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Chronic injection of dextran into normal mice elicits a glomerulonephritis (GN) that models IgA nephropathy
(IgAN) in humans. Since athymic mice lack T cells but nonetheless develop antibodies to polysaccharide
antigens such as dextran (DEX), we used athymic mice to study the role of T lymphocytes in the induction of
this form of GN, independent of the role of T cells in antibody synthesis. Both mice given injections of
diethylaminoethyl (DEAE)-DEX and uninjected mice had circulating IgM and IgA anti-DEX antibodies, which
apparently arise as ‘natural antibodies,’ but immune complex GN was observed only in the injected mice. All of
15 injected mice exhibited capillary staining for IgA and IgM; none of 12 control mice contained such IgA
deposits and only one had capillary staining for IgM (both Po0.001). In addition, IgG and C3 were detected in
injected but not control animals. By light microscopy, injected mice exhibited marked expansion of mesangial
matrix relative to controls. Electron microscopy showed no glomerular abnormalities in control mice, whereas
injected mice showed large organized fibrillar deposits principally in the mesangium. Hematuria and proteinuria
were present in all 15 injected mice, but only one of 11 control mice showed hematuria or proteinuria (both
Po0.001). These results indicate that chronic injection of DEAE-DEX into athymic mice generates the same
clinical and histologic features of GN as in euthymic mice, suggesting that T cells are not necessary to promote
GN in this model.
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T cells may participate in glomerular injury, either
directly or in concert with immune complexes.1–10

T cells clearly modulate antibody responses to
T-dependent antigens, and the resulting antibodies
can contribute to immune complex-mediated glomer-
ulonephritis (GN).1,2 Moreover, Tipping et al8 reported
that macrophage accumulation in experimental
anti-glomerular basement membrane antibody-
induced GN is preceded by T-cell accumulation.
Therefore, T cells may shape the physiologic re-
sponses to immune complexes deposited within
target organs.

The role of T lymphocytes in promoting GN has
also been examined in nude mice, which lack a
thymus and therefore an effective T-cell system.
Earlier studies, using immune complex and auto-
immune models of glomerulonephritis, suggested
that T cells were necessary for the development of
nephritis.3,6 A more recent study of experimental
crescentic GN also showed that athymic mice fail to
develop glomerular lesions.9 Adoptive transfer of T
lymphocytes into athymic mice restores disease
susceptibility, and therefore suggests a critical role
for T lymphocytes in the pathogenesis of crescentic
GN.5 Collectively, these studies indicate that cellular
immunity plays an important role in the develop-
ment of glomerulonephritis, but they do not demon-
strate a requirement for T cells beyond participation
in the genesis of suitable humoral responses.

Several studies have suggested that T cells do play
a direct role in promoting glomerular injury. After
deposition of rabbit gammaglobulin in rat glomeruli,
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adoptive transfer of antigen-specific syngeneic T
cells can elicit GN.2 Bolton et al,4 using neonatally
bursectomized chickens, also directly demonstrated
a role for cell-mediated immunity in the develop-
ment of nephritis. Most recently, Radeke et al10

demonstrated that appropriate phenotypes of clono-
typic T cells can elicit proteinuria in immunodefi-
cient mice, if specific antigen accumulates within
the glomerular mesangium prior to the adoptive
transfer of the effector/memory cells. Although these
experiments indicate that T cells have the capacity
to provoke glomerular injury directly without the
participation of antibody, they do not establish a
requirement for T cells in humorally mediated
glomerulonephritis beyond the necessity for T cells
in antibody generation.

Active injection of dextran (DEX) into euthymic
mice produces a glomerulonephritis that clinically
and pathologically resembles IgA nephropathy
(IgAN), a spontaneously occurring human dis-
ease.11,12 DEX, with a polymeric structure of repeat-
ing oligosaccharide epitopes, is one of those
antigens considered to be T-independent,13 and
DEX-specific antibodies arise in athymic mice.14

Antibody responses to T-independent antigens con-
sist primarily of IgM with low affinity; affinity
maturation, due to somatic hypermutation, and
class-switching to other isotypes are not well
developed in the immune responses to such anti-
gens, although some IgG and/or IgA anti-DEX
antibodies can arise in athymic mice.

