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In higher vertebrates, normal digestion and absorption by the

gastrointestinal tract are dependent on the orderly and controlled

transit of intraluminal contents. A relationship between fluid

passage through the gut and absorption from the gut has yet to be

examined in fish. In marine teleosts, the osmolality and ion con-

centration of the ingested seawater (SW) must be lowered before

water absorption is initiated. By assuming that these processes are

related to fluid transit, it is likely that alterations in these

processes as well as in the water-electrolyte balance (WEB) of the

animal would result with changes in the transit of intraluminal fluid.

I hypothesized that marine teleosts regulate gut motility to achieve

essential water absorption and thereby maintain the WEB. To test

this, the gut of a marine teleost, the buffalo sculpin (Enophrys

bison G.), was challenged in situ with forced drinking (continuous

perfusion) at rates above and below that of the measured drinking

rate (DR).

Initially, the sensitivity of the WEB of the sculpin to

preparatory manipulations that were essential for testing the above

proposal was determined. The WEB was monitored before, during and

after manipulation that included handling, containment, benzocaine-

induced anesthesia, arterial and esophageal cannulation and serial

sampling of blood. To monitor the WEB, indicators of the osmotic

status and the intravascular volume were measured. Within one to

three hours after surgery, a hyper-osmotic hemodilution resulted from



an influx of hyper-osmotic fluid. Blood volume increased about 18%

after surgery. The osmotic imbalance was corrected within 24 hours

after surgery, whereas, the volume disturbance persisted. The occur-

rence of plasma hyper-osmolality after surgery was inhibited with

esophageal occlusion. This implicated the gut as the origin of the

osmotic and volume disturbances. Further data evaluation suggested

that the surgery-induced WEB disturbance was a resultant of enhanced

ion and water absorption in the upper and lower gut.

Next, the DR and drinking behavior of the buffalo sculpin were

determined. Also assessed was the influence of the manner of SW

ingestion (ab libitum drinking or forced drinking) and of the rate

of ingestion on SW modification by the gut. DR was variable within

as well as among experimental groups. DR appeared to increase with

the animal's capture duration suggesting that water permeability of

the sculpin was gradually increasing after capture. The fluid

volume and resident duration, and water modification in the upper gut

and lower gut were consistent over a broad range of DRs. This demon-

strated that the sculpin were ingesting SW frequently, perhaps in a

manner similar to sipping. In respect to estimates made in sculpin

allowed to drink ab libitum, forced drinking had a negative effect

on desalting.

Finally, a relationship was looked for between gut motility and

the WEB of the sculpin. Several indicators of gut motility, water

absorption, and the WEB were monitored while the gut was perfused at

several different rates. If gut motility is regulated to achieve

essential water absorption, then changes in gut motility would result

in response to alterations in the forced drinking rate, so that

adequate water modification and absorption would be accomplished

and the WEB maintained. Over the levels of perfusion administered,

the WEB was not maintained. With the elevation in perfusion rate,

the intravascular volume increased and yet intestinal water absorption

was maintained or gradually increased. It appears that under the



circumstance of enhanced SW ingestion, the mechanisms regulating gut

motility and water absorption are not integrated with mechanisms

maintaining the WEB of the buffalo sculpin. It remains unclear if,

without SW ingestion, gut motility and the WEB are actively related.
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THE RELATIONSHIP BETWEEN THE GUT

AND THE WATER-ELECTROLYTE BALANCE OF A MARINE TELEOST,

ENOPHRYS BISON (GIRARD)

CHAPTER I:

Surgically-Induced Disturbances
in the Water-Electrolyte Balance of a Marine Teleost,
Enophrys bison G., and Their Association with the Gut

INTRODUCTION

Physiological investigations on animals about which little is

known should include studies of the interaction between the general

physiological status of the animal and the experimental methodology,

e.g., handling, containment, surgery, blood withdrawal or injection.

Houston and coworkers (1971a, b) have expressed the need to realize

the magnitude and persistence of variation induced by experimental

preparations of the animal for appropriate evaluation of the results.

Their work as well as that of others (Soivio et al., 1972, 1975, 1977;

Wedemeyer, 1972) has addressed this problem in several species of

freshwater-adapted (FW) salmonids. The emphasis of these studies was

to monitor the water-electrolyte balance (WEB) of the animal during and

after anesthesia with or without surgery. Anesthesia was induced with

either benzocaine (BZC, ethyl-p-amino benzoate) or its analog tricaine

methane sulfonate (ethyl-m-aminobenzoate sulfonate). Alterations in

the WEB were assessed by measuring the levels of blood constituents,

e.g., cells, ions, other solutes, and tissue ions and water content.

The results obtained were suggestive of a complex spectrum of responses

to surgical manipulation. An overall disturbance was demonstrated by

changes in hematocrit, hemoglobin and total dissolved solids in the

plasma. During anesthesia, a hemoconcentration was indicated by

parallel increases in these measurements. Later, after recovery from

anesthesia, the measurements recovered to their initial values sug-

gesting that a hemodilution had occurred.
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The effect of surgical manipulation on the WEB of marine

teleosts is unknown. It is generally assumed that fish adapted to

seawater (SW) will exhibit losses in body weight and water, and gains

in salt when stressed (reviewed by Mazeaud et al., 1977). By con-

sidering the large physical-chemical gradient actively maintained

between the body fluids of a hypo-osmoregulator, and its surrounding

environment, one would expect stress-induced disturbances to be

ultimately manifested by fluid loss and salt gain. This general

assumption is not always adequate for predicting the response of

marine teleosts to stressful situations. Forster and Berglund (1956)

studied osmotic diuresis in Lophius americanus, a marine teleost,

following capture by otter trawl, which is considered to be a highly

stressful situation for the animals. About 50 to 70 hours after

capture, hematocrit and plasma protein were reduced to 50% and 25%

of their initial values, respectively. Plasma sodium and chloride,

which were elevated within hours after capture, were still elevated

at these later times. The WEB was disturbed by capture as a result

of what appears to be gains in fluid and salts. The reductions in

hematocrit and plasma protein indicated the accumulation of fluid.

This contradicts that which would be anticipated based on the above

assumption, that stressed marine teleosts will lose fluids. It may

be concluded that the above assumption is not unequivocal in de-

scribing the physiological status of a stressed marine teleost.

I have proposed that the motility of the gut of a marine teleost,

the buffalo sculpin (Enophrys bison), is controlled in order to obtain

adequate water absorption from that ingested and thereby maintain the

WEB. To test this hypothesis in vivo, it was necessary for the sculpin

to experience preparatory manipulations that included containment,

prolonged chemical anesthesia, surgical placement of arterial and

esophageal cannulas and repeated blood withdrawal. The buffalo sculpin

has not been utilized for physiological research. Thus, the response

of the WEB of the buffalo sculpin to preparatory manipulations was

examined. The WEB of the sculpin was monitored before, during and

after manipulations that included handling, containment, KC-induced



anesthesia, arterial and esophageal cannulation and serial sampling

of blood. To monitor the WEB, the following indicators of the osmotic

status and intravascular volume were measured: plasma osmolality,

plasma sodium and chloride levels, and the plasma concentrations of

protein, red blood cells and Evan blue dye (T-1824).
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MATERIALS AND METHODS

Buffalo sculpin of both sexes were used. The fish were captured

by otter trawl from the Yaquina Bay, Newport, Oregon. Following cap-

ture, the animals were housed outdoors in 100 gallon tanks which were

supplied with continuously flowing SW for at least 20 days before use.

The fish were fed Pacific herring, Clupea harengus pallasi, once or

twice weekly.

The water temperature and SW osmolality measured during each

experiment are presented in Appendix 1. Also provided are the month

and year during which the experiments were performed.

Animal Preparation

To cannulate the afferent branchial artery and esophagus, the

sculpin were anesthetized. Anesthesia was induced by placing the

animal into a static volume (15 1) of SW containing 70 mg/1 of BZC

for five minutes. After about five minutes, the righting response was

lost and respiratory activity was slowed. The animal was then moved

to the surgical table where surgical anesthesia (similar to that de-

scribed by Klontz and Smith (1968) for stage III plane three anesthe-

sia) was maintained by branchial irrigation with a SW-BZC mixture

(70 mg/1). After surgical anesthesia was achieved, the second gill

arch was ligated, a blood sample taken (.35 to .45 ml) and then the

afferent branchial artery was cannulated.

Cannulation of the Esophagus

Esophageal cannulation, when performed, followed arterial can-

nulation. The fish was positioned vertically on the surgical table,

the buccal cavity retracted and the esophageal opening and sphincter

exposed. Anesthesia was maintained in this position by branchial

irrigation. The cannula was held in the esophagus with two purse-

string sutures which were sutured around the esophageal opening on

the transverse septum.
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The esophageal cannula was a 26 cm length of polyvinyl tubing with

an outer diameter of 3/16" and an inner diameter of 1/16". At the

esophageal end of the cannula a winged connector with an inner diameter

of 3/16" was slipped over the cannula. The connector was a modified

two-way tube connector (Figure 1) and supported the cannula at a depth

of 2.5 cm in the esophagus.

Figure 1. Winged connector fitted at the esophageal end of the
esophageal cannula.
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After arterial and esophageal cannulations the animal was allowed

to recover from anesthesia by irrigating the gills with BZC-free SW.

The animal was returned to the laboratory tank when respiratory

activity returned.

Assessing changes in the WEB of the Sculpin

The control of the WEB involves adjustment of a broad range of

transport processes sited at phase boundaries within the body fluid

system, and at the gills, skin, and gut (Houston, 1973). If adjust-

ment of the transport processes as well as the processes themselves

are disturbed such that as water-electrolyte imbalance is left un-

corrected, then ultimately this disturbance would be evidenced in the

compartmental fluids of the body, i.e., intracellular, intravascular

and interstitial fluids, and the lymph (Guyton, 1976). To determine

if the WEB was altered by prepartory and experimental manipulation,

indicators of the osmotic status and the intravascular volume of the

animal were monitored before, during and after manipulation. The

osmotic status of the animal was demonstrated by measuring the plasma

osmolality (OSM), plasma sodium (pNa) and plasma chloride (pCl)

concentrations. The intravascular volume was monitored by measuring

the plasma concentrations of red blood cells (RBC), protein (PRO) and

Evans blue dye (T-1824). The micro-hematocrit (HCT) was measured.

The following procedure was used for blood collection: To assure

that whole blood was sampled, the heparinized saline (326 mOsm/kg

H
2
0) contained by the cannula was removed and .2 to .3 ml of blood

was withdrawn into a heparinized tuberculin syringe. From the sample,

18 ul and 30 ;11 of blood were removed for the HCT and RBC count,

respectively. The remaining blood was centrifuged for one minute at

12,500 x 2in a Brinkman microfuge. The plasma was removed and

stored at 2°C. The blood cells were resuspended in saline to the

withdrawal volume minus that used for the HCT and RBC count. The

resuspended cells and the blood initially withdrawn were reinjected.

The cannula was then cleared of blood with heparinized saline.

OSM was determined with a wescor 5100 vapor pressure osmometer.
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PRO concentration was measured spectrophotometrically at 500 nm as

described by Lowry et al (1951). pNa and pC1 were determined with a

flame photometer and Buchler Digital Chloridometer. Within five min-

utes after the blood was withdrawn, the HCT was measured. For the

RBC count, whole blood was diluted by 10
5
in saline filtered through

.8 1.,m Millipore filters. The diluted cells were counted with a

Coulter Counter Model TAII using filtered saline for the electrolyte.

Plasma concentrations of T-1824 were measured spectrophotometrically

at 620 nm after the plasma was diluted 1/7 (v/v) in saline.

The Effects of Preparatory Manipulation On the WEB of the Sculpin

(Expts 1, 2, 3)

The effect of arterial cannulation on the WEB of the sculpin was

examined in several experiments. OSM, PRO and HCT were measured in

serially sampled blood from each animal for up to nine hours after

surgery. In two experiments (Expts 1 and 2) the animals experienced

handling, surgery and containment in the experimental tanks within one

hour after their removal from the stock tanks. In another experiment

(Expt 3), the fish were allowed 72 hours for acclimation to contain-

ment and a constant photoperiod, which was used throughout the experi-

ment, before surgery. The number of blood withdrawals varied among

the experiments, but the intervals between the initial blood with-

drawal (before cannulation) and succeeding withdrawals were maintained.

Blood withdrawals were made at .5, 1, 2, 3, 5 and 9 hours.

Estimation of Total Blood Volume (BV) Before and After Arterial

Cannulation (Expts 4, 5, 6)

The sculpin's BV was estimated at 45 to 48 hours after surgery

from values of HCT and total plasma volume (PV). PV was based on the

T-1824 dilution method (Guyton, 1976; Gregerson and Rawson, 1959).

At 45-48 hours after surgery, T-1824 was administered via the arterial

cannula at dose rates of .6 mg/100 g bw and 1.8 mg/100 g bw. The

T-1824 disappearance curve was constructed from the dye concentrations

in plasma sampled at one and two hours intervals over a four hour
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period. The WEB of the animal was monitored before and during this

time. Estimation of BV before surgery was achieved by first cal-

culating the total intravascular protein and erythrocytes at 45-48

hours. These products were based on the PRO and RBC and PV and BV

measured at 45-48 hours respectively. Next, the PV and BV before

surgery were extrapolated from the total intravascular protein and

erythrocytes and the PRO and RBC of the initial blood sample. Another

estimate of pre-surgical BV was calculated with the PV based on PRO

at this time and the initial HCT.

Influence of Re-anesthetization and Sham Anesthesia on the WES of the

Sculpin

In Experiment 6, sculpin were placed for 30 minutes into either

15 1 of BZC-free SW or SW-BZC mixture (70 mg/1). The WEB was monitored

before and at the end of the 30 minute treatment, and after at one and

two hours intervals for five hours. Before treatment, the fish were

allowed about 50 hours to recover from surgery. Branchial irrigation

was supported by directing the effluent of a submersible pump into the

animal's mouth.

The Effects of Esophageal Occlusion and Forced Drinking (Continuous

Perfusion) on the WEB of the Sculpin (Expts 7, 8)

To occlude the esophagus, the distal end of the esophageal

cannula was set out of the water above the fish (Experiment 7). This

procedure effectively prevented the ingestion of SW. In Experiment 8,

the esophageal cannula was initially filled with SW and the distal end

connected to a SW input system. The osmotic status was monitored

before surgery and at .5, 1, 3, 5, 9, 24, 48 and 72 hours after oc-

clusion or forced drinking.

The rate of in situ gut perfusion was controlled at .4% bw/hour.

Since the drinking rate of this species of sculpin was yet to be

determined, the perfusion rate was the calculated mean of the average

drinking rates for nine species of SW teleost listed by Bentley (1971).
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Data Analysis and Presentation

Statistical analysis was done by t-test (two tailed) and single

classification analysis of variance. Differences among more than two

means were analyzed by comparing the sums of squares (SS) of groups

to a critical SS value that was calculated at the .01 and .05 level

of significance (Sokal and Rohlf, 1973). Regression coefficients were

compared by F test as described by Sokal and Rohlf (1973). Differences

were considered significant if P .05.

For graphical presentation, the measurement units were normalized

to percent of control mean. This was done by calculating the ratios

of the mean differences to respective control means and then multi-

plying the ratio by 100.
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RESULTS

The levels of the osmotic status and intravascular volume

indicators measured during and after treatment were compared with

their initial values measured at the beginning of the treatment

period. The means of the initial values (control means) for each

treatment period (experiment) are presented in Table 1.

Changes in the WEB Following Preparatory Manipulation

Within three hours after the initial blood withdrawal and arterial

cannulation, the WEB appeared to be disturbed. This was indicated by

the changes (P < .05) in OSM, PRO and HCT from their initial values

(Figure 2). Only OSM showed a trend toward recovery within nine hours.

The reduction of blood withdrawals and the addition of an acclimation

period and constant photoperiod were favorable in reducing quanti-

tatively the decrease in PRO and were used in the proceeding experi-

ments.

BV Before and After Arterial Cannulation

Because the WEB was considerably unstable within hours after

arterial cannulation, the animals were allowed 45-48 hours to recover

from surgery before BV was estimated. The WEB during this time

appeared to be disturbed in respect to the intravascular volume as

suggested by the negative trends in the volume indicators. PRO and

HCT decreased (P < .05) throughout the period (Figure 3). RBC counts,

which were measured in Experiments 5 and 6 at 45-48 hours, were below

(P < .05) their initial values, i.e., -19.8% and -23.6% of control

mean, respectively. OSM on the other hand, was unchanged from its

initial values in Experiments 4 and 6. In Experiment 5, however, it

continued to increase (P < .05) (Figure 3). pNa and pCl, which were

measured in Experiment 6, were unchanged. pNa was +.8% and -1.9%

and pC1 was +1.4% and +1.3% of control mean, respectively.

There was a three-fold difference in the dose of T-1824, i.e.,

.6 mg/100 g bw and 1.8 mg /100 g bw, the regression coefficients of



Table 1. Initial body weights (bw) and control means of blood constituents
and microhematocrit (HCT) of buffalo sculpin in Experiments 1-8a.

