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A colony of mice with congenital hemolytic anemia,
sphkI/sph , were evaluated over a 3-year period. Promi-
nent findings included decreased survivability, reticu-
locytosis, increased peripheral blood leukocytes,
extramedullary hematopoiesis in liver and spleen,
lymphoid hyperplasia and membranoproliferative
glomerulonephritis. Older (12 to 21 months) anemic
animals had elevated serum levels of IgGl and IgA.
There was deposition ofC3, IgG, IgM, and IgA in renal
glomeruli ofboth control and anemic mice, but depo-
sition ofIgM and IgA was more prominent and widely

SPONTANEOUS MUTATIONS that affect red
blood cell spectrin and result in congenital hemolytic
anemia have been described in the mouse. 1-3 The sph/
sph, Sphha/sphha and sph2Bc/sph2Bc mice have a defi-
ciency in red blood cell membrane spectrin and spher-
ocytic red blood cells.46 Affected animals have a
shortened red cell lifespan (1 to 2 days) and a marked
hemolytic anemia, reticulocytosis, and extramedul-
lary hematopoiesis.7-9 These mice have been used in
studies ofhemoglobin metabolism,'0 for evaluation of
heme oxygenase inhibitors to suppress hyperbiliru-
binemia,"1"12 and in studies involving perturbations of
hematopoietic stem cells.'3 The authors have ob-
served the clinicopathologic changes, attendant with
chronic hemolysis, in a colony ofsphha/sphha mice. In
addition to the expected findings concomitant with
chronic hemolysis, changes in lymphoid tissue and
the development of a glomerulonephritis that was
most prominent in older anemic animals also were
noted. This animal model may be useful for explora-
tion of those pathologic changes that accompany
chronic hemolysis.
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distributed in anemic animals and correlated with
mesangial expansion and the presence of electron
dense deposits in the mesangium and in glomerular
capillary walls. Prominent renal tubular hemosid-
erosis was noted in young and old anemic mice. The
relation between the hemolytic anemia and glomeru-
lar disease is unclear but these mice may be an animal
model useful for exploration of changes attendant
with chronic hemolysis and evaluation ofrenal disease
that accompanies hemolytic anemia. (Am J Pathol
1988, 132:461-473)

Materials and Methods

Mice

The mutant mice (WBB6FI-sphha/sphha) used in
this study were produced by mating heterozygotes
from two different inbred strains, WB/Re and C57B 1/
6J, originally obtained from the Jackson Laboratory,
and reared at the University of Washington, School
of Medicine. Control mice were WBB6F1-+/+. The
origin of the mutant has been described previously.4
Animals were housed under AAALAC conditions
and maintained under specific pathogen free (SPF)
barrier conditions. Mice were fed Wayne sterilizable
rodent blox (Wayne Ped Food Division, Chicago, IL)
and kept on bedding (1/8 inch diameter corn cob) that
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Table 1 -Hematologic Parameters in Young and Old sphh8lsphha and +/+ Mice

Young Young Percent of Old Old Percent of
+/+ sphha control +/+ sphha control

Hct 49.8* 23.9 48 46.9 20.2 43
(%) (± 0.4) (± 0.3) (± 0.7) (± 0.5)
Retic 0.9 94.4 0.7 89.7
(%) (± 0.2) (± 0.6) (± 0.1) (± 0.3)
WBC 8256 27,750 335 5630 26,240 465
(/mm3) (± 1067) (± 1397) (± 1042) (± 2266)
Neuts 720 2170 300 706 3909 555

(± 42) (± 379) (± 171) (± 923)
Bands 38 181 475 54 260 480

(± 41) (± 378) (± 27) (± 85)
Monos 183 2067 1130 286 1904 665

(± 41) (± 378) (± 47) (± 402)
Eos - 39 - 112

(± 23) (± 66)
Lymphs 4103 22,624 550 4221 15,675 370

(± 1342) (± 1429) (± 897) (+ 1778)