Herein, we report the use of athymic mice to
explore the role of T cells in the genesis of
glomerulonephritis actively induced by DEX immu-
nization. Since T-cell function is not required for
synthesis of anti-DEX antibody, anti-DEX antibodies
arise in both athymic and euthymic mice, and
circulating immune complexes can be generated in
both types of animal. Yet, athymic mice are severely
deficient in functional T cells, especially conven-
tional (a/bTCR) antigen-specific T cells. Thus, a
requirement for T cells in the genesis of humorally
mediated glomerular injury, beyond that for B-cell
help, can be assessed using athymic subjects. After
injection of diethylaminoethyl (DEAE)-DEX, athy-
mic mice developed glomerular deposits of IgA,
IgM, IgG and C3, accompanied by hematuria and
proteinuria, similar to the disease that develops
in euthymic mice.11,12 Uninjected mice failed to
develop these features. These observations suggest
that T cells are not necessary for the initiation of
glomerular injury in this form of GN.

Materials and methods

Induction of GN

Both male and female athymic mice (BALB/c, nu/
nu), 6–8 weeks old, were obtained from the Cancer
Center of Case Western Reserve University (Cleve-
land, OH, USA). Mice were randomly assigned to

either of two groups. The experimental group
received intraperitoneal (i.p.) injections of 1mg of
500 kDa DEAE-DEX (Sigma, St Louis, MO, USA) in
0.3ml PBS, pH 7.4, on days 1, 7 and 10, followed by
intravenous (i.v.) injections of 1mg of the same
DEAE-DEX solution thrice weekly from day 14 until
day 75, for a total of 30mg DEAE-DEX.11,12 The
control group received no injections.

Clinical Assessment of GN

After the last i.v. injection, experimental and control
mice were placed into individual metabolic cages,
and urine was collected overnight. The volume of
the timed urine collection was recorded and
corrected to 24h. Urine was tested with Hemastixs

(Bayer Corp., Diagnostics Division, Elkhart, IN,
USA) and Albustixs (Miles Inc., Diagnostics Divi-
sion, Elkhart, IN, USA). The hematuria score for
each mouse was graded (0–4) from the dipstick
reflectance as specified by the manufacturer. After
centrifugation (800 g for 10min at 41C), urine super-
natants were assayed for quantitative protein excre-
tion by the sulfosalicylic acid method.11 Protein
excretion, expressed as mg/day, was calculated from
the 24-h volume and the concentration. Urine
sediments were examined microscopically for the
presence of erythrocytes.11 All mice scored positive
by dipstick (4trace) showed at least 25 red cells per
high power field, but all scored negative by dipstick
had fewer than five red cells per high power field.
Mice were subsequently exsanguinated under ether
anesthesia, and serum derived from clotted blood
was used for serologic measurements. Both kidneys
were removed for morphologic studies.

Tissue Preparation and Morphometric Analyses

Samples of kidney from each animal were fixed in
10% buffered formalin and embedded in paraffin, or
fixed in 2.5% glutaraldehyde and embedded in
Epons, for light and electron microscopy, respec-
tively.11 Another portion of each kidney was snap-
frozen in isopentane immersed into liquid nitrogen,
and sectioned in a cryostat at 4 mm. Paraffin sections
(2 mm) were stained with periodic acid–Schiff.
Cryostat sections were stained with fluoresceinated
IgG fractions of goat antisera specific for mouse IgM,
IgA, IgG, or C3 (Organon Teknika Corp., Durham,
NC, USA); antibody specificity was controlled as
previously detailed.11 To quantify glomerular im-
mune deposits, the intensity of staining for each
reactant was scored from 0 (no staining) to 4 (intense
global staining) in at least 15 glomeruli per mouse.
The arithmetic mean value for each mouse was then
analyzed.

