
exposed HeLa cells in vitro (2). Our 
Reflectoscope results, however, are in- 
consistent with those reported for simi- 
larly treated human lymphocytes in vitro 
(I). We have no explanation for the 
discrepancy. In both cases, however, the 
positive control (mitomycin C) yielded 
significantly more SCE's. 

In an initial attempt to verify the posi- 
tive results of Liebeskind et al. (I), in 
vitro whole blood was exposed to ultra- 
sound under conditions similar to theirs, 
but our results were negative (7). To 
better approximate their exposure condi- 
tions, lymphocytes obtained by gravity 
sedimentation were exposed to intensi- 
ties of ultrasound that spanned those 
used by Liebeskind et al. (I). The results 
were again negative (5). Experiments 
were then conducted with continuous- 
wave ultrasound from an experimental 
unit under conditions that induced a 
small but significant amount of cell de- 
struction: among the surviving cells 
there was no increase in the frequency of 
SCE's. 

In experiment 1, the same ultrasound 
devices and cell culture facilities as used 
earlier (1,2) were used, as were the same 
general procedures (for example, Para- 
film cover, blood composition, one com- 
mon donor, exposure intensities), yet the 
results were negative. Experiment 2 in- 
cluded the same culture medium (Mc- 
Coy's 5A) used by Liebeskind et al. (I), 
as well as the same time of BrdU addi- 
tion, and the results were also negative. 

The positive results of Liebeskind et 
al. (I) have not been verified. We con- 
clude that the reasons for their obtaining 
such results may be coincident with 
some subtle yet unidentified procedural 
factor. 
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A Renal Countercurrent System in Marine Elasmobranch 
Fish: A Computer-Assisted Reconstruction 

Abstract. Computer-aided techniques were used to reconstruct the complex renal 
tubular system in the dorsal kidney region of a marine elasmobranch fish, the little 
skate (Raja erinacea), from a series of light micrographs of serial sections. It was 
established that five individual segments of one nephron, consisting of two loops and 
a distal tubule, are arranged in parallel within an elongated closed tissue sac. 
Capillaries, which form a network around these nephron segments, enter and exit 
this sac at the same end. This anatomical arrangement suggests that a complex renal 
countercurrent multiplier system may be important in fluid regulation in these fish. 

Typically, marine fish are faced with 
the problem of dehydration due to the 
high osmolality of the surrounding sea- 
water (I). Marine elasmobranch fish ap- 
pear to resolve the problem by maintain- 
ing high urea concentrations in plasma 
and tissue, thereby elevating the osmo- 
lality of their internal milieu to nearly 
that of the surrounding seawater (2). An 
extremely small fraction of urea is ex- 
creted (3), and studies of the kidney have 
been done to determine how this urea 
conservation is achieved (1-5). Howev- 
er, the extremely complex configuration 
of the elasmobranch nephron has imped- 
ed physiological studies of the anatomi- 
cal site of urea reabsorption and of some 
of the cellular mechanisms that are in- 
volved (6). This nephron complexity is 
evidenced by the fact that elasmo- 
branchs are members of the only verte- 
brate class (Chondrichthyes) in which 
the nephron configuration and epithelial 
sequence along its length to the collect- 
ing duct are not known (6, 7). 

We used computer graphics to study 
nephron configuration. A three-dimen- 
sional reconstruction of the tubule in the 
complex dorsal region of a marine elas- 
mobranch kidney shows that parallel tu- 
bular segments from a single nephron are 
tightly wrapped in a cellular sheath that 
also encloses a capillary network around 
the tubules. This anatomical arrange- 
ment presumably has the potential of 
facilitating a physiological countercur- 
rent system. 

The kidneys of little skates (Raja erin- 

acea) and spiny dogfish (Squalus acanth- 
ias) were fixed with buffered glutaralde- 
hyde by vascular perfusion (8). We used 
118 light micrographs of serial sections 
from the skate to outline and sequence 
2945 tubule contours (outer circumfer- 
ence of tubules) of the sectioned nephron 
as it completed its course within the 
dorsal region of the kidney. The same 
photographs were used to outline the 
cellular peritubular sheath that sur- 
rounds bundles of these tubule segments 
(9). Because a complex computer-gener- 
ated image was expected, the profiles of 
the blood vessels accompanying the tu- 
bules were not entered into the comput- 
er. The course of these vessels was sim- 
pler than that of the adjacent tubules and 
it was traced in the same serial sections 
by light microscopy. 