Mean (± SEM) derived from 7 to 21 mice.
Retic, percentage uncorrected reticulocyte count (100-200 cell count); Hct, hematocrit; WBC, white blood cell count; Neuts, neutrophils; Bands, unseg-

mented neutrophils; Monos, monocytes; Eos, eosinophils; Lymphs, lymphocytes.

was autoclaved according to manufacturer's instruc-
tions. Acidified water was given ad libitum. A quality
assurance program at the University of Washington
ascertained that this rodent colony was serologically
negative for major rodent viral pathogens, and culture
negative for 10 common bacterial pathogens. Mice
were also free of rodent ecto- and endoparasites.
The age range for "young" and "old" mice was de-

termined by animal availability. "Young" anemic
and control mice were 4 to 7 months old. "Old" ane-
mic mice were 12 to 21 months ofage and "old" con-
trol mice were 14 to 32 months old. Male and female
animals were evaluated in the four groups of mice.

Blood Sampling
Blood was obtained from the retroorbital sinus of

rnice for hematocrits, reticulocyte counts, leukocyte
counts, differential cell counts, serum chemistries,
erythropoietin and immunoglobulin levels. Serum
chemistry analysis included glutamic pyruvate trans-
aminase, alkaline phosphatase, total bilirubin and di-
rect bilirubin, total protein, albumin, globulin, choles-
terol, glucose, blood urea nitrogen (BUN), creatinine,
phosphorus, calcium, sodium, and potassium. Pooled
sera from 10 young control, 10 acutely-bled, and 10
young anemic mice were assayed using the exhypoxic
polycythemic mouse assay.'4 Levels of serum IgGl,
IgG2b, IgG3, IgM, and IgA were assayed in five to
seven young control and anemic mice and in three to
seven old control and anemic mice using radial im-
munodiffusion (ICN Immunologicals, Lisle, IL).

Urine and Fecal Analyses
Urine was collected from individual mice and eval-

uated with urine test reagent strips (Kyotest, Elkhart,

IN) for the presence of protein, bilirubin, urobilino-
gen, blood, and glucose. Specific gravity was deter-
mined with a refractometer (American Optical,
Keene, NH). Feces were checked for occult blood by
the guiac method.

Samples for Microscopy

Mice were killed by cervical dislocation and tissues
were placed in 10% buffered formalin. The following
tissues were examined: thymus, heart, lung, inguinal,
axillary or mesenteric lymph nodes, stomach, small
and large intestine, liver, gallbladder, spleen, kidney,
urinary bladder, and femoral bone marrow. Tissues
for light microscopy were processed, embedded in
paraffin and stained with hematoxylin and eosin (H &
E). Methacrylate sections of kidney and marrow were
made; marrow was stained with H & E and kidney
was stained with H & E, periodic acid schiff (PAS),
and methenamine silver. Gomori's iron stain was
done on all tissue taken. Kidney tissue was also placed
in Karnovsky's glutaraldehyde fixative for electron
microscopy and one kidney was snap frozen with iso-
pentane and liquid nitrogen for immunofluorescence.
Specimens for electron microscopy were immersed in
2% osmium tetroxide for 1 hour, dehydrated in
graded steps of acetone, and embedded in Epon-Aral-
dite. Sections were cut on a Porter-Blum Ultratome,
stained with uranyl acetate and lead citrate and exam-
ined with a Phillips 410 electron microscope.

Immunofluorescence

Frozen kidney sections were made from five to
eight mice in each of the four groups. Kidneys from

462 MAGGIO-PRICE ET AL AJP * September 1988



PATHOLOGY IN MUTANT MICE WITH ANEMIA 463

Ae@.

.f t. .^,. - _? r S _ -r_ _
ilt Eis =-n !.x
s .lX '1 ,,lF i _X ..

