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mately 2 months), is slowly eliminated via the feces, and may accumulate in egg masses, 
activity present in hepatopancreas, the major storage compartment in the lobster, occurs predominantly 
as benzo(a)pyrene although minor amounts of metabolites are also found.

IONIC CONTRIBUTIONS TO THE SHORT-CIRCUIT CURRENT ACROSS THE OPERCULAR EPITHELIUM

Kevin J. Degnan, Stephanie Kane and Jose A. Zadunaisky, Department of Physiology and Biophysics 
and the Department of Ophthalmology, New York University Medical Center, New York, New York

During previous studies with isolated opercular epithelia, a number of observations on the influ­
ence of inorganic ions on the short-circuit current (Isc) were made but not pursued. This year it was 
decided to return to these observations and investigate further the influences of the major biological 
ions on the generation of the Isc across this epithelium. This was accomplished by ion substitution 
experiments by one of the following methods: (1) continual perfusion with ion-substituted Ringer after 
the establishment of steady-state conditions with normal Ringer, (2) aspiration and rinsing of the 
chamber several times with ion-substituted Ringer, (3) gradual substitutions by small volume titra­
tions. Epithelia from seawater (SW)-adapted killifish, FunduZcu heXoAocZttuA, were dissected, mounted 
in lucite chambers, and short-circuited by methods previously described (Degnan et al., J. Physiol. 
271:155-191, 1977).

The Isc across the operculum is a Cl" current (Karnaky et al., Science 195:203-205, 1977), while 
the unidirectional Na+ movements can be described as passive under both short- and open-circuited con­
ditions (Degnan et al., J. Physiol. 271:155-191, 1977; Bull. MDIBL 17:69-71, 1977). Other studies have 
shown that the transepithelial potential difference (p.d.) across the operculum under open-circuit con­
ditions was primarily Na+ sensitive and probably a Na+ diffusion potential on top of an electrogenic 

Cl" transport potential (Degnan and Zadunaisky, Amer. J. Physiol., in press).
The effect of Na+ substitution on the electrical properties across the operculum is summarized 

in Table 1. Bilateral substitution reduced the Isc 97.9% while unilateral mucosal and serosal sub- * 
stitutions reduced the Isc 85.0% and 17.3%, respectively. The relationship between the bilateral Na 
concentration and the Isc was a typical Michaelis-Menten curve (Figure la). Serosal Na substitution 
produced an initial increase in the Isc, which peaked near 130% of the control level around 80-100 mN. 
This was followed by a decline in the Isc to a steady-state level, usually between 50-70% of the control 
level at zero serosal Na+ (Figure lb). Mucosal Na+ substitution resulted in a linear decrease in the 
Isc which approached zero as the concentration approached zero (Figure 1c). This response was observed 
whether there was normal (151 mH) or zero serosal Na+. The effect of Cl' substitution on the electrical

the hexane-extracted radioactivity was identified as phenolic metabolites of benzo(a)pyrene 6.5 weeks 
after treatment with 1WC-BP.

In contrast, benzo(a)pyrene metabolites comprised a greater proportion of the radioactivity 
stored in tail muscle. At 48 hr after dosing with la,C-BP phenolic metabolites accounted for 38% of 
the radioactivity in the hexane extracts of muscle homogenate, and 6.5 weeks after treatment approxi­
mately 50% of the hexane-extracted radioactivity occurred as phenolic metabolites of benzo(a)pyrene. 
Moreover, there were slight changes in the amount of radioactivity that remained in the aqueous phase 
after homogenization and hexane extraction of tail muscle, which were not observed with the hepato­
pancreas: Two days post-treatment about 91% of the total tail radioactivity was hexane extractable, 
but only 88% after 6.5 weeks. To date, the metabolites in the aqueous fraction have not been identi­
fied but dihydrodiols, polar conjugates of phenols and dihydrodiols, and glutathione conjugates are 
all likely candidates.