Blood Constituents

Plasma Red Blood

Expt n bw Cells HCT

Osmolality Protein Na Cl

g mOsm/kg g% mM mM x10
6
/1 %

1 i b 3 540±114 337±1.4 7.6±.5 24±.6

2 i 7 581±67 336±3.6 6.3±.4 23±1.1

3 i 9 474±40 325+2.0 4.6 ±.3 22+1.0

4 i 5 499±50 321±.4 4.3±.4 21±2.5

c
5 320±3.1 3.61.2 16±3.0

5 i 9 384±23 336±4.3 4.3±.2 1.91.1 19±.8

ii 9 378±12.6 3.3±.2 1.5±.1 1411.3

6 i 15 390±26 327±3.0 4.8±.2 172±2.4 146±1.8 1.8±.1 18±.9

ii 15 32516.5 3.8±.2 168.12.2 148±3.2 1.4±.3 12±.8

iii
d

8 31816.0 3.6±.3 166±2.5 142±2.5 1.31-.1 12:1.9

iv
e

7 330±12.3 3.21.2 171±2.8 14814.9 1.31.1 111.7

7 i 7 465±9 341±3.6 5.9±.3 180±1.3 149±2.4 2.2±.2 23±2.0

8 i 6 402±46 34315.0 4.4±.4 194±2.7 154±.2 2.41.2 24 ±1.7

a
Values are mean ± SE.

b
Initial blood sample control means.

c 45 -48 hour blood sample control means.
d
Re-anesthetized animals control means.

e Sham anesthetized animals control means.
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Figure 2. Changes in plasma osmolality (OSM), microhematocrit (HCT),
and plasma protein concentration (PRO) following initial
blood withdrawal, arterial cannulation and chemical
anesthesia with benzocaine (70 mg/1). Experimental

treatments: Expt 1, no acclimation and seven blood
withdrawals (0 ); Expt 2, no acclimation and four blood
withdrawals (); and Expt 3, acclimation and four blood
withdrawals (LS). Values plotted are mean differences
expressed as percent control mean. After the initial blood
withdrawal the n per experiment changed: Expt 1, n=3
(0-9 hours); Expt 2, n=7 (0-3 hours), n=6 (5-9 hours);
Expt 3, n=9 (0 hour), n=8 (3-5 hours), n=7 (9 hours).
Expts 2 and 3, the initial means determined from the values
of animals remaining at the later hours varied from the
control mean: OSM .3%, HCT 0-2.5%; PRO -.6 ± 2.0%.

I indicates that the change between the 0 and (X) hour
measurements was significant (P < .05). II indicates
significant difference (P < .05) among the (X) hour changes
of the experiments.
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Figure 3. Changes in plasma osmolality (OSM), microhematocrit (HCT)
and plasma protein concentration (PRO) at 24 and 45-48 hours
after initial blood withdrawal, arterial cannulation and
chemical anesthesia with benzocaine (70 mg/1). Values

plotted are mean differences expressed as percent control
mean. Expt 4 (0), n=5; Expt 5 (40), n=9; Expt 6 (LS),
n=15. ' indicates that the change between the 0 hour
and (X) hour measurements was significant (P < .05).
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the T-1824 disappearance curves generated per experiment were com-

pared. The regression coefficients were similar (P > .05). The

equations for the disappearance curves were

-x(hour)

y(pg/m1) = 93 µg /ml (1.06 pg/ml'hour- ) and

-x(hour)

y(pg/m1) = 81 ,,Ig/m1 (1.09 ng/ml'hour-1) for the

.6 mg/100 g bw dose rate, and

-x(hour)
y(pg/m1) = 230 pg/m1 (1.07 11g/mlhour-1) for

the 1.8 mg/100 g bw dose rate. The y intercepts of the .6 mg/100 g

bw dose curves were similar (P > .05).

The BV of each animal was estimated, by using the T-1824 disap-

pearance curve generated for that animal and the corresponding HCT.

The BVs estimated at 45-48 hours and extrapolated before surgery are

presented in Table 2. Statistically, there were no differences among

the BVs estimated or extrapolated. The PRO and RBC extrapolated BVs

were lower (P < .05) than that estimated at 45-48 hours in Experiments

5 and 6, whereas that in Experiment 4 exhibited a similar trend.

The osmotic status and intravascular volume of the sculpin were

monitored during the plasma volume determination, in order to determine

what effect repeated blood withdrawal has on the WEB. The 45-48 hour

values of the indicators served as controls. The mean of these values

are presented in Table 1 (subscript c). Throughout the PV measurement,

OSM and pNa were unaffected by blood withdrawal. OSM ranged from -.6%

to +.5% of control mean in all the experiments combined. pNa showed

little difference from the control mean ranging from -.5% to +.4%

of control mean. Only pC1 at five hours was significantly lower

(-2.8%) than the initial value. A similar trend was exhibited at

three (-2.1%) and seven (-1.8%) hours. PRO, RBC and HCT were neg-

atively influenced (P < .05) (Figure 4).
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Table 2. Total blood volume (BV) estimated before (0 hour) and after
(45-48 hour) arterial cannulation and total intravascular
protein and red blood cells determined at 45-48 hours after
surgery a

.

Expt T-1824
Number Dosage

BV Total Intravascular

Beforeb After
c

Protein Red

Protein Red Blood
Cells

Blood Cells

m1/100g % bw % bw % bw mg x10
9

bw

4 .6 7.21.93 7.9 ±.62 1182±163

5 .6 7.1±.43*
d

7.i ±.63* 8.8±.48 972±124

6 1.8 7.64-.28*,+e 6.7 ±.23* 9.0±.25 1164 ±101

53.0±6.7

47.8f4.4

a
Values are mean ± SE, Expts: 4,

b BV before surgery were based on
protein and red blood cells and
each measured at 0 hour.

n=5; 5, n=9; 6, n=15.

the 45-48 hour total intravascular
the corresponding concentration of

c BV after surgery were based on the measured values of HCT and total
plasma volume.

d * indicates significant difference (P < .05) between BV at before and
after surgery.

e
+ indicates significant difference (P < .05) between BV based on
protein and red blood cells.
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Figure 4. Effects of blood withdrawal procedures on plasma protein
concentration (PRO), microhematocrit (HCT) and red blood
cell count (RBC). Values plotted are mean differences
expressed as percent control mean. Expt 4 (0), n=5;
Expt 5 (), n=9; Expt 6 (A), n=15. ' indicates that
the change between the 0 hour and (X) hour measurements
was significant (P < .05).
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Because blood was withdrawn often over the seven hour period,

blood withdrawal probably contributed to the observed changes in the

blood constituents. To determine the extent of the contribution, the

total amount of protein and erythrocytes removed from circulation by

blood withdrawal was estimated. The total amount of protein and

erythrocytes withdrawn was converted to concentration by dividing

these quantities by the 45-48 hour estimates of total PV and BV (based

on the mean bw), respectively. A ratio (%) of the concentration re-

moved over the seven hour period and the 45-48 hour mean PRO and RBC

count was calculated. The ratio was converted to a per hour rate (%/

hour). The estimated removal rate by blood withdrawal was compared

to the actual reduction rate (% /hour) observed by the end of the PV

measurement. The estimated removal rate by blood withdrawal in

Experiment 4 was 1.2%/hour versus the actual reduction rate of .8%/

hour. In Experiments 5 and 6, the blood withdrawal contribution was

lower than the actual reduction, .6%/hour versus 2.3 and 1.5%/hour,

respectively. The actual reduction rates of erythrocytes in Experi-

ments 5 (.34%/hour) and 6 (1.12%/hour) were considerably greater than

that estimated due to blood Athdrawal (.06%/hour).

The decreases in PRO and RBC count which were not related to

blood withdrawal may have resulted from an impairment in blood volume

regulation that persisted from the 45-48 hour recovery period. How-

ever, this does not seem likely based on the similarity (P > .05)

between the regression coefficients of the T-1824 disappearance curves.

If volume regulation was impaired such that blood volume was increasing

at a given rate, then one would expect that this rate and the rate of

T-1824 disappearance would at least be additive. Under this condition,

the regression coefficient determined in Experiment 4, wherein blood

volume regulation was apparently recovered, would be lower than that

of Experiments 5 and 6. Thus, the results suggest that dye-free

protein and erythrocytes were lost from circulation during the PV

measurement rather than diluted. By adjusting for removal due to

blood withdrawal, the reduction rates due to circulatory loss were

1.7 and .9%/hour for PRO and .27 and 1.06%/hour for RBC count in
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Experiments 5 and 6, respectively.

The WEB During and Following Re-anesthetization and Sham Anesthesia

By the end of the re-anesthetization period, the WEB was disturbed

(Figure 5), an increase (P < .05) in OSM and a decrease (P < .05) in

PRO which were similar to that observed following surgery. The HCT

and RBC were increased (P < .05) after 30 minutes of re-anesthetization

which was different than that observed after surgery. Throughout the

sham anesthesia period, the levels of all these indicators remained

relatively stable. The plasma concentrations of T-1824, on both

groups, showed a negative trend.

After the animal was removed from the SW-BZC mixture and replaced

in the laboratory tank, the OSM, pNa, and pCl increased (P < .05)

within one hour (Figure 5). PRO and RBC (at 1.5 hours) remained about

the same as that measured at the end of anesthesia, whereas HCT re-

covered (P > .05). At 2.5 hours, pNa and RBC count equalled (P > .05)

their initial values and PRO decreased (P < .05). Later, HCT, RBC and

PRO exhibited positive trends. By 5.5 hours, all three measurements

were greater (P < .05) than that measured in the sham anesthetized

animals. Following sham anesthesia, the changes in these measurements,

for the most part, were similar to that observed during the PV measure-

ment. OSM, pNa and pC1 remained relatively constant throughout the

5.5 hour period, whereas PRO and HCT significantly decreased. Through-

out the sampling period, the T-1824 plasma concentrations were similar

between the two groups.

The WEB Following Esophageal Occlusion and Forced Drinking

The contribution of ingested fluids to the WEB disturbance was

examined by controlling unput into the gut via the esophagus. Due to

the variation in duration of the surgery, a second blood sample was

taken at the onset of esophageal occlusion and forced drinking so that

the fish were equivalent chronologically for proceeding blood with-

drawals. The measurements made in the second blood sample served as

the control values (Table 1, Extps 7, 8).
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Figure 5. Alterations in blood constituents (plasma osmolality (OSM),
plasma concentrations of sodium (pNa), chloride (pC1),
protein (PRO), Evans blue dye (T-1824) and red blood cells
(RBC)) and microhematocrit (HCT) during (D) and after
re-anesthetization (0) with benzocaine (70 mg/1) and
sham anesthesia (s ). Values plotted are mean differences
expressed as percent control mean. Re-anesthetization,
n=8; sham anesthesia, n=7. indicates that the change
between the 0 hour and the (X) hour measurements was
significant (P < .05). " indicates a significant dif-
ference (P < .05) between the (X) hour changes of treatment
and control animals. The control means (0 hour) of plasma
T-1824 concentration were 154 ± 6 g/m1 for re-anesthetized
fish and 131 ± 9 g/ml for sham anesthetized fish.
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During surgery OSM and pNa increased (P < .05) (Figure 6). PRO and

RBC responded differently to surgery (Figure 7). The trends observed,

i.e., PRO decreased (P < .05) and RBC remained stable or increased

(P < .05), were similar to that exhibited during re-anesthetization

(Figure 5). The increases in OSM and pNa that occurred during surgery

were arrested by esophageal occlusion (Figure 6). With forced drink-

ing, these indicators including pC1 continued to increase (P < .05)

and were maximal at one hour after the onset of forced drinking

(Figure 6). OSM, pNa and pC1 recovered statistically to their initial

values within nine hours after the perfusion was started. Later, in

both experiments, all three measurements nearly recovered to their

initial values measured before surgery. The negative changes (P < .05)

in HCT, PRO and RBC were similar for both levels of controlled input

(Figure 7). The negative trend in PRO, however, was reversed within

three hours and by five hours PRO statistically recovered. With

forced drinking, PRO continued to increase (P < .05) above its initial

value and approached its value measured before surgery. By 72 hours,

HCT, PRO and RBC count were below (P < .05) their initial values in

both experiments (Figure 7).

Over the 72 hours of esophageal occlusion bw decreased (P < .05)

2%. The opposite was observed in the perfused animals. Their bw

increased (P < .05) 4%.
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Figure 6. Influence of esophageal occlusion (0) and forced drinking
() on changes in plasma osmolality (OSM) and plasma
concentrations of sodium (pNa) and chloride (pC1) following
surgery (S). Values plotted are mean differences expressed
as percent of control mean. Esophageal occlusion, n=7
(0-24 hours), n=6 (48 hours), n=5 (72 hours). Forced
drinking, n=6 (0-9 hours), n=5 (24-72 hours). The initial
mean determined from the values of the animals remaining
at 24, 48 or 72 hours varied from the control mean: OSM

- .58 -+.29%; pNa - .54%; pC1 - .66%. 1 indicates that
the change between the 0 hour and (X) hour measurements was
significant (P < .05).
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Figure 7. Influence of esophageal occlusion (0) and forced drinking
( ) on changes in plasma concentrations of protein (PRO)
and red blood cells (RBC), and microhematocrit (HCT) follow-
ing surgery (S). Values plotted are mean differences
expressed as percent control mean. Esophageal occlusion,
n=7 (0-24 hours), n=6 (48 hours), n=5 (24-72 hours). Forced
drinking, n=6 (0-9 hours), n=5 (24-72 hours). The initial
mean determined from the values of the animals remaining
at 24, 48 and 72 hours varied from the control mean: PRO

-4.8-0%; RBC -6.8-+.45%; HCT + 4.2%. 1 indicates that
the change between the 0 hour and (X) hour measurement was
significant (P < .05).
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DISCUSSION

I initially assumed that the total intravascular content of

protein and red blood cells would remain relatively stable in the

sculpin over the experimental periods if blood withdrawal was minimal.

Hence, changes in PRO and RBC count as well as in HCT would demonstrate

alterations in the intravascular volume. Similar relationships between

changes in hematocrit and concentrations of hemoglobin, plasma protein

and other dissolved solutes, and changes in PV and BV in fish has been

assumed by other investigators (Forster and Berglund, 1956; Hall et al.,

1926; Houston et al., 1969, 1971a and b; Soivio et al., 1972, 1975,

1977; Stevens, 1968; Wedemeyer, 1973; Yamamoto et al., 1980). With this

assumption one must demonstrate that the constituents measured are

responding to the stimulus in a parallel manner. This suggests that

the constituents are being influenced jointly, e.g. parallel decreases

would indicate dilution. Also, the parallel changes of solutes with

diverse physical and chemical attributes, such as plasma proteins and

red blood cells, would suggest that both were commonly influenced.

The WEB of the sculpin was altered by preparatory manipulations.

The characteristics of the disturbance varied depending on the experi-

mental situation, i.e., during and following anesthesia with or without

surgery. Consistently, within one to three hours after surgery, PRO,

RBC count and HCT were decreased. The parallel changes in these values

as well as from the relative stability of their ratios (Table 3) demon-

strated that all were jointly influenced by dilution. Increases in

OSM, pNa and pC1 were evidenced either during or after surgery. These

results suggest that the intravascular volume of the sculpin was in-

creased by an influx of fluids that were either hyper-osmotic or iso-

osmotic, and/or by an influx of osmolytes, primarily Na and Cl, which

in turn could have osmotically induced an intravascular flow of cel-

lular and extravascular fluids (Dayson, 1970).

Although the individual existence of both intravascular influxes

cannot be determined from the results obtained, the intravascular gain

of fluid seems to have been the most influential in producing the
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Table 3. Ratios of the means of the microhematocrit (HCT) and plasma

protein (PRO) and red blood cell (RBC) concentrations.

Experiment
After Surgery (hours)

Number Ratios .0 .5 1 3 24 45-48

1 PRO/HCT .32 .35 .33 .34a

2 PRO/HCT .28 .33

3 PRO/HCT .20 .24

4 PRO/HCT .21 .24 .22

5 PRO/HCT .23 .25 .24

RBC/PRO .45 .47

6 PRO/HCT .27 .29 .31

RBC/PRO .38 .37

7 PRO/HCT .25 .26 .27

RBC/PRO .37 .38 .39

8 PRO/HCT .19 .22 .22

RBC/PRO .54 .50 .50

a
Experiment 1, 2 hour PRO/HCT ratio.
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apparent hemodilution. From 24 to 60 hours after arterial cannulation,

the bw of animals, which were used in the initial experiments (Expts

1, 2, 3), were consistently higher, 1.6% (P < .05), than that measured

before surgery. Over this short period of time, an increase in body

weight would indicate water shifts into the animal. If the hemo-

dilution resulted from an intravascular gain of osmolytes, then no

increase in bw would be expected. If the fluid gained was to remain

in the vasculature, then BV would be increased from about 7.3% to

8.9%

The results obtained in the esophageal occlusion and forced

drinking studies suggest that the intravascular gain of fluid was

independent of the gain in plasma osmolytes. With esophageal occlusion,

a hemodilution was evidenced without an increasing hyper-osmolality

of the plasma. The increases in OSM and ions preceeding the onset of

occlusion possibly induced the hemodilution that followed. This effect

has been examined in SW eels (Anguilla anguilla) by Mayer and Nibelle

(1970). Hypertonic saline (NaC1, 30 g/l) was infused intravascularly

at a dose rate of 6 ml /100 g bw for one hour. Before the end of in-

fusion, a hemodilution was evidenced by a 19% reduction in plasma

potassium. After the infusion, no further hemodilution occurred and

BV was corrected within two hours. The authors suggested that the

hemodilution was a resultant of an intravascular flow of cellular water

stimulated by the hyper-osmolality of the plasma. A similar response

to hypertonic saline infusion would be expected in the sculpin, given

the osmosis of water from more dilute interstitial and cellular fluids

to the more concentrated plasma. A correction in the hemodilution

would be anticipated since the ions would diffuse into the interstium,

and thereby osmotically reduce BV. This was not observed within one

hour following occlusion wherein hemodilution increased without a con-

comitant increase in OSM or ions.

