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Abstract

Microalbuminuria (26-250 mg/d) is considered to be an indi-
cator of incipient diabetic nephropathy in humans in insulin-de-
pendent diabetes (IDD). However, before microalbuminuria is
observed, glomerular alterations, such as glycosylation of the
glomerular basement membrane and glomerular hyperfiltra-
tion, in IDD may result in increased filtration of albumin before
any observed increase in albumin excretion. Glomerular and
tubular albumin kinetics were examined in streptozotocin (65
mg/kg body wt, i.v.) diabetic, Munich-Wistar rats at 7-10 (un-
treated) and 50-70 d (poorly controlled with small doses of
insulin) after the onset of diabetes and compared with nondia-
betic controls. Additional rats in each condition received acute
lysine treatment to prevent tubular protein reabsorption. Uri-
nary albumin excretion and nonvascular albumin distribution
volumes were measured in the renal cortex and compared with
morphometric measurements of interstitial space and the prox-
imal tubule to assess intracellular uptake of albumin in the
proximal tubule. Urinary albumin excretion under anesthesia
was not different in 7-10-d IDD versus controls (19±3 vs.
20±3 gg/min) but increased in the 50-70-d IDD (118±13 fig/
min, P< 0.05). Lysine treatment resulted in increased albumin
excretion compared with respective nontreatment in 7-10-d
IDD (67±10 ,ug/min, P < 0.05) but not in controls (30±6
,gg/min) or in 50-70-d IDD (126±11 tg/min). Glomerular
filtration rate was increased both in 7-10-d IDD (2.7±0.1 ml/
min, P < 0.05) and in 50-70-d IDD (2.6±0.1 ml/min, P
< 0.05) compared with control (2.2±0.1 ml/min). Calculated
urinary space albumin concentrations increased early in IDD
with 2.5±0.4 mg%in 7-10-d IDD and 4.9±0.6 mg%in 50-70-d
IDD compared with control (1.4±0.3 mg%). The increase in
filtration of albumin is in excess of that attributable to hyperfil-
tration before increased albumin excretion early in diabetes. In
50-70-d IDD, absolute tubular reabsorption of albumin is de-
creased, correlating to the decrease in brush border height of
the proximal tubule. (J. Clin. Invest. 1993. 92:686-694.) Key
words: transcapillary albumin escape rate * urinary albumin
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Introduction

The early phases of insulin-dependent diabetes (IDD)' are not
associated with significant increased urinary albumin excre-
tion. Before the onset of microalbuminuria there is a time pe-
riod, which may persist for years, in the course of IDD in hu-
mans in which renal hypertrophy and glomerular hyperfiltra-
tion are observed with no other indicators of glomerular
pathology. However, several studies have demonstrated in-
creased systemic transcapillary albumin escape, both in hu-
mans early in IDD (1) and in rats shortly after the onset of
experimental diabetes (2). Although the glomerular capillary
bed differs from capillaries in skeletal muscle and other vascu-
lar beds, it is possible that similar alterations in the glomerular
basement membrane or the protein filtration barrier have oc-
curred but are masked by the inherent protein reabsorptive
capacity of the proximal tubule. In addition, studies by Vit-
tinghus and Mogensen (3) demonstrated that protein excre-
tion during exercise is significantly increased in early nonpro-
teinuric diabetics compared with normal healthy nondiabetics,
when stressed by the same exercise protocol. These studies
would suggest that early alterations in the glomerulus produce
increased filtration of macromolecules. This also implies early
reversibility of this process. Whether this potential alteration in
early glomerular macromolecular filtration is present in un-
stressed conditions is unknown.

The importance of this issue is that a number of alterations
occur early in the kidney after onset of diabetes and well before
the observance of microalbuminuria. These early alterations
include glomerular hyperfiltration (4), hypertrophy and hy-
perplasia (5), glycosylation of membrane proteins (6, 7) and
circulating albumin (8), and changes in the composition of the
glomerular extracellular matrix material (9). All these alter-
ations have been purported to increase glomerular filtration of
albumin. However, the observation of increased protein excre-
tion may occur at some period significantly after pathological
alterations in the glomerulus. It is possible that changes in the
glomerulus and specifically the filtration barrier for macromol-
ecules permit albumin filtration to increase early in the course

of IDD but the magnitude of this increase has not been de-
tected because of the inherent capacity of the proximal tubule
to reabsorb protein. This time line dissociation between patho-

1. Abbreviations used in this paper: A/G, albumin/globulin ratio;
B/G, blood glucose concentrations; BV, blood volume; CA, systemic
protein concentration; Hct, hematocrit; IDD, insulin-dependent dia-
betes; KW, kidney weight; TERwb, systemic transcapillary albumin
escape rate; Vdalb, nonvascular albumin distribution.
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physiological alterations in the kidney and the increase in uri-
nary protein excretion increases the difficulty in the specific
determination of the mechanism or mechanisms responsible
for increased albumin excretion.

The present study was designed to examine the alterations
in glomerular albumin filtration and tubular reabsorption of
albumin at two time points in diabetes: (a) early after the onset
of diabetes when renal morphological alterations have not been
established and (b) in established moderately hyperglycemic
experimental diabetes. Streptozotocin was administered to in-
duce experimental diabetes in Munich-Wistar rats and glomer-
ular filtration and tubular reabsorption of albumin was exam-
ined at 7-10 and 50-70 d after the onset of diabetes. Lysine was
infused to prevent tubular reabsorption of protein in separate
groups of rats (nondiabetic, 7-10-, and 50-70-d diabetics) to
determine glomerular filtration of albumin and net albumin
excretion. In addition, systemic transcapillary albumin escape
rates and renal cortical distribution volumes of albumin were
also obtained.

Methods

All experiments were performed on male Munich-Wistar rats. The rats
(Simonsen Laboratories, Gilroy, CA) were housed at the Veterans Af-
fairs Medical, Veterinary Medical Unit. All rats were allowed access to
food and water ad lib until the time of the radioisotopic or morphologi-
cal studies.