The architectural complexity of neph- 
rons in the dorsal region was greater than 
what could be reconstructed by tech- 
niques such as wax modeling. For the 
computer-assisted reconstruction, we 
used a hierarchical data-base design that 
accommodates the complex branching 
nature of biological structures and per- 
forms coordinate transformations neces- 
sary to convert serially sectioned biolog- 
ical materials into three-dimensional dis- 
play coordinates. Solid modeling algo- 
rithms were used to generate the video 
images (10, 11). 

Beginning with the urinary pole of the 
renal corpuscle, we traced the course of 
the nephron as it first entered the bundle 
zone in the dorsal region of the kidney 
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Fig. 1. Diagrams of elasmobranch nephron in 
the bundle zone (dorsal) and sinus zone (ven- 
tral). The dorsal kidney surface is parallel to 
the top of the page. (a) Simplified diagram , showing renal corpuscle (RC) and four highly 
stylized nephron loops (1 to 1"). A peritubu~ar j 
sheath surrounds the countercurrent system 
of nephron segments (loops I, 111, and the 
distal tubule) and anastornosing capillary 
loops in the bundle zone. Small arrows indi- 

Distal tubule cate the direction of tubular fluid and blood 
flow. (b) Schematic drawing of the pathway of 
the skate nephron in the bundle zone (dorsal) 
and in the sinus zone (ventral) showing some 
of the nephron complexity. The entering 
limbs of nephron loops I and I11 and the distal 
tubule (a) pierce the peritubular sheath near 
the renal corpuscle and extend to the opposite 
end of the sheath. Close to the renal corpus- 
cle, the five tubular segments (loops I, 111, 
and the distal tubule) located in the bundle 
zone are covered by the peritubular sheath 
and run parallel to each other. To emphasize this distinctive course, they have been drawn side by side in one plane and not assembled into a bun- 
dle, as they actually are (Figs. 2 and 3). The tubular bundle and surrounding peritubular sheath then become convoluted. The parallel course of 
the tubules is lost since the loops wrap around each other. For simplicity, the opposite end of the peritubular sheath, where the distal tubule 
emerges, has been drawn away from the renal corpuscle on the far right side of the diagram. The distal tubule pierces the sheath at this point to 
join a collecting duct, whereas the two other nephron segments loop back and retrace their path, finally exiting the sheath where they entered it. 
Capillaries also enter and exit the peritubular sheath at its renal corpuscle terminus and form an anastomotic network around and within the 
tubular bundle. A histological section perpendicular to the plane of the drawing and along the line A-A' is shown in Fig. 2. In the sinus zone, 
loops I1 and IV meander in large blood sinuses. 

and made the first of four large loops 
(Fig. 1). After forming a first dorsal loop, 
the tubule turned and exited the bundle 
zone to reach the sinus zone in the 
ventral part of the kidney. There the 
nephron formed a second loop (loop I1 in 
Fig. I), returned to the bundle zone, and 
with a third loop (loop I11 in Fig. 1) 
returned to the sinus zone. Finally, after 
a fourth loop (loop IV in Fig. I), the 
nephron reentered the bundle zone and, 
as the distal tubule, it joined a collecting 
duct in the subcapsular region. In the 
bundle zone, both loops I and I11 (each 
composed of two limbs, one ascending 
and one descending) and the early distal 
tubule are close together (Fig. la). This 
bundle of five tubular segments, all from 
the same nephron, was wrapped by a 
cellular peritubular sheath separating 
them from other peritubular sheaths 
(each containing two nephron loops and 
an early distal tubule) derived from other 
nephrons (Figs. 1 and 2). The peritubular 
sheath (Figs. 1 and 2) was observed to be 
an elongated closed sac formed by sever- 