} -_";, q .IlL>SlXx
r: X -

:vt 'FJoF.
,,..X'

w .z..!.z .. _xit- §,.x.ll .. g!.... ::; ! ..
r.:....... o .., .,,.,,,

Figure 1-There is marked fragmentation of red blood cells in peripheral blood of sph8/sph' mice (a). Blood from normal +/+ mice shown in b. (x3300,
Wright-Giemsa stain)

two NZB mice (females, 6 and 8 months old) were
used as positive controls. Frozen sections were cut at
4 to 6 ,u in a -20 C cryostat, fixed in absolute acetone
at room temperature for 10 minutes, and washed in
phosphate-buffered saline (PBS). Sections were
stained for 10 minutes in moist chambers with 1) flu-
orescein conjugated rabbit anti-mouse C3 (Cooper
Biomedical, Malvern, PA), 2) fluorescein conjugated
rabbit anti-mouse albumin (Cappel, Malvern, PA), 3)
fluorescein conjugated rabbit anti-mouse IgG (Bio-
netics, Charlestown, SC), 4) fluorescein conjugated
rabbit anti-mouse IgM (Litton Bionetics, Kensington,
MD), and 5) fluorescein conjugated rabbit anti-mouse
IgA (Bionetics, Kensington, MD). Goat anti-dog IgG
conjugated with fluorescein conjugated rabbit anti-
goat immunoglobulin (Cappellab, Downingtown,
PA) was used as a negative control. Sections were
washed three times in PBS for 10 minutes, blotted dry,
coverslipped with glycerol, and examined with a Zeiss
immuno-fluorescent microscope. The amount of spe-
cific immunofluorescence in glomeruli was graded
negative or trace to +4 positive and the staining pat-
tern recorded (granular, linear, focal, diffuse, lobular,
and segmental).

Results

Longevity of Mice

Spontaneous deaths of anemic mice in the colony
were monitored and recorded over time. In a group of
50 mice that died spontaneously, 50% died between
2.5 and 6 months, 34% between 6.5 and 15 months,
and 16% between 16 and 25 months of age. There
were no spontaneous deaths in the control (+/+) mice
until after 25 months of age.

Hematologic Parameters

Hematocrits in anemic mice ranged from 16 to 28%
with mean hematocrits of old anemic mice being
slightly lower than young anemic mice (Table 1). Un-
corrected reticulocyte counts were markedly elevated
(89 to 98%) in both young and old anemic mice. Pe-
ripheral erythrocytes were spherocytic and polychro-
matophilic with blood smears containing many red
blood cell fragments (Figure 1). Total white blood cell
counts were elevated in the majority ofold and young
anemic mice. White blood cell counts in anemic ani-
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Table 2-Serum Chemistries in Young and Old sphhalsphha and +/+ Mice

Young Young Old
+/+ sphtm +/+ Old sphha

Potassium 5.8 6.5* 4.4 5.6*
(meq/L) (5.0-5.9) (5.5-7.4) (4.4-4.6) (4.0-6.7)

Phosphorus 7.2 9.1* 5.8 8.6
(mg/dl) (7.2-7.3) (8.0-11.0) (4.6-7.6) (6.1-10.3)t

BUN 24.6 37.7 28.4 64.9
(mg/dl) (17-26) (20-61) 26-30 (41-120)

Creatinine 0.5 0.5 0.5 0.5
(mg/dl) (0.5-0.6) (0.2-0.7) (0.4-0.8) (0.4-0.8)

SGPT 158 79 117 177
(IU/I) (88-178) (62-204) (32-226) (98-250)

Total bilirubin 0.06 0.7t 1.0t
(mg/dl) (0-0.1) (0.2-1.1) (0.5-2.6)

Values are mean and ranges. Young +/+ (N = 8); young sphh" (N = 9); old +/+ (N = 5); old sphh" (N = 9).
*P<0.05.
t P < 0.01; two-tailed Student t-test.

mals ranged from 7700 to 58,600 per cu mm with ing degrees ofproteinuria with proteinuria being most
marked increases in absolute numbers of neutrophils notable in old control (+ 1 to +3) and old anemic
(3 to 5 times control levels), monocytes (6 to 11 times) (trace to +4) mice. Proteinuria with more dilute urine
and lymphocytes (4 to 5 times, Table 1). suggests greater urine protein loss in old anemic mice