Albumin filtration and reabsorption studies
Onthe morning of the study, the rats were anesthetized with a long-act-
ing thiobarbituate, Inactin (100 mg/kg body wt, i.p.; Andrew Lock-
wood Associates, Ann Arbor, MI). A tracheostomy was performed
(PE-240), and PE-50 catheters were placed in the left jugular vein, left
femoral artery, and bladder. Care was taken to ensure closure of all
surgical access points and, after placement of the bladder catheter, the
peritoneal opening was sutured closed (4-0 Dexon; Burlingame Surgi-
cal, San Diego, CA) to prevent fluid and protein losses from this access.
Body temperature was regulated on a heated table with a servo-con-
trolled heating unit. After completion of the placement of the catheters,
blood (< 100 /ll) was drawn for measurement of initial hematocrit,
plasma protein concentration using the method of Lowry et al. (10),
and blood glucose concentration (Ames Glucometer; Miles Laborato-
ries Inc., Elkhart, IN). Once the initial blood withdrawal was com-
pleted, 1 ml of blood was removed and centrifuged. Whenthe centrifu-
gation was completed, the plasma was reinfused into the animal and
the remaining erythrocytes were labeled with 5"Cr ( 15 1sCi per rat) as
described by Sterling ( 11 ) and Sterling and Gray ( 12) for measurement
of blood volumes (both systemic and kidney cortical tissue) as previ-
ously performed in this laboratory (2, 13). '251-labeled bovine serum
albumin (5-7 uCi; ICN Biomedicals, Inc., Irvine, CA) in isotonic sa-
line in an equal volume to the labeled erythrocytes was added as a
marker of renal albumin kinetics, plasma volume, and systemic trans-
capillary albumin escape rate (TER-ab). Aliquots of this mixture were
obtained to determine total radioactivity and the remaining volume
was measured and infused into the rat. After 5 min of the infusion, a
100-200-,d sample of whole blood was removed and placed in a pre-
weighed tube for weight determination of the volume and counting on
a gammacounter. Blood was also withdrawn at 15, 30, and 60 min
after the infusion of the radiolabel. Urine was collected in two 30-min
periods to determine urinary albumin excretion rates. At the end of the
60-min sampling period, a flank incision was quickly performed, ex-
posing the left kidney. The perirenal tissue was separated from the
kidney, the renal vasculature was double clamped, and the kidney was
excised and immediately immersed in liquid nitrogen to snap-freeze
the tissue while the vasculature to the kidney remained clamped. After
the kidney was frozen, three sections of renal cortical tissue were ob-

tained, weighed, and placed in separate counting vials, as was the rem-
nant kidney, and counted on a gammacounter and compared with
whole blood counts obtained at the 60-min collection time. This proce-
dure was performed in the following groups.

Nondiabetic controls (control, groups la and lb).
Group la (untreated). Nondiabetic rats (n = 9, body wt = 283±16

g) were anesthetized and prepared for radiolabeled isotopes infusion as
described above. All above listed parameters were measured, the kid-
ney was excised at the end of the 1-h measurement period, and the
animals were euthanized.

Group lb (lysine treated). Nondiabetic rats (n = 4, body wt
= 230±1 g) were used in this group. 30 min before the infusion of the
radiolabeled isotopes, an infusion of lysine (10% solution in isotonic
saline, L-2,6-diaminohexanoic acid; Sigma Chemical Co., St. Louis,
MO) at a rate of 200 mg/kg body wt * h was initiated and continued
throughout the remainder of the study. Lysine administration in this
concentration has been shown to prevent or nearly inhibit all tubular
protein reabsorption (14). All above listed parameters were measured,
the kidney was excised at the end of the 1-h measurement period, and
the animals were euthanized.

7-10-d experimental diabetes (IDD 7-10 d, groups 2a, 2b, and 2c).
Group 2a (untreated). The rats (n = 9, body wt = 268±19 g) were

anesthetized with a short-acting anesthetic (65 mg/kg body wt metho-
hexital sodium, Brevital; Eli Lilly and Company, Indianapolis, IN) and
injected via the tail vein with streptozotocin (65 mg/kg body wt; Sigma
Chemical Co.) to induce experimental IDD (2, 4) 7-10 d before the
study. No insulin treatment was administered to these animals. On the
day of the study, the rats were anesthetized and prepared for the study
as described above. All above listed parameters were measured, the
kidney was excised at the end of the 1-h measurement period, and the
animals were euthanized.

Group 2b (lysine treated). Streptozotocin diabetes was induced in
rats (n = 9, body wt = 244±6 g) in the same fashion as group 2a and
prepared for the study as described above. However, 30 min before the
infusion of the radioisotopes, an infusion of lysine (10% solution in
isotonic saline) was initiated at a rate of 200 mg/kg body wt h and
continued throughout the remainder of the study. All above listed pa-
rameters were measured, the kidney was excised at the end of the 1-h
measurement period, and the animals were killed.

Group 2c (insulin treated). Streptozotocin diabetes was induced in
rats (n = 5, body wt = 248±19 g) as described above. For the first 24 h,
the rats were untreated followed by daily treatment with 2-8 U of
heat-treated Ultralente insulin (Novo Nordisk Biolabs, Danbury, CT)
to maintain blood glucose concentrations at euglycemic levels. Blood
glucose concentrations were monitored daily (between 2 and 4 p.m.)
and the rats were injected subcutaneously with insulin accordingly for
7-10 d. At the end of the treatment period, the rats were anesthetized
and prepared for the measurement period as described above. All
above listed parameters were measured, the kidney was excised at the
end of the 1-h measurement period, and the animals were euthanized.
This group was used to determine if there was any potential streptozo-
tocin toxicity effects on the factors measured in the 7-10-d IDD rats.

50-70-d moderately controlled, experimental diabetes (IDD 50-70
d, groups 3a and 3b).