An independence between the hyperosmolality of the plasma and

hemodilution was exhibited during the 45-48 hour recovery period after

arterial cannulation. The intravascular volume continued to increase
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while OSM was either iso-osmotic or hyper-osmotic. Based

on these results it may be concluded that the surgery-induced dis-

turbance in the WEB was biphasic, having an acute effect on electrolyte

balance and a prolonged effect on water balance.

The gut appeared to be the origin of both phases of the distur-

bance. The ability to inhibit the elevation in OSM, pNa and pCl by

esophageal occlusion demonstrated that ions in the gut fluid contri-

buted to the elevation of OSM, pNa and pCl exhibited after surgery.

In the marine teleost, the absorption of ions from swallowed SW con-

tributes only to to 10% of the total ion influx (Maetz, 1974). In

SW eels (Anguilla anguilla) the total influx of Na and Cl together is

around 2230 uequiv./100 g bwhour
-1

, whereas their combined efflux is

about 2460 iequiv. /100 g bwhour
-1

. The difference is that provided

from the absorption of ingested Na and Cl. The kinetics of Na in

Taurulas bubalis, a marine teleost, is comparable to that measured

in the SW eel. The intestinal absorption of Na is about 8% of the

total Na influx which is around 1300 equiv/100 g bwhour-l(Foster,

1969). In the buffalo sculpin, the contribution of absorbed ions

from that ingested to the total ion influx is most likely low. In-

asmuch as the potential for osmotic disturbance is greater at the

gill, where the bulk of ion exchange occurs (Motais and Garcia-Romeu,

1972), the ability to inhibit further hyper-osmolality of the plasma

by blocking SW ingestion indicates that the osmotic disturbance fol-

lowing surgery resulted from an increase in drinking and/or absorption

of SW.

It appears that the volume disturbance which occurred within hours

after surgery was a resultant of increased intestinal absorption of

ions and water from gut fluid present before surgery. This was evi-

denced by the occurrence of a hemodilution after the onset of esoph-

ageal occlusion and forced drinking implies that the amount of resi-

dent fluid available for absorption was equivalent among the animals.

This similarity further suggests that the water perfused into the gut

over the first hour had a negligible effect on the hemodilution.

Based on the perfusion rate of .4 ml /100 g bw-hour
-1

and an average bw
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of 402 g (Table 1), about 1.6 ml of SW was introduced into the gut

over the first hour. In general, about 60-80% of the SW ingested

is absorbed into the body fluids (Hickman, 1968a, Howe and Gutknecht,

1978; Oide and Utida, 1968; Shehadeh and Gordon, 1969). Based on

these proportions, between 1 to 1.3 ml of that perfused into the gut

of the sculpin was absorbed. If the larger volume was absorbed in

one hour, then BV would have increased only slightly from about 7.3%

to 7.6%. To account for the decline in PRO measured over the first

hour, BV had to increase by 3 ml to 8.0%. This volume increase is

double the estimated contribution from perfusion. Thus, it appears

that the hemodilution observed within hours after surgery resulted

from an enhanced absorption of resident fluid in the gut in addition,

perhaps to that fluid contributed by forced drinking.

It may be inferred that SW perfusion into the gut contributed

to the hyper-osmolality of the plasma. For this to occur, hypertonic

fluid must be available for absorption from the gut. In the gut of

the buffalo sculpin, the only region where hypertonic fluid is found

is the gastroesophageal region (Chapters 2 and 3). Ingested SW is

progressively diluted on its adanal passage by a serosal-to-mucosal

osmotic flux of water until the luminal solution is isotonic to the

blood, and then water is absorbed by mechanisms dependent on the active

uptake of Na and Cl in the intestine (Maetz, 1974). In the gastro-

esophageal region of the buffalo sculpin (Chapter 2) as well as other

teleosts, the Na and Cl concentrations of the ingested SW are reduced

about 60% (Hickman, 1968a; Sharrat et al., 1964; Shehadeh and Gordon,

1969). In the esophagus dilution is achieved by a 'desalting' process

(Hirano and Mayer-Gostan, 1976; Kirsch, 1978) and in the stomach the

reduction in ion concentration results from a dilution by an osmotic

influx of water (Hickman, 1968a; Smith, 1930). In several species of

SW teleosts (both stenohaline and euryhaline), the esophagus in vitro

exhibits a very low water permeability and a mucosal-to-serosal

permeability to Na and Cl which allows for passive penetration of these

ions (Kirsch, 1978). Kirsch has further demonstrated similar permea-

bilities to water and ions for the esophagus of the SW eel (Anguilla
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anguilla) in vivo. The sequential processes of 'desalting' in the

esophagus and of dilution in the stomach considerably modified the

ingested SW before its introduction into the intestine. This dimin-

ished an initial osmotic influx of water and quickened the onset of

luminal water absorption from the intestine.

Performance of a similar 'desalting' process by the sculpin's

esophagus seems likely based on the results obtained. Esophageal

occlusion inhibited the increasing trends in OSM, pNa and pCl,

indicating that a finite amount of ions was available for mucosal-

to-serosal transport. Given that only the gastroesophageal region

of the sculpin's gut contains hypertonic fluid, the osmotic distur-

bance exhibited one to three hours after surgery most likely resulted

from esophageal 'desalting' of hypertonic fluid in the esophagus.

The volume disturbance appears to have been initiated during

surgery, since hemodilution was evidenced within 30 minutes after

surgery with or without occlusion. This implies that ion and water

absorption were maintained during surgery. The measurements made

during re-anesthetization and surgery support this in part. A net

gain in intravascular volume was demonstrated by reduction in PRO.

The concomitant lack of change or increase in RBC and HCT however

might suggest that, instead of a gain in volume, either protein and

water were lost from the vasculature or red blood cells were released

into the vasculature at a rate equivalent to or greater than the rate

of volume change.

In general, the loss of protein from the vasculature must always

be considered as a contributing factor to the reduction in PRO (Dayson,

1970). This becomes even a greater possibility during anesthesia

which apparently can inactivate pumping of the lymphatic vessels, and

thereby reduce the return of protein to circulation through the lympha-

tics (Schad and Brechtelsbauer, 1978). The actual occurrence of protein

loss from the vasculature of the sculpin during anesthesia cannot be

argued for or against. The trends exhibited by the mean changes in

PRO before the onset of esophageal occlusion and forced drinking,

however, implicate hemodilution as being more influential. In these
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experiments, the animals were exposed to BZC for about 50 minutes.

PRO dropped .29 g% by the onset of occlusion whereas, by the start of

forced drinking, PRO was reduced .52 g%. The animals were treated

the same surgically under relatively similar conditions, thus, the

only major difference between the two groups was that the second

blood sample was taken at a different time. In the occlusion study,

blood was withdrawn at the end of surgery during which time the animal

was recovering from anesthesia. The second blood withdrawal in the

forced drinking experiment was made about 15 minutes after surgery and

the onset of branchial irrigation with anesthetic-free SW. Here, the

animals were conscious and respiratory activity was present when the

sample was collected. These animals did not receive in situ gut per-

fusion during the 15 minutes of recovery. Hence, the large reduction

in PRO was probably due to a hemodilution similar to that evidenced

after the onset of occlusion. Furthermore, the polycythemia exhibited

before esophageal occlusion as well as during re-anesthetization

probably resulted from the hypoxia produced during prolonged anesthesia

(Houston et al., 1973). Hypoxia, in general, stimulates polycythemia

in teleost (Hall et al., 1926; Phillips, 1947; Soivio,1972). I suspect

that hypoxia resulted during surgery preceding forced drinking and that

a compensatory polycythemia was elicited. Under this circumstance, the

relative stability of the RBC count before forced drinking indicates

the existence of hemodilution during surgery.

The nature of the disturbance in WEB, i.e., an intravascular gain

of ions and fluids, suggests that intermediary processes involved in

the uptake of ions and water were altered. A surgery-induced impair-

ment in the major ion exchange kinetics of the animal is difficult to

envision, given the relatively small increases in pNa and pC1. In

support of this hypothesis, anesthesia induced with tricaine methane-

sulfonate (neutralized to pH 7 in freshwater), an analogue of BZC, has

little or no effect on the major salt and water transport in teleosts

and amphibians (Evans, 1969; Ohr, 1976; Wedemeyer, 1970). In this

study, the upper and lower gut have been indicated as the origins for

the osmotic and volume disturbances, respectively. Initially, I thought



36

that the uptake of ions and water was augmented by a reduction in

blood and lymph flow in the gut coupled with a constant or increased

absorption of ions and water. This was based on an assumption that in

the sculpin the BZC-induced anesthesia would depress gut activity

(Ritchie and Cohen, 1975), enhance absorption (Sarr et al., 1980), and

reduce local blood (Chou and Grassmick, 1978) and lymph flow (Lee,

1965). With these changes, the blood and lymph would become hypertonic

and dilute with respect to other systemic fluids. Thus, with restor-

ation of blood and lymph flow, a hypertonicity and dilution of the

blood would be exhibited. The fact that both disturbances were evi-

denced simultaneously during surgery as well as after, demonstrates

that the hypertonic fluid (blood or lymph) from the gastroesophageal

region and the diluted, iso-osmotic fluid from the intestine, were

mixed before their transport through the heart or entrance into the

general circulation. Because these regions are anatomically segregated

from each other and probably share a limited vasculature and lymphatic

system, the apparent mixing of the regional bloods suggests that gut

blood and lymph flow were maintained throughout experimental manipu-

lation. Consequently, the actual absorption of ions and water by the

gut appeared to be increased in response to surgery.

I previously suggested that ion and water absorption in the upper

and lower gut was maintained during surgical manipulation. At the

start of surgery, residual fluid in the gut probably was being modi-

fied normally. If ion and water absorption were to remain relatively

stable during surgery, then based on the argument above no change in

the osmotic status or the intravascular volume of the animal would be

expected. However, inasmuch as the disturbances were elicited during

surgery, ion and water absorption were most likely enhanced.

The trend exhibited between the estimated and extrapolated BVs

supports the conclusion that the intravascular volume was increased

during and following surgery. Although there were differences in the

experimental conditions, which may have influenced the animal's general

physiological status, e.g., renal performance-filtration versus

secretion (Hickman, 1968b), osmo- and iono-regulatory processes
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(Fletcher, 1977; Foster, 1969; Houston, 1973), endocrine activation

(Hoar, 1959; Johnson, 1973), and thereby directly or indirectly altered

BV, no measurable influence was apparent. Even when the osmotic

status of the animal was not corrected after surgery, the estimated

and extrapolated BV were similar to the others. The best estimate of

BV before and after surgery, which would cover a broad range of physio-

logical states and experimental conditions, would be the average of

that extrapolated before and estimated after respectively. Based on

these values, BV increased (from 7.3% to 8.6%) about 18% following

surgery.

The estimated BVs (7.3%) are larger than that previously reported

for Cottidae (sculpin), 2.3% (Martin, 1950), as well as for most

teleosts (1.8 to 9.6%, Conte et al., 1963; Korzhuyev and Nikolskaya,

1951; Smith, 1966; Smith and Bell, 1964; Thorson, 1961; Yamamoto et

al., 1980). The most likely reason for this discrepancy was the method-

ology used to make the estimate. In most of the previous studies,

blood sampling periods have extended over only 20 to 40 minutes follow-

ing injection of the plasma or blood marker. Also, in most cases, the

fish were anesthetized (Thorson, 1961) or manipulated out of the water

during the determination (Conte et al., 1963). Smith (1966) demon-

strated in three species of salmonids that at least one hour should be

allowed for mixing and equilibration after injection of the marker.

According to Smith (1966), mixing was probably not 'normal' unless the

animal was undisturbed. In this study, a three hour period was allowed

for phase transition from mixing to elimination of T-1824. Preliminary

study of the kinetics of T -1824 in the blood indicated that a minimum

of two to three hours was necessary to reach the elimination phase.

Although speculative, the difference in the duration of T-1824 mixing

in the salmonid versus that in the buffalo sculpin may be explained by

a difference in cardiac output. There is about a three-fold difference

between the cardiac outputs of the rainbow trout, Salmo gairdneri

(Holeton and Randall, 1967) and the shorthorn sculpin, Myoxocephalus

scorpius (Goldstein et al., 1964), 65-100 ml/kg minute
-1

versus 21-34

ml/kgminute-1, respectively.
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Equivalent BV estimates with two concentrations of dye demonstrates

consistent interactions between dye, plasma protein, and vasculature

of the sculpin. A constancy in dye elimination is also indicated. A

major concern when using the dye dilution method is that unbound, and

hence diffusible, dye may have reached the capillary beds, thereby

extending the dye distribution volume to include extravascular space.

If this were the situation in the sculpin such that a finite amount

of the dye was lost from circulation, then the estimates obtained with

the lower concentration of dye would be larger than that determined

with the larger concentration. In the sculpin, as in other

vertebrates (Lawson, 1962), T-1824 loss from the vasculature appears

to be minimal before binding to protein has occurred.

The initial assumption was that the intravascular contents of

protein and erythrocytes remain relatively constant so that changes

in their concentrations would indicate volume changes. It appears

that this assumption is not unequivocal. This is based on the dif-

ferences between the estimated removal rates of protein and erythro-

cytes by blood withdrawal and their actual reduction rates during the

PV measurement. A comparison of these rates indicated that protein

and erythrocytes were lost from circulation. During the succeeding

45-48 hour recovery period, the circulatory loss of protein and

erythrocytes was minimal. By estimating the reduction in PRO and RBC

over the recovery period with the actual reduction rates measured

during the PV measurement, the calculated percent reduction in PRO and

RBC over a 46.5 hour period would be about 107% and 16% in Experiment

5, and 72% and 52% in Experiment 6. The actual percent reductions

(calculated from the measured changes) in PRO and RBC were 17.6% and

19.8% in Experiment 5, and 23.0% and 23.6% in Experiment 6. Together,

the similarity between actual percent reductions within the experiments

and the dissimilarity between that estimated suggest that changes in

the intravascular volume were predominant in reducing the concentrations

of the blood constituents within 48 hours after surgery, whereas, cir-

culatory loss of the blood constituents later became a predominant

factor.
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The osmotic disturbance was corrected except in one experiment,

and was generally corrected within five hours after experimental mani-

pulation. The continued elevation in OSM exhibited in Experiment 5

appears to be a season related phenomenon rather than a resultant of

the elevated water temperature. A similar distrubance was observed

after surgery in sculpin a year later. By considering the ion secre-

tory capacity of the gills (Maetz, 1974), it is puzzling why the ob-

served hyper-osmolality of the plasma, which in itself seems negligible

comparable to that handled by the gills, was not corrected as it occur-

red. If the gills responded homeostatically, then no change in OSM

would have been observed. Mayer and Nibelle (1970) demonstrated by

hyper- or hypo-saline infusion into SW eels (Anguilla anguilla) that

any deviation of the plasma electrolytic concentration stimulates the

regulatory mechanisms which by modification of the outflux, serve to

return the plasma concentration to its normal value. With respect to

hyper-saline infusion, plasma ion concentrations showed maximal in-

crease by the end of infusion, whereas Na outflux was unmodified. Na

outflux increased markedly during the hour following infusion, from

1100 to 1700 equiv./100 g bwhour
-1

. Conversely, after the plasma

concentrations had returned to normal, the outflux remained elevated

(Mayer and Nibelle, 1970). By assuming that ion fluxes across the

gill were unchanged in the sculpin during or following surgery, a

stimulus relationship between plasma electrolytic concentrations

and regulatory mechanisms seems likely in the sculpin. An enhancement

in branchial outflux processes would be necessary to handle the in-

ferred increase in net flux of ions absorbed from the gut. With the

enhancement in water and ion absorption from the gut and the augmented

branchial outflux, the prolonged increase in BV without a concurrent

osmotic disturbance observed during the 45-48 hour recovery period would

be expected. The recovery of OSM, pNa and pCl to their initial values

measured before surgery with esophageal occlusion supports the occur-

rence of increased branchial outflux. By the end of experiment 7, the

animals exhibited a 2.0% decrease in bw which suggests that they were

suffering from dehydration. Without an enhanced ability to eliminate
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excess ions, a hyper-osmotic plasma would be expected as a result of

water loss.

The nature of the mechanisms subserving the surgery-induced

osmotic and volume disturbances is unclear. The disturbances possibly

originated from alterations in neuronal and/or hormonal control of the

WEB of the sculpin. The WEB in teleosts is known to involve regulation

by the central nervous system (Hirano et al., 1972; Mayer-Gostan and

Hirano, 1976), endocrine system (Johnson, 1973) and renin-angiotensin

system (Takei et al., 1979; Malvin et al., 1980).

During and after re-anesthetization, it was apparent that volume

regulation was not measurably disturbed based on the similarity between

the T-1824 plasma concentrations of the sham anesthetized and re-anes-

thetized animals. Perhaps the absence of hemodilution during anesthesia

can account for the relatively larger polycythemia and elevated HCT

exhibited during re-anesthetization with respect to that observed during

esophageal cannulation. Within one hour after anesthesia, HCT re-

covered to its initial value, whereas the polycythemia persisted.