For morphometric analysis of extracellular matrix
accumulation, digital images of at least 25 glomeruli
per mouse were taken at � 40 objective via an
Olympus BH-2 microscope (Olympus Corp., Tokyo)
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with a Spot Insight Color camera system (model
3.2.0) using provided software (Diagnostic Instru-
ments, Inc., Sterling Heights, MI, USA). The photos
were then adjusted using Adobe Photoshop CS 8.0
(Adobe Systems, Inc., San Jose, CA, USA) to create a
grayscale image from magenta (PAS meta-chromatic
staining) to white, after adding green luminosity to
remove background cyan counterstain. The images
were measured by NIH Image 1.63 software (NIH,
Rockville, MD, USA) using a common predeter-
mined thresholding level. The total area occupied
by above-threshold pixels was converted to square
microns after calibration using digital images of a
stage micrometer (Bausch & Lomb, Rochester, NY,
USA).

Murine Myeloma Proteins

Purified MOPC 104E (IgM anti-a-glucosyl [1–3]
glucoside) and MOPC 315 (IgA anti-dinitrophenol)
myeloma proteins were purchased from Organon
Teknika Corp. Cells of the myeloma J558, which
secrete IgA anti-a-glucosyl [1–3] glucoside, were
purchased from the American Type Culture Collec-
tion (ATCC, Rockville, MD, USA) and cultured as
suggested by the ATCC. For expansion of myeloma
in ascites, euthymic BALB/c mice (Charles River,
Wilmington, MA, USA) received 0.5ml of pristane
intraperitoneally; 1 week later, 2� 106 cultured J558
cells were injected intraperitoneally into each
mouse. Ascites, which developed 2–3 weeks after
inoculation of cells, was collected from these mice.
The IgA was precipitated by 40% saturated ammo-
nium sulfate, redissolved in PBS, extracted in
Seroclear Reagent (Calbiochem, La Jolla, CA, USA),
and dialyzed against PBS. Monoclonal IgG antibody
R4Ag2B from ascites from SCID mice, a kind gift
from Dr B Diamond (Albert Einstein College of
Medicine, Bronx, NY, USA), was purified (after
Seroclear extraction) by ammonium sulfate precipi-
tation and elution from protein G-Sepharose.

Serum Antibody Analysis

Anti-DEX antibody levels (IgM, IgA and IgG) were
measured by an ELISA technique, as previously
published.12 DEX was conjugated to bovine serum
albumin (BSA) by adding 1ml of a 2mg/ml DEX
solution in borate buffer (0.2M, pH 9.0) to 0.5ml of
0.1M BSA (United States Biochemical Corp., Cleve-
land, OH, USA). Next, 10 ml of a 0.1M solution of
sodium periodate was added, with stirring. After
1min, 50 ml of 2.0M sodium borohydride was
added, and the preparation was dialyzed against
sodium bicarbonate (0.2M, pH 9.6). The resulting
DEX-BSAwas used to coat 96-well microtiter ELISA
plates (Thomas Scientific, Swedesboro, NJ, USA) for
4h at room temperature. The plates were washed
three times with PBS (pH 7.4), and subsequently
blocked by incubation with 1% BSA in sodium

