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A B S T R A CT The effects of both synthetic and bio-
logically produced angiotensin II (AII) upon the
process of glomerular filtration were examined in the
plasma-expanded (2.5% body wt) Munich-Wistar rat,
by micropuncture evaluation of pressures, nephron
plasma flow (rpf) and filtration rate (sngfr). Plasma
expansion was chosen as a control condition because
(a) response to AII was uniform and predictable, (b)
endogenous generation of AII was presumably suppres-
sed, and (c) the high control values for rpf permitted
accurate determination of values for the glomerular
permeability coefficient (LPA) before and during AII
infusion. With subpressor quantities of synthetic Asn-1,
Val-5 AII (< 5 ng/100 g body wt/min), sngfr fell from
47.7 in the control group to 39.8 nl/min/g kidney (P <
0.005). The rpf fell to 60% of control values (P <
0.001). Measurement of glomerular capillary (Pa) and
Bowman's space (P.) hydrostatic pressures in surface
glomeruli with a servo-nulling device permitted evalua-
tion of the hydrostatic pressure gradient (AP = Pa-

P0). AP increased from 38.1+±1.2 in control to 45.9±1.3
mmHg after Asn-1, Val-5 AII and essentially neutra-
lized the effect of decreased rpf in sngfr. The sngfr then
fell as a result of a decrease in LPA from 0.063+0.008 in
control to 0.028±0.004 nl/s/g kidney/mm Hg after
Asn-1, Val-5 AII (P < 0.02).

Lower doses of Asp-1, Ile-5 AII (< 3 ng/100 g body
wt/min) had no effect on sngfr, rpf, AP, and afferent
and efferent vascular resistance, but significantly ele-
vated systemic blood pressure, suggesting peripheral ef-
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fects on smooth muscle at this low dose. LPA was 0.044+
0.007 nl/s/g kidney/mm Hg after low-dose Asp-1, Ile-5
AII, and 0.063±0.008 in the control group (0.2 > P >
0.1). Higher, equally pressor doses of native AII (5 ng/
100 g body wt/min) produced effects almost identical
to similar quantites of synthetic Asn-1, Val-5 AII upon
rpf, AP, sngfr, and renal vascular resistance. LPA again
fell to 0.026±0.004 nl/s/g kidney/mm Hg, a value al-
most identical to that after the synthetic AI. Paired
studies with Asp-1, Ile-5 AII also demonstrated a con-
sistent reduction in LPA.

Both synthetic (Asn-1, Val-5 AII) and native AII
(Asp-1, Ile-5 AII) produce a reduction in LpA, pre-
sumably by direct action on the glomerular capillary or
mesangium, where no smooth muscle cells are present.
Although quantitative differences in peripheral vascular
effects of the two forms of AII are demonstrated, the
effects on LPA occur at similar doses of both agents in
the plasma-expanded rat. A third major physiologic ac-
tion for AII is postulated that requires an effector cell in
the glomerulus that differs from those previously dem-
onstrated for vascular smooth muscle and the adrenal
glomerulosa.

INTRODUCTION
Angiotensin II (AII)1 has been demonstrated to be the
most potent biologically produced vasoconstrictor (1-3).

'Abbreviations used in this paper: A, glomerular capillary
surface area; A, afferent arteriolar; AII, angiotensin II;
AR, afferent arteriolar resistance (10' dyn s cm'); CA,
systemic protein concentration (g/100 ml); CB, efferent
peritubular capillary protein concentration (g/100 ml);
EFP, effective filtration pressure (mm Hg); z, systemic
or efferent arteriolar; ER, efferent arteriolar resistance
(10' dyn s cm-'); FF, kidney filtration fraction (GFR/
RPF); GFR, glomerular filtration rate (ml/min/g kidney);
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Studies have demonstrated that the polypeptide acts on
smooth muscle to increase vascular resistance in both
the peripheral and renal circulation (4-6). Physiologic
studies have suggested that AII acts upon smooth muscle
of both the afferent, precapillary arteriole and the post-
capillary, efferent arteriole (5, 6). AII has also been
shown to release aldosterone from the adrenal cortex
(7), and recent studies have suggested that this action
of AII may be mediated through an entirely different re-
ceptor cell for AII (8). Therefore, the biologic activity
of AIl, has been well defined for both vascular smooth
muscle and the adrenal cortex in prior studies.

Hornych et al. have recently demonstrated that both
pressor and subpressor quantities of Asn-1, Val-5 AII
produced significant constriction of glomerular capil-
laries of the rat, as evaluated by scanning microscopy
(9). Also, investigations by Sraer et al., utilizing iso-
lated glomeruli, have shown a reduction in glomerular
diameter when glomeruli were suspended in solutions
containing Asn-1, Val-5 AII (10). These studies sug-
gest an action for AII on the glomerular capillary, a por-
tion of the vasculature that does not possess smooth
muscle.

Although the potential AII effect on the glomerular
capillary may not contribute significantly to the overall
effect of All upon renal vascular resistance, a reduction
in capillary radius should be associated with a propor-
tional decrease in glomerular capillary surface area (A) .

The purposes of the present study are to: (a) deter-
mine whether low doses of Asn-1, Val-5 AII provides
a reduction in the glomerular permeability coefficient
(LPA), either through decreases in filtering surface area
(A) or through reduction in local capillary permeability
(Lu) (11, 12); (b) determine if the AII produced en-
dogenously by the rat (Asp-1, Ile-5 AII) (13) has ef-
fects similar to those of Asn-1, Val-5 AII; and (c) de-
fine the relative effects of both forms of AII upon
peripheral vascular resistance and the glomerular perme-
ability coefficient.

METHODS
Experiments were performed on male Munich-Wistar rats
(160-240 g), bred and housed at the animal facility at the

hct, hematocrit(%o); 1, capillary length; Lp, local capillary
permeability; LA, total glomerular permeability (nl/s/g
kidney/mm Hg); MAP, mean arterial blood pressure (mm
Hg); AP, hydrostatic pressure gradient between glomerular
capillary and Bowman's space (mm Hg); PG, glomerular
capillary hydrostatic pressure (mm Hg); Pt, Bowman's
space or proximal tubule hydrostatic pressure (mm Hg);
7r, oncotic pressure (mm Hg); rbf, nephron blood flow (nl/
min/g kidney); rpf, nephron plasma flow (nl/min/g kid-
ney); RPF, kidney plasma flow (ml/min/g kidney); snff,
nephron filtration fraction (sngfr/rpf); sngfr, superficial
nephron filtration rate (nl/min/g kidney); x*, glomerular
capillary length.

San Diego Veterans Administration Hospital, La Jolla,
Calif. Rats were fed regular chow (Ralston Purina Co.,
St. Louis, Mo.) until approximately 16 h before micro-
puncture surgery, and permitted free access to water. Ani-
mals were anesthetized with Inactin (100 mg/kg body wt,
i.p., Promonta, Hamburg, W. Germany) and a tracheostomy
(P.E. 240) was immediately performed, followed by cathe-
ter (P.E. 50) placement in left jugular vein, left femoral
artery, and bladder. The rat was then turned onto the right
side on a servo-controlled, heated animal table, a left sub-
costal incision was made, and the kidney was exposed, placed
into a Lucite cup, and lined as previously described (11, 12,
14). A ureteral catheter (P.E. 50) about 3 cm long was
utilized to collect urine from the left kidney. Surgical losses
were not replaced but an infusion of isotonic NaCl-NaHCOs
was maintained at 0.5%o body wt/h until volume expansion
was undertaken.

On the morning of the study a litter mate was sacrificed
as a plasma donor. All rats were infused with 2.5%o (body
wt) of donor plasma over a total of 60 min. At this time,
an infusion of [14C]inulin (- 40 juCi/ml) was infused con-
tinuously at 0.5% body wt/h. At the end of this infusion,
urine flow rate was measured and an infusion of isotonic
NaCl-NaHCO3 was begun to equal this volume flow rate
to maintain both the degree of volume expansion and a
constant systemic protein concentration during all measure-
ments.