Because OSM was maximal at this time, it appears that erythrocyte

shrinkage was the reason for the reduction in HCT. Later, the poly-

cythemia subsided but remained elevated to the end of the experiment.

The reduction in the erthrocyte count may have resulted from a

sequestration of cells by the spleen or other organs, since volume

changes were not evidenced at this time. The spleen in teleosts has

been demonstrated to be a potent blood reservoir with a powerful cell

sequestering capacity (Yamamoto et al., 1980).

PRO increased several hours after re-anesthetization, esophageal

occlusion and forced drinking. A positive gain in PRO when coupled

with a parallel gain in RBC count would demonstrate a hemoconcentration.

A hemoconcentration, however, did not occur in any of the experiments.

Inasmuch as volume regulation was not impaired during and after re-

anesthetization, a release of protein into circulation was implicated.

This also may have resulted following the onset esophageal occlusion

and forced drinking.

In mammals plasma protein molecules circulate within a much larger
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effective volume, i.e., extracellular fluid, than that of the blood

stream alone (Forker et al., 1952). Forker and co-workers demonstrated

that the extracellular fluid contains a reserve of similar protein

molecules. Plasma protein, in higher vertebrates, leaves the vascu-

lature at a rate which is relatively slow compared to that of smaller

molecules and ions. The protein which is filtered from the plasma

into the interstial fluid is returned to circulation via the lymphatic

system (Dayson, 1970). The rate of loss of plasma protein to the inter-

stium has been enhanced in dogs by large infusions of saline. Con-

current with this enhanced loss there is a proportional increase in

the rate of flow of lymph in response to the amount of saline perfused

which in turn augments the return of protein to the plasma (Wasserman

and Meyerson, 1952). Increases in the amount of protein in the plasma

above that originally present have occurred in conscious patients and

experimental animals following infusion of isotonic solutions (Harroun

et al., 1950; Manning and Guyton, 1980; Shearborn, 1942; Wasserman and

Mayerson, 1952; Wasserman et al., 1955). Altough speculative, a pos-

sible explanation for the apparent gain in plasma protein is that the

preceding increase in the intravascular volume essentially mimicked

infusion, and consequently stimulated the return of filtered protein

and extracellular protein to circulation via an enhanced flow of lymph.

This explanation only suffices for the esophageal occlusion and forced

drinking studies in which a hypervolemia was evidenced.

Before treatment, in the re-anesthetization study, the animals

exhibited a circulatory loss of protein. This is thought to have re-

sulted from an increase in capillary permeability to plasma proteins.

The capillary permeability to high molecular dextrans (60,000 to

90,000 M.W.) of the rate mirabile of the eel (Anguilla anguilla) is,

in part, dependent on the albumin fraction of the plasma protein

(Myhre and Steen, 1977). With respect to this observation, perhaps

the influence of previous protein dilution and removal by repeated

blood withdrawal enhanced capillary permeability to lower molecular

weight proteins and exacerbated protein loss. By assuming that the

sculpin's lymphatic system was involved in the replacement of protein
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to circulation during this time, it appears that either its efficiency

to replace protein had been reduced or its capacity to do so was

overburdened as the duration of the experiment increased. Thus, it

would appear that re-anesthetization in some way reversed this trend.
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CHAPTER II:

The Rate and Manner of Seawater Ingestion

by a Marine Teleost, Enophrys bison G.,

and Corresponding Seawater Modification by the Gut

INTRODUCTION

The obligate diffusion of body water from the marine teleost to

the surrounding, hyper-osmotic environment is countered by the intesti-

nal absorption of ingested seawater (SW). Following ingestion, the

physical-chemical nature of the SW is altered considerably in the up-

per gut (gastroesophageal region and anterior intestine) by desalting

(Hirano and Mayer-Gostan, 1976; Kirsch, 1978) and dilution (Hickman,

1968a; Sharrat et al., 1964; Skadhauge and Lotan, 1974; Smith, 1930) to

iso-tonicity with the blood. Subsequently, water is absorbed from the

lower intestine by mechanisms dependent on the active uptake cf salt

into the blood (Maetz, 1974). The general understanding of the role of

the gut in water-electrolyte balance (WEB) of marine teleosts has been

inferred from the results of in vitro gut sac preparations (Hirano and

Mayer-Gostan, 1976; House and Green, 1963, 1965; Kirsch, 1978; Oide and

Utida, 1967, 1968; Sharrat et al., 1964), and in vivo assessments in

animals that were allowed to drink ad libitum (Hickman, 1968a; Shehadeh

and Gordon, 1969; Smith, 1930) or that received intestinal perfusion

with SW (Skadhauge and Maetz, 1967; Skadhauge, 1969, 1974). Although

water absorption related processes are essential for maintaining the

WEB of the animal, there are other gut processes, in particular, drink-

ing and the aboral movement of ingested SW. These performances share

a similar importance in supporting the WEB and both of these functions

should be rate limiting to the processes of absorption because the

availability of swallowed water is essential for absorption. Experi-

mentally, however, this has only been demonstrated by complete inhibi-

tion of SW ingestion (Hirano, 1974; Smith, 1930). Without

the ability to drink, the marine teleost is unable to compen-

sate for water loss and eventually succumbs to dehydration. I have

proposed that in marine teleosts, the gut motility, and thus the rate
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of adanal fluid transit is regulated to achieve essential water absort-

tion. To test this hypothesis, the gut of a marine teleost, the buf-

falo sculpin (Enophrys bison) is challenged in situ with forced drink-

ing (continuous perfusion) at rates above and below that of the measured

drinking rate.

The drinking rate (DR) and drinking behavior, i.e., continuous or

intermittent drinking, of the buffalo sculpin have yet to be determined.

DR estimates for other cottids in SW range from .2 to .9% body weight

(bw)/hour (Foster, 1969; Smith, 1930). The large variation in the DR

estimates led Foster (1969) to propose that cottids gulped water

intermittently. A similar type of drinking behavior was suggested by

Evans (1967) for Xiphister atropurpureus. The SW adapted eel (Anguilla

anguilla), on the other hand, appears to ingest SW continuously

(Hirano, 1974). Clearly, the differences in DR and drinking behavior

observed within and among other species of teleosts, do not allow

extrapolation of such to the sculpin for the purpose of testing the

above hypothesis. Thus, in the following experiments, the DR and

drinking behavior of the buffalo sculpin were examined. Also, the

influence of ab libitum drinking or forced drinking (continuous gut

perfusion), and of the rate of ingestion of SW modification by the

gut was assessed.
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MATERIALS AND METHODS

Buffalo sculpin of both sexes were used. Animals were captured,

housed and fed in the same manner as described in Chapter 1. A seven

to ten day food deprivation period was instituted before the poly-

ethylene glycol (PEG, m.w. 6000) perfusion study and DR determinations.

This period of time was adequate to clear the gut of undigested food

material. Experiments were performed between February and July, 1980.

In all experiments, the water was aerated and maintained at 12 ± 1°C.

A constant photoperiod was used. The osmolalities and concentrations

of sodium (Na) and chloride (C1) of the SW in each experiment are

presented in Appendix II.

Animal Preparation

Before surgery, the animals were allowed 72 hours to acclimate to

containment in the laboratory tanks. Anesthesia was then initiated and

maintained with SW containing 70 mg /l of benzocaine (ethyl-p-amino

benzoate). Following the induction of anesthesia, the bw was measured.

Cannulas were surgically implanted to allow serial sampling of blood,

in situ gut perfusion and collection of rectal fluid. Procedures for

cannulating the afferent branchial artery and esophagus were described

in Chapter 1. The rectum was cannulated by first suturing two purse-

string sutures of 4-0 Ethilon black monofilament nylon around the peri-

phery of the anal sphincter. Next, a Bardex-Foley
R
catheter (16Fr) was

placed 3.5 cm into the rectum and the purse-string sutures were tied.

Upon replacement of the animal into the laboratory tank, the rectal

catheter was run through the bottom of the tank. The distal end of the

catheter was placed into a graduated cylinder which was used for rectal

fluid collection. The opening of the graduated cyclinder containing

the catheter was sealed with ParafilmR.

At the end of the experiment, the animals were killed and weighed.

The peritoneal cavity was exposed and the upper gut, i.e., the eso-

phagus, stomach, and pyloric ceca, the lower gut, i.e., intestine and

rectum, and the rectal cannula were separted by occluding with hemo-
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stats. The esophagus was segregated from the buccal cavity to prevent

spillage of the upper gut fluid (UGF) into the buccal cavity. The

volume of fluid in each compartment was estimated by weight difference,

i.e., the weight of the gut plus fluid minus that after being emptied.

Analytical Procedures

The plasma, urine, bile, UGF, lower gut fluid (LGF), voided rectal

fluid, and SW were analyzed for PEG using a modification of the pro-

cedure described by Hyden (1955). The procedure used was as follows:

1) a volume (< .4 ml) of fluid was diluted to .4 ml with either SW

(for SW-PEG or gut fluid) or distilled water (for plasma, urine, or

bile); 2) to this volume the following were added sequentially, 2 ml

of distilled water, .4 ml of 10% barium chloride (BaC12), .8 ml of .6N

barium hydroxide (8a(OH)2.8H20), and .8 ml of 20% zinc sulphate

(ZnSO4.7H20); 3) this mixture was vortexed for five to ten seconds

and then centrifuged at 1250 x g for five to ten minutes; 4) the

supernatant fluid was decanted and centrifuged at 1250 x g for several

minutes; 5) 1.5 ml of the supernatant fluid and 1.5 ml of 30% tri-

chloroacetic acid were mixed and vortexed for five to ten seconds;

6) five minutes after mixing, the absorbance was measured at 550 nm.

PEG calibration curves were prepared with SW, plasma and intesti-

nal fluid. These curves were similar (P > .05) and their r2 values

were all > 99%. A SW-PEG calibration curve was used to estimate the

PEG concentrations in all the biological and SW-PEG mixtures. The

working range of the curve was between 45 and 273 pg/m1 of the final

reaction mixture. The minimal detection limit was 4.5 pg/m1 of the

final reaction mixture.

The osmolality of gut luminal fluid was determined with a Wescor

5100 Vapor Pressure Osmometer. Sodium (Na) and chloride (C1) con-

centrations of these fluids were measured with a Colemen Flame Photo-

meter and Buchler Digital Chloridometer, respectively.

Validation of PEG as a marker for measuring DR

PEG was selected as the marker for measuring the DR as well as
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luminal volume changes in the gut. Although PEG has been used in other

teleosts for DR determination (Malvin et al., 1980; Shehadeh and Gordon,

1969; Skadhauge, 1974), the validation of its use as a nonabsorbable

marker in fish has not been direct. An estimate of its recovery fol-

lowing passage through the esophagus to the rectum, is not available.

An examination of these factors was essential before the drinking

characteristics of the sculpin could be assessed.

The absorption and recovery of PEG from the gut of the buffalo

sculpin were assessed over a 72 hour period by perfusing the gut in

situ with a SW containing PEG at a concentration several times greater

(22 mg/ml) than that used in the DR determinations. Analyses of PEG

in plasma was performed at 24, 48 and 72 hours after the onset of

perfusion. Also, terminal urine and bile were analyzed for PEG. The

perfusion rate was controlled at .4% bw/hour. Voided rectal fluid was

collected continuously for 24 hours. At the end of a collection period,

the fluid remaining in the catheter was aspirated and added to that

already voided and weighed. PEG recovery was determined in three

animals that exhibited no leakage around the catheter at the end of

the experiment.

Measurement of DR

The DRs of 33 animals (initial bw 502 ± 16 g, X ± SE) were measured

over a 48 hour period. Following rectal cannulation the animals were

placed into static volumes (33 1) of SW containing between 5.3 to 6.4

mg of PEG/ml. Rectal fluid was collected over 6 and 12 hour periods.

At the end of a collection period, the volume voided was estimated as

described above.

In the first series of experiments (Series I), the DRs were

measured irregularly over a four month period, from March to May,

1980. The age of the animals with respect to duration of capture

beyond 20 days was mixed in two of the four experiments. In the

second series of experiments (Series II) which was performed during

May and June, 1980, the DRs were measured weekly in fish of known

capture duration. The osmolality of the SW-PEG solutions were
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controlled at 800 mOsm/kg and 900 mOsm/kg by diluting SW with dis-

tilled water or adding NaCl. Several weeks after Series II, the DRs

of four fish of equivalent capture age (24 days) were measured. The

total volume of SW swallowed was estimated by measuring the total

amount of PEG voided and collected from the gut compartments after 48

hours and dividing this value by the concentration of PEG in the SW-PEG

solution.

Assessment of the Influence of SW Ingestion on SW Modification by

the Gut

To determine if forced drinking or ab libitum drinking, as well

as the rate of ingestion influenced the way the gut modified swallowed

SW, the following estimates were compared among the perfusion and DR

experiments: 1) the osmolality of the fluids collected from the upper

and lower gut and voided over the final collection period; 2) the

absorption of water and ions swallowed; and 3) the resident duration

and volume of UGF and LGF, and the fluid voidance rate (VR, %bw/hour)

which was measured over a 48 hour period. The percent absorption of

water was based on the increases in the PEG concentration of the per-

fusion solution or ingested tank water during and after its passage

through the gut. To calculate the percent absorption of Na and Cl,

the fluid volume recovered from the upper and lower gut and voided

were adjusted for either dilution (indicated by decreases in the SW-

PEG concentration) or water absorption. This gave a volume equivalent

to the volume of SW ingested. Thus, with the initial volume of SW

ingested and final volume of luminal or voided fluid, and the correspond-

ion concentrations, the total Na and Cl ingested and remaining were

calculated. The resident durations of UGF and LGF are products of the

total PEG collected from the upper or lower gut and the rate of PEG

ingestion (mg/hour). The volume and osmolality of the gut fluids

sampled from four sculpin (bw 317 ± 73) that experienced only the 72

hour acclimation period were compared with that measured in the experi-

mental animals.
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Data Analysis

The data were analyzed statistically by paired t-test (two tailed)

and single classification analysis of variance. Differences among more

than two means were analyzed by comparing the sums of squares (SS) of

groups to a critical SS value that was calculated at the .01 and .05

levels of significance (Sokal and Rohlf, 1973). Differences were con-

sidered significant if P < .05.
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RESULTS

Validation of PEG as a Marker for Measuring DR

Within 48 hours after the onset of perfusion, the concentration

of PEG in the voided rectal fluid increased (P < .05) in comparison

to that measured at 24 hours (Table 4). Na and Cl concentrations were

similar throughout the 72 hours of perfusion. These measurements

indicate that the perfusion fluid replaced the fluid present in the

gut before the onset of perfusion, within 48 hours. The gut was ex-

posed to increasing PEG concentrations from 22 mg/ml in the perfusion

solution up to 50 mg/ml in the voided fluid as a result of intestinal

water absorption, during the final 48 hours of perfusion. Although

absorption of PEG from the gut was favored by the high luminal con-

centration of PEG, PEG was not detected in plasma, urine or bile.

The minimum detection limit of the PEG analysis was 4.5 pg/m1 of the

final reaction mixture. Based on the procedural dilutions of plasma,

urine and bile, the minimal detection limit in the undiluted fluid

was about .4, .1, and .2 mg/ml, respectively. For the minimal detection

limit to be reached in the plasma, then about 1 to 5% of the PEG in the

gut, which ranged from 244 to 774 mg, would have to be absorbed. The

percent absorption values were estimated from the PEG detection limit

in the plasma, a PEG gut content of 244 or 774 mg, and a total plasma

volume of 30 ml (based on the final mean bw of 420 g 47 g) and the

estimate of plasma volume after surgery). By assuming that PEG absorp-

tion is similar among the sculpin and is enhanced by an increasing

mucosal-to-serosal chemical gradient, it is reasonable to conclude

that PEG is not absorbed.

The recovery efficiency of PEG perfused into the gut, over the

72 hour period, was estimated to be 90% (95% C.L.: 84-94%). For

estimating DR, the total amount of PEG recovered was adjusted for this

efficiency.

Measured DRs

DR varied considerably among the experiments in Series I and II
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Table 4. Concentrations of polyethylene glycol (PEG), sodium (Na)
and chloride (C1) in rectal fluid voided from perfused
sculpina.

Collection Voided Rectal Fluid
Period

PEG Na Cl

hours mg/ml mM mM

24 21±4.7
b

58114.5 82±11.7

48 48±1.6 43±3.4 68±5.5

72 46±2.6 49±4.2 74±4.8

a
Values are mean ± SE, n=6.

b
24 hour PEG value is significantly lower (P < .05) than that measured

at 48 and 72 hours.
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(Figure 8). DR was not related to bw. When DR and corresponding bw

were paired no association was evidenced (r
2

= .08). Over the 48 hour

measurement, bw did not change (P > .05). In Series I, DR appeared to

be positively related to the osmolality of the SW-PEG solution. How-

ever, in Series II, DR was not responsive to a 100 mOsm/kg difference

in SW-PEG osmolality which was similar to that observed in Series I.

