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Abstract. The Schlager genetically hypertensive mouse has been shown to be a valuable
animal model with which to study human essential hypertension. Previous studies have
characterized renal morphology, juxtaglomerular index, hematocrit, prostaglandin levels, brain
catecholamines, social behavior, and patterns of inheritance. The present study continues the
phenotypic characterization of this animal model. Using desiccation, isotope dilution, and
clearance, the total body water, extracellular fluid volume, and glomerular filtration rate (GFR)
in hypertensive and normotensive animals during normal postnatal development were measured.
Additionally, using an electron microscopic tracer, the relative permeabilities of the glomerular
filter in these animals were assessed. The data indicate a volume expansion in the young
hypertensive animals along with a reduction in GFR. As the animals mature the volume
expansion in the hypertensives subsides and is eventually reversed resulting in a lower than
normal fluid volume level. The significance of the reduced GFR in the hypertensives is also
diminished with age although not to the same degree as that of the fluid volume. The indication
of a reduced glomerular permeability may account for the above in light of Guyton’s cascade

hypothesis.

© 1985 Society for Experimental Biology and Medicine.

Previous work in our laboratories (1-3)
and in others (4, 5) has shown that the
Schlager strain of genetically hypertensive
mouse is a well-suited animal model for the
study of human essential hypertension. We
have reported finding structural alterations
in the glomeruli of these animals which
would be consistent with an expected reduc-
tion in the glomerular filtration rate (GFR)
as predicted by Guyton in his cascade hy-
pothesis for the initiation of renal-based hy-
pertensions (6, 7). According to this hypoth-
esis, hypertension may be the result of a
cascade of events beginning with a decrease
in the excretion of water followed by an
increased extracellular fluid volume, plasma
volume, venous return, cardiac output, total
peripheral resistance and finally, elevated
blood pressure levels. It is possible that this
scenario may stem from a chronically de-
pressed GFR.

In the present study, determination of
GFR was made for the hypertensive animals
as well as for normotensive controls along
with measurements of extracellular fluid vol-
ume using values from the dilution and
clearance of °!Cr-EDTA. In addition, an
attempt was made to determine the relative

permeabilities of the glomerular basement
membrane, the primary barrier to glomerular
filtration, between the two groups.

Materials and Methods. Male mice of the
Schlager strain, selected for high blood pres-
sure (HBP) and age-matched normotensive
control mice (NCM) of the same strain were
used in this study. All animals, of varying
ages, were comfortably caged, maintained on
a diet of Purina Lab Chow and tap water ad
libitum, and exposed to normal daily light
cycles and a temperature of 27°C.

Systolic arterial blood pressures were de-
termined according to modifications of the
technique of Williams ef a/. (8) in which the
blood pressure is taken to be that pressure at
which blood flow is detected in the tail distal
to an occluding pressure cuff. Blood pressures
in animals of the hypertensive line averaged
152 mm Hg while the normotensive controls
averaged 114 mm Hg.

As measurement of GFR in the mouse
using the standard inulin clearance technique
presents many difficulties which many influ-
ence the results, the simpler yet comparably
efficient method described by Hackbarth and
Lunebrink (9) was used. This procedure in-
volves injecting 3 pCi of *'Cr-EDTA (New
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England Nuclear) in a vehicle volume of
0.01 ml/10 g body weight into the tail vein
of the unanesthetized animal. At 10, 20, 30,
40, and 50 min after injection, 50-ul samples
of venous blood are obtained by puncture of
the retrobulbar vein plexus with heparinized
microhematocrit tubes. Radioactivity of the
samples, corrected for hematocrit, was mea-
sured in a Packard 5260 auto-gamma scin-
tillation spectrometer at a counting time of
I min per sample. The mean counts per
sample were converted to the natural log and
plotted against the time of sampling (Fig. 1).
The GFR was calculated from the linear
regression line as the product of the rate of
clearance (slope) and the initial volume of
distribution of the tracer. The latter factor
also provides a measurement of the extracel-
lular fluid volume (ECFV). Determination
of total body water was performed by whole-
body desiccation in tared weighing bottles at
100°C.