Group 3a (moderately controlled hyperglycemia). Streptozotocin
diabetes was induced in rats (n = 5, body wt = 272±8 g) as described
for group 2a. On the second day after streptozotocin administration,
the rats were injected subcutaneously with heat-treated ultralente insu-
lin (0.4-1.0 U/d) daily to maintain blood glucose concentrations at
275-325 mg/dl for 50-70 d. Blood glucose concentrations and body
weight were monitored weekly until the time of the study. On the day of
the study, the rats were anesthetized and prepared as described above.
All above listed parameters were measured, the kidney was excised at
the end of the 1-h measurement period, and the animals were eutha-
nized.

Group 3b (lysine-treated moderately controlled hyperglycemia).
Streptozotocin diabetes was induced in rats (n = 5, body wt = 277±7 g)
as described for group 2a and treated with insulin as in group 3a for
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50-70 d. On the day of the study, the rats were anesthetized and pre-
pared as described above. 30 min before the infusion of radioisotopes,
lysine ( 10%solution in isotonic saline) was administered intravenously
at a rate of 200 mg/kg body wt- h and continued throughout the re-
mainder of the study. All above listed parameters were measured, the
kidney was excised at the end of the 1-h measurement period, and the
animals were euthanized.

Measurement of GFR
Due to the high crossover of 125I and 3H counts in a scintillation
counter, [3 H]inulin clearances were performed in separate groups of
rats to measure GFR. On the morning of the study, the rats were anes-
thetized with Inactin administered intraperitoneally. Catheters were
emplaced in the rats as described in the previously protocol. An infu-
sion of [3H]inulin in saline ( 1.5 ml/h) was initiated 60 min before the
measurement period and continued throughout the remainder of the
study. Two kidney GFRwas measured in four groups of rats to ascer-
tain the relationship of albumin filtration to GFR. The four groups
were: (a) nondiabetic controls as described in group la (n = 6), (b)
7-10-d untreated streptozotocin diabetics as described in group 2a (n
= 6), (c) 7-10-d insulin-treated streptozotocin diabetics as described
in group 2c (n = 5), and (d) 50-70-d moderately controlled streptozo-
tocin diabetic rats as described in group 3a (n = 8). At least two mea-
surements of GFRwere obtained in each rat. At the end ofthe measure-
ment period, the rats were euthanized and the kidneys were weighed.

Determination of interstitial protein concentration
Two groups of rats were used in determining the systemic plasma/
renal interstitium albumin ratio. The two groups were nondiabetic
controls as in group I a (n = 5 ) and 50-70-d streptozotocin diabetic rats
as in group 3a (n = 8). The rats were anesthetized with Inactin and
prepared for micropuncture as previously described ( 15 ). In brief, an
infusion of isotonic NaCI-NaHCO3 solution was maintained through-
out the surgical preparation and measurement period at a rate of 0.6%
body wt/h. The kidney was placed in a kidney cup, and the cup was
sealed with cotton and agar (15). Mineral oil was suffused over the
exposed surface of the kidney where the subcapsular fluid was to be
collected. An oil-filled glass pipette (6-9 ,um) was inserted immediately
beneath the kidney capsule at a shallow angle usually adjacent to a
peritubular capillary. With any evidence of bleeding or puncturing a
tubule, a new collection site was located. Usually, three individual col-
lections were performed with a collection time of 20-40 min each.
Gentle aspiration was used sufficient to obtain 60-80 nl of subcapsular
fluid as previously performed in our laboratory (16). Total protein
measurements of these samples were analyzed individually as previ-
ously performed ( 16).

Morphometric determination of renal cortical interstitial
volume and proximal tubule dimensions
Morphometric measurements of renal cortical interstitial volume and
proximal tubule dimensions were obtained in three groups of rats simi-
lar treatment protocols as group la (nondiabetic controls, n = 5),
group 2a (7-10-d IDD, n = 4), and Group 3a (50-704 IDD, n = 9).

Tissue preparation. The kidneys were fixed by a retrograde perfu-
sion performed through the aorta with 1%glutaraldehyde in a modified
Tyrode buffer for 4 min at a pressure of 140 mmHg( 17, 18). Only the
kidneys that blanched immediately and homogeneously, indicating op-
timal perfusion, were selected. After fixation of the tissue, the left kid-
ney was removed and weighed, and then stored in the same solution.
Randomized (2 x 2 mm)blocks of tissue from the midcortex and from
the outer stripe of the outer medulla (OSOM) were randomly selected
and stained with osmium and embedded in Epon ( 17, 18). Only the
cortex and the OSOMcomprising 80% of the kidney was used for the
study. This was because of the fact that perfusion fixation of all kidney
zones is not possible with the same fixative since the medulla has to be
fixed with a solution of higher osmolarity ( 19).2-Im-thick sections
were cut from five blocks in each animal on an Ultratome III (LKB,
Stockholm, Sweden) and stained with tuludin blue and PSA.

Light microscopy and quantification. The stained sections were ex-
amined with an BII-2 microscope (model BII-2; Olympus Corp., Lake
Success, NY) provided with a mirror which projects the sections onto a
screen. The screen had a rectangular grid in which the number of tubu-
lar profiles within the frame was counted, using the unbiased counting
role ( 18). By application of a point count technique ( 18), the volume
fraction of lumen, brush border, and tubular tissue, normal and glyco-
gen containing, was measured. In the counting procedure, differentia-
tion between proximal tubules and distal tubules were made. The distal
tubule included the distal straight tubule, the distal convoluted tubule,
and the connecting tubule, but not the cortical collecting duct. PAS-
positive material (glycogen) in the thick ascending limb was counted.
The interstitium was quantified without any subdivision by locale or
content of this region.

The total tubular volume was estimated by V, (tubules/cortex)
X V, (cortex/kidney) X kidney weight (KW) and the total brush
border and tubular lumen were calculated in the same fashion. The
total tubular length per unit volume, L4, is estimated by 2 X Na, where
N. is the number of tubular profiles per unit cortical area on the thin
plastic sections. The total length of the tubules is 2 X Na (tubules/cor-
tex) X V, (cortex/kidney) X KW. The average cross-sectional area
perpendicular to the longitudinal direction of the tubular structure isA
= V/L, which is estimated by VV/Lv. Assuming a circular cross sec-
tion, the average diameter of the tubules can be calculated as d = 2
X (A/7r)'/2 and the average height, h, of the tubular cells in then calcu-
lated as 1/2 X (de - di), e and 1 indicating the external and the luminal
diameter, respectively. The interstitial volume, Vi, was calculated as Vv
(interstitium/total interstitium) X (cortex/kidney) X KW. These cal-
culations are used as previously published (20).