Two general types of studies were performed: a large
number of unpaired studies in four groups after plasma
volume expansion; (a) control, (b) subpressor doses of
Asn-1,Val-5 AII, (c) low-dose rat Asp-1,Ile-5 AII, and
(d) high-dose AII; and paired studies in which endogenous
rat AII was infused after measurements in a control plasma-
expanded condition. The unpaired studies were found pref-
erable because the degree of expansion and time after ex-
pansion was uniform at the time of AII infusion. With
time and lesser degrees of expansion, intrarenal AII gen-
eration may increase the variability of response and increase
the variance of observations. The paired studies were per-
formed to confirm the effects of AII on the filtration
process. After volume expansion in unpaired group studies,
angiotensin infusion was begun and the rate rapidly in-
creased to the stable, desired value while systemic blood
pressure was constantly monitored. A separate intravenous
infusion rate was again adjusted to urine output after a
stable, constant angiotensin infusion was established. Since
approximately 10-15 min were required to achieve the de-
sired angiotensin infusion rate, a similar period of time was
allowed in control plasma expansion before initial mea-
surements.

Experimental groups. Studies were performed on four
groups of animals, all of which were expanded with ison-
cotic plasma (2.5%o body wt). Prior volume expansion ele-
vates nephron plasma flow to more than twice the normal
hydropenic value and thereby disequilibrates the effective
filtration pressure, and a positive value persists at the
efferent end of the glomierular capillary (15). This condi-
tion permits calculation of an accurate and unique value
for the glomerular permeability coefficient (LA) (11, 12).
If filtration pressure equilibrium persists, as in the normal
hydropenic rat, only a minimum possible value for LpA
may be defined (11, 12, 14). The control group (n= 11)
consisted of plasma-expanded rats. The second group (n=
6) consisted of similarly expanded rats during the infusion
of subpressor quantities (< 10 mmHg increase) of Asn-1,
Val-5 AII (Ciba Pharmaceutical Company, Summit, N. J.)
(< 5 ng/100 g body wt/min). The third group of rats
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(n = 5) was also plasma expanded and studied during
low-dose infusions of Asp-i, Ile-5 AII (< 3 ng/100 g
body wt/min), the form of AII produced endogenously by
the rat (13). In this group, the infusion rate of Asn-1,
Val-5 AII could not be duplicated without significant sys-
temic hypertension. In fact, increases in blood pressure
occurred consistently with an infusion rate as low as 1-2
ng/100 g body wt/min. The relative potency of the endoge-
nous AII and the synthesized AII (Asn-1, Val-5 AII) was
quite similar to that previously reported (16). The last
group (n =6) involved a duplication of the Asn-1, Val-5
AII infusion rate with the endogenously produced AII
(Asp-i, Ile-5 AII), again upon the background of isoncotic
plasma expansion. At infusion rates of > 5 ng/100 g body
wt/min, the effects were uniformly hypertensive in the
expanded rat.

Paired studies. In these studies the rats were expanded
as in other groups and all measurements obtained. At the
end of the control period, an infusion of Asp-i, Ile-5 AII
was begun to produce an elevation of systemic blood pres-
sure of at least 25 mmHg. The infusion rate was then
continued at this level. A period of 15 min then elapsed at
a stable, elevated blood pressure before experimental mea-
surements were begun. All micropuncture and clearance
measurements were then repeated during this stable AII
infusion.

Micropuncture measurements. After stabilization of urine
flow and intravenous infusion rate in each group, several
measurements were obtained in each animal over a maximum
of 80-90 min. Pressures were measured in all accessible glo-
merular capillaries and the accompanying Bowman's space
with a servo-nulling device with 1-jsm-tip pipettes. Pres-
sures were also measured in several proximal tubules and
in a set of "star" efferent peritubular capillaries. The spe-
cific operation of this device and the procedures and cri-
teria required for adequate pressure measurements in glo-
merular capillaries have been explained in detail in previous
publications from this laboratory (11, 12, 17). Weshould re-
iterate, however, that if bleeding occurred into either Bow-
man's space or upon the surface, the pressure was discarded
and not utilized. At least three efferent peritubular capillary
blood samples were obtained from star vessels in each rat.
Samples were of sufficient volume to provide at least three
7-nl samples of plasma for analysis of protein concentration.
Samples of systemic (femoral artery) blood were obtained
concurrently for protein analysis.

A set of four to six nephron filtration rates were ob-
tained in each animal. An 8-1 -,gm-tip glass pipette was
carefully inserted into late proximal tubular segments and
a mineral oil block of at least 3-4 tubular diameters was
injected and, after initial gentle aspiration, tubular fluid
entered the pipette. Collections were usually spontaneous
throughout the time period. Care was taken to prevent
alterations in tubular diameter during the entire period of
tubular fluid collection.

During the entire period of measurements, the total urine
volume was collected in preweighed containers under oil
and from the radioactivity in both urine and plasma sam-
ples, the total kidney glomerular filtration rate (GFR) was
determined (11, 12, 14). Usually, two separate collection
periods were obtained from both right and left kidneys. At
the end of the measurements, a renal vein blood sample
was obtained with a heparinized 25-35-jim-tip glass pipette
to determine the rate of total renal plasma flow from the
extraction of ["4C] inulin. After completion of each study,
the left kidney was removed and weighed. I

In paired studies, the complete sequence of measurements

was performed both during the control period and during
the AII infusion.

Analytical methods. Nephron filtration rate was calcu-
lated from the total counts of ["C]inulin in the tubular fluid
sample divided by the plasma counts per nanoliter and the
time of collection. Total GFR kidney plasma flow and
filtration fraction were calculated as previously described
(11, 12, 14).

After collection of efferent peritubular blood samples,
the tips were sealed with several coats of Eastman 910
(Eastman Kodak Co., Rochester, N. Y.) and the cells
separated from plasma by centrifugation. At least three 7-nl
samples were obtained from each collection with a con-
stant-volume quartz pipette. Protein concentration was de-
termined from a micro-adaptation of the Lowry protein
method (18), as described in prior communications from
this laboratory (12, 14). Each sample was read in tripli-
cate and therefore the efferent peritubular protein concen-
trations were usually determined from nine readings.

Plasma and urine electrolytes were determined on a
flame photometer (Instrumentation Laboratory, Inc., Lex-
ington, Mass.). Osmolality was measured with either an Ad-
vanced Instruments osmometer (Advanced Instruments, Inc.,
Needham Heights, Mass.) or a nanoliter osmometer (Clif-
ton Technical Physics, Hartford, N. Y.) if samples were
small. Urine protein concentration was determined by the
sulfasalicylic acid method (19). Plasma electrophoreses
were performed on cellulose acetate strips and read on
an automatic reading densitometer. The percentage of total
serum protein that was albumin and globulin was deter-
mined from electrophoretic patterns by planimetry (11).

Calculations. The nephron plasma flow (rpf) is calcu-
lated as follows:

rpf = sngfr/(1 - CA/CB)

where CA is the systemic protein concentration, CR is the
efferent peritubular capillary protein concentration deter-
mined by microprotein methods, and (1 - CA/CR) = the
nephron filtration fraction (snff = sngfr/rpf). Nephron
blood flow (rbf) was determined from the following re-
lationship:

rbf = rpf/ ( l-hct)

where hct is the hematocrit expressed as a fraction of one.
Afferent arteriolar resistance (AR) is defined as follows:

AR= (MAP-Pa) /rbf

where MAP is mean systemic blood pressure and Pa is
glomerular capillary hydrostatic pressure, both in milli-
meters of mercury. Efferent arteriolar resistance (ER) is
defined by the similar relationship:

ER= (P - HPE) /(rbf-sngfr)

where HPR is large efferent peritubular capillary hydro-
static pressure.

The measured Pa in any state is assumed to represent the
mean value or that value at the midpoint of the capillary
length. In previous studies in hydropenic rats, utilizing
repeated measurements of P0 in the same glomerulus during
hydropenia, we have found that the range of values does
not exceed 2 mmHg. Since this value is also influenced
by both the accuracy of the servo-nulling device and error
in reading of pressures, the decrease in Po along capillary
length (APG) is probably 1 mmHg or less, but certainly
less than 2 mmHg. It is assumed that this is also true for
plasma volume expansion. All resistances are expressed in
dyn * s - cm5.

Angiotensin II Effects upon the Glomerulus of the Rat
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Total renal plasma flow and renal blood flow were de-
termined as previously described.