The DR at 800 mOsm/kg was .54 ± .11% bw/hour (n = 7) and at 900 mOsm/kg

was .53 ± .09% bw/hour (n = 8). In Series II, the change in DR ap-

peared to correspond with the capture duration up to 34 days (Figure

8). Coincident with the elevated DR at 27 and 34 days, a large die-

off occurred in the stock population. Only one death occurred during

the DR determinations. The overall DRs of Series I and II, .41 ± .06%

bw/hour and .53 ± .07% bw/hour, were similar (P > .05). Several weeks

after the Series II experiments, the DR of four sculpin at 24 days

after capture was .48 ± .10% bw/hour. Although the osmolality of the

SW-PEG solution in this experiment was 40 to 70 mOsm/kg higher than

the highest osmolality in the other experiments, the DR were statisti-

cally equivalent to that estimated previously. The overall DR based

on all the DRs measured was .48 ± .04% bw/hour.

The Influence of SW Ingestion on SW Modification by the Gut

For the most part, the estimates of fluid treatment by the gut

were statistically similar among the DR and the acclimation-only

experiments. Only Na absorption (voided fluid) and VR exhibited

significant differences in the Series II experiments. Estimates of

Na absorption at 20 and 34 days after capture and at 27 and 41 days

were statistically similar to each other. The estimates of these two

groups were significantly different, 96% versus 98%, respectively.

VRs were equivalent (P > .05) between 20 and 41 days, .12 ± .01%

bw/hour and .14 ± .02% bw/hour, respectively, whereas, the VRs at

27 days were lower (P < .05) at .05 ± .02% bw/hour and at 34 days

were greater (P < .05) at .30 ± .02% bw/hour than that at 20 and

41 days. The variation in these estimates was not related to DR,

since both estimates were made in groups of animals that exhibited
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Figure 8. A) Drinking rates determined in Series I plotted against
corresponding SW-PEG osmolality. B) Drinking rates
determined in Series II plotted against corresponding
capture age. Values plotted are mean ± SE, (n). *

indicates that the drinking rates at 930 mOsm/kg were
greater (P < .05) than that at 800 and 840 mOsm/kg. **
indicates that the drinking rates at 27 and 34 days were
greater (P < .05) than that at 20 days. *** indicates
that the drinking rates at 34 days were greater (P < .05)
than that at 41 days.
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similar and different DRs (Figure 8). Also, these differences were

not related to SW-PEG osmolality, inasmuch as no differences were found

between estimates from animals maintained at 800 and 900 mOsm/kg.

Based on these results, it appears that SW modification by the gut was

unresponsive to changes in the ab libitum DR.

To determine if the manner of SW ingestion influenced SW modifi-

cation by the gut, the estimates of modification from the perfused

animals were compared to those from the ab libitum drinkers (Table 5).

With the exception of the Na absorption and VR estimates described

above, the modification estimates measured in all the ab libitum

drinkers, which were statistically similar, were treated as samples

originating from a single population. The Na absorption (voided fluid)

and VR values presented in Table 5 were calculated from the estimates

that were equivalent (P > .05) among the DR experiments.

In the upper gut, the osmolality of the fluid in the perfused

animals was hyper-osmotic to that in the ab libitum drinkers (Table 5).

Both dilution and water absorption were evidenced in this region.

Dilution was exhibited in 18 of the 33 animals used for the DR deter-

minations and in all the perfused animals. The dilution was similar

(P > .05) between these groups and averaged 1.6 ± .17 (n = 4) with per-

fusion and 1.5 ± .05 with ab libitum ingestion. The osmolality of the

SW-PEG media which ranged from 800 to 970 mOsm/kg did not influence

dilution. Also, when dilution was paired with corresponding DR no

relation was evidenced (r
2

= .04). Water absorption occurred in nine

animals and ranged from 27 to 43% of the volume swallowed.

The total Na and Cl recovered from the upper gut, when dilution

resulted, were compared to estimates of that ingested. With ab libitum

ingestion, Na and Cl in the upper gut were lower (P < .05), recovered

Na, .26 ± .03 mmole, and Cl, .30 ± .01 mmole, versus ingested Na, .41 t

.04 mmole, and Cl, .44 ± .05 mmole, n = 13. With perfusion, the

quantities of both ions recovered from the upper gut were statistically

similar to that ingested, recovered Na, .57 ± .25 mmole, and Cl,

.54 ± .23 mmole, versus ingested Na, .52 ± .2 mmole, and Cl, .53 ± .2

mmole, n = 4. When water absorption was evidenced in the upper gut,



Table 5. Gut fluid osmolality (OSM), estimates of water (H20), sodium (Na) and chloride (C1)

absorption in lower gut fluid (LGF) and voided rectal fluid (VOID), and rectal

fluid voidance rate (VR) in animals perfused and allowed to drink ab libituma.

Water

Ingestion OSM Absorption Estimates (%) VR

UGF
b

LGF VOID H2O Na Cl

LGF VOID LGF VOID LGF VOID

mOsm/kg % bw/hour

Perfusion 538+c 339 331 45 52 92 92 89 92 .21

±33 ±9 ±3 (33-51) (46-58) (88-92) (87-98) (85-92) (88-96) ±.02

n 5 5 5 6 6 5 3 5 3 3

*d * * * * * *

Ab Libitum 405+ 331 329 63 + 69 95 + 97 93 + 95 .12

±8 ±4 ±5 (60-67) (66-71) (95-96) (96-97) (92-94) (94-96) ±.01

n 36 37 32 33 33 29 21 29 28 22

a Values are mean ± SE or mean (95% C.L.).

c
UGF stands for upper gut fluid.
+ indicates values were significantly different (P < .05) between different fluids.

d
i* indicates values were significantly different (P .05) between perfused animals and ab libitum

drinkers.
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the total Na and Cl ingested were considerably reduced (P < .05), about

75% of the Na and Cl ingested was absorbed.

Although the osmolalities of the LGF and voided fluid did not

vary between the two types of SW ingestion, other estimates of fluid

treatment were significantly different (Table 5). Water and ion

absorption were lower (P < .05) in animals perfused than when allowed

to drink ab libitum. In both groups of animals the water absorption

estimate in the LGF was lower than that in the voided fluid. In

respect to ion absorption, a similar relationship was observed only

in the ab libitum drinkers. VP was enhanced (P < .05) by perfusion

(Table 5). When VP was paired with corresponding DR no appreciable

association was exhibited, r
2

= .2.

The manner of SW ingestion had no measurable effect on the resident

duration of fluid or volume of fluid in the upper and lower gut. The

resident duration in the upper gut was .8 ± .14 hour (n = 37) and in

the lower gut was 18.6 ± 1.5 hours (n = 39). The duration estimates

ranged from 0 to 4.8 hours and from 6.3 to 47.3 hours, respectively.

On the average, volume in the upper gut was about 10% of that in the

lower gut. The upper gut volume was .3 ± .03% bw and the lower gut

volume was 3.2 ± .35% bw (n = 43). Volume measurements in these regions

ranged from 0 to 1.3% bw and from .6 to 11.6% bw, respectively.
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DISCUSSION

DRs were variable within as well as among the experimental groups.

Variation among animals has been observed by Foster (1969) in other

cottids. She measured DR in three species of cottids, two of which

were marine, Taurulus bubalis and Myoxocephalus Scorpius. The mean

DRs of these animals in 100% SW were about .2 and .5% bw/hour, respect-

ively. The range of these DRs includes only about 50% of the DR meas-

ured in the buffalo sculpin. The differences in DRs among the experi-

ments appeared to be related to the age of the sculpin after capture.

The actual factors subserving this relationship are unclear. Never-

theless, given the similarity among the water and ion absorption esti-

mates in the LGF and voided fluid of the ab libitum drinkers, water

loss from the animal appeared to be changing whereas water absorption

remained consistent. Thus, a potential water deficit was averted by

increasing the DR. Hickman (1968a) concluded from his study of SW

ingestion in Southern flounder, Paralicthys lethostigma, that the

amount of SW swallowed was determined by the water permeability of

the body surfaces, rather than rectal fluid loss or urine flow per

se. The flounder in Hickman's study exhibited a broad range of DRs

which was similar to that measured in the sculpin over the four month

period in the present study. Although the flow of rectal fluid varied

between intermittent for the sculpin and continuous for the flounder,

the VRs were similar. The Ps from the flounder were also unrelated

to DR, like that observed in the sculpin. Given these similarities,

it seems reasonable to suggest that the variation in the sculpin's DR

was related to changes in the water permeability of the animal's body

surfaces.

The occurrence of a large die-off in the stock population con-

current with the increase in DR (Series II) suggests that an enhance-

ment in water permeability preceded death. The subsequent reduction

in DR measured in the animals remaining demonstrated that water

permeability was increasing at various rates among the animals. This

was also indicated by comparing the DR of Series I and II and of the
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final DR determination. In Series I, the capture ages of the animals

in the first two experiments were 25 and 32 days. The DRs of these

animals were equivalent to that measured at 20 days in Series II.

However, at 27 days in Series II, which is within the age range of the

above experiments, DR increased considerably. In the final DR deter-

mination, the animals were captured 24 days previously. Two of the

four animals had rates similar to that measured in the initial experi-

ments of Series I and II, whereas, the other two animals had elevated

DRs. Given the relative consistency of DR measured initially, DR and

water permeability of the body surfaces seemed to be similar among the

animals at capture, and later, increased at different rates.

Enhancement in the water permeability appeared to progress grad-

ually. This implies that factors controlling the mechanisms which

subserve maintenance of water permeability were also gradually changing.

With the results obtained, a characterization of these factors is not

possible. However, given the circumstance that the change in water

permeability was gradual, the factors involved were probably hormones

and/or essential nutrients. Differences in water permeability may

result from variation in prolactin secretion and release (reviewed

by Johnson, 1973). Information is rare concerning the relationship

between the nutritional condition of fish and water permeability,

although the effects of changes in this condition on water composition

of fish tissues, in particular muscle, have been extensively studied

(Love, 1980). The animals, in this study, were fed Pacific herring,

Clupea harengus pallasi, once or twice weekly. This diet was apparent-

ly palatable to the sculpin, because they readily consumed it. How-

ever, by judging from the heterogeneous gut contents of freshly cap-

tured sculpin, which included herring, crabs, clams, and algae such

as Ulva, Porphyra and Lamira, perhaps the homogeneous diet fed to the

stock population was nutritionally inadequate for the sculpin. Thus,

following capture the nutritional status of the sculpin was slowly

changing as well. This may or may not be correlated with the gradual

change in water permeability. The data are inconclusive.
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In other teleosts adapted to SW, the estimated DRs exhibit con-

siderable variation within experiments, the standard deviations vary

from around 20 to 90% of the mean (Evans, 1967; Foster, 1969; Hickman,

1968a; Howe and Gutknecht, 1978; Malvin et al., 1980; Shehadeh and

Gordon, 1969; Skadhauge and Lotan, 1974; Smith, 1930). In all but

Hickman's study, water soluble markers were used for determining DR.

The duration allowed for the animals to ingest SW varied from one to

26 hours. Evans (1967) measured drinking over one hour in Xiphister

atropurpureus adapted to SW. He suggested that Xiphister ingested SW

intermittently, and subsequently, concluded that the DR determined in

his study were probably biased by allowing the fish only one hour to

drink. Foster (1969) concluded from the large differences in DRs

measured over a two hour period in cottids that drinking by these

animals was infrequent and irregular. From these observations, it

would seem that by extending the duration of the DR measurement, the

differences due to intermittent ingestion would be reduced or possibly

eliminated. However, in this study as well as in others (Shehadeh and

Gordon, 1969; Skadhauge and Lotan, 1974; Smith, 1930), where the mea-

surement duration was from 20 to 48 hours, variation among DRs was not

reduced. Given that drinking occurs either frequently, which appears

to be the situation in the sculpin or continuously, which has been

observed in the eel, Anguilla japonica (Hirano, 1974), the large

variation observed in the DR in this study and previous studies ap-

pears to have resulted from differences in water permeability among

the animals.

With respect to drinking behavior, the buffalo sculpin appeared to

ingest SW intermittently. This was demonstrated by the differences in

the UGF osmolality between the perfused animals and the ab libitum

drinkers that drank at rates equivalent to or greater than the perfusion

rate. The lower osmolality in the ab libitum drinkers suggests that SW

was ingested by gulping rather than by continuous drinking. Furthermore,

the apparent inability of the upper gut in perfused animals to lower the

total ions ingested excludes the possibility of continuous SW ingestion

by the sculpin.
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The fluid volume in the upper gut was independent of DR. With

respect to the volume of SW ingested in one hour at the overall DR

or the perfusion rate, the average fluid volume in the upper gut was

from 24 to 40% lower. Of all the volumes measured, only two were

greater than could be accounted for by the corresponding DR. Smith

(1930) and Hickman (1968a) have suggested that low fluid volume in

the stomach may result from a rapid passage of swallowed SW to the

anterior intestine. Under this circumstance, as ingestion rate

increases the efficiency of SW modification in the upper gut would

be reduced, given the corresponding decreases in the ratios of surface

area:volume and time for modification:volume. Thus, fluids introduced

into the anterior intestine would be hyper-osmotic and -tonic to that

which favors intestinal water absorption, and consequently, absorption

would be delayed until favorable levels were obtained (Skadhauge, 1969,

1974). It seems reasonable to assume that this situation would depress

water absorption efficiency. This, however, was not evidenced in the

sculpin. Although, the resident duration of fluid in the upper gut was

consistent over a broad range of DRs, which suggests that the above-

mentioned ratios were altered, water absorption efficiency remained

stable. This implies that the sculpin were intermittently ingesting

SW in small volumes or sipping.

By sipping SW, an effective surface area:volume ratio, which would

favor adequate water modification, could be maintained over a broad

range of DRs. Here, the frequency of sipping would parallel DR. An

effective surface area:volume ratio, however, is probably not static,

because time appeared to play an important role in water modification.

This was evidenced by the ability of the upper gut in the ab libitum

drinkers to reduce the total Na and Cl ingested, and the lack thereof

in the perfused animals. The inhibitory influence of continuous SW

perfusion on ion reduction demonstrates a temporal quality for water

modification in the upper gut.

The esophagus, in several different species of teleosts adapted

to SW, appears to be an important osmoregulatory organ wherein ingested

SW is diluted by mucosal-to-serosal Na and Cl fluxes without water
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absorption (Hirano and Mayer-Gostan, 1976; Kirsch, 1978). The

esophagus is permeable to Na and Cl and practically impermeable to

water. In the esophagus, Na net fluxes are directed from a concentrated

to a diluted compartment and are probably passive (Kirsch, 1978). In

the previous chapter, a similar function, which was termed "desalting"

by Hirano and Mayer-Gostan (1976), was proposed for the esophagus of

the sculpin. Here, the reductions in the total Na and Cl ingested in

the upper gut of the ab libitum drinkers (observed concurrently with

dilution) supports this proposal. If, as Kirsch (1978) described for

Na flux, the net mucosal-to-serosal fluxes of Na and Cl are passive,

and therefore, would be enhanced by a greater concentration gradient,

then it is unclear why or how continuous perfusion antagonized the

desalting process. Continuous perfusion would maintain a constant ion

concentration gradient in this area equivalent to that produced im-

mediately following a sip of SW. The fact that a sustained ion con-

centration gradient inhibited desalting suggests that the net mucosal-

to-serosal fluxes of ions in the esophagus involve other mechanisms

which are rate limiting to the overall desalting process.

In the lower gut, the ingested fluid was further modified by

ion and water absorption. The values of water and ion absorption

estimated in the LGF and voided fluid from the ab libitum drinkers are

similar to that measured in other SW adapted teleosts (Hickman,

1968a; Oide and Utida, 1968; Shehadeh and Gordon, 1969; Smith,

1930). The gradual but significant increases in these absorption esti-

mates between LGF and voided fluid suggest that, as in other SW adapted

teleosts (Hickman, 1968a; Shehadeh and Gordon, 1969; Smith, 1930), a

progressive modification of the luminal fluid occurs as it moves adanal

in the sculpin's intestine. With perfusion, progressive fluid modi-

fication was absent and ion absorption was reduced in the LGF and

voided fluid. A description of the factor or factors which altered

water modification is not possible with the results obtained. Never-

theless, with both water and ion absorption reduced, the occurrence

of solute-linked water flow in the buffalo sculpin's intestine (House
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and Green, 1965; Skadhauge, 1969, 1974) was probably impaired by per-

fusion per se or other related factors. Later findings indicated that

the concentration of PEG used in the perfusion study was inhibitory to

ion and water absorption (Chapter 3).

The occurrence of water absorption in the upper gut indicates the

existence of a water and ion absorption capacity for the pyloric ceca.

This conclusion is based on the apparent inability of the esophagus

and stomach to absorb water. The importance of this capacity to the

water-electrolyte balance of the animal is unclear. Nevertheless,

the water absorption exhibited in this region constituted about 50%

of that estimated in the voided fluid.

A close association between DR and water permeability of the

sculpin's body surfaces was proposed above. Under this circumstance,

dehydration of the animal due to an enhanced loss of body water would

stimulate the animal to drink. However, dehydration was not indicated

in the sculpin. This was indirectly demonstrated by the consistency

in the osmolality of the LGF and voided fluid among the experimental

animals. The plasma and fluid from the lower intestine of experimental

fish are relatively iso-osmotic (Smith, 1930; Hickman, 1968a). A

similar relationship appears to exist in the sculpin, inasmuch as the

osmolality of the intestinal fluid was similar to that of the plasma

of sculpin described in Chapter 1 (the average plasma osmolality was

330 mOsm/kg). Thus, water permeability appears to be closely monitored

in the animal so that subtle increases in permeability cue parallel

changes in SW ingestion. Under this circumstance, the sculpin may

anticipate its future water requirements and appropriately adjust its

frequency of sipping SW to maintain the internal medium water sufficient.
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CHAPTER III:

Involvement of the Aboral Transit of Ingested Seawater
in Maintaining the Water-Electrolyte Balance

of a Marine Teleost, Enophrys bison, G.