Analytical methods
Measurement of renal cortical nonvascular albumin distribution vol-
ume. Calculations for extravascular albumin distribution volumes in
the renal cortex are based upon the escape or transport of [125I]_
albumin into the tubule and interstitium over 60 min and the concen-
tration of albumin in the interstitium as previously published ( 16).

Blood volume (BV) in each renal cortical tissue sample was deter-
mined by the following equation:

BV/tissue sample

= 5"Cr cpm in tissue/51Cr cpm/til of systemic blood,

where the hematocrit used for a microliter of systemic blood is the
uncorrected measured systemic hematocrit. This hematocrit value is
an overestimate of systemic hematocrit; true systemic hematocrit was
determined to be 96% of the uncorrected hematocrit. [1251]albumin
counts in extravascular space (ES) were determined by the following
equation:

ES 1251 cpm = total tissue 1251I cpm
- (tissue BV x 1251 cpm/.ul of blood)

Because ['251]albumin should distribute in plasma and renal intersti-
tium in the same ratio as does endogenous albumin, we determine the
nonvascular albumin distribution volume (Vdab/) in the following
manner:

Vdalb/ = (ES 1251I cpm/'251 cpm/tIl of plasma)
X (plasma albumin concentration/interstitial albumin concentration)
Interstitial albumin concentration was determined from the subcapsu-
lar protein concentrations, measured by a microadaption (21 ) of the
method of Lowry et al. (10) as previously described by this laboratory
( 15 ), in rats used in the interstitial protein concentration protocol and
the previously determined renal interstitial albumin/(A/G) ratio
(22). Plasma albumin concentration was previously determined to be
-50% of systemic protein concentration (22). To determine a per-

centage value of renal cortical nonvascular albumin distribution
(Vddb), we used the following relationship: VD,,b = (Vdalb/ snap-fro-
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zen tissue wt) X 100. Calculations similar to these to determine intersti-
tial volume have been performed previously by our laboratory ( 14).

Measurement of systemic TERdlb. The systemic TER1b was mea-
sured as previously described (2) and as described by Parving and Gyn-
telberg (23) and Feld-Rasmussen (24) with minor modifications. To-
tal area under the albumin disappearance curve in the first 60 min was
used to measure TER,1b. Because there is a high TERItb in rats com-
pared with humans, equilibration of label into extracellular fluid space
occurs at a rapid pace, resulting in a return of the ['25I]albumin to
vascular space from the lymphatics and, therefore, the measured
TER,.b could be an underestimate of true values.

5"Cr-labeled erythrocytes and [12511 ] albumin were also used to deter-
mine blood volumes.

Measurement of urinary albumin excretion. Urinary albumin ex-
cretion (U,,b) rates were determined by the following equation:

U.b = [ ( i25I ] albumin /hul urine) X urine flow ]/
[('251]albumin cpm/,l plasma)/(plasma albumin/Al)]
This technique was used because [1251]albumin was infused into the
rats for other measurements, eliminating the need for chemical meth-
ods of determining urinary albumin excretion.

Determination of urinary space albumin concentration. The con-
centration of albumin in urinary space can only be estimated because
of the circumstances that the data are derived from different groups of
animals and an assumption must be made that lysine treatment as used
in the present study does not alter glomerular filtration rate. Urinary
space albumin concentration (US, b) is derived from the GFRmeasure-
ment from the rats used in the GFRprotocol and the lysine-treated rats
in groups lb, 2b, and 3b in the following equation:

US.1b = U.Jb/GFR.
Determination of confidence interval (SE) for US.1b was determined by
the variance in specific Ugb and GFR for each treatment group and
applied to the above formula (25).

Statistical analysis. Statistical significance between groups of ani-
mals was evaluated by analysis of variance or Tukey's analysis. Two-
way analysis of variance was used to determine significant differences
in TER.Ib between groups with correction for unpaired grouping (25).
All data are given as means±SE.

Results

Effects of 7-10- and 50-70-d diabetes on systemic parameters.
Blood glucose concentration (BG), systemic protein concen-
tration (CA), hematocrit (HT), and BV for the various condi-
tions and subgroups are depicted in Table I. Lysine treatment
did not affect any of the systemic parameters assessed in the
three conditions. Insulin treatment sufficient to restore BGto
euglycemic values during the 7-10-day treatment period did
not affect Hct, CA, or BV. TERJb for the various conditions
and groups within each condition are depicted in Fig. 1. TERkb
was significantly increased in both 7-10- and 50-70-d IDD
from 17±2 in controls to 36±6 and 44±5% albumin/h, respec-
tively (Fig. 1). Lysine treatment did not significantly affect
TERkIb within the three groups ( 17±2 vs. 21±2% albumin/h in
untreated vs. lysine-treated controls, 36±6 vs. 29±2% albu-
min/h in 7-10-d IDD, and 44±5 vs. 40±2% albumin/h in
50-70-d IDD, Fig. 1). Insulin treatment in 7-10-d IDD rats
(group 2c) resulted in a value for TERIb (15±2% albumin/h)
that was not different from control values (Fig. 1 ). These data
indicate that systemic transcapillary escape of albumin is in-
creased in diabetes both in early phases of the disease as previ-
ously demonstrated (2) and in chronic conditions.