The determinants of sngfr are defined as follows:

sngfr = LA * EFP

where mean effective filtration pressure = EFP. EFP along
the glomerular capillary length (x*) (where x*=xll and
l=capillary length) is described as follows:

EFP,* = (AlP - ).*
where xr = oncotic pressure (mm Hg) which is related to
C (g/100 ml) as follows:

Vr=1.76 C +0.28 C' (11, 12, 14)

a simplification of the empirical relationship described by
Landis and Pappenheimer (20).

7r=2.1 C +0.16 C2+0.009 C8

The EFP is defined as follows:

1
EFP = 1 (AP - 7r)dx*

The EFP,* curve and LA are determined by an iterative
method as described previously from this laboratory (12).

Statistical methods. All input variables were submitted
to analysis of variance (21) and variance estimates of all
variables were carried through the calculation of EFP,
generation of the EFP,* profile, and LA to define the final
estimate of variance of these values (12). The values for
LA after Asn-1, Val-5 All and high-dose Asp-1, Ile-5
All were applied to both the normal hydropenic values for
AP, rpf, and CA and the predicted changes in these values
after AII, based upon percentage changes observed in the
plasma volume expanded condition. Also, the LA value in
the control conditions was applied to the post-AII condition
(with AII values for AlP, rpf, and CA) to predict the EFP,*
profile if LA had not been altered by All (Fig. 3).

RESULTS
Group data. The data obtained in the three experi-

mental groups will be compared to the control plasma
volume expansion (2.5% body wt) with no infusion of
AII. As stated, all animals were expanded identically
and total intravenous infusion rates were adjusted to
equal spontaneous urine output.

Effects of Asn-1, Val-5 All infusion (<5 ng/100 g
body wt/min). In no case did blood pressure (MAP)
increase by more than 10 mmHg (122+3 versus 133±6,
P > 0.05 after AII). The AII infusion rate was estab-
lished at the first sign of an elevation in MAP. The
sngfr was 47.7±1.4 nl/min g kidney (n = 50) in the
control plasma expansion group, and in the experimental
group was significantly lower during Asn-1, Val-5 AII
infusion at 39.8+2.2 nl/min/g kidney (n = 29) (P <
0.005) (Figs. 1 and 2). The nephron plasma flow (rpf)
was also significantly lower during AII infusion, at
119±7 nl/min/g kidney, compared to 200+9 in the
control group (P < 0.001) (Fig. 1). rbf fell from 346+
16 to 214±12 nl/min/g kidney (P<0.001).

Data were also analyzed by animal mean values: the
sngfr was 47.3±2.4 (n = 11) in control rats and 39.6+
4.0 (n = 6) nl/min/g kidney (0.1 > P > 0.05) after
Asn-1, Val-5 AII, the rpf was 198±18 in controls and
119±+14 nl/min/g kidney (P < 0.005) after AII, and
the rbf was 344±32 in control rats and 213±25 nl/
min/g kidney (P <0.01) after AI. This reduction in
rbf was the result of an increase in both afferent (AR)
and efferent arteriolar resistance (ER). AR rose to
26±3 X 10' dyn s cm ' with AII, compared to 17±2 X
10' dyn s cm' in the control state (P > 0.02). The in-
crease in ER was more impressive at 10±1 X 10' dyn s
cm' in control rats and 23+3 X 10' during Asn-1, Val-5
AII infusion (P <0.001). Although the control condi-
tions differed, the respective changes in ARand ERwere
quite similar to those reported for the hydropenic Mu-
nich-Wistar rat in a recent abstract by Deen et al. (22).

The P0 rose with AI, presumably as a result of the
greater increase in ER. Control Pa was 59.5±+1.5 mmHg
and 64.0±0.8 mmHg during AII infusion (P < 0.02).
In contrast to other conditions in which Pa rises (11, 14,
16), the proximal tubule hydrostatic pressure (Pt) fell
with AII infusion from 20.3±0.7 in control to 18.4+
0.6 mmHg (P < 0.05). The net effect of the divergent
changes in Pa and Pt was a rather dramatic increase in
hydrostatic pressure gradient between glomerular capil-
lary and Bowman's space (AP) from a control group
value of 38.1±+1.2 mmHg (n = 25) to 45.9± 1.3 (n =

12) during AII infusion (P <0.001) (Fig. 1). When
changes were analyzed from mean values for each ani-
mal, AP increased from 37.9±+1.3 in control rats to 45.4+
1.4 mmHg (P <0.005) after Asn-1, Val-5 AI. The
large efferent peritubular capillary hydrostatic pressure
(HPs) fell from 22.9±1.2 mmHg in the control group
to 17.8± 1.0 during AII infusion (P < 0.005). Data for
each animal in this group are summarized in Table I.

Total kidney GFR was 1.50±0.20 ml/min/g kidney
in the control group (n = 6) and 1.10±0.08 during AII
infusion (0.2 > P > 0.1). Renal plasma flow was 3.15+
0.7 ml/min/g kidney and renal blood flow 5.7±+1.2 ml/
min/g kidney (n = 5) in this group. Total filtration frac-
tion was 0.38±0.04, very similar to the snff (0.34±0.03).

The appearance of the kidney surface was not greatly
altered by the infusion of Asn-1, Val-5 AI. The only
consistent changes were a slight diminution in tubular
diameter accompanied by an appearance of increasing
"thickness" of tubular cells or wall opacity and some
decrease in the "tightness" of the renal capsule. The gen-
eral color and relationship of tubular and vascular struc-
tures were not changed by AII infusion.

The systemic oncotic pressure was somewhat lower
in this AII group, at 15.7±0.9 mmHg as compared to
18.4±0.5 in control rats (P <0.02), but was not dif-
ferent in the other AII experimental groups. The he-
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matocrit did not change from control (42±1) at 44±2
(P> 0.10). Systemic oncotic pressure rose to a value
at the end of the capillary (rB) of 29.4±1.7 mmHg in
this group and 28.4±0.8 mmHg in the control condition
(P > 0.5). The snff was therefore 0.25+0.02 in the con-

trol condition, but significantly higher during the AII
infusion at 0.34±0.03 (P < 0.02). As a result of the high
control rpf, the EFP at the end of the glomerular capil-
lary (EFPs = AP - rB) was greater than 0 at 9.5± 1.7
mmHg. During AII infusion the mean EFPz was higher
at 16.0±+1.3 mmHg (P < 0.001) in spite of the large
reduction in rpf with AI. The only other factor which
could have further disequilibrated the EFP while rpf fell
was a large reduction in LPA (14, 16a). The effect of the
reduction in rpf upon sngfr was effectively neutralized
by the large rise in AP. Therefore, the fall in sngfr ob-
served must primarily result from a decrease in LPA.
The profile of EFP.* was generated for the control con-
dition and during Asn-1, Val-5 AII infusion. The EFP
in the control group was 14.5±1.6 mmHg and was sig-
nificantly higher during AII infusion, at 23.5+0.8 mm
Hg (P <0.005). Since sngfr fell while EFP rose, the
LPA must have decreased with Asn-1, Val-5 All in sub-
pressor quantities. LPA in the control group was 0.063+
0.008 nl/s/g kidney mmHg (n = 11) and was signifi-

Asn-i,Vol-s Asp-l, lles Asp-l, lie-s
60 ContlI Al C'Sng) AI(C3ng) AIo-sng)

50

sulgfr 40 F r Tnl/nin/g kidney 30

AP
(mmHg)

FIGURE 1 The effect of Asn-i, Val-5 AII (< 5 ng/100 g
body wt/min) and Asp-1, Ile-5 AII (<3 ng and > 5 ng/
100 g body wt/min) upon nephron filtration rate (sngfr),
nephron plasma flow (rpf), and the glomerular capillary
hydrostatic pressure gradient (AP = P0 - Pt). Each vertical
bar delineates the mean values±SEM for, from the left,
control group, Asn-1, Val-5 AII, low-dose Asp-1, Ile-5
AII, and high-dose Asp-1, Ile-5 AI. The asterisk sig-
nifies values different from the control group (P < 0.005).