carbonate-bicarbonate buffer (pH 9.6) overnight at
41C. Next, the plates were washed three times with
PBS (pH 7.4), and standards or test sera from
experimental or control mice were added at optimal
dilution (in PBS) and incubated for 4h at room
temperature. After sample incubation, the plates
were washed three times with PBS (pH 7.4), and
alkaline phosphatase-conjugated goat anti-mouse
antibodies (each specific for one of the heavy chains
of IgM, IgA, or IgG, Southern Biotechnology Associ-
ates, Inc., Birmingham, AL, USA) were incubated
overnight at 41C. The plates were washed three
times more, and substrate (disodium p-nitrophenyl
phosphate, 1mg/ml, in 0.1M glycine, 1mM MgCl2,
1mM ZnCl2, pH 10.4) was added for 0.5–1 h at room
temperature. Hydrolysis of substrate in the wells
was followed at 414nm in a microplate photometer
(Cayman Chemical, Ann Arbor, MI, USA). The
optical density developed with anti-mouse IgM
was interpolated into a standard curve with MOPC
104E monoclonal IgM, and that developed with anti-
IgA was interpolated into a standard curve estab-
lished with J558 monoclonal IgA. Values for levels
of IgM and IgA antibody in samples are expressed as
mg/ml MOPC 104E equivalents or mg/ml J558
equivalents, respectively. Because no monoclonal
IgG anti-DEX antibody was available as a standard,
data for IgG antibody were presented as arbitrary
(O.D.) units.

The specificity of these assays was tested in three
ways. First, for antigen displacement, free DEX was
added to sample wells at varying concentrations
(0.125–8mg/ml) with a fixed dilution of serum
samples or purified standards. Second, exogenous
purified anti-DEX antibodies (J558 IgA or MOPC
104E IgM) were added at different dilutions to a
fixed dilution of standards or sample serum from
each mouse. Finally, the binding of serum anti-DEX
antibodies or purified anti-DEX myeloma proteins to
unconjugated BSA was compared to binding of
parallel samples incubated in wells coated with
DEX-BSA conjugate. In all cases, detection of bound
Ig of each isotype was performed as above.

Anti-double-stranded DNA (dsDNA) antibody
titers were measured by ELISA as previously
described.15,16 Briefly, Immunolon 2 plates (Fisher
Scientific, Pittsburgh, PA, USA) were coated (un-
covered) by incubation of 10mg/well of salmon
sperm dsDNA (Calbiochem-Novabiochem, La Jolla,
CA, USA) at 371C overnight, and blocked by
incubation with 1% BSA in PBS for 2h at room
temperature. Mouse sera (serially diluted up to
1:4000) or purified R4Ag2B anti-dsDNA IgG stan-
dards (1.56–200mg/ml) were applied for 2 h at room
temperature. After three washes with PBS, alkaline-
phosphatase goat anti-mouse IgG antibody (heavy
and light chain specific, Southern Biotechnology
Associates) was incubated for 1 h at room tempera-
ture. The plates were developed using p-nitrophenyl
phosphate (Sigma) as above, and the absorbance at
405nm was determined in an automated microplate
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reader (Bio-Tek Instruments, Inc., Winooski, VT,
USA). The optical density was interpolated into a
standard curve calculated using the R4Ag2B stan-
dard, and results are expressed as mg/ml equivalents
of R4Ag2B. Inhibition ELISA was performed as
above, except that serum was incubated in the
presence of either 100 mg/ml soluble dsDNA,
100 mg/ml free DEAE-DEX, or 1mg/ml BSA.

For determination of total IgG concentration,
microplates were coated with goat anti-mouse IgG,
and samples (diluted up to 1:100 000 in 0.1% BSA–
PBS) were applied for 2h at room temperature.
Subsequent steps of washing, detection and deve-
lopment were performed as noted above. Again,
purified R4Ag2B was used as a standard.

Statistical Analysis

All continuous (quantitative) variables were ana-
lyzed by two-way analysis of variance, stratified for
experiment and for treatment group (injected or
not). No significant differences were observed
between the two replicate experiments, and these
results were pooled. Post hoc analysis was
performed with Scheffe’s F-statistic (quoted with
P-values).

Discontinuous (qualitative count) variables (ie
‘positive’ vs ‘negative’) were analyzed by the w2 test,
and w2-values are quoted with the associated
P-values.

