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Abstract. In this study, the role of nephron recruitment to measurable filtration in the recovery 
of whole kidney GFR following release of ureteral obstruction of 18 hr duration was characterized 
in the young rat with a modification of Hanssen’s technique. Following release of bilateral (BUO) 
or unilateral (UUO) ureteral obstruction, the expected increases in fractional sodium and water 
excretion were observed and remained constant throughout the interval of the study (approximately 
3 hr). However, the GFR of the postrelease kidney of rats subjected to BUO and UUO increased 
significantly within this time frame. Surprisingly, the percent increase in GFR was greater in the 
the UUO group. In both groups, there was a positive correlation between the number of filtering 
nephrons and time after release. The increase in the number of filtering juxtamedullary and 
superficial nephrons detectable with this technique was symmetrical after release of UUO and 
BUO. However, at all intervals of study, there were significantly fewer filtering nephrons in the 
postrelease kidney of the UUO and the BUO group. These studies indicate that the mechanism 
of recovery of GFR in the postrelease kidney in the two settings of ureteral obstruction is quite 
different. 

The concept that the response of individual 
nephrons to ureteral obstruction might be 
heterogeneous was originally proposed by 
Yarger et al. (1). In these studies, the single 
nephron glomerular filtration rate (SNGFR) 
of surface nephrons was measured with the 
technique of renal tubule micropuncture after 
release of bilateral ureteral obstruction (BUO) 
of 24 hr. They found that SNGFR was reduced 
proportionately less than whole kidney glo- 
merular filtration rate (GFR), and suggested 
that this disparity was due to better preser- 
vation of the GFR of surface nephrons than 
of juxtamedullary (JM) nephrons. Jaenike (2) 
reported that following release of BUO, the 
rate of tubule flow in surface nephrons was 
highly variable. In these studies, 28% of surface 
nephrons were found to be either nonfiltering 
or had filtration rates that were too low to 
assess with the technique of renal tubule mi- 
cropuncture. Based on these observations, 
Jaenike suggested that the different effects of 
obstruction on whole kidney and single neph- 
ron GFR were due to heterogeneity in the 
filtering capacity of all nephrons rather than 
to a selective loss of JM nephron function. 
This hypothesis received further support from 
several subsequent studies (3-5). Hams and 
Yarger (3) determined the number of filtering 

nephrons in the postrelease kidney and found 
that there was a significant reduction in both 
nephron groups although JM nephrons were 
more profoundly affected. Slightly different 
results were obtained by Wilson (4), who mea- 
sured the distribution of SNGFR between su- 
perficial and JM nephrons using a modifica- 
tion of Hanssen’s technique (6). He found that 
the ratio of superficial to JM nephron GFR 
was not different from controls. Subsequent 
to these results, we measured SNGFR of sur- 
face and JM nephrons by renal tubule mi- 
cropuncture and found that filtration fell pro- 
portionately in both kinds of nephrons (5). 
To date, however, it remains unclear how 
nephron heterogeneity in these two types of 
nephrons is affected by time after release nor 
have such changes been correlated with those 
of whole kidney GFR. 

The effects of unilateral ureteral obstruction 
(UUO) on nephron heterogeneity are less well 
defined. Jaenike (7) was the first to note the 
striking variability in the appearance of the 
tubules on the surface of the postrelease kid- 
ney. In these studies, he found that most of 
the tubule lumina appeared narrowed and 
many were actually collapsed. This morpho- 
logic appearance was associated with a marked 
decrease in tubule fluid flow rate that was due 
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to enhanced fluid reabsorption and a heter- 
ogeneous decrease in SNGFR (3,7-9). Thus, 
heterogeneity of nephron function was also 
apparent in this setting. Whether surface and 
JM nephrons are symmetrically affected re- 
mains unclear at this point. Using direct tech- 
niques, we found that the SNGFR of JM 
nephrons was more preserved than that of su- 
perficial nephrons (9). On the other hand, we 
have reported that the percentage of JM neph- 
rons with detectable filtration 90 min after 
release was profoundly depressed although not 
out of proportion to that of the superficial 
nephrons (9). Harris and Yarger have reported 
similar findings (3). No studies have attempted 
to correlate these changes with time after re- 
lease or even contrast the total GFR or 
SNGFR of the kidney after release of BUO 
and UUO. 