LpA

nIA/g kidney}<

mmHg

Asn-i, V4Il-s Asp-l. lie-5 Asp-1, 1ie-5
Control Al C.rg AI Cy3ng) AHC-Sng)

FIGURE 2 The effect of Asn-1, Val-5 AII (<5 ng/100 g
body wt/min) and Asp-i, Ile-5 AII upon the glomerular
permeability coefficient (LA) and the nephron filtration
rate (sngfr). Each vertical bar delineates the mean values
±SEM for each group. In both Asn-1, Val-5 AII (. 5
ng) and Asp-i, Ile-5 AII () 5 ng) group, the LA and
sngfr were both significantly reduced from the control
group. There was no difference in either LA or sngfr with
Asp-1, Ile-5 AII (< 3 ng/100 g body wt/min).

cantly lower in this AII group at 0.028±0.004 nl/s/g
kidney mmHg (n = 6) (P < 0.02) (Fig. 2).

If LPA had remained equal to control values after
Asn-1, Val-5 AII, the sngfr would not have changed
from control values. Also, the profile of EFPw* would
have differed and EFP remained relatively constant,
equal to the control value. In Fig. 3, the observed profile
of EFP along x* during AII is shown, along with the
EFP profile which would obtain if LPA had remained
equal to the value in control animals. The figure demon-
strates that the reduction in LPA alters the profile of
EFPx* and increases EFP by reducing the rate of ultra-
filtration along x* and decreasing the rate of rise in r

along the capillary.
All of the effects in this group occurred before evi-

dence of significant increases in peripheral resistance, as
indicated by no change in MAP. The AII effects were
the result of infusion of a form of the peptide not pro-
duced biologically in any species (23). Although the
qualitative effects of Asn-1, Val-5 AII have been re-
ported identical to endogenously produced AII (24, 25),
it remains possible that these results were unique to
this synthetic form of AI. For these reasons, studies
were performed with Asp-1, Ile-5 AII, the form of AII
produced by the rat (13).

Effects of low-dose Asp-1, fle-S AIl (< 3 ng/100 g
body wt/min). Initially, we attempted to duplicate the
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TABLE I
Pressures, Flows, Vascular Resistances, and Glomerular Permeability in Control Animals

Rat MAP Pa Ps AP sngfr snff rpf

mmHg mmHg mmHg mmHg ni/minIg nl/min/g
kidney kidney

Control (11 rats) 122 59.5 20.3 38.1 47.7 0.25 200
:+3 :1:1.5 :1:0.7 ±1.2 :4:1.4 ±0.02 4:9

(n =11) (n = 25) (n = 70) (n = 25) (n = 50) (n = 11) (n = 50)
Asn-1, Val-5 AI (I 5 ng)

4 129 61.9 17.2 42.8 33.2 0.30 111
41 1.0 4-0.5 ±41.0 +10.9 4:3

5 139 64.0 18.5 45.1 42.9 0.24 179
:1:0.5 :11.9 :1:8

6 144 63.8 20.8 44.5 35.3 0.35 101
4:3.4 :1 1.3 4:0.8 43.9 11

7 148 64.9 16.9 48.4 45.9 0.37 124
A1.5 40.9 42.3 ±4.3 A11

8 105 64.9 15.1 50.4 26.6 0.35 76
42.1 41.6 ±3.7 43.3 ±9

9 133 65.6 22.9 40.9 53.8 0.44 122
40.2 ±4.8 ± 11

Overall mean 133 64.0 18.4 45.9 39.8 0.34 119
±6 40.8 ±0.6 41.3 ±2.2 40.03 ±7

(n = 6) (n = 52) (n = 38) (n = 12) (n = 29) (n = 6) (n = 29)
P valuet >0.05 <0.02 <0.05 <0.001 <0.005 <0.02 <0.001

* ±SEM.
Compared to control group.
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FIGURE 3 The profile of effective filtration pressure (EFP)
along the glomerular capillary length (x*) in the control
plasma-expanded group (left) and after the infusion of
Asn-1, Val-5 All (< ng/100 g body wt/min) (solid lines
+SEM) (right). The measured sngfr in both conditions
and the LA are demonstrated. The dashed line (right)
and doubly crossed hatched area designates the profile
and area of the EFP function if LA had remained con-
stant, equal to control values. The profile approached equi-
librium and the total EFP profile was lower, but predicted
sngfr would have been higher than control values (58±4
nl/min).

protocol of the Asn-1, Val-5 AII group, in that subpres-
sor quantities of Asp-i, Ile-5 AII were attempted. Be-
cause of the greater potency of this form of AII, sudden
rises in MAPwere the rule, even if the infusion rates
were gradually increased. As a result, MAPwas sig-
nificantly higher than control at 146±4 mmHg (P <
0.001), although the maximum rate of infusion was 2.5
ng/100 g body wt/min in one rat and lower in the
others.

The sngfr in this low-dose Asp-i, Ile-5 AII group was
not different from the control value at 50.4±2.5 (P >
0.3) (Table II). The Pt was 17.4+0.6 mmHg, signifi-
cantly lower than control values (P <0.01) as was the
HPu (18.9±1.1, P < 0.05). None of the factors that
determine sngfr was altered from the control group
values, although there was a trend towards a higher
AP at 43.2±2.6 mmHg (P > 0.05) (Fig. 1). The rpf
was 233±25 (P > 0.2) and rbf 427+48 nl/min/g kidney
(P > 0.10) during the low-dose native AII infusion
(Fig. 1). As reflected by the larger standard error for
rpf and rbf in this group, there was a greater variability
among animals in the response to low-dose AI. When
data were analyzed from animal mean values there were
also no significant differences in sngfr or determinants
of filtration. AR and ER were nearly identical to the
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and after the Infusion of Asn-1, Val-5 All (<5 ng/100 g body wt/min)

rbf AR ER HPg 'A Tg EFP LpA EFPE

ni/minIg X 10' dyn X 10' dyn mmHg mmHg mmHg mmHg nlI/sg mmHg
kidney s/cm' s/cm' kidney/

mmHg
346 16.8 10.4 22.9 18.4 28.4 14.5 0.063 9.5

416 42.4 4=0.8 ±1.2 40.5 40.8 41.6 ±0.008* ±1.7
(n = 50) (n = 11) (n = 11) (n = 25) (n = 11) (n = 11) (n = 11) (n = 11) (n = 11)

188 28.7 22.3 18.4 14.8 25.3 23.3 0.024 17.5
46 ±-1.2 40.9 40.001
316 19.2 12.0 24.2 18.0 27.0 22.9 0.031 18.1

±14 ±0.7 40.001
168 38.3 28.7 15.5 13.5 25.3 25.9 0.023 19.2

±419 ± 1.0 40.4 40.002
230 28.7 22.3 13.8 16.6 33.1 24.3 0.031 15.3

±22 +1.9 ± 1.9 ±0.003
146 21.5 34.3 14.0 18.0 35.0 24.7 0.018 15.4

418 ±0.1 ±3.2 ±0.002
231 23.1 20.0 21.9 13.1 30.6 20.1 0.044 10.3

420 ±41.9 40.003
214 26.3 23.1 17.8 15.7 29.4 23.5 0.028 16.0

±12 ±3.2 43.2 ±1.0 40.9 ±1.7 ±0.8 40.004 ±1.3
(n = 29) (n = 6) (n = 6) (n = 20) (n = 6) (n = 6) (n = 6) (n = 6) (n = 6)
<0.001 <0.02 <0.001 <0.005 <0.02 >0.50 <0.005 <0.02 <0.001

control values (P > 0.8). The snff was also nearly
identical to the control value at 0.23±0.04 (P > 0.60).
All data are shown in Table II. Both VrA and 7re were
unchanged, but hematocrit was significantly higher at
45±2 (P < 0.05).

GFRin this group was 1.47±0.1 (n = 6), very similar
to the control group value (1.50+0.20 ml/min/g kidney,
P > 0.90). Renal plasma flow was 4.1±0.5 nl/min/g
kidney and renal blood flow 7.6+0.9 nl/min/g kidney
(n = 3).

Although sngfr was unchanged from the control
group, the EFP3 tended to be higher, 14.5+2.1 mm
Hg compared to 9.5±1.7 mmHg, but did not achieve
statistical significance (0.1 > P > 0.05). The EFP was
also numerically higher at 19.5+1.9 mmHg but also not
significantly (0.1 > P> 0.05). Similarly, the LpA was
0.044+0.007 nl/s/g kidney mmHg compared to 0.063+
0.008 in control (0.20 > P > 0.10). In summary, mini-
mumpressor quantities of Asp-1, Ile-5 AII produce no
alterations in either sngfr or factors that determine
sngfr. There was a tendency towards a lower LPA and
higher EFP. In spite of significant peripheral vasocon-
strictor effect as evidenced by increased MAP, there
was no significant effect on either renal vascular resist-
ances or LPA.