Results

Dextran-Specific IgM, IgA, IgG Antibodies Arise in
Athymic Mice

In two independent experiments, specific anti-DEX
IgM, IgA and IgG antibodies were detected in the
sera of both the injected and control groups of
athymic mice (Table 1). IgM was the major class
of antibody produced. Thus, DEX-specific anti-
bodies can occur as natural antibodies17–20 without
prior deliberate immunization. In fact, noninjected
animals had significantly higher levels of serum
IgM anti-DEX (2.7270.42mg/ml) than injected
mice (1.7170.14mg/ml, Po0.02, F¼ 6.2); non-
injected mice also had significantly higher levels
of serum IgA anti-DEX (38.072.7 mg/ml) and IgG
anti-DEX (0.5470.05U) than injected animals

(32.070.5mg/ml and 0.3370.03U, respectively, both
Po0.02, FZ5.99).

The specificity of the anti-DEX antibody was
confirmed by antigen displacement experiments,
wherein addition of free DEX to serum samples or
standards in ELISA displaced the binding of anti-
DEX IgM (Figure 1) and IgG antibodies (data not
shown), as a monotonic function of free DEX
concentration. Moreover, addition of varying
amounts of the murine monoclonal IgA anti-a-
glucosyl [1–3] glucoside (J558) also monotonically
displaced binding of IgM and IgG anti-DEX by
ELISA, whereas addition of irrelevant IgA (MOPC
315) had no effect (Figure 2). Similar displacement
of IgA antibodies in samples or J558 standards was
observed when MOPC 104E (IgM anti-a-glucosyl
[1–3] glucoside) was admixed with the samples (data
not shown). The specificity of this ELISA system was
further supported by the observation that the specific
(above-background) binding of myeloma or serum
antibodies to BSA-DEX was lost in the wells coated
with BSA alone, for every sample tested, whether
IgM (Figure 3), IgA (not shown) or IgG (not shown)
antibody was measured. We conclude that natural
DEX-specific antibodies occur in athymic mice, with
or without administration of DEX.

Immunoglobulin binding to ds DNAwas detected
in the sera of three of 15 injected mice (20%) and
seven of 12 noninjected mice (58%). However, the
level of anti-DNA exceeded 500ng/ml in only one
injected (7%, moderate titer) and four noninjected
mice (33%). Furthermore, among these five mice
with low (B2mg/ml, two noninjected mice), moder-
ate (2.5–8 mg/ml, two mice) or high (48 mg/ml, one
noninjected mouse) anti-dsDNA titers, one with

Table 1 Serum antidextran titers in nude mice

Groups IgM anti-DEX
(mg/ml)

IgA anti-DEX
(mg/ml)

IgG anti-DEX
(OD units)

Control (n¼12) 2.7270.42 38.072.7 0.5470.05
Injected (n¼15) 1.7170.14* 32.070.5* 0.3370.03*

Data are mean7s.e.
*Significantly lower than control mice (Po0.02, F45.9).
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Figure 1 Inhibition of serum IgM (anti-DEX) binding to DEX-BSA
coated plates by DEX in solution. Free DEX, added at increasing
concentrations, monotonically displaced the binding of antibody
in sera from two representative control (&, ’) and two
representative injected (n, m) mice.
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moderate titer and one with low titer (both non-
injected) did not exhibit reduced binding in the
presence of exogenous soluble dsDNA, suggesting
that the bound Ig was not specific for dsDNA.
Although total serum IgG in noninjected mice was
somewhat higher than in injected mice (4.270.3
compared to 2.870.3mg/ml, respectively, Po0.01,
F¼ 6.8), these mean values represent only 19–28%
of the level of IgG detected in euthymic controls.
Finally, those murine sera reactive with dsDNA,
with the exception of the single noninjected mouse
with a high titer (10 mg/ml) greatly inhibited by
exogenous dsDNA, all had higher than average total
serum IgG titers; in fact, those with 4500ng/ml
anti-DNA levels and no detectable antigen inhibi-
tion were all at the upper confidence limit for total

IgG. In sum, only one injected (7%) and two
noninjected (17%) mice had appreciable antigen-
specific anti-DNA titers.