Cambar and Gendre (10, 11) have shown
that qualitative estimates of changes in glo-
merular permeability can be determined by
measuring the rate of passage of the electron-
dense tracer molecule, ferritin, into the base-
ment membrane. To estimate glomerular
permeability in the HBP and NCM the ani-
mals were injected with a solution of native
ferritin (2X crystallized, cadmium free) intra-
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venously in the quantity of 0.02 ml/10g
body weight, slowly over a period of | min.
The tracer was allowed to circulate for 15
min after which the kidneys were fixed by
carefully removing the renal capsule and
dripping fixative onto the exposed kidney
surface for 15 min. At the same time, a small
volume of fixative was also injected into the
renal parenchyma according to the procedure
described by Reeves er al. (12). Perfusion
fixation was avoided as it would wash the
tracer out of the capillary lumina. The fixative
used was 3% glutaraldehyde in 0.1 M Pipes
buffer, pH 7.4. After the initial fixation, thin
cortical segments were removed, cut into
sections no greater than 1 mm? and allowed
to fix for a further period of 1 week at 4°C
in several changes of fresh fixative. After
subsequent postfixation in 1% OsQO, (in the
same buffer) and en bloc staining with 2%
aqueous uranyl acetate, the tissue was dehy-
drated through a graded series of acetone,
embedded in Epon 812, sectioned, and
viewed with a Philips EM-300 transmission
electron microscope. Micrographs were taken
of randomly selected peripheral capillary
loops and printed at a final magnification of
157,000X. Quantitation was performed with
an analog to digital graphic data analyzing
system (Ladd Research Industries). The fer-
ritin density (particle number/unit area)
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FIG. 1. Representative plots showing the rate of clearance of >'Cr-EDTA from the plasma of mature
normotensive and hypertensive male mice. From the clearance rate values glomerular filtration rate was
calculated. The GFRs are expressed as ml/min/m® of body surface area. All data are X+ SEM.
Normotensive: juvenile, 29.5 = 3.7 (N = 4); mature, 42.5 + 3.4 (N = 5). Hypertensive: juvenile, 20.7
+ 3.1 (N = 4); mature, 33.6 + 3.6 (N = 5). P = <0.025 and <0.1 for juvenile and mature, respectively.
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within the capillary lumen and glomerular
basement membrane was determined and
expressed as a ratio of basement membrane
density/luminal density (10, 11).

Results. When the activity of 3'Cr-EDTA
in the plasma is plotted against the time of
sampling (Fig. 1), the rate of clearance of the
tracer by the kidneys is reflected as the slope
(K) of the linear regression line drawn through
the sampling points. By extrapolation of this
line back to time zero it is possible to deter-
mine the activity of the tracer after its initial
dilution in the extracellular fluid compart-
ment (Ay). The volume of the extracellular
fluid compartment is determined as 4;/A4,,
where A; is the activity of the injected volume
of tracer. The GFR is determined as the
product of (4;/A4,) (K) and standardized for
body surface area differences (9).

The data indicate that there is a significant
reduction in the GFR of the juvenile hyper-
tensive animals (Fig. 1). The fluid volume in
the juvenile animals of the hypertensive line
shows an expansion to a degree significantly
greater than that found in age-matched nor-
motensive controls. As the animals age, the
difference in the GFR and fluid volumes
between hypertensive and normotensive an-
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imals decreases in significance with the fluid
volume of the hypertensives ultimately be-
coming lower than in the normals (Figs.
2a, b).

Morphometric assessment of the relative
permeability of the glomerular filter to the
electron-dense protein tracer molecule, fer-
ritin, shows a significant reduction in the
permeability of the tracer through the glo-
merular filter of the superficial nephrons of
the hypertensive animals (Fig. 3). There did
not appear to be any significant difference
between permeabilities in the juxtamedullary
glomeruli.

Discussion. According to Guyton’s cascade
theory on the origin of hypertension (7) it is
postulated that elevated blood pressure levels
may result from an expansion of the ECFV,
due primarily to a defect in the ability of the
kidney to excrete a larger than normal water
load. The possibility that this sequence of
events may be brought about by factors
which decrease the whole kidney GFR has
been suggested (3). In such a cascade, a
reduction in the GFR would lead to an
increase in the extracellular fluid volume and
hence, plasma volume, venous return, cardiac
output, and arterial pressure would subse-
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FIG. 2. Body fluid volume curves for hypertensive (O) and normotensive (@) male mice during normal

development. Data show both total body water (2a)
percentage of total body weight.