Effects of high-dose Asp-1, fle-S All. The lack of
significant effect of this form of AII in lower doses may
have resulted solely from the reduced quantity of AII
delivered to the kidney. We have therefore infused at
least 5 ng/100 g body wt/min of the native AII to du-
plicate the quantities of Asn-1, Val-5 AII infused (sub-
pressor dose). It was recognized that this infusion rate
would consistently produce systemic hypertension. The
MAP was 143±4 mmHg, significantly higher than
control (122±3 mmHg, P < 0.001), but in spite of the
greater infusion rate, not different from the lower dose
group. The sngfr was reduced to 34.0+2.3 nl/min/g
kidney with the higher dose of native AII, a value simi-
lar to that in the Asn-1, Val-5 AII group after similar
quantities of AI. All factors measured are shown in
Table III, and the values are strikingly similar to the
values obtained when Asn-1, Val-5 AII was adminis-
tered in similar quantities. Both the AR and ER in-
creased to 38±6 X 10' (P < 0.005) and 27±4 X 109 dyn
s cm' (P < 0.001) respectively, and, as a result, rpf
fell to 99.3±6.5 nl/min/g kidney (P < 0.001) and rbf to
182±+14 nl/min/g kidney (P <0.001) (Fig. 1).

When data were also analyzed from mean values, the
sngfr fell from 47.3±2.4 in control to 35.6±4.3 nl/min/g
kidney (P < 0.05) after Asp-1, Ile-5 AII, the rpf from
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TABLE II
Pressures, Flows, Vascular Resistances, and Glomerular Permeability in Control Animals

Rat MAP Po Po AP sngfr snff rpf

mmHg mmHg mmHg mmHg nl/minlg nl/minlg
kidney kidney

Control (11 rats) 122 59.5 20.3 38.1 47.7 0.25 200
+3 ±1.5 ±0.7 ±1.2 :4-1.4 40.02 ±9

(n=11) (n = 25) (n = 70) (n = 25) (n = 50) (n = 11) (n = 50)
Asp-i, Ile-5 All (<3 ng)

10 159 60.6 22.5 36.7 55.9
:13.8 +0.3 :1:3.5 413.5

11 148 65.2 14.8 47.9 70.7 0.16 442
:410.4 412.5 ± 16

12 134 64.0 12.4 46.8 39.8 0.31 128
:10.3 ±3.7 A12

13 135 51.6 15.7 35.6 42.8 0.28 153
+0.5 :1:4.6 :1:16

14 149 44.2 0.29 152
:1:5.6 4:19

15 148 66.4 22.0 47.4 48.3 0.17 284
45.2 4:1.0 414.6 415.3 4+31

Overall mean 146 62.7 17.4 43.2 50.4 0.23 233
44 412.6 +0.6 +12.6 :12.5 :10.04 ±25

(n = 6) (n = 8) (n = 38) (n = 8) (n = 30) (n = 4) (n = 25)

P valuer <0.001 >0.20 <0.01 >0.05 >0.30 >0.60 >0.20

* ±SEM.
t Compared to control group.

198+18 to 99±12 nl/min/g kidney (P <0.005) after
AII, and rbf from 344±32 to 181+26 nl/min/g kidney
(P < 0.005). The changes are similar but slightly
greater than values observed after Asn-1, Val-5 AI. In
addition, the increase in renal vascular resistance and
consequent reduction in nephron blood flow with Asp-1,
Ile-5 AII did not correlate in dose response to the
peripheral vasoconstrictor activity, since MAPwas ele-
vated to a similar degree in the low-dose group but with-
out an observable increase in either AR or ER and
consequently no reduction in either rpf or rbf.

The Po again increased, as with similar doses of
Asn-1, Val-5 AII, to 67.0±2.0 mmHg (P < 0.005) and
Pt also fell to 15.5±0.4 mmHg (P < 0.001). Therefore
AP increased to 51.7±2.1 mmHg as compared to 38.1-+-
1.2 in the control group (P < 0.001). When changes
were analyzed from mean animal values, AP increased
from 37.9±1.3 in control to 51.3±1.5 mmHg (P <
0.001). The WAwas 19.2±1.3 mmHg (P > 0.50) and Tr
was significantly higher at 38.3±2.3 mmHg (P <
0.005). The hematocrit was 44±1%, not different from
the control values (P > 0.10). HPz was not different
from control at 21.7+1.2 mmHg (P > 0.40). The snff
was very similar to the value in the Asn-1, Val-5 AII

group at 0.36+0.03 and was again significantly higher
than the snff in the control group (P < 0.01).

GFRduring Asp-1, Ile-5 AII was 1.12±0.1 ml/min/g
kidney (N = 6), very similar to the value during simi-
lar quantities of the synthetic AII (1.10±0.08 ml/min/g
kidney). Renal plasma flow was 2.8±0.6 ml/min/g kid-
ney and renal blood flow 4.8± 1.0 ml/min/g kidney
(N =3).

In spite of the decrease in rpf with high dose Asp-1,
Ile-5 AI, the EFPjz remained high at 13.0±2.5 mmHg
(P > 0.20). The rate of rpf in this group was quite similar
to hydropenic values, where filtration pressure equi-
librium occurs, due to the high LPA. The EFP was sig-
nificantly increased to 23.2+2.1 mmHg (P < 0.005).
Again the increase in AP neutralized the effect of re-
duced rpf, and EFP should not have changed if these
were the only effects of high dose Asp-1, Ile-5 AI. The
LPA was also reduced with this infusion rate of native
AII at 0.026±0.004 nl/s/g kidney mmHg (P < 0.001).
This value for LPA was quite similar to the value pro-
duced by similar quantities of Asn-1, Val-5 AII (0.028+-
0.004 nl/s/g kidney/mm Hg). The increase in EFP was
again primarily the result of the large reduction in LPA
after AI.
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and after the Infusion of Low-Dose Asp-i, Ile-5 All (<3 ng/100 g body wt./min)

rbf AR ER HPz T1 1f EFP LpA EFPz

nl/min/g X 109 dyn X 109 dyn mmHg mmHg mmHg mmHg n/s/g mmHg
kidney s/cm5 s/cmS kidney/

mmHg

346 16.8 10.4 22.9 18.4 28.4 14.5 0.063 9.5
±16 42.4 A1:0.8 ±1.2 +0.5 40.8 ± 1.6 ±0.008* ±1.7

(n = 50) (n = 11) (n = 11) (n = 25) (n = 11) (n = 11) (n = 11) (n = 11) (n = 11)

21.7 17.1
±1.4

819 8.0 5.2 16.3 24.8 32.5 19.4 0.061 15.4
429 +1.7 ±0.002
229 24.7 21.5 13.3 16.6 28.8 24.7 0.026 18.0

421 ±1.6 ±0.002
261 25.5 11.2 21.2 15.2 24.8 15.9 0.045 10.8

±68 ± 1.3 40.003
293 20.5 35.0

± 37
527 12.0 7.2 22.0 25.3 33.7 18.0 0.044 13.7

458 ±2.6 44.0 ±0.011
427 17.6 11.6 18.9 19.9 31.0 19.5 0.044 14.5

448 ±4.8 44.0 ±1.1 ±1.8 ±1.9 ±1.9 ±0.007 42.1
(n = 25) (n = 4) (n = 4) (n = 15) (n = 6) (n = 5) (n = 6) (n = 4) (n = 4)
-0.10 >0.80 >0.80 > 0.05 >0.20 >0.10 >0.05 >0.10 >0.05

A peripheral vasoconstrictor effect was seen only
with Asp-1, Ile-5 AIl. Although lower doses of this
agent produced an increased MAP, no effect on either
LPA or rpf was observed.