(Table 3). Young and old anemic mice manifested he-
maturia, mostly due to red blood cell hemolysis, and
bilirubinuria. Urinary urobilinogen was above con-

Anemic mice had moderate but significant in- trol levels in some of the old anemic mice. Fecal anal-
creases in serum potassium, phosphorus, BUN, and yses were negative for occult blood in all groups.
total bilirubin (Table 2). Serum BUN was higher in
old anemic mice and both young and old anemic ani- Serum Immunoglobulin Levels
mals had elevated total bilirubin levels. Other serum
chemistries did not differ significantly from control There were elevations in certain immunoglobulin
mice. isotypes in anemic mice (Figure 2). Old anemic mice

Urinalyses results are summarized in Table 3. Spe- had significantly increased levels ofIgG 1, IgG2b, and
cific gravity was > 1.035 in all groups except old ane- IgA; IgG 1 and IgA were 3 to 5 times higher (IgG 1 lev-
mic mice, where urine specific gravity ranged from els were 7190 ± 3645 mg/l (mean ± SD) and serum
1.016 to 1.025. All four groups ofmice displayed vary- IgA levels were 8367 ± 750 mg/l). Young anemic

Table 3-Urinalysis in Young and Old sphha/sphha and +/+ Mice

Young +/+ Young sphha Old +/+ Old sphha
(n)* (n) (n) (n)

S.G.t >1.035 >1.035 >1.035 1.016-1.025
(6) (4) (4) (4)

pH 6.0-7.0 6-6.5 6.0-6.5 5.5-7.0
(8) (5) (2) (9)

Bilirubin Neg Neg-+2 Neg Neg-+3
(13) (11) (6) (18)

Urobilinogen 0.1-1 .1-2 0.1-1 0.1-8
(mg/dL) (1 1) (1 1) (6) (15)

Blood Neg trace-+3* Neg-+1 Neg-+2§
(12) (8) (5) (14)

Protein +1-+2 +1-+2 +1-+3 trace-+4
(mg/dL) (10) (8) (8) (15)

Glucose Neg Neg Neg Neg
(5) (4) (3) (8)

n = number of mice used for determination.
t Reported normal specific gravity in C57BI/6J mice is 1.020-1.022 (38).
t Positives were hemolyzed.
§ Positives were hemolyzed (4) and nonhemolyzed (2).
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Figure 2-Some immunoglobulin isotypes (RID assay) were altered in anemic mice particularly in older animals. Serum IgGl levels were significantly (*P
< 0.05) increased in both groups of anemic mice while serum IgG2b was increased (P < 0.05) in old anemic mice and IgG3 was increased (P < 0.05) in young
anemic mice. Both young anemic (P < 0.05) and old anemic (P < 0.001) mice had elevations in serum IgA levels with old anemic mice having a striking increase.
Old control mice had increased serum IgM levels (P < 0.001) relative to young control mice and both groups of anemic mice. *Two-tailed Student's t-test.

mice had elevated serum IgG 1, IgG3, and IgA. Serum
IgM levels (572 ± 30 mg/i) were increased in old con-
trol mice relative to the other groups ofmice.

Erythropoietin Levels

Serum erythropoietin (EP) levels were elevated in
young anemic mice coinpared with control mice.
While control mice had undetectable levels of EP,
young anemic mice had levels that ranged from 70 to
712 mu/ml. Although this was elevated, normal mice
made anemic by acute blood loss had EP levels that
were 3 to 20 times higher (2 100 to 16,900 mu/ml).'5