Morphologic Changes in Glomeruli

Although anti-DEX antibodies occurred even in
naive mice, administration of DEX was necessary
to generate glomerular deposits of immune com-
plexes (Table 2) and consequent GN. By immuno-
fluorescence microscopy (Figure 4), all of the 15
injected mice in two independent experiments
showed moderate to intense capillary wall deposits
of IgA and IgM (Table 2); none of the 12 control mice
had such deposits of IgA (Po0.001, w2¼ 27), and
only one had capillary deposits of IgM (Po0.001,
w2¼ 23.2). Background mesangial deposits of IgA
and IgM were detected in all mice, injected or not,
but mice injected with DEX exhibited a significantly
(both Po0.001, FZ35.4) higher intensity of IgA
(mean fluorescence intensity 1.9770.18) and of IgM
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Figure 2 Competition of serum anti-DEX IgM by J558 (IgA).
Various dilutions of J558 purified from ascites were added to
serum samples from representative control (&, ’) or injected
mice (n, m) in duplicate wells. Antibody bound to the plates was
detected by alkaline phosphatase-conjugated goat anti-mouse IgM
(not cross-reactive with murine IgA). Addition of MOPC 315 at
the same concentration had no effect on binding of IgM to the
plate; the mean percent inhibition by MOPC 315 is the solid
horizontal rule; upper and lower confidence intervals (72 s.d.)
are shown as dotted lines. Similar inhibition of IgA antibody in
sera was observed using IgM anti-DEX Ab (MOPC 104E) followed
by detection with anti-murine IgA (not cross-reactive with IgM).
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Figure 3 Dextran-specific binding of sera from athymic mice. All
sera showed high binding to DEX-BSA (shaded bars) compared to
the consistently lower binding to BSA (black bars). Samples
(numbered 1–12 here) represent 9 injected (1–9) mice and 3
controls (10–12).

Table 2 Deposits of antibody and complement in normal controls and mice immunized with DEAE-DEX detected by immuno-
fluorescence

Groups IgA IgM IgG C3

Control (n¼12) 0 (0.6970.08) 8 (1.5470.17) 8 (0.5570.05) 17 (0.3170.09)
Injected (n¼ 15) 100* (1.9770.18)w 100* (3.0170.18)w 47* (0.7770.12) 53* (0.6770.12)w

Data are the percent mice scored positive (and mean fluorescence intensity7s.e.). For IgA, IgG or C3, any score above equivocal/trace is
considered as positive; IgM positivity is based entirely on capillary deposits (see text). In mice injected with dextran, Ig and C3 deposits were
localized principally in the capillaries.
*Significantly more frequent than in control mice (w2¼ 27 for IgA, 23.2 for IgM, 4.7 for IgG and 3.9 for C3).
wSignificantly higher intensity score compared to control (F435 for IgM, IgA; 5.3 for C3).
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(3.0170.18) compared to noninjected controls
(0.6970.08 and 1.5470.17 respectively, Table 2).
Codeposits of IgG and C3 (Table 2) were present in
47% and 53% of injected mice, significantly higher
than the corresponding frequencies (8% for IgG and
17% for C3) observed in noninjected controls (both
Po0.05, w2Z3.85). The mean fluorescence intensity
for C3 deposits in injected mice (0.6770.12) was
significantly (Po0.05, F¼ 5.3) higher than that in
controls (0.3170.09), but the mean intensity of IgG
deposits did not differ between injected (0.7770.12)
and control (0.5570.05) mice.

By light microscopy, expanded mesangial matrix
and segmentally variable thickening of glomerular
capillary basement membranes, in association with
mild increases in mesangial cellularity but no
endocapillary proliferation or leukocytic infiltrate,
were observed in all 15 injected mice (Figure 5a),
but these changes were uniformly absent from any of
the 12 noninjected mice (Figure 5b). Morphometric
analysis revealed that extracellular matrix in glo-
meruli from injected mice occupied 2813762 mm2,
compared to only 633739 mm2 in noninjected con-
trols (Po0.001, F4100). No tubulointerstitial ab-
normality was detected in any mouse.