In the study of Hornych et al. (9), an increase in
urinary protein excretion was noted with the infusion of
Asn-1, Val-5 AI. They also noted "fusion" of foot
processess of the epithelial cells of the glomerular capil-
lary, as evaluated by scanning electron microscopy. Uri-
nary protein excretion in this study averaged 6.4±2.5
i'g/min in the control plasma-expanded rats and was
8.1+0.8 (P > 0.80) in the Asn-1, Val-5 AII group, and
9.0±3.0 ,g/min (P> 0.50) in the high-dose group.
Protein electrophoresis of samples from each group re-
vealed no significant changes in the ratio of albumin to
globulin.

Plasma sodium and potassium concentrations were not
different among experimental groups. Urine sodium ex-
cretion (UNaV) was 2.5±0.3 Aeq/min from the left con-
trol kidney and fractional excretion, (FENa = CNa/GFR
X 100%) 1.7±0.2%. The left kidney values for the
Asn-1, Val-5 AII group was 2.0+1.2 /Aeq/min for UNaV
(P > 0.5) and 1.8±0.7% for FEN. (P > 0.8). UN.V
was 3.1±0.6 /Aeq/min (P > 0.4) and FEN. 2.1+0.6%

(P > 0.5) in the low-dose Asp-1, Ile-5 AII group.
UNaV was 5.5±1.7 ueq/min (P > 0.1) and FEN. 3.1±
1.4% (P > 0.3) in the higher-dose Asp-1, Ile-5 AII
group. Urinary potassium excretion (UKV) was also un-
altered by AII infusion.

In Fig. 4, the association of changes in afferent and
efferent resistances with the changes in LPA is demon-
strated. The correlation was rather striking where high
resistances at both afferent and efferent arterioles were
associated with lower values for LPA in the 5 ng/100 g
body wt/ min AII groups.

Paired studies on the effect of Asp-1, fle-S AIL. Un-
paired group studies were performed because of the
concern that the added effects of time and lesser de-
grees of volume expansion, inherent with paired studies,
would result in the intrarenal release of endogenous AI.
This could theoretically have increased the variability of
response to AIl. However, to demonstrate that the AII
effects can be shown with the animal as its own control,
a series of paired studies were performed, utilizing pres-
sor doses of Asp-1, Ile-5 AI.

As demonstrated in Table IV, changes in rpf in
paired studies were nearly identical to the changes in
group studies (higher-dose Asp-1, Val-5 AII groups).
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TABLE III
Pressures, Flows, Vascular Resistances, and Glomerular Permeability in Control Animals

Rat MAP Po Pe AP sngfr snff rpf

mmHg mmHg mmHg mmHg ni/minIg ni/minIg
kidney kidney

Control (11 rats) 122 59.5 20.3 38.1 47.7 0.25 200
±3 ±1.5 40.7 41.2 +1.4 ±0.02 +9

(n =11) (n = 25) (n = 70) (n = 25) (n = 50) (n = 11) (n = 50)
Asp-1, Ile-5 All (>5 ng)

17 149 65.5 13.8 55.9 45.3 0.40 109
±0.8 ±3.4 48

18 130 66.4 16.1 48.3 42.5 0.29 147
±0.8 ±4.9 17

19 146 62.3 16.6 46.3 28.7 0.39 74
±0.9 ±1.9 ±5

20 140 70.6 16.1 54.6 40.6 0.37 110
±0.6 ±0.5 ±0.9 ±3.8 10

23 156 65.8 14.3 51.2 38.8 0.47 82
±9.3 ±1.0 ±9.1 ±3.4 ±7

24 136 69.3 16.6 51.3 17.5 0.24 73
±0.9 ±41.5 46

Overall mean 143 67.0 15.5 51.7 35.0 0.36 99
±4 ±2.0 ±0.4 ±-2.1 ±2.3 ±0.03 ±6

(n = 6) (n = 8) (n = 35) (n = 8) (n = 27) (n = 6) (n = 27)

P value: <0.001 <0.005 <0.001 <0.001 <0.001 <0.01 <0.001

* ±SEM.
t Compared to control group.
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FIGURE 4 A comparison of the resulting afferent and
'efferent arteriolar resistances with the corresponding values
for the glomerular permeability coefficient (LA) for the
three AII infused groups and the control group. Each
value is delineated as the mean±SEM of each value. The
shaded portions on each graph define the range of values
delineated by one standard deviation for both LpA and re-

sistances. Higher values for vascular resistances correlate
with the lower values for LA after higher doses of AI.

The reduction in LpA and increase in AP were greater
in the paired studies. The greater rise in AP (57.7±2.7
from 40.8±+1.7 mmHg) was the result of the larger
increase in Pa (from 60.4±2.0 to 72.6+3.4 mmHg).
The quantitative reduction in sngfr from 56.3+2.8 to
33.4±2.5 nl/min/g kidney (P <0.001) was also more
dramatic in paired studies even though a lesser dose of
Asp-i, Ile-5 AII (a 4 ng/100 g body wt/min) was re-
quired to elevate blood pressure by 25 mmHg.

In the control plasma expansion state EFPB was
9.4±3.1 mmHg, nearly identical to the group control
value, 9.5±1.7 mmHg. The EFPz after Asp-i, Ile-5 AII
was much higher than both control values and values
for the other AII groups at 26.0±3.5 (P < 0.001). The
LpA in the control group averaged 0.061±0.001 nl/s/g
kidney mmHg and fell in each paired study to a mean

value of 0.017±0.002 (P < 0.001). The EFP rose from
15.9+2.0 mmHg in control to 33.5±3.4 mmHg (P <
0.001).

The snff was 0.27±0.04 in control and 0.32±0.01
during AI. Systemic protein concentration was 5.8±0.3
g/lOO ml during the control condition and 5.2±0.2 g/100
ml during AII infusion. The hematocrit was 44±1% in
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and after the Infusion of Asp-i, Ile-S AII (>5 ng/100 g body wt/min)

rbf AR ER HPj, tA WE EFP LpA EFP,

nl/minlg X 109 dyn X 109 dyn mmHg mmHg mmHg mmHg nl/slg mmHg
kidney s/cm' s/cm' kidney/

mmHg

346 16.8 10.4 22.9 18.4 28.4 14.5 0.063 9.5
--16 ±42.4 --0.8 4-1.2 4±0.5 4-0.8 --1.6 ±-0.008* ±1.7

(n = 50) (n = 11) (n = 11) (n = 25) (n = 11) (n = 11) (n = 11) (n = 11) (n = 11)

190 35.1 25.5 19.5 15.2 33.1 33.2 0.022 22.8
-±15 ±-0.6 ±-0.001*
294 17.6 12.0 28.5 21.6 36.3 19.7 0.036 12.0

±-34 ±-0.9 ±-0.003
125 53.5 31.1 24.5 16.2 34.4 21.9 0.022 11.9
±48 ±t2.0 -±0.001
200 27.9 25.5 19.0 21.6 44.7 22.0 0.031 9.9

±- 19 ±t0.7 ±-0.8 ±-0.002
142 51.1 39.9 14.2 17.6 46.2 19.6 0.033 5.0

±413 ±;1.4 ±t7.4 ±-0.02
135 39.1 29.5 25.6 23.1 35.0 22.5 0.013 16.3

-±-12 ±4-1.0 ±-0.001

182 37.5 27.1 21.7 19.2 38.3 23.2 0.026 13.0
±4 14 -±5.6 ±-4.0 ±-1.2 ±; 1.3 ±-2.3 -42.1 ±-0.004 ±; 2.5

(n = 27) (n = 6) (n = 6) (n = 19) (n = 6) (n = 6) (n = 6) (n = 6) (n = 6)

<0.001 <0.005 <0.001 >0.40 >0.50 <0.005 <0.005 <0.001 >0.20

the control state and 46±1 % during AII infusion (P >
0.8).

Therefore both unpaired and paired studies have re-
vealed that AI, when infused in sufficient but modest
quantities, produces a dramatic reduction in LiA.

DISCUSSION
Utilizing both synthetic and endogenously produced
forms of AII (13), we have demonstrated an effect of
this hormone upon nephron filtration rate, nephron
plasma flow, the hydrostatic pressure gradient, and the
glomerular permeability coefficient in both paired and
group studies. The specific role of AII in volume homeo-
stasis has been related to the capacity to regulate aldos-
terone release (7, 26) and has been proposed to regu-
late the rate of glomerular filtration through its intra-
renal release via tubulo-glomerular feedback (27-34).
Specific quantitative observations on the effects of AII
on the glomerular permeability coefficient have not been
previously described, although previous studies have
speculated that AII might reduce glomerular capillary
radius (9, 10). This effect might be mediated by ac-
tivation of contractile properties of the mesangial cell
(35). Studies have also permitted some insights into

the relative peripheral and glomerular effects of the
two forms of AI.