and extracellular fluid volume (2b) expressed as a
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FIG. 3. Permeability of the glomerular basement mem-
brane to ferritin. A decreased permeability in the hyper-
tensive superficial glomeruli is reflected as a lowered
ratio of the ferritin concentration in the basement mem-
brane when compared to the concentration in the capillary
lumen.

quently increase. The problem would be fur-
ther compounded in that perfusion of the
tissues with an excess of oxygenated blood
due to the increased cardiac output would
result in a constriction of the tissue arterioles
through the process of autoregulation. This
would increase the total peripheral resistance
and further elevate blood pressure. Bianchi
et al. (13) provided evidence of just such a
response in Goldblatt hypertensive dogs. Re-
ductions in GFR have previously been dem-
onstrated in the spontaneously hypertensive
rat (SHR) (14).

While one would expect such a response
to be compensated for by glomerulotubular
balance (15), it has been shown that this
process is deficiently maladaptive by values
of from 7 to 15% (16, 17). Guyton has shown
that an increase in ECFV of only 2% would
be sufficient to elevate blood pressure levels
by values of from 35 to 65 mm Hg (18).

As determined by whole-body desiccation
(Fig. 2a) it is apparent that there is an
enhanced fluid retention in the hypertensive
animals which develops early in life and
which results in an increased extracellular
fluid volume, evident by 28 days of age (Fig.
2b). As predicted by computer analysis (19)
and demonstrated in experimental Goldblatt
hypertension in dogs (20), the enhanced fluid
retention in hypertension exists only during
the initial rise of blood pressure, the volumes
dropping later in the course of the disease
(Figs. 2a, b). It is not uncommon for the
ECFV to continue dropping with age so that

GLOMERULAR FUNCTION IN HYPERTENSIVE MICE

in mature hypertensive individuals the fluid
volume is often lower than that for age-
matched normotensive individuals. The re-
sults of the present study confirm the exis-
tence of this phenomenon in the Schlager
hypertensive mouse (Figs. 2a, b). This is not
at all an unexpected finding and has been
previously documented as occurring in hu-
man essential hypertensives (21-23). It is
believed that the mechanism which initiates
the rise in arterial blood pressure is not the
same mechanism for maintaining the hyper-
tension as the disease progresses. Recent ev-
idence suggests that the maintenance of hy-
pertension may be due in large part to the
presence of a circulating sodium transport
inhibitor released under the influence of the
expanded ECFV (24, 25). The function of
this sodium transport inhibitor would be to
reduce tubular sodium reabsorption in the
nephron preventing a further rise in sodium
retention and fluid volume. However, at the
same time this substance would inhibit so-
dium transport (extrusion) in the cells of all
tissues, and would, in the arteries, lead to
vasoconstriction and the maintenance of hy-
pertension (26).

Clearance measurements with *!Cr-EDTA
indicate that the hypertensive mice have a
significantly reduced GFR during the time
of initial volume expansion with no signifi-
cance apparent in the difference noted be-
tween the adults (Fig. 1). This reduced GFR
and concomitant fluid retention in the juve-
nile animals might be the initiating factor in
the onset of the hypertension. The absence
of an expanded ECFV in the mature hyper-
tensive animals in light of a somewhat lower
but not significantly reduced GFR may be
the result of the action of the postulated
sodium transport inhibitor or of some other
mechanism thought to maintain the chronic
stage of hypertension.

Previous work in this laboratory has shown
the presence of factors which may account
for the reduction in GFR, namely a compres-
sion of the glomerular basement membrane
(1) and a reduction in the available surface
area for glomerular ultrafiltration (2). In the
present study it also appears that the glomer-
ular filter of the hypertensive animals is
slightly less permeable than those of the
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normotensive controls although only for the
superficial cortical glomeruli (Fig. 3). The
reduction in glomerular permeability as as-
sessed with ferritin may be a contributing
factor to the lower GFR and subsequent
hypertension in these animals. Previous stud-
ies have shown the correlation between sys-
temic hypertension and reduced glomerular
permeability in pathologic and experimentally
induced states (27-32).

As a result of the above findings, and in
accordance with the cascade hypothesis, it
seems likely that the hypertension as it exists
in the Schlager mouse, is due to a structural
or compositional change in the glomerular
filter. These changes which develop early in
life and subsequently diminish GFR appar-
ently lead to an expansion of the ECFV
ultimately resulting in chronic hypertension.
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