In summary, benzo(a)pyrene-derived radioactivity is very persistent in the lobster (tgg approxi- 
The radio-
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(14) 150.1 1 11.6CCKTROL 16.6 I 1.0
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PERCENT CHANGE 85.0 79.7 90 5

PERCENT CHANGE 0.453.4
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CONTROL (6) 161.7 t 30.2156.7 4 20.0 t

113.0 1 14.9 225.0 t 26.3
205.1 t 38.31 0.9
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PERCENT CHANGE 26.890.0 87.1
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The relationship between the serosal 
K+ concentration and the Isc was linear (Figure 3).

Igc (uA/cn“

on the electrical properties across the operculum 
Bilateral K+

stitution reduced the Isc 70.0%, which could be 
completely accounted for by serosal K substitu­
tion since there was no effect of mucosal K

approached zero as the concentration approached 
The effect of K+ substitution

Table 3.
molar amounts of Ha+.
tions as in Table 1.

Table 1. Na was substituted with equimolar 
amounts of choline or Tris. The data are 
expressed as mean ± s.e.m. and the number of 
experiments given in parentheses. M = mucosa; 
s = serosa.

was substituted with
Other specifica-

Cl’ was substituted with 
amounts of methyl sulphate. Other specifications 
as in Table 1.
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Under conditions of unilateral ionic substitutions, the Isc across the operculum is no longer an 
accurate measurement of the net Cl" secretion rate. Such substitutions establish a diffusion gradient 
which could generate an ionic current that interferes with the Isc measurement. The observation that 
this epithelium is largely Na+ permeable suggests that the largest diffusion artifact in the Isc meas­
urements would result from unilateral Na+ substitutions. Cl" flux measurements under these conditions 
are planned. However, evidence for the ability of this epithelium to transport Cl” under these condi­
tions was obtained with the use of isoproterenol. This B-adrenergic activator stimulates the Isc 
across the operculum which can be accounted for by an increase in the Cl” secretion rate (Degnan and

Tts effect is initiated within 1 minute of addition to the chamber

°O 10

The absence of saturation kinetics in the relationship between the Cl concentration and the Isc 
suggests a flexible system that can vary its transport rate directly with changing plasma Cl” levels. 
The depressing effect of mucosal Cl” substitution on the Isc can explain the depressing effect of SW 
Cl substitution on the transepithelial p.d. across the operculum (Degnan and Zadunaisky, Amer. J. 
Physiol., in press) and possibly other chloride cell containing epithelia, such as the flounder gill 
(Potts and Eddy, J. Comp. Physiol. 89:29-48, 1973). If Cl” were freely permeable to these epithelia, 
SW Cl substitution would be expected to increase the p.d. The observed decreases in the p.d. can be 
explained by having relatively Cl" impermeable epithelia with SW Cl” substitution acting to decrease the 
electrogenic Cl" secretion and its associated transport potential. The sensitivity of the Isc across 
the operculum to serosal K+ confirms the Na+,K+-ATPase dependency of this Cl" transport (Degnan et al., 

J. Physiol. 271:155-191, 1977) and the serosal localization of this enzyme in the chloride cell 
(Karnaky et al., J. Cell Biol. 70:157-177, 1976). The inability of the operculum to respond to iso­
proterenol (Figure 4a), suggests that the Cl" transport is effectively inhibited in the absence of 
serosal K+. The lack of any effect of mucosal K+ substitution suggests either there is no apical 
Na+,K+-ATPase, or, if there is, it is not involved in transepithelial Cl transport.