The effects of All on glomerular filtration dynamics
were examined on a background of isoncotic plasma
volume expansion. Prior plasma volume expansion af-
fords certain advantages in the analysis of the effects
of these agents on the filtration process. Firstly, the
vascular resistance was low in the control condition and
was therefore quite predictably responsive to vasocon-
strictor agents. Secondly, prior volume expansion should
have suppressed the renin system and prevented endoge-
nous angiotensin generation. Thirdly, the high control
renal plasma flow produced disequilibration of the ef-
fective filtration pressure in the control condition, which
permitted determination of an accurate and unique value
for glomerular permeability coefficient (LpA) (16a). Al-
though Deen et al. have demonstrated that during plasma
expansion in the Munich-Wistar rat, hypertension alone
does not alter the LPA (36), the effects of Asn-1, Val-5
AII were first examined with subpressor quantities of
this agent.

In a recent preliminary communication, Deen et al.
(22) examined the effects of a variety of vasoconstric-
tors and vasodilators on glomerular function in the hy-
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TABLE IV
Pressures, Flows, Vascular Resistances, and Glomerular Permeability

Rat MAP Pa Pe laP sngf r snff rpf

mmHg mmHg mmHg mmHg ni/minIg ni/min/g
kidney kidney

Control plasma expansion
30 130 58.5 18.7 39.8 70.8 0.16 402

4:4.8 ±0.8 ±5.1 46.7 442
33 115 57.8 21.1 39.0 59.5 0.45 132

A1.4 43.1 ±7
34 113 66.9 25.7 39.4 61.1 0.31 197

±3.7 ±0.7 ±3.6 ±3.6 ±12
37 105 56.9 15.7 42.6 36.4 0.23 150

45.5 41.0 +5.7 ±t2.3 ±10
38 132 64.4 20.3 43.9 48.1 0.27 178

41.0 ±3.6 413
39 125 56.7 13.2 43.2 64.0 0.22 291

43.9 40.2 44.2 ±4.8 ±22
Overall mean 120 60.4 19.1 40.8 56.3 0.27 235

±4 42.0 ± 1.8 ± 1.7 ±2.8 ±0.04 422
Asp-1, Ile-5 A II

30 160 74.3 16.0 58.3 40.7 0.33 123
±9.7 ±0.3 ±10.0 48.7 ±26

33 150 62.4 14.7 48.3 40.0 0.31 129
±1.3 46.0 ±20

34 138 81.8 19.9 62.0 46.0 0.29 159
42.2 43.4 ±-1.2 ±3.7 ± 13

37 110 57.6 10.2 47.2 23.3 0.31 75
±0.6 42.2 ±1.8 44.4 +14

38 155 85.5 19.6 65.9 22.8 0.36 63
40.5 42.1 ±1.5 ±2.7 ±8

39 144 68.9 14.2 54.7 29.9 0.31 96
±2.9 ±1.0 i2.7 ±3.6 ±12

Overall mean 143 72.6 15.8 57.7 33.4 0.32 106
±7 ±3.4 41.5 42.7 ±2.5 ±0.01 ±8

P value: <0.001 <0.001 <0.025 <0.001 <0.001 >0.3 <0.001

* ±SEM.
t Compared to control condition.
§ Minimum estimate at filtration pressure equilibrium.

dropenic rat. With larger pressor doses of AII, (40 ng/
100 g body wt/min), the authors found a large increase
in AP and a marked reduction in nephron plasma flow
due to significant increases in both afferent and efferent
arteriolar resistances. Filtration pressure equilibrium
obtained in hydropenic rats both before and after AI.
The large (50%) decrease in nephron plasma flow could
have obscured large reductions in LPA by maintaining
filtration pressure equilibrium. Only minimum values for
LPA can be defined under conditions of filtration pres-
sure equilibrium (11, 12, 14). However, the findings of
Deen et al. regarding the effects of AII on AP, nephron
plasma flow, and vascular resistances were similar to
those observed in this study, in spite of the differing
control states.

Under the conditions of control plasma expansion, a
discrete value for LPA could be defined and was 0.063
and 0.061 nl/s/g kidney mmHg, significantly different
from the value we have defined under disequilibrated
conditions after hyperoncotic albumin expansion at
somewhat higher values for both systemic oncotic pres-
sure and nephron plasma flow (11).

After the infusion of approximately 5 ng/100 g body
wt/min of Asn-1, Val-5 AII (subpressor quantities)
and Asp-1, Ile-5 AII (pressor quantities) in group
studies, the nephron plasma flow fell to 40-60% of con-
trol values. As an isolated event, this reduction should
have decreased the efferent effective filtration pressure
to a value approaching filtration pressure equilibrium
(Fig. 3). However, the EFPK rose from 9.5 to 16.0 and
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before and during the Infusion of Asp-i, Ile-S Angiotensin II

rbf AR ER HPz TA VB EFP LpA EFPZ

nl/minIg X 109 dyn X 10 dyn mmHg mmHg mmHg mmHg nl/s/g mmHg
kidxey s/cm' s/cm' kidney/

mmHg

776 7.4 4.2 21.8 22.6 29.4 13.9 0.076 10.4
±-73 ±-1.4 4-0.004*
234 19.5 19.0 16.3 17.6 43.9 8.6 0.102§ -4.9

:-112 -::1.8 ±-0.003
339 10.8 10.7 29.6 13.1 22.6 22.1 0.046 16.8

4-20 :-0.3 :-0.006
273 14.1 12.9 18.7 23.7 35.2 13.2 0.042 7.4

±-18 ±t0.9 ±-0.002
336 16.0 9.7 29.3 20.0 32.5 17.9 0.045 11.4

:1:25 4-0.6 4±0.002
560 9.7 6.3 17.7 19.5 28.2 19.6 0.054 15.0

±42 :1:1.4 4-0.001
425 12.9 10.5 22.2 19.4 32.0 15.9 0.061 9.4

4139 4-1.8 4-2.1 4-2.4 -±1.5 42.9 -±2.0 -40.001 -±3.1

212 32.2 28.8 12.8 16.2 29.4 36.4 0.018 28.9
±45 ±0.1 ±40.005*
226 30.9 19.5 16.9 15.7 27.3 27.5 0.024 21.0

±34 ±-0.2 --0.002
278 16.1 21.3 19.8 15.7 26.5 41.6 0.019 35.5

±22 ±2.0 ±-0.001
144 29.0 30.8 11.0 20.0 35.7 19.8 0.020 11.5

±27 -±1.7 ±t0.003
122 45.4 43.8 31.1 18.0 35.7 40.4 0.009 30.2

±15 ±-0.6 ±-0.001
189 31.7 28.0 13.1 14.8 25.9 35.1 0.014 28.8

±24 -±2.1 ±-0.001
193 30.9 28.7 17.4 16.7 30.1 33.5 0.017 26.0

± 14 ±L3.8 ±-3.5 ±t3.0 ±t0.8 ±t 1.8 ±t3.4 ±0.002 ±3.5

<0.001 <0.001 <0.001 <0.05 >0.05 >0.5 <0.001 <0.001 <0.001

13.5 mmHIg, respectively, in group studies and higher
in paired studies. The only other factor which could
have prevented a reduction in EFPz with reduced
plasma flow was a major decrease in the glomerular
permeability coefficient (LvA). The LPA in fact fell to
lower, very similar values in both AII groups with
5 ng/100 g body wt/min. This finding was also sub-
stantiated in paired studies with Asp-1, Ile-5 AI. Both
the reduction in nephron plasma flow and LpA acted to
reduce nephron filtration rate.

As a result of the resistance alterations, Pa increased.
Also, Pt decreased, possibly related to the reductions in
nephron plasma flow and sngfr. The net effect of the
two events was an increase in AP, which modified the
effect of AII on sngfr by producing a positive effect on

the glomerular filtration rate. Therefore, the reduction
in LA was the decisive factor mediating the decrease in
sngfr with both forms of AI. If LpA had not fallen,
sngfr would have remained constant, since the increase
in AP would have effectively neutralized the effect of
decreased nephron plasma flow on sngfr (Fig. 3). These
findings are then compatible with the qualitative findings
of Hornych et al. (9) of reduced glomerular capillary
radius after subpressor doses of Asn-1, Val-5 AI.