Glomerular ultrastructure was examined by elec-
tron microscopy of kidneys from five control mice
and five given injections of DEAE-DEX. All five
mice given DEAE-DEX exhibited large fibrillar
deposits with organized substructure in the mesan-
gium (Figure 6a), which were not seen in any control
mice (Figure 6b). Conversely, the amorphous gran-
ular deposits previously reported to be localized in
the subepithelial space in normal athymic mice21

were detected in the control mice (Figure 6d), but
were only observed in two of the five injected mice
examined (Figure 6c). In addition, injected mice
showed segmentally variable fusion of epithelial
foot processes (Figure 6c), not seen in noninjected
control animals (Figure 6d). In summary, well-
developed immune deposits and mesangial prolif-
erative GN were present in mice injected with DEX,
but not in control mice.

Development of Hematuria and Proteinuria in
Athymic Mice

GN was evidenced by pathologic changes in glo-
merular function as well as by the presence of

Figure 4 Representative immunofluorescence micrographs. All injected mice (a), showed moderately bright capillary and mesangial IgA
deposits, distinct from the weak background mesangial staining in one-third of the control mice (d). Intense capillary and mesangial IgM
deposits in injected mice (b) differ from the background mesangial IgM staining in control mice (e). At higher magnification, the mixed
capillary wall and mesangial distribution of granular IgA deposits in glomeruli from injected mice (c) contrasts with the background
fluorescence confined to mesangial areas in control mice (f).
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immune complexes. All 15 mice that received
DEAE-DEX injections developed hematuria and
proteinuria as detected by dipstick (Table 3).
Hematuria was confirmed by light microscopic
examination of the urinary sediment (25–42 ery-
throcytes per high power field). One of 11 non-
injected controls had hematuria and proteinuria

detectable by dipstick, but neither abnormality was
present in the other 10 mice (Po0.001, w2¼ 22.2
compared to injected mice). Urine was not recov-
ered from one control animal. The mean hematuria
score (1.8770.20) and mean urinary protein excre-
tion (1.64mg/day70.21) in injected mice both
significantly (Po0.01, F48.5) exceeded the corre-
sponding values in noninjected controls (0.2570.09
and 0.6670.01, respectively). We conclude that
injection of dextran promotes GN with proteinuria
and hematuria in athymic mice.

Discussion

Unlike other immunodeficient mice, such as SCID
and RAG- knockout mice that have a general
absence of mature functional T and B cells, athymic
mice have functional B cells which can produce
antibodies to T-independent antigens.14,22 Anti-DEX
antibodies were present in sera from both naive and
DEAE-DEX-injected athymic mice. As expected, the
major antibody isotype produced by athymic mice
was IgM; IgA and IgG were detected at considerably
lower levels. Surprisingly, the levels of anti-DEX
antibodies of all isotypes were significantly higher
in control mice than in injected mice. The specifi-
city of the assay was confirmed by three different
methods; all three methods support this finding. We
propose that when injected frequently into athymic
mice, DEAE-DEX combines with circulating natural
anti-DEX antibodies of all isotypes,17–20 resulting in
the elimination of the antibody from the circulation
by deposition of immune complexes into the tissues
and/or clearance by mononuclear phagocytes. Con-
sistent with this scheme, immune-complex GN
developed in athymic mice after injection of
DEAE-DEX. The development of DEX-induced GN
in this athymic mouse model implies that the
initiation of glomerular injury can be completely
independent of T-cell function in situations where
adequate antibody responses arise without T-cell
help.