The present study was designed to measure 
the percentage of nephrons with detectable 
filtration after release of BUO and UUO, and 
determine how recovery of GFR is related to 
the number of nephrons apparently recruited 
to filtration. Differences in the response of the 
UUO and BUO kidney will also be delineated 
as well as how these differences relate to time 
after ureteral release. 

Methods. Approximately 18 hr before 
study, 46 male Sprague-Dawley rats weighing 
45-60 g were anesthetized lightly with ether 
and both ureters were exposed through a mid- 
line abdominal incision. In one group (sham), 
the ureters were visualized but not touched. 
In another group (UUO), either the left or 
right ureter was ligated with 4-0 silk at a point 
approximately one-third of the distance from 
the bladder to the renal pelvis. In a third group 
(BUO), both ureters were ligated. All rats were 
fed standard rat chow until the time of the 
initial surgical procedure. Thereafter, they 
were deprived of food but not water. 

On the day of the study, the rats were anes- 
thetized with inactin (Promonta, Hamburg, 
FRG) given intraperitoneally (60- 100 mg/kg 
body wt). Tracheostomy and intubation were 
then performed and polyethylene catheters 
were placed in one or both jugular veins and 
the right femoral artery. Both kidneys were 
exposed through a midline abdominal incision 
and dissected free of the peritoneal attach- 
ments. A ligature (4-0 silk) was then placed 
around each renal pedicle. A catheter was 

placed in the bladder for collection of urine 
from the right kidney in the control group and 
the contralateral untouched kidney in the 
group that had undergone UUO. The ob- 
struction was relieved by incising the ureter 
above the ligature. In the UUO group the ure- 
ter of the obstructed kidney was then can- 
nulated with a polyethylene catheter (PE No. 
50) so that timed urine collections could be 
obtained. In the BUO group, both ureters were 
cannulated. Immediately after relief of ob- 
struction an inulin prime was given followed 
by an infusion of normal saline which con- 
tained inulin in sufficient amounts to maintain 
plasma levels at 50- 100 mg/ 100 ml. In both 
control and UUO rats, the mean infusion rate 
was calculated at 65 pl/min/100 g body wt. 
A slightly greater amount of saline was given 
to the group subjected to BUO in order to 
replace urinary fluid losses (85 pl/min/100 g 
body wt). After an equilibration period of 60 
min, one to three timed urine collections were 
obtained. Arterial samples and pressure mea- 
surements were obtained at the midpoint of 
each urine collection. Body temperature was 
monitored with a rectal probe and maintained 
between 36 and 38°C. 

A modification of Hanssen’s technique (3, 
6 ,9)  was used to determine the percentage of 
filtering nephrons immediately before release 
of obstruction and 90 and 180 min following 
release of BUO and UUO. At the designated 
time (0, 90, or 180 min postrelease), a 10% 
sodium ferrocyanide solution was infused in- 
travenously at the rate of 3.0 ml/min. A p  
proximately 30 sec after the infusion was be- 
gun, the left and right renal pedicles were li- 
gated. The kidneys were quickly removed and 
frozen in a dry ice and acetone mixture. The 
frozen kidneys were fragmented and main- 
tained at -20°C for 18 hr in a solution of 95 
ml ethanol, 5 ml concentrated HCl, and 50 
g femc chloride. The fragments were then in- 
cubated at 39°C for 80 min in 20% HCl and 
then at room temperature in a solution of 1% 
acetic acid and 100% ferric chloride solution 
for 24 hr. Superficial and juxtamedullary 
nephrons were then microdissected from at 
least five fragments of each kidney. These 
fragments were of sufficient size to allow ran- 
dom dissection of at least 10 superficial and 
10 juxtamedullary nephrons. Nonfiltering 
nephrons were defined as those units in which 
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TABLE I. BODY WEIGHTS, BLOOD PRESSURE, AND PLASMA PARAMETERS IN THE THREE GROUPS OF RATS 

Body weights Blood pressure Hematocrit BUN Na K 
(s) (mm HS) (96) (mg/lOO ml) (mEq/liter) (mEq/liter) 