INTRODUCTION

Marine teleosts compensate for the obligate diffusion of body

water to the ambient, hyper-osmotic environment by the intestinal ab-

sorption of swallowed seawater (SW). The general understanding of the

role of the gut in water-electrolyte balance (WEB) of marine teleosts

has been inferred from the results of in vitro and in vivo examinations

of SW modification and absorption in the gut (Introduction Chapter 2).

Following ingestion, the physical-chemical nature of the SW is modified

considerably in the upper gut (gastroesophageal region and anterior

intestine) by desalting (Hirano and Mayer-Gostan, 1976; Kirsch, 1978)

and dilution (Hickman, 1968a; Sharrat et al., 1964; Skadhauge and Lotan,

1974; Smith, 1930) to iso-tonicity with the blood. Subsequently, water

is absorbed from the lower intestine by mechanisms dependent on the

active transport of salt into the blood (Maetz, 1974). Without question,

the water absorption related processes are essential to maintaining the

WEB of the animal. There are, however, other gut processes that ideally

would share a similar importance in maintaining the WEB. These are the

ingestion of SW and the aboral movement of swallowed SW. Changes in

these processes from their optimum would conceivably alter the avail-

ability of SW for appropriate modification and absorption, and sub-

sequently disturb the WEB. Experimentally, however, this has only been

demonstrated by complete inhibition of SW ingestion (Hirano, 1974;

Smith, 1930). Without the ability to ingest SW, the marine teleost

is unable to compensate for water loss and eventually succumbs to de-

hydration.

A relationship between fluid passage through the gut and fluid

absorption from the gut has yet to be examined in fish. In higher

vertebrates, for comparison, normal digestion and absorption by the

gastrointestinal tract are dependent on the orderly and controlled
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transit of intraluminal contents (Weisbrodt, 1981). Intestinal ab-

sorption of water and solutes in fasted man, sheep and dog, is altered

by the rate of fluid transit. Absorption is greatest when fluid transit

is slow, and least when aborally propagatory contractions are present

and fluid transit is rapid (Barreiro et al., 1968; Fioramonti and

Ruckebusch, 1977; and Sarr et al., 1980). In marine teleosts, the

osmolality and ionic concentrations of the ingested SW must be lowered

before intestinal water absorption is initiated (Holstein, 1979;

Skadhauge and Maetz, 1967; Skadhauge, 1969, 1974). By assuming that

these processes are related to fluid transit, in a similar way as that

just described for absorption in higher vertebrates, alterations in

these processes as well as the WEB seem likely with changes in the

transit of intraluminal fluid. Kristensen and Skadhauge (1974) simu-

lated the transit of ingested SW along the gut in euryhaline teleosts

using available experimental data. In their model, drinking rate was

treated as the initial flow velocity of the fluid entering the gut that

was reduced during the aboral passage of the fluid by water absorption.

Thus, as drinking rate increased the velocity or rather the transit

of the intraluminal fluid increased proportionally. What their model

showed was similar to that assumed above, i.e., that as the intra-

luminal fluid transit was altered there was a concomitant change in

water and salt absorption. If transit was relatively low the absorption

of NaC1 was almost complete; but, if transit was rapid water absorption

fell markedly (Kristensen and Skadhauge, 1974).

I have proposed that in marine teleosts, gut motility, and thus the

rate of fluid transit anaiward, is regulated to achieve essential

water absorption. To test this hypothesis, the gut of a marine teleost,

the buffalo sculpin (Enophrys bison), was challenged in situ with

forced drinking (continuous perfusion) at rates above and below that

of the measured drinking. Several indicators of gut motility, water

modification and absorption, as well as the WEB of the animal were

monitored while the gut was perfused at several different rates. I

assumed that if regulation was present, then changes in gut motility

would be observed in response to alterations in the forced drinking
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rate. Therewith, adequate water modification and absorption would be

achieved and the WEB maintained.
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MATERIALS AND METHODS

Buffalo sculpin of both sexes were used. The mean body weight

(bw) of the animals was 443 ± 17 g (± SE, n = 9). The ages of the

animals, with respect to capture, ranged from 32 to 45 days. This

study was performed during September, 1980. The ambient SW temperature

was regulated at 12 ± 1°C and the SW was aerated. A constant photo-

period was used.

Animal Preparation

The animals were allowed 72 hours to acclimate to containment in

the laboratory tanks (Chapter 1). During the final 48 hours of the

acclimation, the animals were placed into static volumes (33-34 1)

of SW which contained polyethylene glycol (PEG, MW 6000) at concen-

trations ranging from 5.8 to 6.6 mg /mi. This was done so that the gut

would be filled with PEG by the onset of perfusion (Chapter 2). The

osmolalities of these SW-PEG solutions ranged from 932 to 981 mOsm/kg.

The sodium (Na) and chloride (C1) concentrations ranged from 448 to

471 mM and 486 to 521 mM, respectively.

Following the acclimation period, cannulas were surgically im-

planted, as described earlier in Chapters 1 and 2, to achieve serial

sampling of blood, in situ gut perfusion and collection of voided

rectal fluid. Preceding arterial cannulation, the anus was occluded

to prevent the loss of intestinal fluid during surgery. Following

surgery and the replacement of the animal in the tank, the esophageal

cannula (Chapter 1) and rectal cannula (Chapter 2) were positioned

appropriately for gut perfusion and collection of voided rectal fluid.

At the end of the experiments, the animals were killed. Im-

mediately after this, the peritoneal cavity was exposed and the gut

compartments were segregated (Chapter 2). The volume of fluid in each

compartment, the upper gut fluid (UGF) and the lower gut fluid (LGF),

was weighed. All fluids collected were stored at 2°C until analyzed.
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Assessment of the Influence of In Situ Gut Perfusion on the WEB and

Gut Function of the Sculpin

To determine if the WEB was disturbed by changes in the rate of

gut perfusion, indicators of the osmotic status and the intravascular

volume were monitored before, during and after changes in the perfusion

rate. The osmotic status was demonstrated by measuring the plasma

osmolality (OSM). The intravascular volume was monitored by measuring

the plasma concentration of protein (PRO) and red blood cells (RBC).

Also, the microhematocrit (HCT) was measured. The association between

the WEB and changes in these measurements was discussed and supported

in Chapter 1. Briefly, the disturbance in the WEB as well as the loss

or gain of salt and water, in respect to the body fluids, was evidenced

by coupling the measured changes in the osmotic and volume indicators.

For example, an increase in OSM coupled with parallel reductions in

PRO, RBC and HCT, would be interpreted as demonstrating a disturbed

WEB, the nature of which is a gain of hyper-osmotic fluid in the body

fluids. The methods used to make these measurements are presented in

Chapter 1. With the exception of the inital blood sample (.25 ml),

which was collected from the artery to be cannulated, proceeding blood

samples (.25 ml) were withdrawn via the arterial cannula at the onset

of perfusion and at 12 hour intervals after for 96 hours (blood with-

drawal procedures in Chapter 1).

The influence of changes in perfusion rate on gut function was

assessed by monitoring gut motility and modification of SW perfused

into the gut before and after the perfusion rate was altered. Gut

motility was estimated indirectly by measuring contraction frequency

and pressure in the gastroesophageal region (upper gut) and rectal

fluid voidance rate (VR). Contraction frequency and pressure were

measured directly from the perfusion cannula which was held at a depth

of 1.5 cm in the upper gut. Also, these measurements were made at

3.5 cm and 5.5 cm through 65 cm lengths of PESO tubing. Contraction

frequency and pressure were monitored simultaneously at depths of 1.5

and 3.5 cm, and 1.5 and 5.5 cm for 30 to 60 minute durations. Gould
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P23 series physiological pressure transducers and a Brush Mark 220

recorder were used.

The modification of SW perfused into the gut was monitored in the

voided rectal fluid at 6 and 12 hour intervals for 48 hours after the

onset of perfusion, and for 24 hours after the rate of perfusion was

altered. The osmolality and concentrations of PEG, Na and Cl in this

fluid were measured. The percent absorption of water and ions was

estimated. Water absorption was based on increases in the PEG con-

centration of the perfusion solution. Na and Cl absorption were based

on ion concentration and total ion. Ion absorption estimated with

total ion was estimated using an estimate of the initial volume swal-

lowed. The calculation of this volume and the total ion were described

in Chapter 2. Ion absorption estimates based on either ion concen-

tration or total ion were ratios of (1 - ion concentration or total

ion voided) (100) and ion concentration or total ion present in the

initial volume of SW swallowed.

Gut compartmental fluids were collected before and after surgery

by withdrawing small volumes of rectal luminal fluid and at the end

of the experiment (Chapter 2). The fluid osmolality and concentrations

of PEG, Na and Cl were measured. Processes of dilution and desalting

were looked for in the UGF. Dilution was indicated by decreases in

the PEG concentration perfused into the esophagus. Desalting was

described by comparing the total ion recovered from the upper gut to

that swallowed. The absorption of water, Na, Cl and the resident

duration of fluid in the upper gut and lower gut were estimated by the

methods described above and in Chapter 2. The analytical procedures

used to measure osmolality and concentrations of PEG, Na and Cl of the

gut fluids, SW-PEG solutions and ambient SW were presented in Chapter 2.

In Situ Gut Perfusion

The gut was challenged in situ with no perfusion and perfusion

at rates of .48% bw/hour and 1.23% bw/hour. Perfusion was initiated

and maintained at a rate of .48% bw/hour for 48 hours before the rate
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was altered. This rate was the mean of 33 drinking rates measured in

buffalo sculpin (Chapter 2). After 48 hours, the perfusion rate was

stopped or increased to 1.23% bw/hour for 24 hours. The latter value

was calculated by multiplying the standard deviation of the measured

drinking rates (± .25) by three and adding this value to the mean

drinking rate. Following 24 hours of no perfusion, perfusion was

resumed at 1.23% bw/hour for an additional 24 hours. The input system

described in Chapter 1 was used.

Data Analysis and Presentation

Statistical analysis was done by t-test (two tailed) and single

classification analysis of variance. Differences among more than two

means were analyzed by comparing the sums of squares (SS) of groups

to a critical SS value that was calculated at the .01 and .05 levels

of significance (Sokal and Rohlf, 1973). Differences were considered

statistically significant if P < .05.

For graphical presentation of the WEB, the osmotic and volume

indicators were standardized to percent of control mean. This was

done by calculating the ratio of the mean differences to correspond-

ing control means and then multiplying the ratio by 100.
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RESULTS

The perfusion solutions used in this study had different physical

and chemical characteristics (Table 6). To determine if gut function

was influenced by the perfusion received, the physical and chemical

characteristics of the gut fluids as well as the estimates of ab-

sorption were compared between the groups perfused with the SW-PEG

solutions of 966 and 987 mOsm/kg. No differences (P > .05) were found.

The same measurements made in one animal perfused with the 930 mOsm/kg

solution were similar to the values measured in the other groups. Thus,

all data were treated as samples originating from a single population.

The influence of Gut Perfusion on the WEB

The osmotic and volume indicators monitored during surgical

preparation as well as during perfusion were statistically compared

against their initial values measured at the beginning of the treatment

period. The means of the initial values (control means) for each

treatment period are presented in Table 7.

Anesthesia and surgery altered the osmotic and volume status of

the sculpin (Figure 9). OSM was increased (P < .05) and PRO was de-

creased (P < .05). The trends of these measurements were similar to

that observed in Chapter 1. During the initial perfusion period

(Figure 9), the osmotic and volume status were relatively stable. Of

the indicators measured, only RBC was significantly reduced at 48

hours.

At the end of the initial perfusion period, the perfusion was

halted in five animals. Within 24 hours after, a hemoconcentration

was demonstrated by parallel increases (P < .05) in RBC and PRO

(Figure 9). In three of these animals, perfusion was resumed after

24 hours of no perfusion at the rate of 1.23% bw/hour. The hemo-

concentration observed previously in these animals, was reversed and

a hemodilution resulted within 24 hours. This was evidenced by

parallel decreases (P < .05) in RBC and PRO, i.e., RBC was - 27%

and PRO was - 21% of their control means. HCT exhibited a similar
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Table 6. Osmolality (OSM) and polyethylene glycol (PEG),
sodium (Na) and chloride (Cl) concentrations
of the perfusion solutions.

Number of
Animals
Perfused

Perfusion Solution

OSM PEG Na Cl

mOsm/kg mg/ml mM mM

1 930 6.4 455 490

4 987 5.9 471 524

4 966 6.0 457 510



73

Table 7. Blood constituents and microhematocrit (HCT) control
means at the onset of initial perfusion (.48% bw/hour)
and immediately before changes in the perfusion ratea.

Perfusion Blood Constituents HCT

Rate
b

Plasma Red Blood

% bw/hour

Osmolality Protein Cells

mOsm/kg g% x10
6
Al1

.48 8 347±4 4.5±.34 2.3±.5 26±.6

.48 -4 0 5 338±8 4.4 ±.71 1.8±.2 2.1±2.8

.48 -4- 1.23 3 329±5 3.8±.74 1.4±.1 16±2.2

0 4- 1.23 3 345±12 4.7±.81 2.3 ±.2 18±1.8

a
Values are mean ± SE.

b Either initial perfusion rate or changes in the perfusion rate.
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Figure 9. Changes in plasma osmolality (0), microhematocrit (4,) and
plasma concentrations of protein (a) and red blood cells
() during surgery (S) and after the onset of perfusion
at .48% bw/hour (A), and following changes in the perfusion
rate to 0% bw/hour (B) or to 1.23% bw/hour (C). Values
presented are mean differences expressed as percent control
mean. A, n=8; B, n=5; C, n=3. 1 indicates that the
change between the 0 hour and (X) hour measurements was
significant (P < .05).
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decrease, 15% of control mean. The osmotic status of these animals

during no perfusion and with the resumption of perfusion was not sig-

nificantly altered.

When the initial perfusion rate was elevated, the WEB was dis-

turbed (Figure 9). The trends exhibited by HCT, RBC and PRO were

negative in all three animals. Although the variation was too large

to achieve significance at P < .05, a hemodilution was suggested by

the parallel reductions in the volume indicators. The osmotic status

was not significantly altered with the elevation in the perfusion rate.

The Influence of Gut Perfusion on Gut Function

The physical and chemical nature of the rectal fluid as well as

the estimates of water and ion absorption determined in this fluid

did not vary (P > .05) during preparatory manipulation (Table 8). In

respect to water absorption and osmolality of the rectal fluid, these

values are very close to that determined in the LGF of the animals

allowed to drink ab libitum (Chapter 2).

During the initial perfusion period gut function was monitored.

Because there were no control values for gut function with perfusion,

the trends of the values measured and estimated over the 48 hours

served only to describe how gut function, as demonstrated by the indi-

cators, would appear with continuous perfusion. Gut motility by the

end of initial perfusion appeared to be relatively stable. VR, in

particular, stabilized after the first 12 hours of perfusion (Figure

10). Fluid voidance from the lower gut was always high within the

first hour after the animal was replaced in the tank. Also, the flow

of fluid from the catheter was intermittent during this time as well

as throughout the experiments.

It is unclear what type of activity the contraction frequency and

pressure measured in the upper gut indicated, e.g., compression, in-

gestion, or aboral transport. Contractions were usually demonstrable

simultaneously at all depths measured. This suggests that in the

region occupied by the cannulas, contractions were generalized.
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Table 8. Effects of surgical manipulation on rectal fluid
osmolality (OSM) and sodium (Na) and chloride (C1)
concentrations, and on ion and water (H

2
0) absorption .

Surgery n Rectal Fluid Absorption Estimates

Nab Cl
b

OSM Na Cl Na H2O

mOsm/kg mM mM %
0/
,

0/

/0

Before 9 32715.0 18±1.0 76±3.4 96 85 57
c

(95-97) (85-86) (46-68)

After 6 335±11 19±1.9 82±5.6 96 84 64

(95-97) (81-87) (61-67)

a
Values are mean ± SE or mean (95% C.L.).

b Absorption estimates based on ion concentration.

c n=8.
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Figure 10. Gastroesophageal contraction frequency, rectal fluid
voidance rate, and the osmolality and sodium (Na) and
chloride (Cl) concentrations of voided rectal fluid
measured during the initial perfusion period (.48% bw/hour).
Values plotted are means + SE. At 6, 24-48 hours, n=9;

at 12 hours, n=8. ' indicates value was significantly
different (P < .05) from other values.
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Occasionally, however, an adanal contraction wave was detected by time

delays between the cannulas. These ranged from 6 to 24 seconds. Dur-

ing the initial perfusion period, the contraction frequency subsided

(Figure 10). The frequencies measured simultaneously at 1.5 and 3.5

cm, and 1.5 and 5.5 cm were similar (P > .05) over the 48 hour period.

A typical pressure recording during the initial perfusion period is

presented in Figure 11. The intensity of the contraction pressure

measured during a recording period varied. For example, minimum pres-

sure ranged from .1 to 1.2 kPa at 1.5 cm, .1 to 2.4 kPa at 3.5 cm and

.2 to .8 kPa at 5.5 cm. Maximum pressure ranged from .4 to 2.8 kPa

at 1.5 cm, 1.9 to 9.5 kPa at 3.5 cm and .3 to 1.6 kPa at 5.5 cm. To

statistically analyze this data, a mean contraction pressure (MCP) was

calculated per recording period by averaging the measured minimum and

maximum pressures. The MCP over the initial perfusion period was stable

at all depths (Table 9). At 12 hours after the onset of perfusion, the

MCP varied (P < .05) among the three depths. The highest pressure

recorded was at 3.5 cm. After 12 hours, a similar trend was exhibited.