Effects of 7-10- and 50-70-d diabetes on GFR. GFR in
control, 7-l0-d IDD (both untreated and insulin treated), and

Table I. Effect of 7-10- and 50-70-d Experimental Diabetes
on Blood Glucose Concentration, Hematocrit, Blood Volume,
and Systemic Protein Concentration

BG Hct BV CA

mg/dl % %body wt gidl

Control (la) 129±5 45±1 5.9±0.1 4.7±0.1
Control

+ lysine (Ib) 113±8 47±1 5.6±0.2 4.4±0.2
7-10-d IDD (2a) 354±18* 47±1 5.8±0.3 5.1±0.3
7-10-d IDD

+ lysine (2b) 333±12* 46±1 5.7±0.2 4.3±0.2k
7-10-d IDD

+ insulin (2c) 94±22r 42±2 5.5±0.2 4.5±0.1
50-70-d IDD (3a) 272±8* 47±1 5.9±0.1 4.5±0.1
50-70-d IDD

+ lysine (3b) 277±7* 47±1 5.6±0.2 4.4±0.2

* P < 0.05 compared with control values.
respective untreated group.

* P< 0.05 compared with

50-70-d IDD rats are depicted in Fig. 2. GFRin both 7-10-
and 50-70-d IDD was significantly increased compared with
control values (2.7±0.1 ml/min in 7-10-d IDD and 2.6±0.1
ml/min in 50-70-d IDD compared with 2.2±0.1 ml/min in
control, Fig. 2). GFR between control and insulin-treated
7-10-d IDD was not different (2.2±0.1 vs. 2.1±0.1 ml/min,
respectively, Fig. 2). Increased GFRwas observed at both the
7-10- and 50-70-d time points in experimental diabetes in the
present study. If GFR is normalized to snap-frozen kidney
weight (KW) (assuming both left and right kidneys are equiva-
lent in weight, Table II) in each of the three treatment proto-
cols, then GFR/gm KWwould result in values of 0.77±0.06
ml/min . gm KWin control, 0.74±0.03 ml/min . gm KWin
7-10-d IDD, and 0.62±0.06 ml/min.gm KWin 50-70-d
IDD. These values for GFRare not significantly different from
one another.