SHAM 

w o  
BUO 

(N = 8) 65.5 f 1.7 99.4 f 3.4 36.3 f 1.0 17.9 k 1.4 152 k 2 4.4 f 0.2 

(N = 20) 63.1 f 2.3 101.0 & 2.0 36.7 f 1.0 20.8 f 2.0 145 k 2 4.6 k 0.1 

(N = 18) 59.6 f 2.4 91.1 f 2.8t 32.2 k l.Ot 71.9 f 5.7* 1 4 4 f  1 7.7 k 0.4* 
~ ~ _ _ ~  ~ 

Note. Values are mean f SE. ?Denotes that values are significantly different from SHAM and UUO rats at a level 
of P < 0.01, *<O.OOl. 

there were no detectable Prussian blue gran- 
ules in the tubule lumen.’ 

The concentration of inulin in plasma and 
urine was determined by an anthrone method 
(10). Plasma and urinary sodium and potas- 
sium concentrations were estimated with 
standard flame photometry (Instrumentation 
Laboratories, Inc., Lexington, Mass.). The 0s- 
molality was measured with a vapor pressure 
osmometer (Wescor, Inc., Logan, Utah). 
Blood urea nitrogen (BUN) was determined 
by an enzymatic method (1 1). 

Mean differences in whole kidney function 
and the percentage of superficial and juxta- 
medullary nephrons that were filtering were 
tested for significance using Student’s t test 
for unpaired data when comparing two groups 
of animals and for paired data when cam- 

’ Although it is conceivable that filtration is occurring 
at an undetectable rate in these nephrons, it must be quite 
low. Using micropuncture techniques, we were able to 
measure SNGFR in nephrons of the postrelease kidney 
which were below 1 nl/min (3 nl/min/g kidney wt) or less 
than 10% of control values (refs. 5 ,  9). If one assumes 
that the proximal tubule is a cylinder with a radius of 10 
pm then the distance of the Prussian blue dye front from 
the glomerulus in a nephron with an SNGFR of 1 nl/ 
min could be estimated using the following equation, 

SNGFR/30 s - 0.0005 mm2 
= 1.6 mm Dye front = - 

x( 10 pm)2 0.0003 14 mm3 

Using the present technique Prussian blue granules are 
easily detectable as they enter the tubule lumen and there- 
fore considerably less than 1 mm from the glomerulus. 
Thus, this population of nephrons includes an unknown 
percentage of nephrons which can be defined as “appar- 
ently” nonfiltering. In this group the rate of filtration is 
probably considerably less than 10% of normal. 

paring measurements obtained in the same 
animals (12). 

Results. Table I shows the mean values for 
body weight, blood pressure, and plasma pa- 
rameters measured in the three groups of an- 
imals. After release of BUO, the BUN and 
plasma potassium levels were significantly 
greater than the mean values obtained in the 
sham-operated and UUO group. Further, rats 
subjected to BUO had a lower hematocrit. 

In Table 11, mean values for whole kidney 
functions are presented for rats that were 
studied for at least 3 hr following release of 
either UUO or BUO. Included in this table 
are results obtained from sham-operated rats 
studied for 3 hr after the institution of the 
maintenance intravenous infusion. As pre- 
dicted, following release of BUO there was a 
marked increase in absolute and fractional 
water excretion that was associated with a 
similar increase in sodium excretion and a 
decline in urine osmolality. Similar results 
were observed following release of UUO, al- 
though the magnitude of the changes were not 
as striking. Thus, while absolute water and 
sodium excretion did not change significantly 
following release of UUO, fractional excretion 
rose nearly fivefold. As in the BUO group, 
there was a significant decline in the osmolality 
of urine obtained from postobstructed kidneys 
when compared either to urine from the con- 
tralateral control kidney (CCK) or to that ob- 
tained from the sham-operated group. Further, 
these results indicate that absolute and frac- 
tional water and sodium excretion and urine 
osmolality for the three groups of animals did 
not change significantly during the 3 hr of the 
study. 
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Mean values for GFR obtained in these 
three groups are plotted as a function of time 
after release in Fig. 1. As expected, the GFR 
of the sham-operated group did not change 
significantly during the interval of the study 
and averaged 440 f 43 pl/min in the first 
period and 426 f 36 pl/min in the final period. 
On the other hand, the GFR of the postrelease 
kidney of both UUO and BUO groups in- 
creased significantly (P < 0.005) within the 
time frame of the study. Approximately 90 
min following release of obstruction, the mean 
GFR measured in the UUO and BUO group 
did not differ significantly (78.7 f 15 vs 56.5 
f 8.3 pl/min, respectively). GFR values ob- 
tained nearly 3 hr after release of BUO av- 
eraged 69.1 f 8.4 pl/min. In the UUO group 
the mean value averaged 1 10.6 f 15.0 pl/min 
after this time interval. The percentage dif- 
ference between these values averaged 54.1 
f 12.4% in contrast to only 19.5 & 5.9% (P 
< 0.05) in those animals subjected to BUO. 
Thus, whole kidney GFR, at about 3 hr after 
release of UUO, was significantly greater (P 
< 0.05) than that of the BUO group after this 
time interval. The GFR of the contralateral 
control kidney of the UUO group actually fell 
slightly although significantly from a mean of 
485 f 36 to 4 15 f 26 pl/min at 180 min (P 
< 0.05). 