Fig. 2. (a) Photomicrograph of dorsal skate 
kidney surface showing a field of numerous 
tightly intertwined nephron segments. Two 
discrete tubular bundles are outlined, with 
nephrons visible through the peritubular 
sheath. The tubular bundle here corresponds 
to the reconstructed tubular bundle shown in 
Fig. 3d. (b) Photomicrograph of epoxy resin section cut through the dorsal region of skate kidney in a plane similar to that along A-A' in Fig. Ib. 
Three regions of the same tubular bundle and surrounding peritubular sheath (arrowheads) in the bundle zone are shown. On the upper left are 
five cross-sectional nephron segments and capillaries (small white areas between tubules) of the straight part of the countercurrent system. On 
the upper right, the tubules in the peritubular sheath are looping back so that those on the right are continuous with those on the left (star). Just 
below this, on the right, the sheath (arrowheads) encloses capillaries and the five tubules cut in a convoluted part of the tubule bundle. S, 
individual tubules in the sinus zone. Arrows indicate the dorsal kidney capsule. Magnification, x200. 
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al investing layers of squamous cells that 
surround the tubules. Freeze-fracture 
and thin sections have shown tight junc- 
tions between adjacent squamous cells 
of the peritubular sheath. This peritubu- 
lar sheath was penetrated on one end, 
near the renal corpuscle, by entering and 
exiting tubule segments of the two neph- 
ron loops and distal tubule and by capil- 
laries that formed an anastomosing net- 
work around these five tubule segments 
(Fig. 1). At the opposite end, the peritu- 
bular sheath was pierced only by the 
exiting distal tubule. In contrast, the 
segments of the nephron in the sinus 
zone of the kidney were less organized 
and were not surrounded by a peritubu- 
lar sheath but instead intermingled ran- 

domly with other nephron segments in 
large blood sinuses (Figs. 1 and 2). 

In our reconstructed images of the 
skate nephron (Fig. 3), this bundle of five 
tubules (ascending and descending limbs 
of nephron loops I, 111, and the early 
distal tubule as diagrammed in Fig. la) 
and the surrounding peritubular sheath 
(Fig. 3) continued in a straight c o m e  
from near the renal corpuscle just under 
the skate kidney surface for approxi- 
mately 0.25 mm (285 wm). The tubules 
within the straight part of the peritubular 
sheath were arranged in a parallel fash- 
ion. The peritubular sheath then became 
convoluted, twisting back under the 
straight portion of the sheath and making 
several additional turns. The convoluted 

part of the peritubular sheath was slight- 
ly more than 3 mm long (3163 ~ m )  in the 
skate, as determined from the recon- 
structed path length. The nephron seg- 
ments within the convoluted part of the 
sheath also became somewhat convolut- 
ed as they wound around each other, and 
the strict parallelism observed in the 
straight part of the sheath was not main- 
tained (Fig. 3). The total path length of 
nephron loops I, 111, and the early distal 
tubule were 4902, 8247, and 3636 pm, 
respectively (12). Capillaries observed in 
the histological sections entered and ex- 
ited the end of the peritubular sheath 
along with the tubules, as shown in Fig. 
lb. The capillaries formed an anastomot- 
ic network around and within the tubular 

Fig. 3. Computer reconstruction of slrate trr- 
bular bundle in the bundle zone ( d o 4  re- 
gion) and its peritubular sheath. AU -ts 
shown arc part ofthe same aepbron. The dark! 
blue calotte-shaped structure is part of tlm 
renal corpuscle close to the urinary pde. For 
better visualintion of the tubules, the nmain- 
der of the renal corpuscle [dashed line in (a]] 
has not been reconstructed here. The strPight 
part of the countercurrent system is upper2 
most in each photograph, as is the dorsal. 
kidney surface. In these reconstructions the 
terminus of the peritubular sheath is in the 
lower left corner of each photograph. (a) 
Loop I (see Fig. la). The ascending (entrring) 
limb is ligbt green and the descending (exitid 
limb is dark green. The arrow is in the ascend-, 
ing limb, close to its starting point from the 
urinary pole of the renal corpuscle, which is 
hidden in this perspective. AAer erne* 
from the r e d  corpuscle, the tubule goes left' 
and then turns sharply right and runs along 
the straight part ofthe countercurrent system. 
At the upper right, the ascending limb beads: 
back and after numerous convolutions huW 
to become the descending limb. The transition' 
6om ascending to desccading limb oceue8 at 
the lower left of photolpaph. The limbs q 
tightly wrapped around eacb other as tb 
descending limb retmces the patb of the as-, 
ccnding limb. The arrowhead is in the final 
part of the loop after it has exited the peritu-' 