Necropsy Findings

Anemic mice weighed less than control mice (Table
4). Young anemic mice had a 32% lower body weight

relative to age-matched controls. Differences in
weight decreased with age; old anemic animals were
16% lower in body weight than age-matched controls.
Anemic mice had larger hearts and kidneys than con-
trol mice but the most remarkable differences were
noted in spleen weights. Splenic weight ranged from
1.5 to 1.6 g in anemic mice, 11 to 17 times the weight
of control spleens (0.087 to 0.1 1 g).
Young +/+ Mice (2 Females, JO Males)
There were no pathologic changes noted in the 12

mice examined. One mouse had a focal area ofhepati-
tis, two mice had focal mineralization in coronary ves-
sels, and three mice had mild, focal, hepatic extramed-
ullary hematopoiesis (EMH).
Young sphha/sphha Mice (6 Females, 6 Males)
The most dramatic differences between young con-

trol (+/+) and anemic (sphha/sphha) mice were noted
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Table 4-Mean (±SEM) Body and Organ Weights in Young and Old sphhalsphha and +/+ Mice

Young +/+ Youngsphha Old +/+ Old sphh

Body weight 33.2 22.7 39.2 33
(9) (± 0.37) (± 1.9) (± 1.0) (± 1.1)

Heart 0.14 0.21 0.20 0.36
(9) (± 0.01) (± 0.02) (± 0.01) (± 0.04)

Kidney 0.22 0.31 0.30 0.53
(g) (± 0.002) (± 0.04) (± 0.01) (± 0.1)

Liver 1.36 1.51 1.74 2.28
(9) (± 0.09) (+ 0.11) (± 0.13) (± 0.19)

Spleen 0.087 1.51 0.11 1.61
(g) (± 0.007) (± 0.16) (± 0.001) (± 0.26)

in the kidneys, liver, spleen, lymph nodes, and bone
marrow. Kidneys exhibited histologically mild mem-
branoproliferative glomerulonephritis (MPGN) with
prominent hemosiderosis (Figure 3) confined primar-
ily to the proximal convoluted tubules. Five of 12
mice had occasional individual proximal tubular cell
necrosis in the most heavily iron-laden tubules. One
mouse had hydronephrosis and intratubular concre-
tions. Spleens from anemic mice were very much en-
larged and contained remarkable expansion ofthe red
pulp with EMH and a predominance oferythroid pre-~~~~~t -
Figure 3-Widespread hemosiderin deposits in the proximal convoluted tu-
bules in the renal cortex. Glomeruli and distal tubules are spared. (young
sph/isphh mouse, x40, Gomori stain)

cursors; some spleens had apparent reduction in dis-
crete areas of white pulp. Macrophages were abun-
dant and laden with hemosiderin. The liver also
showed varying degrees of EMH, and contained he-
mosiderin-laden macrophages. Hepatocytes were
normal. Bone marrow was cellular with erythroid hy-
perplasia and M:E ratios approximating 1:2 to 1:3.
The most prominent finding in lymph nodes was cor-
tical hyperplasia (9 of 12). Some nodes also showed
hyperplasia of stromal supporting cells (3 of 12),
prominent sinusoidal reticular lining cells (1 of 12),
and EMH in medullary cords (1 of 12). Other tissues
were normal.

Old +/+ Mice (5 Females, 7 Males)
The primary pathologic findings noted in this group

of mice were in the lungs and liver. Two mice had
alveologenic tumors and one mouse had mild peri-
bronchiolitis. Liver findings included foci ofmononu-
clear cells (4 of 12), foci of EMH (2 of 12), nodular
hyperplasia (1 of 12) and mixed lymphoma (1 of 12).
There were mild to moderate degrees ofEMH in the
spleen. Two mice had amyloid deposition in small in-
testine, colon and caecum, and one animal had car-
diac amyloidosis. Other tissues were normal.