In Table I11 and Fig. 2 values are presented 
for the number of apparently filtering neph- 
rons following release of UUO and BUO. In 
Table 111, these values are contrasted to mea- 
surements obtained from sham-operated rats 
and from the CCK of the UUO group. In 
shams, the mean number of superficial neph- 
rons with detectable evidence of filtration at 
0 time averaged 96.1 f 4.0% and did not 
change significantly as a function of time. Prior 
to release of BUO, 18.8 k 1.7% of surface 
nephrons had blue granules present in the tu- 
bule lumen. This mean value did not differ 
significantly from that obtained for JM neph- 
rons (17.2 f 3.5%). Ninety minutes after re- 
lease of obstruction, more than 50% of the 
nephrons counted were apparently filtering. 
In the superficial nephron population, the 
mean was 53.2 f 3.4%, not different from the 
mean obtained for JM nephrons (55.9 
f 5.4%). Approximately 3 hr after release, over 
70% of superficial and JM nephrons had been 
recruited. These values were still significantly 
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FIG. 1 .  Whole kidney glomerular filtration rate (Mean k SE) as a function of time (mean k SE) after 
release of bilateral (0) and unilateral ureteral obstruction (A) is presented in panel B and contrasted to 
results obtained for the contralateral control kidney of the UUO group (A) and sham-operated rats (O), 
which are presented in panel A. *Indicates that this value is significantly different from the mean of the 
BUO group at this time interval at P < 0.05. 

lower (P < 0.05) than the mean number of 
filtering nephrons for the sham-operated 
group. 

Nephron recruitment to detectable filtration 
as a function of time after release of UUO 
was also homogeneous with respect to the two 
nephron populations (see Fig. 2). However, 
the percentage of cortical and JM nephrons 
filtering in the UUO group was always less 
than that of the BUO group. By 180 min fol- 
lowing release of obstruction only 5 1.7 k 6.8% 
of JM and 56.0 & 5.2% of superficial nephrons 
were filtering. Thus, after this time interval 
16-24% fewer nephrons were filtering in the 
UUO group than in the BUO group. 

Discussion. The effects of UUO of 18 hr 
duration on renal function presented in Table 
I1 are comparable to values that we have re- 
ported previously in the weanling rat (5 ,  9) 
and to what has been reported in mature rats 
(1, 3, 8), the dog (1  3, 14), and humans (1  5- 
17). That is, after release of ureteral obstruc- 
tion there is a marked decrease in GFR, and 
urine flow and sodium excretion are inappro- 
priately high. In the BUO group, fractional 
water and sodium excretion was more than 
10-fold greater than that of the control group. 
After release of UUO, the sodium content of 
the urine and the rate of urine flow were not 
different from the CCK and thus, in fractional 
terms, water and sodium excretion by the 
postrelease kidney were considerably greater 
than by the CCK. These differences in water 
and sodium handling by the postobstructed 

kidney did not change statistically during the 
interval of the study (see Table 11). 