Prior studies do suggest that Asn-1, Val-5 AII dif-
fers from endogenous rat AII in quantitative potency
as a vasoconstrictor, but no significant qualitative dif-
ferences in specificity of effect have been demonstrated
(23). Studies with Asp-1, Ile-5 AII revealed that lesser

quantities of this compound were required to produce
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hypertension as a result of peripheral vasoconstriction.
In the low-dose group, 2.5 ng/100 g body wt/min was
the maximum amount of this agent infused, approxi-
mately one-half the dose of Asn-1, Val-5 AII used.
Therefore, this agent appears more potent per nanogram
as a peripheral vasoconstrictor (16), but with minimum
pressor doses has little effect on both the glomerular
capillary and afferent and efferent resistances.

Although similar total doses of both forms of AII
were required to obtain a reduction in LPA, the endoge-
nously produced AII had a greater peripheral vascular
effect than the nonbiologically synthesized preparation.
This greater effect has been previously observed and
attributed to more efficient degradation of this form of
AII by tissue aminopeptidases as a result of the differ-
ing NH2-terminal amino acid substitution (37). How-
ever, since the glomerular capillary effects were nearly
identical at the same dose of both agents, the kinetics
of AII action and degradation must be similar in this
vascular bed. The Asn-1, Val-5 AII compound produced
a reduction in nephron plasma flow and increase in vas-
cular resistance while there was no evidence of signifi-
cant effect upon peripheral vessels, as evidenced by the
lack of a significantly increased systemic blood pressure.

The major finding of this study is the reduction in
LPA with AI. Recent studies have suggested at least
quantitative if not qualitative differences in the adrenal
cortical and peripheral effects of AII (8, 38), although
possibly mediated by AII action upon contractile cells.
Since no smooth muscle cells are located in or around
the glomerular capillary (35, 39), a separate effector
cell that reduces either local permeability or effective
surface area must be postulated. No direct evidence has
been provided that elucidates either the effector cell or
the specific mechanism for the AII-mediated reduction
in gomerular permeability coefficient. Either a reduction
in local permeability of the glomerular membrane or a
decrease in capillary surface area or both could explain
the lower LPA.

If all of the decrease in LPA was a result of reduced
radius, the changes would be directly proportional (A =
27rrl). Measurements of capillary pressure in the same
glomerulus performed in this laboratory have suggested
that the decrement in PG along the length of the glomeru-
lar capillary (APG) is at most 1-2 mmHg in the hydro-
penic state. If the observed decrease in LpA were entirely
due to reduced capillary radius, then, utilizing Poiseuil-
lian relationships, the APG should have increased con-
siderably to 16-32 mmHg. This change should have
resulted in a marked increase in variance in PG after
AII; however, no such increase was observed in this
study. It is recognized that these estimates are only ap-
proximations of the real physiologic events and are
therefore subject to inaccuracies. It remains quite likely

that the observed reductions in LPA may have been medi-
ated, at least partially, by decreases in local capillary
permeability (Lp).

That changes in LPA correlated positively with in-
creased renal vascular resistance (Fig. 4) suggests only
that the effect of AII upon renal vascular smooth muscle
coincided with the effect on LPA. Even if the LPA effects
were due to reduced capillary radius alone, the in-
creased resistance would not contribute significantly to
the increase in total renal vascular resistance (10-12%
of total) due to the very low control capillary resistance.

The biologic relevance of the present findings re-
mains somewhat ill-defined. Certainly the demonstra-
tion of an AII effect on LpA may be added to the known
effects on vascular smooth muscle and aldosterone re-
lease from the adrenal. However, have the effective bio-
logic levels of AII been achieved in the present study?
It has been possible to delineate the specific range of
values for interstitial AII concentration from the evalu-
ation of renal lymph AII levels by radioimmunoassay
(40). The AII levels after aortic constriction were well
above the intravascular concentration produced by the
infusion of 5 ng/100 g body wt/min of AI. It is there-
fore possible that much higher levels of endogenously
generated AII may be achieved at the effector site for
LPA reduction under conditions of maximum AII gen-
eration.

We have evaluated the change in LPA under condi-
tions of high nephron plasma flow during plasma ex-
pansion because accurate calculations can be performed
without attainment of filtration pressure equilibrium.
In the hydropenic condition, at filtration pressure equi-
librium, the effect of this quantitative reduction in LPA
upon sngfr would be diminished, due to both the cor-
responding decrease in nephron plasma flow and in-
creased AP. At filtration pressure equilibrium, if pro-
portional reductions in plasma flow are similar, the
dominant factor acting to reduce sngfr should be the
reduction in plasma flow. The reduction in LPA would
contribute to a reduction in sngfr if LPA fell to -0.02
nl/s/g kidney/mm Hg and AP and nephron plasma flow
changed in similar proportions to those observed in the
plasma-expanded state. It must be assumed that the
much higher potential interstitial AII concentrations
generated endogenously could affect larger LpA re-
ductions.

One cannot directly apply the results obtained after
the intravenous infusion of AII to the question of a
potential intrarenal role for this substance. Preceding
studies have provided indirect evidence that the mesan-
gial cell might provide the site of AII receptor and the
effector cell mediating the reduction in LPA (9, 10). The
mesangial cell as part of the juxtaglomerular complex
is contiguous or directly in contact with the juxtaglo-
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merular cells (41-43) and the capillary flow (44, 45).
Because of the proximity of the two cell types, local
generation and release of AII could produce even greater
local LPA alterations than those presently observed if
interstitial concentrations were very high. Estimates of
renin concentration in single juxtaglomerular units by
Thurau have been exceedingly high (46), and the in-
terstitial (lymph) concentrations of AII estimated by
Bailie et al. (40) have also suggested equally impressive
local AII generation and release. Because of the close
contiguity of the juxtaglomerular cell and capillary-
mesangium, it remains possible that the effects of AII
on LPA may be considerable, with minimal effects on the
smooth muscle of afferent or efferent vessels, leading to
minimal obligatory alterations in nephron plasma flow.

The last and most speculative aspect of this discussion
relates to this effect of AII on LPA and the tubulo-
glomerular feedback control of nephron filtration rate.
Thurau and Schnermann and their associates have pro-
posed AII as a potential mediator for the observed re-
ciprocal relation between either distal tubular NaCl de-
livery or reabsorptive rate and the filtration rate in the
same nephron (31, 47). Alteration in hydrostatic pres-
sures in the glomerular capillary has proven inadequate
as a single mechanism explaining the efferent limb of
this tubulo-glomerular feedback system (7, 33). Wehave
suggested that if such a relation exists, it must be medi-
ated through changes in nephron plasma flow (17). The
present findings of an AII effect upon LPA raise the
question whether this mechanism could explain; in part,
the observed reciprocal relationship. Thurau and Schner-
mann, in early studies, suggested as one of several
mechanisms a specific AII effect on the glomerular capil-
lary (47). However, we would reiterate that there are
severe constraints on the expression of reduced LPA in
the hydropenic rat at filtration pressure equilibrium.
This statement is especially true with reductions in
nephron plasma flow and increased AP. Because of the
large decrease in nephron plasma flow, large reductions
in LPA will be tolerated by the system and not lead
to disequilibration of the effective filtration pressure.
In addition, the increase in AP will substantially neu-
tralize the effect of both decreased nephron plasma flow
and LPA upon nephron filtration rate.

In summary, for reduced LPA to produce a decrease
in nephron filtration rate, the LPA effects must predomi-
nate over the effects on both nephron plasma flow and
AP before disequilibration of the effective filtration
pressure and decrease in nephron filtration rate will
result. Therefore, a specific biologic role for AII upon
LPA in the modification of sngfr in the hydropenic ani-
mal remains speculative at this time. A third biologic
effect for AII has been described in this study, an ef-
fect of AII upon the permeability coefficient of the glo-

merular capillary (LA). The effect of AII appears to
be a mechanism separate and distinct from those previ-
ously described on vascular smooth muscle and upon the
adrenal cortex.
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