The observations that the Isc was almost completely dependent on mucosal Na+ and partially depen­

dent on mucosal Cl” suggests that these ions may play a direct regulatory role in the euryhaline response 
to changing salinities. The transfer of fish from SW to freshwater is accompanied by an immediate 
reduction in the branchial Na and Cl" secretion rates (Motais et al., J. Gen. Physiol. 50:391-422, 
1966; Epstein et al., Amer. J. Physiol. 224:1295-1299, 1973). Rapid mucosal Na+ substitutions with 

isolated opercular epithelia reduced the Ise's to near zero levels within minutes suggesting that this 
response is fast enough to account for the effects observed with intact fish. The relative effects of 
mucosal and serosal Na+ substitutions on the Isc suggests that either the coupled NaCI entry at the

Isc recordings while the serosal 
side was perfused with the ion-free Ringer and subsequently exposed to 
isoproterenol, (a) typical response of 4 K+-free perfusion experi­
ments. (b) typical response of 5 Na+-free perfusion experiments.
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is not a st C^10ride Cel1’ ProPosed by Silva et al. (Amer. J. Physiol. 233:298-306, 1977),
ability and ti transp°rt PathwaY across this epithelium or, if it is, the high Na+ perme-

to activate th^ atd US1°n °f fr°m the mucosal side is sufficient to maintain this coupled entry and 
substituted ^-4. aSe / The faCt that the ISC COU^d be stimulated by isoproterenol under serosal Na+ 

substitif C°nTh-10nS (Flgure 4b)* su9gests that this transport mechanism was not impaired by this 
stntutwn. This work was supported by NIH grants GM 25002 and EY 01340.

Continued interest in the mechanisms of salt secretion has fostered numerous physiological and 
morphological studies of the selachian rectal gland. We have employed methacrylate corrosion casting 
techniques and scanning electron microscopy to further identify the general organization of the rectal 
gland vasculature of Squa&u acanZ/uzu

Two rectal glands were obtained from S. acanZhZai following methyl methacrylate infusion via 
the ventral aorta. The preparative methods were identical to those described for a study of 
S. aca>iZ>ua6 gills (Olson and Kent, this bulletin).

The rectal gland receives arterial blood from the posterior mesenteric artery (also called rectal 
artery; Bulger, Anat. Rec. 147:95, 1963, or digitiform artery; Hoskins, J. Morphol. 28:329, 1917). As 
it approaches the anterior third of the gland it bifurcates sending rostral and caudal branches into 
the outer capsule. These arterial branches course the length of the gland and periodically give rise to 
singular or paired circumferential arteries which encircle the gland. The latter vessels ramify freely 
within the outer capsule to form a dense arterial web which supplies the sinus vessels of the secretory 
parenchyma. Paired veins are closely associated with the mesenteric artery and form an extensive 
venous net around the artery and over the exterior portion of the rostral and caudal branches. Smaller 
paired veins course lateral to each circumferential artery and through many small branches form a venous 
network which overlays the arterial vasculature.

The secretory parenchyma is invested with sinus-like vessels that occupy the spaces between the 
tubules thus giving them a triangular appearance in cross section. The sinus vessels in the peripheral 
half of the tubular tissue are radially oriented and frequently connected to each other by short cross 
branches (Figure 1). Midway into the gland the sinus vessels undergo a rather abrupt change and appear 
to orient around tubules in both radial and longitudinal axes (Figure 2). The sinus vessels drain into 
one or several central vessels that anastomose into a single vein which leaves the gland at the level of 
the post-valvular intestine. Rarely, a singular arterial vessel will course centrally through most of 
the tubular tissue and then abruptly return to the capsular tissue.

Three types of vessels communicate between the rectal gland and the post-valvular intestine.
1) As the posterior branch of the rectal artery approaches the recto-intestinal junction it divides 
into three vessels, two of which enter directly into the intestinal tissue. Thus there is an anatomical 
arterial bypass of the tubular sinuses. 2) The large singular central venous vessel which drains the 
tubular sinuses leaves the gland in this region and reflects cephlad into the intestine. 3) The 
capsular venous network, which is so intimately associated with the capsular arterial vessels, also 
follows the latter vessels as they enter the intestinal tissue. In addition, several capsular veins 
are closely associated with the sinus vein as it leaves the gland but no anastomoses between the two 
have been found. The capsular venous vessels appear to communicate with the mucosal sinus veins of the 

intestine.