bular sheath. (b) Loop m. Its asoendiDg limb (coming from sinus zone) is red and its d m  
limb (going back to sinus zone) is orange. The arrow and mowhead arc in the besinaiag segm~mt 
and the final part of the loop, respectively. The basic pattern of this loop is the same as that d 
loop I. Loop 111 is the most complex, repealedly turning and wrappins itself tightly together. The: 
transition from ascending to descending limb occurs at the lower left of the photograph, which 
corresponds to the terminus of the peritubuku sheath (d). (c) Distal tubule. This nephroa 8egmd 
has ascended from the sinus zone (Fig. la) and starts close to the renal corpuscle (arrow). It 
enters the peritubular sheath where it extends in a straight path as the early distal tubule. 1l hug? 
several times as it extends to the terminus of the bundle (arrowhead). It daes not loop back to the 
renal conmscle but pierces the sheath at this point, where it continues as the late distal tubule 
(outside c;f the sheath) until it merges into a cokt ing duct. Only the initial part of the late diatal 
tubule has been recorded in this ~hotogravh. (dl Commsite of loow, I. II, and the distal tubule 
fonnisg the tubular bundle. AU iubukbukse-men& have the same pki&ns as in (a) to (c). The 
tubule segments are in a parallel afiaaeement along the length of the straight part of tbs 
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bundle as they extended to the end of the 
sheath. Serial sections of the shark kid- 
ney, although not used for computer 
graphics, showed tubule bundles (each 
wrapped by a peritubular sheath) com- 
posed of linearly arranged nephron seg- 
ments and capillaries like those in the 
skate. 

This parallel arrangement of tubules 
and capillaries has the potential to oper- 
ate as a countercurrent multiplier sys- 
tem. The complete countercurrent flow 
system consists of a straight bundle of 
five tightly packed tubules from a single 
nephron, three of which pass in one 
direction and two of which travel 
counter to that direction. Among the 
tubules there is a system of anastomos- 
ing capillaries that also run the length of 
the tubular bundle. Both tubules and 
capillaries are encased by the peritubular 
sheath. 

Tubular fluid from the glomerular ul- 
trafiltrate travels in the same direction in 
the ascending limb of the first loop (I) as 
tubular fluid in the ascending limb of the 
third loop (111) and the tubular fluid in 
the distal tubule (Fig. 1). Countercurrent 
flow occurs in the descending limbs of 
both dorsal loops (I and 111). The dual 
character of the system, in which the two 
countercurrent flows are parallel to one 
another, is unusual. Presumably fluid 
within the space contained by the peritu- 
bular sheath is shared by the exterior of 
the five enclosed tubules and capillaries. 

Similarities to mammalian kidney 
structure suggest that marine elasmo- 
branch fish may employ renal counter- 
current mechanisms to achieve osmotic 
balance. The mammalian kidney is ar- 
ranged so that descending and ascending 
loops of Henle and collecting ducts share 
extracellular fluid in the renal medulla, 
which contains a network of descending 
and ascending capillaries. In these fish, 
the peritubular sheath probably seals 
each bundle of five tubules and associat- 
ed capillaries from the rest of the organ, 
thus forming a discrete anatomical unit. 
This may create some functional similar- 
ities to the conditions within the mam- 
malian renal medulla, in which there is a 
net reabsorption and subsequent recy- 
cling of urea (13). However, the renal 
countercurrent multiplier system in 
mammals, which has the capacity to 
produce a hypertonic urine as well as to 
reabsorb most urea, must be significant- 
ly different from that of the elasmo- 
branch kidney, which conserves urea but 
does not produce an osmotically concen- 
trated urine (1, 2). Furthermore, finding 
the anatomical requisites for a renal 
countercurrent multiplier system in elas- 
mobranch fish is surprising in that the 

presence of such a system in both birds 
and mammals mainly facilitates the abili- 
ty to form an osmotically concentrated 
urine (14). The precise fluid and solute 
transfers that occur at each segment in 
the elasmobranch renal tubular system 
have not yet been established, and we 
cannot specify, on the basis of anatomi- 
cal reconstruction alone, how a counter- 
current mechanism would work, Ultra- 
structural studies indicate, however, that 
the tubular epithelial cells are diverse 
within the various segments of the tu- 
bules (15) and have the potential for 
active transport of solutes. Integration of 
such information into a realistic model 
for fluid and solute transfers is an objec- 
tive for future studies. 
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