50

* I**
40

30

~~~~~20~~~~~~~~~+

10

0
Control IDD 7-1 Od IDD 50-70d

Figure 1. Effect of 7-10- and 50-70-d diabetes on TERPb. TER.db in-
creased significantly in both 7-10- and 50-70-d diabetic rats (solid
bars, groups 2a and 3a vs. 1 a). Lysine treatment had no effect on
TER.~b among the three groups (hatched bars, groups lb, 2b, 3b).
Insulin treatment in 7-10-d IDD, sufficient to restore blood glucose
concentrations to euglycemic values, also prevented the increase in
TER.wb (crosshatched bar, group 2c). *P < 0.05 compared with con-
trol.
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Figure 2. Effect of 7-10- and 50-70-d diabetes on GFR. GFRin-
creased in both 7-10-d and 50-70-d IDD compared with control, in-
dicating hyperfiltration in both preproteinuric and proteinuric phases
of experimental diabetes (solid bars). Insulin treatment prevented the
increase in GFRin 7-10-d IDD (crosshatched bar). *P < 0.05 com-
pared with control.

Systemic/interstitial albumin concentration ratios. In the
separate group of nondiabetic, control rats, systemic protein
concentration was 5.2±0.3 and 1.4±0.3 g/dl in subcapsular
space. Given an AGratio of 1: 1 in the systemic plasma and an
AGratio of 2:1 in the interstitium (20), the ratio of systemic to
interstitial albumin is 2.6:1 in these control rats. This systemic
to interstitial albumin ratio is not different from a previously
determined value of 2.5:1 in control rats (16). In the 50-70-d
IDD rats, systemic protein concentration was 4.7±0.2 g/dl and
subcapsular protein concentration was 1.1±0.2 g/dl, resulting
in systemic/interstitial albumin ratio of 2.8: 1, a value not dif-
ferent from control rats. Therefore, these values were averaged
(2.7) and the mean systemic/interstitial albumin ratio was
used to determine Vdmb for all three conditions. Errors in as-
sessment of interstitial albumin would affect absolute values of

Table II. Effect of 7-10-d and 50-70-d Experimental Diabetes on
Proximal Tubule Lengths, Diameters, and Brush-Border Heights

VdBb but not alter the difference in renal cortex albumin accu-
mulation between lysine-treated and nonlysine-treated rats. If
significant errors occurred in these measurements, then Vdalb
in lysine-treated rats would be markedly different from mor-
phometric assessment of interstitial space.

Effect of 7-10- and S0-70-d diabetes on Vd,,b volume in the
renal cortex and comparison to interstitial space. VdWband mor-
phometric determination of interstitial space are depicted in
the renal cortex for control, 7-104, and 50-70-d IDD condi-
tions (Fig. 3). Any significant increase in Vdkb compared with
morphological measurements of interstitial space is indicative
of intracellular accumulation of albumin in the tubule. Vdalb in
control rats (group la) was 23±1% of renal cortical volume
(Fig. 3, first bar, Control) and acute lysine treatment (group
lb) did not alter this value (23±2%, NS, Fig. 3, second bar,
Control). Neither of these values were different from morpho-
metric determination of interstitial volume (21±2%, Fig. 3,
third bar, Control). In the 7-10-d IDD rats (group 2a), Vd.1b
(Fig. 3, first bar, IDD 7-JOd) was significantly increased com-
pared with control rats (group la) (37±4 vs. 23±1% in control,
P < 0.05). Lysine treatment, sufficient to block tubular reab-
sorption of albumin, in 7-lOd IDD (group 2b, Fig. 3, second
bar, IDD 7-JOd) resulted in a value for Vdkb of 20±1% that
was considerably less than that of the nonlysine-treated rats in
this group (group 2a, 37±4%, Fig. 3), indicating significant
tubular reabsorption of protein in 7-10-d IDD rats that was
prevented by lysine. In addition, the value for Vdkb in the ly-
sine-treated 7-10-d IDD group (2b) was not different com-
pared with nondiabetic control values (group 2b vs. lb, Fig. 3).
In insulin-treated, euglycemic 7-10-d IDD rats (group 2c)
Vdkb was 25±2%, a value not different compared with nondia-
betic values (Fig. 3, third bar, IDD, 7-lOd) indicating that the
increase in Vdllb observed in untreated 7- 10-d IDD is not the
result of streptozotocin toxicity. Morphometric assessment of
renal cortical interstitial space was 19± 1 % (Fig. 3, fourth bar,
IDD 7-10-d) in 7- 10-d IDD rats, a value significantly less than
the untreated 7-10-d IDD value of Vdkb (group 2a) but not

Body Weights, Snap Frozen Kidney Weights,

Proximal tubule Proximal tubule Proximal tubule Proximal tubule
Body wt Kidney wt KW/BW diameter length area brush-border height

g Am m cm'2M

Control (la) 283±16 1.42±0.12 0.0050±0.0003 28±1 246±14 216±10 5.0±0.3
Control

+ lysine (Ib) 230±1 1.32±0.18 0.0057±0.0004 - -
7-10-d IDD

(2a) 268±19 1.83±0.05* 0.0068±0.0005* 30±2 322±12* 304±10* 4.9±0.2
7-10-d IDD

+ lysine (2b) 244±6 1.86±0.05* 0.0076±0.0004*
7-10-d IDD

+ insulin (2c) 248±19 1.24±0.08t 0.0049±0.0005O
50-70-d IDD

(3a) 272±8 2.11±0.12* 0.0078±0.0006* 38±2* 290±15* 346±15* 3.8±0.2*
50-70-d IDD

+ lysine (3b) 277±7 2.25±0.10* 0.0081±0.0006*

* P < 0.05 compared with control. $ P < 0.05 compared with respective untreated IDD group. Proximal tubule dimensions were obtained in
separate groups of rats as described in Methods.
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Figure 3. Effect of 7-10- and 50-70-d diabetes on Vd.b in the renal
cortex with comparisons to morphometric assessment of interstitial
space. Vdwb increased in both 7-10- and 50-70-d IDD compared with
control (solid bars, groups 2a and 3a vs. la). Increases in Vdb
> interstitial space indicate intracellular accumulation of albumin in
the tubules. Lysine treatment, to prevent tubular albumin reabsorp-
tion, had no effect on Vddb in control but significantly decreased Vd,4b
in both 7-10- and 50-70-d IDD to values not different from control
(hatched bars, groups 2b and 3b vs. lb). Vdcb in insulin treated
7-10-d IDD rats was not different from control (crosshatched bar,
group 2c). The morphometric measurements of interstitial space are
depicted by the fine-hatched bars and the values for control and ly-
sine-treated rats are not different from these measurements. *P < 0.05
compared with interstitial space, tP < 0.05 compared with lysine-
treated rats.

different compared with the lysine-treated 7-10-d IDD rats
(group 2b, 20±1%, Fig. 3, second bar, IDD 7-JOd). In the
50-70-d IDD rats (group 3a), Vd,,b was 28±1% (Fig. 3, first
bar, IDD 50-70d), which was significantly greater than control
(group la, 23± 1%, Fig. 3, first bar, Control). Lysine treatment
decreased Vdwb in 50-70-d IDD to 21 ±1% (group 3b, Fig. 3,
second bar, IDD 50-70d) to a value not different from morpho-
metric measurements of interstitial space (20±2%, Fig. 3, third
bar, IDD 50-70d). In addition, Vd.1b in 50-70-d IDD was sig-
nificantly less than Vd,,b in 7-10-d IDD (28±1 vs. 37+4%,
groups 2a vs. 3a, respectively, P < 0.05, Fig. 3), indicating that
tubular reabsorption of protein was less in 50-70-d IDD than
in 7-10-d rats.

Lysine treatment in all three groups returned Vdlb to val-
ues not different than morphometric measurements of intersti-
tial space, indicating that in both 7-10- and 50-70-d IDD,
there is significant accumulation of albumin in spaces other
than the vasculature or interstitium in the renal cortex. It is
most likely that, because lysine treatment has been previously
demonstrated to block tubular reabsorption of albumin, this
additional renal cortical accumulation of albumin was within
the tubular cells.

Effect of 7-10- and SO- 70-d diabetes on Ualb. Uab in nondia-
betic controls, 7-10, and 50-70-d IDD in both nonlysine and
lysine-treated rats are depicted in Fig. 4. U.1b was 20± 3,ug/min