Old sphha/sphha Mice (1 I Females, 13 Males)
Pathology noted in this group of mice involved the

kidney, liver, spleen, heart, lymph nodes, and gall
bladder. Mild to marked MPGN, occasionally lobular
in appearance, with mesangial proliferation, capillary
wall thickening, and focal splitting ofperipheral base-
ment membrane, was noted in 24 anemic mice (Fig-
ure 4). Six ofthe 24 mice examined had hydronephro-
sis with mild to marked cyst formation throughout the
renal parenchyma. Cysts were focally lined by proxi-
mal tubular epithelial cells with brush borders, and
occasionally showed features of glomerulocystic dis-
ease. Most often they were lined by nondescript, flat-
tened epithelium. Bilirubin concretions were present
in the renal pelvis and some of the cysts. No direct
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Figure 4-Glomerulus showing membranoproliferative glomerulonephritis
with accentuated lobular architecture, pronounced mesangial hypercellular-
ity, infiltration of capillary loops by neutrophils (arrow), and focal thickening
of basement membranes (double arrows). (old sphh"/sphm mouse, x400, H
& E)

evidence of tubular obstruction or cell proliferation
was identified. There was also marked hemosiderosis
in proximal tubules, with lesser degrees present in
some distal tubules in the most severely siderotic ani-
mals. There were focal areas of individual proximal
tubular cell necrosis and mild interstitial fibrosis. Liv-
ers were heavier and contained moderate to marked
EMH (Figure 5) with increased numbers of hemosid-
erin-laden macrophages. Seven of 24 mice had gall-
stones. Splenic changes were similar to young anemic
mice with marked splenomegaly, EMH, hemosiderin-
laden macrophages, and lymphoid depletion. Throm-
bosis of small vessels was noted in the spleen of one
mouse. Hearts were heavier (Table 2), often had di-

Ai
Figure 5-Liver of old sphh/sph8 mouse with 0,
marked extramedullary hematopoiesis in the
medullary cords (large arrows) and nucleated
red blood cells in the sinusoids (small arrows).
(X400, H & E)

lated chambers and were histologically normal. One
animal had a localized area offibrosis and one animal
had multiple thrombi in cardiac vessels. Lymph nodes
were twice normal size and showed EMH with hemo-
siderin-laden macrophages (16 of 24) and prominent
cortical and paracortical areas (7 of 24). Nodes had
cortical hyperplasia (16 of 24) and increased numbers
ofplasma cells (6 of 24) (Figure 6). Bone marrow was
less cellular and less erythropoietic than in young ane-
mic mice, with more areas ofgranulopoiesis and M:E
ratios ranging from 1:1 to 1:1.5. Whereas thymic tis-
sue was rarely found in the old control mice (14 to 32
months old), the thymus was present and histologi-
cally normal in anemic mice up to 16 months of age.
Lungs were normal except for localized hemorrhage
(1 of24) and mild peribronchitis (1 of 24). Remaining
tissues were normal.

Presence of Stainable Iron

Differences in stainable iron were noted primarily
in the kidney, liver, spleen, bone marrow, and lymph
nodes (Table 5). Both young and old anemic mice had
dramatic amounts ofiron deposited predominantly in
proximal convoluted tubules (Figure 3). The livers of
anemic mice also had heavy deposition of iron, pre-
sumably due to increased handling of phagocytosized
red blood cells. Control mice had moderate amounts
of iron in the spleen but this probably was mobilized
for accentuated erythropoiesis and was trace to nega-
tive in anemic mice. The bone marrow contained
small amounts of iron in control mice but was nega-
tive in anemic animals. The lymph nodes contained
moderate amounts of iron in anemic mice confined

I p ', " MOR 4..-' ': 10 '.
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Figure 6-Lymph node from old sph' /spht
mouse showing extramedullary hematopoiesis
and plasma cells in the medullary cords (large
arrows) and nucleated red blood cells in the si-
nusoids (small arrows). (X400, H & E)

primarily to the trabecular and medullary sinuses.
Presumably, anemic mice mobilize iron from the
spleen and marrow and concentrate it in areas where
red blood cells and hemoglobin are handled and me-

tabolized, the kidney, liver, and lymph nodes.