The rate of perfusion had no effect on baseline pressure. This sug-

gests that perfusion did not add hydrostatic pressure to the preparation.

To determine if perfusion altered 'normal' water modification by

the gut, the osmolality and ion concentrations of the rectal fluid with-

drawn before surgery, which were assumed to be resultants of 'normal'

water modification (Table 8), served as control values for comparison

with that of rectal fluid voided after the onset of perfusion (Figure

10). 'Normal' water modification by the gut appeared to be altered by

perfusion. The osmolality of the voided fluid was greater (P < .05)

than that of the withdrawal fluid over the first 24 hours of perfusion.

Of the ion concentrations, Na was consistently higher (P < .05) with

perfusion over the 48 hour period, whereas Cl concentrations of the

voided and withdrawal fluids were similar (P > .05) after 12 hours of

perfusion. Before this, the Cl concentrations voided were greater

(P < .05).

With respect to the fluids voided throughout the initial perfusion
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k Pa

3.5 cm

5 minutes-
t kP a

1.5 cm

Figure 11. Contraction pressure recording at 1.5 cm and 3.5 cm
depths in the gastroesophageal region.
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Table 9. Mean contraction pressures (MCP) measured at 1.5 cm, 3.5 cm

and 5.5 cm depths in the gastroesophageal region during the

initial perfusion period (.48% bw/hour)a.

Hours of
Perfusion

1.5

MCP (kPa)

3.5 5.5 Depth (cm)

9 4 3

6

12

.8±.1

(.6-1.0)

.7±.10

.8±.2

(.6-1.4)

*b
2.1±.5

.7i.2

(.4-1.0)

* *
.3±.1

(.3-1.4) (1.1-3.0) (.2-.4)

24 .8±.1 2.4±.9 6c

(.6-1.3) (1.1-5.0)

36 .9±.1 2.6±1.2 1.6
d

(.6-1.0) (.8-6.0) (1.5, 1.7)

48 1.0±.2 2.5±1.0
.8c

(.4-1.7) (.2-4.8)

a Values are mean ± SE and (MCP range).

b * indicates values at 12 hours are significantly different (P < .05)

from each other.

Value from one animal.

d Mean of two animals.
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period, the fluid vcided between 6 and 12 hours were hypertonic

(P < .05), in comparison, to the fluids collected over the remaining

intervals (Figure 10).

The water and ion absorption estimates monitored throughout this

period suggested, as did fluid osmolality and ion concentrations, that

water modification was maintained at a constant level during the final

24 hours of the initial perfusion period. Within 12 hours after the

onset of perfusion water absorption increased from 64% at 6 hours to

71% at 12 hours, and later, varied (P> .05) between 69 and 72% through-

out the final 36 hours. The ion absorption estimates were consistent

after the first 24 hours. During this period, ion absorption based

on concentration was 94% for Na and 86% for Cl. Total ion absorption

was 98% for Na and 96% for Cl.

Forty-eight hours after the onset of perfusion at .48% bw/hour,

perfusion was either halted or increased to 1.23% bw/hour. The measure-

ments made at 48 hours served as control values.

The trends of the gut motility indicators exhibited during the

initial perfusion period were interrupted with the alteration in the

perfusion rate. VR appeared to parallel the level of perfusion, where-

as contraction frequency was altered (P < .05) only with the absence

of perfusion (Figure 12). Without perfusion, the contraction frequency

measured at 1.5 and 3.5 cm were statistically similar, i.e., 12 = 1.3/

hour at 1.5 cm ( n = 15) and 12 ± 1.2/hour at 3.5 cm (n = 16). The MCP

at 3.5 cm increased (P < .05) with no perfusion and was greater (P < .05)

than that measured simultaneously at 1.5 cm (Table 10). With perfusion

at 1.23% bw/hour, 1.5 cm MCP gradually decreased (P < .05) over the 24

hour period. Pressure measurements were not available at the 5.5 cm

depth.

Water modification was altered after the perfusion rate was

changed (Figure 12). The osmolality of the voided rectal fluid de-

creased at 6 (P < .05) and 12 hours after perfusion was stopped, and

later recovered to that measured at the end of the initial perfusion

period. Na concentration was relatively stable with both levels of
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Figure 12. Gastroesophageal contraction frequency, rectal fluid

voidance rate, and the osmolality and sodium (Na) and

chloride (C1) concentrations of voided rectal fluid

measured at the end of initial perfusion (IP) and after

changes in the initial perfusion rate (.48% bw/hour) to

0% bw/hour (A) or to 1.23% bw/hour (B). Values plotted

are mean + SE. A, n=5; B, n=4. 1 indicates that the

change between the IP and the (X) hour measurements was
significant (P < .05).
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Table 10. Mean contraction pressure (MCP) measured at 1.5 cm and 3.5
cm depths in the gastroesophageal region before and after
changes in the initial perfusion rate (.48% bw/hour)a.

Time
(hours)

MCP (kPa)
Perfusion

.48 -+ 0 .48 -+ 1.23 rate change
(% bw/hour)

1.5 3.5 1.5 Depth (cm)

5 4 3

48
b

oc

1.1±.3

(.4-1.7)

.5±.1 *d

2.5±1.0

(.2-4.8)

4.83±1.3 e

.82±.1

(.4-1.0)

.8±.1

(.2-.8) (3.8-7.5) (.5-1.0)

f
6 1.2±.4 * 4.8±1.1+ .8±.04

(.3-2.1) (2.8-7.5) (.7-.9)

12 1.0±.3 * 8.0+2.2 + .5±.1

(.3-1.6) (3.8-14.0) (.4-.7)

24 1.3±.4 * 11.6±.6 + .41±.04k

(.3-2.2) (10.0-13.0) (.3-.5)

a
Values are mean ± SE and (MCP range).

b MCP measured at 48 hours of initial perfusion period.
c MCP measured within one hour after changes in perfusion rate.
d * indicates values at 1.5 cm and 3.5 cm are significantly different

(P < .05).

f
+ indicates values are significantly different (P < .05) from the

48 hour MCP.

e
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perfusion. Cl concentration increased (P < .05) with the elevation in

perfusion rate (Figure 12).

The estimates of water absorption were not influenced (P > .05)

by the changes in the initial perfusion rate. Throughout both 24 hour

periods, the water absorption estimates remained at 71% in the no per-

fusion animals and varied only slightly from 66 to 67% in the animals

receiving the elevated perfusion rate. Without perfusion, the ion

absorption estimates were based on total ion. The estimates of Na

and Cl absorption throughout the no perfusion period remained consis-

tent with their initial values calculated at 48 hours after the onset

of perfusion, i.e., around 98% for Na and 96% for Cl. When the initial

perfusion rate was increased to 1.23% bw/hour, Na absorption based on

either ion concentration or total ion did not change (P > .05) over

the 24 hours. Cl absorption, on the other hand, declined. Cl absorp-

tion based on concentration decreased from that estimated at the end

of the initial perfusion period, from 86% at 48 hours to 84% at 6

hours, 80% at 12 hours (P < .05) and 77% at 24 hours (P < .05). A simi-

lar trend was exhibited by the total Cl absorption estimates, from 96%

at 48 hours absorption decreased to 95% at 6 hours and 93% at 12

(P < .05) and 24 hours.

Following the no perfusion period, perfusion was resumed at 1.23%

bw/hour in three sculpin. The measurements made at 24 hours of no

perfusion served as the control values. With the resumption of per-

fusion, gut motility was progressively altered. The trends of the

motility indicators were similar to that exhibited after the initial

perfusion rate was elevated. Within 12 hours, VR exhibited an increase

which became significant at 24 hours (Table 11). Contraction fre-

quency (n = 5) and MCP at 1.5 cm (n = 5) and at 3.5 cm (n = 4) did not

change (P > .05) within one hour after perfusion was restarted. At

the end of no perfusion and at the onset of perfusion, respectively,

contraction frequency was 15 ± 3.0/hour versus 15.3 ± 2.7/hour, and

MCP at 1.5 cm was 1.5 ± .34 kPa versus 1.6 ± .41 kPa and at 3.5 cm

was 11.8 7 .72 kPa versus 9.6 ± 2.0 kPa. Later, at 6 and 12 hours,

contraction frequency (n = 2) decreased by 38% of that measured before
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Table 11. Effects of resuming gut perfusion at 1.23% bw/hour after
24 hours of no perfusion on voidance rate (VR), osmolality
(OSM) and sodium (Na) and chloride (Cl) concentrations of
voided rectal fluida.

Hours of
Perfusion

Voided Rectal Fluid

VR OSM Na Cl

% bw/hour mOsm/kg mM mM

0
b

.04±.01 326±5.5 40±1.2 70±8.1
*c

6 .04±.02 329'11.2 64±2.1 66±8.5

*

12 .14'.07 344±3.8 58±1.9 86'12.9

24 .31±.06
*

347±2.7 48±12.4 108±13.6

a
Values are mean ± SE, n=3.

b 0 hour values were measured in rectal fluid voided over
the final 12 hours of the no perfusion period.

c
* indicates values are significantly different (P < .05) from

the 0 hour values.
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perfusion which was 17/hour. The MCPs (n = 2) measured at both depths

were lower than their initial values at these times, i.e., MCP at 1.5

cm decreased 67% and at 3.5 cm decreased 73%. The initial MCPs were

2.1 kPa and 12 kPa, respectively. At 24 hours, contraction frequency

and MCP at 1.5 cm were measurable in only one fish. Both decreased

from 21/hour to 7 and from 2.3 kPa to .4, respectively, over the 24

hour period.

The resumption of perfusion had an initial negative affect on

water modification. Although the osmolality of the voided rectal fluid

was not significantly altered, the Na concentration of this fluid was

elevated (P < .05) within six hours (Table 11). Na concentration later

recovered to its initial level measured before perfusion was resumed.

Cl concentration like osmolality exhibited a positive trend throughout

the perfusion period (Table 11). Water and Na absorption estimates

were reduced (P < .05) following the onset of perfusion (Table 12).

These trends were reversed by 24 hours.

The physical and chemical characteristics of the upper and lower

gut fluids, which were collected from animals that received exaggerated

perfusion after 24 hours of no perfusion (n = 2) or after 48 hours of

initial perfusion (n = 4), and the voided rectal fluid from these

animals during the final collection period are presented in Table 13

and 14. There were no differences (P > .05) between the two groups.

Hence, all data were treated as samples originating from a single

population.

During the aboral transit of SW, its physical - chemical nature

was altered markedly. In the upper gut, the SW was diluted 1.4 ± .04

times. The resident duration of fluid in this region was 1.3 ± .5

hours and the fluid volume was 50% of that collected from the lower gut

(Table 13). The osmolality and ion concentration of the UGF were lower

(P < .05) than that of the perfusion solution. The process of desalt-

ing was absent. This was evidenced by the similarity (P > .05) between

the total ions recovered from the compartment and that estimated to

have been swallowed, i.e., recovered Na and Cl, 3.6 ± 1.84 mmoles and
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Table 12. Effects of resuming gut perfusion at 1.23% bw/hour after
24 hours of no perfusion on water (H20), sodium (Na) and
chloride (Cl) absorption estimated in voided rectal fluida.

Hours of
Perfusion

Absorption Estimates (%)

H2O Na
b

Cl
b

Oc 71 97 96

(65-78) (96-98) (94-97)

*d *

6 50 93 94

(40-60) (91-94) (90-96)

* *

12 50 94 92

(44-56) (92-95) (96-96)

24 61 96 92

(49-72) (88-100) (84-97)

a Values are mean (95% C.L.), n=3.
b Absorption estimates based on total ion.

0 hour values were measured in rectal fluid voided over the final

12 hours of the no perfusion period.
d

i* indicates values are significantly different (P < .05) from the

0 hour values.
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Table 13. Volume, osmolality (OSM) and sodium (Na) and chloride (Cl)
concentrations of the upper and lower gut fluids, and rectal
fluid collected from animals perfused at 1.23% bw/houra.

Fluids n Volume OSM Na Cl

% bw mOsm/kg mM mM

*b * *

Upper Gut 5 2.0±.8 816±17.8 381±15.1 440±9.7

+ c + +

Lower Gut 6 4.1±.3 377±14.6 85±14.1 134±12.4

**
d

Rectal e 6 343±11.6 37±6.8 113±7.7

a
Values are mean ± SE.

b * indicates values are significantly lower (P < .05) than that

of the perfusion solution.
c indicates values in lower gut fluid are significantly different

(P < .05) from that measured in the upper gut.

d ** indicates value in voided rectal fluid is significantly lower
(P < .05) than that measured in the lower gut fluid.

e Voided rectal fluid collected over the final 12 hours of the

1.23% bw/hour perfusion period.
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Table 14. Water (H20), sodium (Na) and chloride (Cl) absorption
estimated in the lower gut fluid and rectal fluid
collected from animals perfused at 1.23% bw/houra.

Fluids
Absorption Estimates ( %)

n H2O Na

,b
II

c

Cl

I II

Lower Gut

Rectal
d

6

6

46

(43-49)

*
e

65

(62-68)

82

(80-85)

*

92

(91-94)

91

(83-96)

*

97

(95-99)

74

(71-76)

78

(76-80)

86

(80-91)

*

92

(90-95)

a Values are mean (95% C.L.).

b Absorption estimates based on ion concentration.

Absorption estimates based on total ion.

d Voided rectal fluid collected over the final 12 hours of the

1.23% bw/hour perfusion period.

e * indicates values in voided fluid are significantly different

(P < .05) from that measured in lower gut fluid.
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4.3 ± 2.29 mmoles, respectively, versus ingested Na and Cl, 3.12 ± 1.67

mmoles and 3.49 ± 1.56 mmoles, respectively. In the lower gut, the

resident duration was greater (P < .05) than that in the upper gut,

8.3 ± .8 hours. The osmolality and ion concentrations of the LGF

were considerably lower (P < .05) than that of the UGF (Table 13).

The osmolality of this fluid was statistically similar to that of the

plasma which was 360 ± 15.8 mOsm/kg. The LGF was further modified

before it was voided, i.e., Na concentration decreased (P < .05) and

water absorption increased (P < .05) (Tables 13 and 14).
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DISCUSSION

The objective was to determine if gut motility, and thus the aboral

transit of intraluminal fluid, was regulated to achieve essential water

absorption, and therewith maintain the WEB of the buffalo sculpin. The

results obtained demonstrate that the WEB was not maintained over the

levels of SW perfusion administered. This indirectly suggests that gut

motility is not regulated to achieve essential water absorption. The

findings of the increased perfusion studies, indicate that the relation-

ship between gut function, with the exception of SW ingestion, and the

WEB is strictly a passive one. After the perfusion was elevated, the

intravascular volume increased considerably and yet water absorption

was maintained or, with respect to the no perfusion animals, gradually

increased. Thus, under the circumstances of enhanced SW ingestion,

the mechanisms regulating gut motility as well as water absorption are

probably not integrated with mechanisms maintaining the WEB of the

buffalo sculpin.

The sensitivity of the WEB to acute changes in the rate of SW

ingestion corresponds well with the previous suggestion that buffalo

sculpin sip SW (Chapter 2). Together, these observations imply a close

association between SW ingestion and the WEB. Perhaps the intermediary

mechanisms subserving both are integrated so that subtle changes in the

water needs of the animal cue parallel changes in SW ingestion.

The occurrence of a hemoconcentration with no perfusion was most

intriguing with respect to the results of the esophageal occlusion

study (Chapter 1). With the esophagus occluded for 72 hours, the WEB

indicators exhibited negative trends throughout the final 60 hours of

occlusion. There are several possibilities that may have influenced

the response. One possibility was that the volume of SW in the gut

varied before the onset of occlusion. Under this circumstance, perhaps

the animals in the esophageal occlusion study possessed larger volumes

of SW relative to that of the perfusion animals, and thereby, had a

larger reserve of SW for replacement of water losses. This does not
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seem likely, however, because the volume of fluid in the gut was pre-

viously observed to be equivalent among sculpin that were perfused

and that were allowed to drink ab libitum (Chapter 2). Another pos-

sibility was that gut perfusion per se and/or other related factors

reduced the efficiency of intestinal water absorption such that the

perfused animal was unable to replace water losses with that perfused

into the gut. Consequently, these animals were slowly dehydrating

during the intial perfusion period. This possibility is also question-

able, inasmuch as gut function, with respect to water and ion absorp-

tion, in these animals was equivalent to that exhibited by sculpin

allowed to drink ab libitum (Chapter 2). This suggests that gut per-

fusion at the initial rate did not alter the animal's ability to

replace water losses. A final possibility, which seems the most likely

but cannot be demonstrated with the results obtained, was that the

water permeability of the animals markedly differed between the exper-

ments. In Chapter 2, the large variation among the measured drinking

rates was indirectly related to differences in the water permeability

of the animal. Previously, I suggested that as the sculpin's water

permeability increased a compensatory increase in the rate of SU in-

gestion resulted. Given this relationship, it appears that the animals

of the esophageal occlusion study were considerably less water permeable

than the animals in this study.