Unlike the renal tubule abnormalities, the 
GFR of the postobstructed kidney improved 
significantly between 90 and 180 min after 
release of UUO and BUO (see Fig. 1). The 
mean difference between initial and final GFR 
measurements averaged 54%. This difference 
was greater than that measured in the BUO 
group, which was approximately 20%. Sur- 
prisingly, the effect of UUO on the percentage 
of filtering nephrons was more profound than 
that of BUO. Although superficial and JM 
nephrons were affected in a comparable fash- 
ion, there were significantly fewer filtering 
nephrons at each time interval than after re- 
lease of BUO. However, as in the BUO group, 
nephron recruitment to detectable filtration 
was in evidence during the interval of the 
study. Thus, the present study provides ad- 
ditional evidence to support the theory, orig- 
inally put forth by Jaenike (2), that the pro- 
portionately smaller fall in surface nephron 
GFR than in whole kidney GFX, after release 
of BUO, was due to a heterogeneity in the 
filtering capacity of both nephron populations 
rather than to a selective loss of JM nephron 
function. Further, the results of this work in- 
dicate that nephron recruitment to filtration 
after release of ureteral obstruction is sym- 
metrical and is a function of time after release. 

The fact that whole kidney GFR after re- 
lease of UUO is the same as or better than 
that of the BUO group suggests that individual 
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FIG. 2. Relation of the percentage of filtering superficial 
(SN) and juxtamedullary (JMN) nephrons and time after 
release of bilateral (0) and unilateral (A) obstruction. 
+Values are significantly different from the respective 
means of the UUO group at P < 0.01. 

nephron filtration of one or both nephron 
populations is better preserved in this setting 
than after release of BUO. Previous micro- 
puncture studies performed in our laboratory 
would suggest that there is preferential pres- 
ervation of JM nephron SNGFR in the post- 
release kidney of the UUO group (9). In these 
studies, we found that although the SNGFR 
of surface and JM nephrons of the postob- 
structed kidney was lower than values ob- 
tained from shams, the SNGFR of JM neph- 
rons decreased by less than half while surface 
nephron GFR fell nearly threefold. This re- 
distribution in nephron GFR was not observed 
following release of BUO when SNGFR fell 
proportionately in both nephron populations 
(5). Further, SNGFR measurements of su- 
perficial nephrons were similar in these two 
studies (5,9). This finding is similar to results 
which we reported in adult rats (8). Thus, the 
mechanisms for relative preservation of GFR 
in the two settings of obstruction appear quite 
different. 

Although mechanisms responsible for the 
differences in nephron recruitment cannot be 
determined from the present study, it seems 

likely that the different hemodynamic events 
that occur in these two settings must be in- 
volved. Several direct ( 18, 19) and indirect (3, 
7, 14,20) studies of glomerular hemodynamics 
of the obstructed kidney indicate that a 
marked increase in preglomerular resistance 
is the predominant factor responsible for the 
decrease in GFR, before and shortly after re- 
lease of unilateral ureteral blockade of more 
than 12 hr duration. These effects seem to be 
mediated at a local level and have been dem- 
onstrated in individual surface nephrons that 
have been obstructed for 24 hr (21). Further, 
after release of UUO preglomerular resistance 
actually increases initially ( 19). Although the 
duration of this increased resistance remains 
undefined, the present studies would suggest 
that alterations in preglomerular resistance 
predominate within 3 hr of ureteral release. 

The results of hemodynamic studies per- 
formed in the presence or shortly after release 
of BUO are quite different from those reported 
in the postrelease kidney of the unilaterally 
obstructed group. In this setting, several factors 
appear to be responsible for the decrease in 
GFR. First, hydrostatic pressure within the 
tubule lumen is higher than in controls (1, 
22). Second, pre- and postglomerular resis- 
tances fall significantly or change only slightly 
during obstruction. As a consequence of these 
two factors net ultrafiltration pressure is re- 
duced (2,22,23). These changes are distinctly 
different from those measured before and im- 
mediately after release of UUO and strongly 
suggest that factors which accumulate in the 
blood during the anuric phase have a major 
role in the hemodynamic events which occur 
at the nephron level in this setting. The profile 
of nephron recovery in these two settings sug- 
gests that the presence of uremia has a more 
profound effect on recovery of nephron fil- 
tration. That is, although more than 70% of 
nephrons counted were filtering 3 hr after re- 
lease, whole kidney GFX changed by less than 
20%. On the other hand, the GFR of the pos- 
trelease kidney of the UUO group at this time 
interval was greater with 25% fewer nephrons. 
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