in untreated control (group la) and 30±6 ,ug/min in lysine-
treated control (group lb, NS; Fig. 4, first vs. second bar, Con-
trol). In nonlysine-treated 7-l0-d IDD (group 2a), U,,b was
19±3 ig/ min, a value not different compared with nondiabetic
control (group la, Fig. 4). Lysine treatment significantly in-
creased Uab in 7- lO-d IDD compared with non-lysine treated
7-10-d IDD (67± 10 vs. 19±3 ,g/min, group 2b vs. 2a, respec-
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Figure 4. Effect of 7-10- and 50-70-d diabetes on U1b. There was no
change in Uab in 7-10-d IDD compared with control (groups I a vs.
2a, solid bars). However, U,,b increased in 50-704 IDD (group 3a,
solid bar). In lysine-treated rats, to prevent tubular reabsorption of
albumin, U,,b was significantly increased in both 7-10- and 50-704
IDD (hatched bars, groups 2b and 3b), indicating increased glomer-
ular filtration of albumin in both preproteinuric and proteinuric rats.
*P < 0.05 compared with respective control; tp < 0.05 compared
with nonlysine-treated rats.

tively, P< 0.05, Fig. 4), indicating that lysine treatment signifi-
cantly inhibited reabsorption of albumin. In addition, compar-
ing lysine-treated controls to lysine-treated 7-10-d IDD re-
vealed a significant increase in U.1b in 7-10-d IDD (30±6 vs.
67±10± Ag/min, groups lb vs. 2b respectively, P< 0.05, Fig. 4),
which is most likely the result of increased glomerular filtration
of albumin. In 50-70-d IDD, U. b was significantly increased
compared with control (118±13 vs. 20±3 ,g/min, groups 3a
vs. la, respectively, P < 0.05, Fig. 4), a value which would be
considered abnormal protein excretion. Lysine treatment did
not significantly alter U.b compared with the nonlysine-treated
rats in 50-70-d IDD (126±11 vs. 118±13 ,ug/min, groups 3b
vs. 3a, respectively, NS, Fig. 4), indicating a reduction in the
reabsorptive capacity of the renal tubules in relation to the
filtered load of albumin. In addition, in lysine-treated rats, the
U b in 50-70-d IDD was significantly greater than observed in
7-10-d IDD (126±11 vs. 67±10 ,ug/min, groups 3b vs. 2b,
respectively, P < 0.05, Fig. 4), suggesting a further increase in
albumin passage across the glomerulus. Both the differences in
U.b between lysine-treated and untreated rats in 7-10-d IDD
and the lack of such large difference in 50-70-d IDD confirm
the observation of reduction in Vd,1b in 50-70-d IDD com-
pared with 7-10-d IDD rats. These data suggest that tubular
albumin reabsorptive capacity is diminished in 50-70-d IDD.

Effect of 7-J O- and 50-70-d diabetes on urinary space albu-
min concentrations. An approximation of urinary space albu-
min concentration was obtained by using data from different
groups of rats (see Methods). These calculations yield values of
1.4±0.3 mg%in control, 2.5±0.4 mg%in 7-10-d IDD, and
4.9±0.6 mg%in 50-70-d IDD (Fig. 5). The control values for
urinary space albumin concentration are slightly low but
within the range that has been observed (1-3 mg%) (26-28).

Effect of 7-10- and 50-70-d diabetes on kidney size and
proximal tubule dimensions. Body weight, snap-frozen left
KW, and the KW/body weight (BW) ratio (KW/BW) are
depicted in Table II. Left KWswere obtained from the com-
bined weights of the sections of the snap-frozen kidneys and
therefore will be greater than wet tissue weights previously re-
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Figure Effect of 7-10- and 50-70-d diabetes on US.1b. There were

significant increases in USab at both 7-10- and 50-70-d IDD, indi-
cating that increases in GFRwere a secondary contributor to the in-
crease in glomerular filtration of albumin in early phases of IDD. *P
<0.05 compared with control.

ported from this laboratory (29, 30) because of the retention of
all fluids within the kidney. KWsand KW/BWvalues were

significantly increased in groups where the rats were hypergly-
cemic (groups 2a, 2b, 3a, 3b, Tables I andII), indicating renal
hypertrophy and/or hyperplasia.

Proximal tubule luminal diameter increased only in the
50-70-d IDD rats and not in7-110- IDD. In contrast, the
length of the proximal tubule increased in 7-10-d IDD rats

compared with control (TableII, P < 0.05) and this increase in
length was also observed in the 50-70-d IDD group (TableI)).
This resulted in a progressive increase in proximal tubule inter-
nal surface area with duration of diabetes (TableII). However,
proximal tubule brush-border height was unchanged in 7-1--d
IDD and decreased in the 50-70-d IDD group (TableII, P
<0.05). The decrease in brush-border height correlates with
the decrease in tubular reabsorptive capacity for albumin.

Discussion

The observation of increased quantities of albumin in the urine
that are not sufficient to be detected by standard protein dip-
stick methods (26-250 mg/24 h) has been designated microal-
buminuria and has been increasingly used as a diagnostic indi-
cator for the presence of incipient diabetic nephropathy in hu-
mans (31, 32). However, this study indicates that increased
glomerular filtration of albumin in rats may occur before the
detection of microalbuminuria. There are significant renal al-
terations that occur shortly after the onset of IDD such as renal
hypertrophy and glomerular hyperfiltration (33, 34) and, in
the experimental model, alterations in glomerular basement
membrane concentrations of collagen and fibronectin (35),
events observed before the onset of microalbuminuria. Pre-
vious studies have demonstrated alterations in peripheral vas-

cular macromolecular permeability very early after the onset of
IDD (1) and in the streptozotocin model of experimental IDD
(2) before any detection of increased protein excretion. It
seems quite reasonable to predict that increased glomerular
macromolecular permeability may also occur, despite the dif-
fering nature of the vascular beds' filtration barrier, before the
detection of proteinuria. This event is potentially masked by

the substantial protein reabsorptive capacity of the renal tu-
bules.

Impairment of the tubule to reabsorb albumin in early dia-
betic proteinuria has been previously postulated by Abrass (9),
but this defect has not been directly demonstrated. Examina-
tion of protein kinetics in the kidney has provided data that
demonstrate not only increased glomerular filtration of albu-
min before detection of changes in protein excretion but also
that the tubular capacity to reabsorb protein is decreased with
increasing duration of moderately hyperglycemic experimental
diabetes. This conclusion is made on the basis of examination
of both urinary albumin excretion with and without lysine
treatment and the accumulation of albumin in the renal cortex.
Morphological findings indicate that the decrease in tubular
reabsorptive capacity of albumin correlates best with the de-
crease in brush-border height and not with increases in luminal
surface area or length of the proximal tubule. Because albumin
is reabsorbed in the proximal tubule by endocytotic processes
that require availability of apical membrane to form lyso-
somes, the decrease in brush-border height may be indicative of
decreased endocytic capacity.

Increased TER,~b have been previously documented by our

laboratory at the onset of experimental diabetes (2) and in rats
with diabetes of 6-8 wk duration (36). However, this is the first
study in which TERIIb of the systemic vasculature has been
measured in the same animals as glomerular capillary filtration
of albumin. It is interesting to note that TERIb was not differ-
ent between 7-10- and 50-70-d diabetic rats, whereas the glo-