The rapid occurrence of the hemoconcentration, with respect to

absence of such in the esophageal occlusion study (Chapter 2), implies

that the initial perfusion rate was inadequate for water replacement.

Thus, during the initial perfusion period the animals were gradually

becoming water deficient. However, based on the levels of the WEB

indicators, during this time, dehydration was not evident. If the

animals were becoming water deficient, then the extracellular volume

appeared to be maintained, in spite of the worsening dehydration. This

is likely, since the extracellular volume is maintained at the expense

of the intracellular volume during dehydration (Guyton, 1976).

The simulation performed by Kristensen and Skadhauge (1974) showed
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a close connection between Na absorption and drinking rate. According

to these investigators, unless Na absorption and drinking rate were

matched, the fractional intestinal absorption of water would be greatly

reduced. Subsequently, they postulated that the dehydrated fish cannot

gain water by drinking more. In respect to the sculpin, this proposal

does not hold true. Following the onset of exaggerated perfusion, a

hemodilution was observed in dehydrated sculpin as well as in animals

receiving initial perfusion. This demonstrates that sculpin in dif-

ferent states of hydration may gain water by simply ingesting more.

Gut motility was influenced by changes in SW ingestion; the upper

gut activity was enhanced following the cessation of perfusion. The

trend of increased activity was observable at six hours suggesting

that the factor or factors inducing this change became influential

within six hours after the cessation perfusion. Perhaps the WEB and

upper gut activity are related, under the circumstance of reduced intra-

vascular volume. This relationship would be somewhat analogous to the

association between gastric activity and the duration of fasting in

higher vertebrates (Davenport, 1966). As the fast proceeds, transitory

increases in activity appear; both contraction frequency and pressure

are augmented. According to Davenport (1966), the increased gastric

motility during fasting is aroused by impulses carried over the vagus

nerves which are probably signaled by changes in the rates of glucose

utilization. In fish, the intermediates connecting dehydration and

upper gut activity have yet to be examined. By assuming that the

upper gut activity measured was associated with drinking activity, the

intermediary may entail a neural reflex at the level of the medulla

oblongata, which according to Hirano et al., (1972) appears to be

involved in the regulation of drinking in SW adapted eels (Anguilla

japonica). The renin-angiotensin system may also play a role in this

relationship. Takei et al., (1979) showed that injected angiotensin II

and eel (Anguilla japonica) angiotensins were potent dipsogens in water-

replete freshwater eels. Also, they demonstrated that angiotensin

acts centrally on the drinking or swallowing centers in the medulla
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oblongata. Recently, Malvin et al., (1980) provided evidence that

correlated angiotensin II with a physiological role in maintaining

drinking in SW adapted killifish (Fundulus heteroclitus).

There are other factors that may have stimulated upper gut

activity. These are the salinity and volume of the UGF. Swallowed

SW is diluted in the upper gut such that its salinity and volume are

considerably lowered and elevated, respectively (Chapter 2 and 3). It

is reasonable to assume that water modification in the upper gut, during

the initial perfusion period, was equivalent to that observed previously

(Chapter 2) in sculpin perfused at a rate near that of the initial

perfusion. Since the upper gut activity was relatively stable before

the cessation of perfusion, it appears that changes in the intra-

luminal fluid from the modified state may have induced the activity.

Possibly, the volume of the UGF was influential. I suspect that

the UGF volume was greatly reduced with several hours of no perfusion.

This is based on previous estimates of fluid resident duration in the

upper gut of sculpin, which on the average was 48 minutes (Chapter 2).

The possibility of the salinity of the UGF changing and inducing the

upper gut activity seems likely if the process of desalting was re-

activated with no perfusion. Subsequently, salinity would decline

during residency of the fluid in the upper gut. If, however, desalt-

ing was not re-activated, then the salinity of the UGF would probably

remain unchanged. This seems possible, given the constancy, of

dilution in the upper gut over a broad range of SW ingestion rates

The relationship between these factors and upper gut activity is

unclear. With respect to the intraluminal volume of the upper gut,

fluid distension of the stomach will reduce drinking activity in SW

adapted eels (Anguilla anguilla) (Hirano, 1974). Perhaps a similar

inverse relationship exists in the opposite direction such that as UGF

volume decreases the drinking activity increases.

Lower gut motility appeared to be influenced by the changes in

the perfusion rate. This was based solely on the changes in VR. The

volume of fluid voided per unit time from the cannulated rectum was
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not, however, solely dependent on the aboral propulsion of intra-

luminal fluid. The volume of the LGF was also an influential factor.

In the previous chapter, continuous perfusion enhanced VR above that

exhibited by animals drinking ab libitum at rates equal to and greater

than the perfusion rate. In these animals, the VR was largely in-

fluenced by the level of water absorption. The measured VR was .21%

bw/hour and the unabsorbed volume of the perfusion was .2% bw/hour.

When the VRs observed with the increased perfusion rate were compared

to the corresponding levels of water absorption and the volume intro-

duced into the gut, their levels were partially related to the un-

absorbed volume. However, unlike that observed previously (Chapter 2),

their levels were always lower than that expected if VR were solely

dependent on the unabsorbed volume. Under this circumstance, VR would

range from .4 to .6% bw/hour. This implies that the propulsive motility

of the lower gut was altered in response to changes in SW ingestion.

With respect to the elevated perfusion rate, perhaps the propulsive

activity was reduced. This alteration may have favored the maintenance

of efficient water absorption.

The lower gut appeared to be active in mixing. This was based on

the results obtained following the resumption of perfusion. Within 12

hours after, the water and ion absorption estimates in the voided fluid

were lower than that measured previously, whereas VR during this time

was low and unchanged from that observed at the end of no perfusion.

Because these changes in absorption were evidenced in relatively small

volumes of voided fluid, it seems reasonable to conclude that the

dilute fluid entering the intestine via perfusion was rapidly mixed

with the resident intestinal fluid.

An inverse relationship between drinking rate and water and ion

absorption was evidenced in the simulation performed by Kristensen

and Skadhauge (1974). The changes in the physical and chemical

characteristics of the voided rectal fluid during the no perfusion

period partially correspond to the findings of the simulation. During

the first 12 hours of no perfusion, the osmolality of the voided fluid
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decreased in respect to that measured at the end of the initial per-

fusion period. The Na and Cl concentrations, however, remained con-

stant. This suggests that changes in the osmolyte and/or water content

of the intraluminal fluid occurred during this time. Of the two pos-

sibilities, the gain of hypo-osmotic fluid seems less likely. Skadhauge

(1974) demonstrated by perfusing the intestine in intact eels (Anguilla

anguilla)with MgSO4 solutions slightly hyper-osmotic to the plasma,

that water diffused in the mucosal-to-serosal direction. A similar

osmotic relationship exists between the intestinal fluid and plasma

in the sculpin (Chapter 2). Concerning osmolytes in the intestinal

fluid, the divalent ions, magnesium and sulfate, constitute the

majority of the osmotic solute in marine teleosts (Hickman, 1968a;

Shehadeh and Gordon, 1969; Smith, 1930). Hickman (1968a) reported that

in southern flounder (Paralichthys lethostigma) a small amount of these

ions diffuse in the mucosal-to-serosal direction. These divalent ions

most likely predominate in the intestinal fluids of the sculpin. Thus,

without SW ingestion, the lumen-to-plasma diffusion of these osmolytes

may have been favored.

The results obtained during the final 12 hours of no perfusion,

did not agree with that predicted by Kristensen and Skadhauge's model

(1974). Here, the Na concentration increased and the osmolality of

the voided fluid returned to its initial level measured at the end of

the initial perfusion period, without concurrent changes in the water

absorption estimate. The change in Na concentration was slightly

greater than that in osmolality, 10 mM versus 6 mOsm/kg. This suggests

that the increase in Na accounted for the osmolality change.

The origin of the gained intraluminal Na is unclear. The con-

stancy of the Cl concentration and water absorption estimates suggests

that the volume of the fluid was not measurably altered. Thus, Na was

added to the intraluminal fluid. One likely source of Na is the bile.

The bile of the buffalo sculpin is rich in Na and is iso-osmotic to

the plasma. In preliminary studies, the bile osmolality and Na and

Cl concentrations were determined. Bile that had an osmolality of
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315 m0sm /kg contained 266 mM of Na and 24 mM of Cl. Bile secretion was

apparently occurring throughout perfusion and no perfusion, because

the voided fluid always possessed a bile green tinge. Another possible

source of Na is the plasma. A transmural flow of Na from plasma-to-

lumen has been demonstrated by Skadhauge (1969, 1974) in eel intestine

(Anguilla anguilla).

The results obtained following elevation of the perfusion rate

after initial perfusion or no perfusion contradict, for the most part,

Kristensen and Skadhauge's (1974) conclusion that an excessive drink-

ing rate would have a negative influence on water absorption. Follow-

ing the resumption of perfusion from no perfusion, the reduction in

the water absorption estimates corresponds to this conclusion. Never-

theless, with further evaluation of these results, water absorption

was probably not impaired by the elevated perfusion rate but rather by

the prolonged absence of perfusion. This is most evident by the

positive trend in the water absorption estimates following the resump-

tion of perfusion. Furthermore, the elevation in the initial perfusion

rate did not alter the absorption of water. The transport processes

related to water absorption appear to have been reversibly disturbed

by no perfusion.

The elevation in the concentration of Na voided, during the initial

12 hours after the resumption of perfusion, suggests that the concurrent

reduction in water absorption may be a secondary result to an inter-

ruption in Na uptake. Although Na absorption was also significantly

lower during this time, the degree to which it was reduced was not as

great as that exhibited by water absorption. The absolute mole ratios

of H
2
0/Na and H

2
0/C1 of the absorbate, i.e., fluid absorbed by the

intestine, were .083 and .078, respectively, at the end of the initial

perfusion period. Both ratios decreased 23 to 25% at 6 and 12 hours

after resumption of perfusion from no perfusion. A recovery trend

for both ratios was evident at 24 hours. This change in the relative

amounts of water and salt absorbed simultaneously, indicates that

probably solute-linked water flow (Skadhauge, 1969) was partially
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uncoupled during the no perfusion period.

Cl absorption was negatively influenced by the elevation in SW

ingestion, whereas Na absorption was not. This indicates that the

mechanisms of absorption of each solute differs in the sculpin. In

winter flounder (Pseudopleuronectes americanus), intestinal transports

of Na and Cl are independent of each other (Huang and Chen, 1971). A

separation of Na and Cl transports has also been inferred in the

intestine of lamprey (Lampetra fluviatilis) (Pickering and Morris,

1973). The reduction of Cl absorption in the sculpin, appeared to be

related to the elevation in VR. This implies an inverse relationship

between CI absorption and the rate of fluid transit through the intes-

tine. A similar association between solute absorption and fluid transit

has been demonstrated in the intestine of higher vertebrates (Barreiro

et al., 1968; Fioramonti and Ruckenbusch, 1977; Sarr et al., 1980).

In respect to earlier findings of SW modification in sculpin al-

lowed to drink ab libitum (Chapter 2), the SW perfused into the upper

gut at the elevated rate was modified somewhat differently. The most

obvious differences were the absence of desalting and the osmolality

of the UGF. The absence of desalting was observed before in animals

perfused at .4% bw/hour (Chapter 2). As mentioned in the previous

chapter, why desalting was inhibited by continuous perfusion is un-

clear, if the process was passive as described by Kirsch (1978). The

inhibitory effect of perfusion does not appear to be immediate. This

is based on the response of the WEB after the onset of perfusion in

Chapter 1. Here, within one hour after, the occurrence of desalting

in the esophagus was indicated by an increase in the osmolality of the

plasma. Hence, the loss of desalting with perfusion may result from

an adaptation to the constant introduction of SW.

The osmolality of the fluid in the upper gut was double that

measured in the ab libitum drinkers, and yet the water absorption

estimates in the voided rectal fluid were similar between the groups,

i.e., 65% versus 69%, respectively. In some of the ab libitum drinkers,

adequate reduction in the ion concentration and osmolality of ingested
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SW, in the upper gut, stimulated water absorption in this region

(Chapter 2). This agrees with that postulated by Kirsck (1978) that

desalting in the esophagus and dilution in the stomach of swallowed SW

promotes an immediate water absorption and avoids a preliminary serosal-

to-mucosal water flow in the intestine. The results obtained from this

study indicate that this association between water modification in

the upper gut and intestinal water absorption is not necessarily a

strict one, in the sense that the efficiency of water absorption is

reduced if SW modification is inadequate in the upper gut. The water

absorption estimates in the lower gut of the perfused animals were

considerably lower than that in the ab libitum drinkers, 46% versus

63%, respectively. This may have resulted from serosal-to-mucosal water

flow in the intestine, which probably lowered the osmolality of the

luminal fluid to a level that favored water absorption (Skadhauge,

1969, 1974). In addition to intestinal dilution, perhaps the fluid

entering the anterior intestine was rapidly mixed with resident fluid

whose osmolality and Na and Cl concentrations were already iso-osmotic

and hypotonic to the plasma. This process would effectively dilute

the incoming fluid, and thereby reduce the osmotic water flow from the

plasma to the lumen. The increase in the water and ion absorption

estimates between the intestinal fluid and voided fluid suggests that

the rectum of the sculpin is highly active in the water modification

and absorption.
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SUMMARY AND CONCLUSIONS

The initial experiments, which examined the effects of prepara-

tory manipulation on the WEB of the sculpin, demonstrated the following:

1 The WEB was highly sensitive to the preparatory manipulation

experienced by the sculpin. Shortly after surgery, a hyper-

osmotic hemodilution resulted from an influx of ions and

water from the gut. BV exhibited about an 18% increase

after surgery.

2 The disturbances in the WEB probably resulted from increased

ion and water absorption from the gut.

3 The assumption that the total intravascular content of protein

and erythrocytes remains relatively constant so that changes

in their concentrations indicate volume changes, appeared to

be unequivocal within 48 hours after surgery. After this,

circulatory loss of these constituents became a predominant

factor in the alteration of the protein and erythrocyte con-

centrations.

The perfusion study (PEG validation) and DR experiments evidenced

the following:

1 PEG was not absorbed from the gut of the sculpin. PEG was

not detected in plasma, bile or urine after 72 hours of

in situ gut perfusion with a perfusion solution that con-

tained PEG at a concentration several times greater than

that used for measuring DR.

2 DRs were variable within as well as among the experimental

groups. The constancy of the indicators of SW modification

and absorption over a broad range of DRs suggested that the

variation in DR was a resultant of differences in water

permeability.

3 The constancy of fluid volume and resident duration, and

water modification in the upper and lower gut over a broad
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range of DRs indicated that the sculpin were ingesting SW

frequently, perhaps in a manner similar to sipping.

4 The upper gut was active in desalting and diluting the in-

gested SW. The desalting process demonstrated in the sculpin

was unlike that described for other marine teleosts. It did

not appear to be a passive process.

The examination of a relationship between gut motility and the

WEB of the sculpin demonstrated the following:

1 Over the levels of perfusion administered, the WEB was not

maintained. The mechanisms regulating gut motility as well

as water absorption are probably not integrated with mechanisms

maintaining the WEB of the sculpin.

2 The sensitivity of the WEB to acute changes in the rate of

SW ingestion corresponds well with the previous suggestion

that sculpin sip SW. Perhaps the intermediary mechanisms

regulating both are integrated so that subtle changes in the

water needs of the animal cue parallel changes in SW ingestion.

3 The hemodilution evidenced following the increase in perfusion

rate to 1.23% bw/hour from 0% bw/hour and .48% bw/hour sug-

gested that sculpin at different hydrated states may gain

water by simply ingesting more.

4 Relationships between upper gut activity and the WEB and/or

the nature of the intraluminal fluid were indicated by the

increases in the upper gut activity during the no perfusion

period.

5 Lower gut activity included a propulsive component and a

mixing component. The propulsive activity appeared to be

altered with changes in the rate of SW ingestion.

6 Intestinal water absorption and underlying processes were

unresponsive to increases in the SW ingestion rate. Water

absorption appeared to be reversibly reduced with prolonged

absence of SW ingestion. This disturbance may have resulted

from a partial uncoupling of solute-linked water flow.
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Appendix I. Experimental conditions.a

Experiment
Number

Experimental Conditions

Water
Temperature

Sea Water
Osmolality

mOsm/kg

Date

Performed

month/year

1 7.9 (7-8.5) 843(815-865) 1/79

2 7.9 (6-9.5) 785(657-870) 1-2/79

3 9.7 (8.5-11) 765(689-881) 2-3/79

4 10.9 (10.5-11.5) 871(789-931) 4/79

5 15.6 (13-17) 943(916-974) 7/79

6 13.5 (13-14.5) 953(869-994) 10-11/79

7 11.6 (10.5-12.5) 825(734-919) 2/80

b

8 12'1 854c

a Mean (range) of water temperature or sea water osmolality

throughout experiment.

b Water temperature controlled.

Osmolality of sea water perfused into the gut.
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Appendix II. The osmolality (OSM) and sodium (Na) and chloride (Cl)

concentrations of the seawater - polyethylene glycol

solutions used in perfusion and drinking rate

determinations.

Experiments Seawater-polyethylene glycol solutions

OSM

mOsm/kg

Na

mM

Cl

mM

Perfusion 854 421 430

Drinking Rate

Series I 800
840 411 444

890 426 469

930 424 486

Series II 800 409 454

900 422 486

Final

Determination 970 483 507