The mechanisms that mediate tissue injury and
clinical symptoms in this model in athymic mice are
unknown. One possible factor is mesangial comple-
ment deposition. We have previously demonstrated
that hematuria in passively induced IgAN is caused
by codeposition of complement along with comple-
ment-fixing immunoglobulin isotypes (IgM, IgG) in
the kidney.23 Indeed, among the murine models of
IgAN, those with hematuria and glomerular dys-
function are typically the ones with mesangial
complement deposition;23–26 conversely, those with-
out complement generally have normal glomerular
function.27–29 However, in the system described
herein, a pathogenic role for the complement system
is improbable, since hematuria occurred even in
mice with little or no glomerular C3 deposits.

Alternately, the interaction of mesangial cells with
immune complexes may be a critical element in

Figure 5 Representative light micrographs. In injected mice (a),
mesangial matrix is moderately to severely expanded, with
segmentally variable mild mesangial hypercellularity and en-
croachment upon or narrowing of glomerular capillary area. In
addition, glomerular capillary basement membranes are thick-
ened. In contrast, glomeruli in noninjected control mice (b) reveal
fully patent capillaries delimited by normally thick and delicate
basement membranes; the mesangial matrix is not expanded, and
mesangial cellularity appears normal.
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the pathogenesis of IgAN. Previously, we30 and
others31,32 have reported the expression of a receptor
for the Fc region of IgA (Fca) on mesangial
cells. Aggregated IgA elicits from mesangial cells
the release of inflammatory mediators, including
superoxide anion, IL-6 and TNF-a32–35 Moreover, IgA

and cytokines such as IL-6, TNF-a and to a lesser
extent IFN-g can increase the capacity for mesangial
cells to bind IgA, establishing the potential for
a positive feedback amplification of glomerular
injury.30,33 In addition, residual natural killer
cells circulating in athymic mice may produce

Figure 6 Ultrastructural examination of glomeruli by electron microscopy. Glomeruli from nude mice injected with DEAE-DEX show
large fibrillar deposits in the mesangium (a), not present in controls (b). Injected mice (c) showed segmental broadening and flattening of
epithelial podocytes, but most were devoid of deposits in glomerular capillary walls. The amorphous granular subepithelial deposits
normally present in athymic mice were seen in all five control mice examined (d), but there was no podocyte fusion.
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IFN-g in response to immune complexes containing
IgA, further contributing to onset and/or progression
of disease. However, the release of these inflamma-
tory factors has not been assessed in athymic
mice. Accordingly, the specific mechanism(s)
of glomerular injury in this model remain(s)
obscure.

In our system, the cationic antigen (DEAE-DEX) is
continuously present in the circulation and has
affinity for glomerular polyanions.12,25,36–39 IgM, the
major Ig isotype in the serum of athymic mice,
probably generates large circulating IgM immune
complexes that localize poorly in the glomeruli.
Although the serum IgA anti-DEX antibody level
is much less than that of IgM, IgA was detected
at high density in glomerular deposits. Thus, it
is likely that IgA deposits in glomeruli by the
mechanism of in situ complex formation. This might
explain why the IgA deposits are as prominent or
even more prominent than IgM deposits, even
though the IgM antibody level in the circulation is
at least 50 times higher. Although cationized human
IgM (900 kDa) penetrates the glomerular filtration
barrier poorly, cationized macromolecules as large
as ferritin (480 kDa) easily penetrate the GBM.39

Accordingly, circulating IgA molecules (150–
450 kDa) would have better access to cationic DEX
planted within the GBM than the larger IgM
molecules. Over time, cationic DEX and/or DEX/
IgM complexes accumulate initially in glomeruli by
binding to anionic sites, and subsequently DEX
planted in the glomeruli acts as a target for
circulating specific antibodies, principally IgA, that
have access to this region.

Overall, the data presented herein support the
view that glomerular immune complexes can med-
iate the morphologic signs and clinical symptoms of
IgA nephropathy independent of at least conven-
tional (a/b TCR) antigen-specific T cells. These data
also suggest that in situ formation of immune
complexes within glomeruli causes this pattern of
glomerulonephritis.
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