merular filtration of albumin (determined by the U.1b in the
lysine-treated rats) increased by approximately a factor of two
during the same time period. This would indicate that the
mechanisms that affect permeability to macromolecules do not
impact glomerular and peripheral capillaries at the same rate or

that differences in architecture in the two filtering beds result in
differing rates of progression of increased macromolecular per-

meability. However, it remains possible that true TER.Jb has

also doubled from 7-10- to 50-70-d from the onset of experi-
mental diabetes, but the 50-70-d value for TERJb was not accu-

rate because of recirculation of albumin through the lym-
phatics, underestimating the true TER.b.

In the present study the albumin excretion rates of the con-

trol and 7-10-d IDD rats without lysine treatment appear to be
high if extrapolated to 24-h excretion rates (28-29 mg/d). Sev-
eral factors could account for these high values. (a) Protein
excretion rates of rats under anesthesia appear to be much
greater than values derived from metabolic cage studies (un-
published observations). (b) Studies were performed in the
morning, which is after the rats' feeding period, which can also
increase albumin excretion rates (37); and (c) small amounts
of unlabeled 1251I could be excreted, either from infusion of
unlabeled 125I or hydrolysis of the albumin by the proximal
tubule and the fragment containing the radioisotope excreted,
resulting in lower measured fractional albumin reabsorption
rates. This latter possibility would impact the nonlysine-treated
rats and reduce the observed fraction of tubule albumin reab-
sorption but not effect the assessment of US,1b. However, the
accumulation of [125I]albumin within the renal tubular cells
confirms the evidence of the change in albumin excretion be-
tween lysine and nonlysine-treated rats. Therefore, there is the
potential that the albumin excretion rate is not comparable to
metabolic cage studies but remains a reasonable qualitative
assessment of protein kinetics in the kidney.
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On the basis of the data derived in the present study, an
approximation of urinary space albumin concentration (USalb)
is provided in Fig. 5. The control values for USalb are within the
range that has been previously measured ( 1-3 mg%)(26-28).
This value significantly increases by 7-10 d by - 80%after the
onset of diabetes but the actual albumin clearance doubles be-
cause of a 25% increase in GFR. However, there was no differ-
ence in the urinary albumin excretion rates between control
and 7- 10-d IDD as a result of the intrinsic tubular reabsorption
capacity. By 50-70-d IDD, urinary space albumin concentra-
tion was increased threefold and contributed to significant pro-
teinuria at this phase of experimental diabetes. The major con-
tributor to increased glomerular filtration of albumin is not
hyperfiltration but an increase in macromolecular permeabil-
ity at the glomerular filtration barrier.

Two separate methods, VdUb and untreated and lysine-
treated values for U b, were used to determine the alterations
in renal cortical albumin kinetics due to diabetes. Therefore
the data provided is at least consistent using both techniques.
The data from the present study is internally consistent and can
be cross-checked quantitatively in certain respects. In the 7-10-
d IDD group, there was a significant difference in Uab between
the untreated and the lysine-treated groups. This difference in
albumin excretion of 48 ,gg/min during a study that required
60 min results in a net difference in albumin excretion between
groups of - 3 mg. The difference in Vdalb between untreated
and lysine-treated 7-10-d IDD groups is significant and indi-
cates considerable nonvascular protein accumulation within
kidney exclusive of the interstitium. Calculations were then
performed to determine the mass of albumin that would have
accumulated within the kidney. This value represents an in-
crease of 3 mg of albumin retained in the untreated kidney,
which is consistent with the additional 3 mg of albumin ex-
creted in the lysine-treated rats. Given the assumptions inher-
ent to these calculations, the data indicate that the transit time
of albumin from brush-border to basolateral membrane is > 60
min. This value for albumin transit time within the tubular cell
is consistent with other studies published in the literature (38).

Early after the onset of untreated or poorly controlled strep-
tozotocin diabetes in the rat there is no evidence of increased
albumin excretion (39), which parallels the findings in IDD in
humans (5, 40). The present study also supports these observa-
tions, which demonstrate no increase in albumin excretion at
7- 10-d diabetes. However, within 7-10 d after onset of diabetes
in this study, there are both increased GFRand renal hyper-
trophy/hyperplasia. There is evidence that glycation of the glo-
merulus can occur quite rapidly after exposure to a hyperglyce-
mic environment (7) and can potentially alter the permeability
of the glomerular filtration barrier. In addition, there are indica-
tions of alterations in the composition of the glomerular base-
ment membrane and mesangial extracellular matrix early in
the evolution of diabetes (41 ). All of these changes could con-
tribute to the early increase in glomerular filtration of albumin.
A popular explanation for increased filtration of albumin in
diabetes is glomerular capillary hypertension (33, 34). How-
ever, in this model of streptozotocin diabetes, both at 7-10 and
50-70 days duration, studies from this laboratory did not dem-
onstrate an increase in glomerular capillary hydrostatic pres-
sure (29, 42). Factors other than glomerular capillary hyper-
tension appear to increase the filtration of albumin in early
stages of streptozotocin diabetes.

In summary, these findings present new evidence for in-

creased glomerular filtration of albumin before detection of
microalbuminuria and correlate on a time line basis with devel-
opment of increased GFR, glycosylation ofthe glomerular base-
ment membrane (4, 7), and alterations in the composition of
the glomerular basement membrane and extracellular matrix
material (9, 41 ) but does not correlate to onset of glomerular
capillary hypertension. In normal humans acutely treated with
lysine, albumin excretion has been shown to be - 300 ,gg/min
( 14, 43), such that a glomerular defect is not required to ac-
count for the presence of microalbuminuria and could result
from a reduction in tubular protein reabsorption. The present
study demonstrates a decrease in the proximal tubule brush-
border height with the reduction in tubular reabsorptive capac-
ity. Studies by Scandling and Myers (32) have demonstrated
increased macromolecular sieving in diabetics with microalbu-
minuria. The present study indicates that microalbuminuria is
the result of two factors, a modest, early increase in the glomer-
ular passage of albumin and an eventual decrease in the protein
reabsorptive capacity of the tubules in early stages of diabetes.
In the 50-70-d diabetic rats, the decrease in tubular reabsorp-
tion of protein is significant and contributes to the observed
proteinuria. These studies indicate that pathophysiological al-
terations at the glomerular filtration barrier occur early, result-
ing in increased glomerular filtration of albumin, and de-
creased tubular reabsorption of protein contributes to develop-
ment of microalbuminuria and proteinuria in diabetes.
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