Immunofluorescence

Immunofluorescence findings are summarized in
Table 6. In most cases glomerular staining seen was

confined to mesangial areas; this was true of all con-

trol and young anemic animals studied. In the older
anemic mice, a pattern of coarse, granular staining of
peripheral capillary walls, frequently in a lobular pat-
tern, was seen for both IgM and IgA, but not IgG (Fig-
ure 7). In general, there was stronger glomerular stain-
ing for all immunoglobulins in anemic animals when
compared with similarly aged controls.

Electron Microscopy

Ultrastructural findings in glomeruli showed no ev-

idence ofelectron dense deposits in the young control
animals studied; studies of morphologically normal
glomeruli from an old control animal revealed rare,

small mesangial electron dense deposits. In contrast,
glomeruli in both young and older anemic animals
showed changes consistent with MPGN. These in-
cluded mesangial expansion with focal interposition
into glomerular capillary walls and prominent mesan-
gial and paramesangial electron dense deposits (Fig-
ure 8). Subendothelial dqposits in peripheral capillary
walls were less frequent but often present. Occasional
leukocytes were present in capillary lumina. Visceral
epithelial cell foot processes were generally well pre-
served. Occasional aggregates of iron were present in
lysosomes ofvisceral epithelial cells or lying free in the
urinary space; no intracapillary mesangial deposits of
iron were seen. Tubules containing large amounts of

Table 5-Presence of Stainable Iron in Tissues of Young and Old sphha/sphha and +/+ Mice

Young +/+ Youngsphl Old +/+ Old sphha

Kidney Neg +4 Trace +4
Liver Neg +3 Trace +3 to +4
Spleen +2 to +3 Neg to Trace +2 to +3 Neg to trace
Bone marrow Neg to +1 Neg Trace to +2 Neg
Lymph node Trace +1 to +2 Trace to +2 +3
Heart Neg Neg Neg Trace
Thymus Neg Neg Neg Trace
Lung Trace Trace Neg Trace
Pancreas Neg Trace Neg Trace
Stomach

intestine Neg Neg Neg Neg

Gomori's iron stain; amount scored negative, trace to +4; Neg, negative.
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Table 6-Immunofluorescent Findings in Kidneys of Young and Old sphh8/sph M and +/+ mice

Young +/+ Young sphh" Old +/+ Old sphha

Albumin Neg Neg Neg Neg to +31
C3 1 + to 3+-t 2+ to 4+*t +1 to +3*t Neg to +3*t
IgG Neg Neg to 3+ +1 to +3** Neg to +3
IgM 1 + to 2+* +4*§ +3* +2 to +3*t§
IgA Neg +3 to +4*t +1 to +3* +3 to +4¶

mesangial.
t tubular basement membrane.
$ segmental capillary wall.
§ afferent arterial vessels.
I tubular casts.
T lobular pattem.
** focal, segmental.

iron in polyphagolysosomes showed preservation of
brush borders and basolateral interdigitations and
basement membranes ofnormal thickness.

Discussion

The hemolytic anemic mutant mouse (sphha/sphha)
must meet intense erythropoietic demands that begin
when it is a fetus. Red cell lifespan is markedly short-
ened7'8 and hematopoietic space is expanded to ac-
commodate enhanced and persistent red blood cell
production. Marked splenomegaly with extramedul-
lary hematopoiesis and increased numbers ofhemato-
poietic stem cells,'3 in addition to EMH in the liver,
are the means by which this mouse attempts to ac-
commodate increased peripheral blood cell needs. A
gradually increasing heart size with eventual dilata-
tion ofchambers in older animals suggests cardiovas-
cular compensations as well. Normal red blood cell
mass is never achieved (hematocrit level is halfthat of
controls) throughout the mouse's lifetime despite the

Figure 7-Glomerulus from old sph"/sph" mouse showing prominent
granular deposition of IgA in mesangium and peripheral capillary walls.
(x700, FITC rabbit anti-mouse IgA)

compensatory response ofa near 100% reticulocytosis
in peripheral blood.

Because spectrin deficient red cells are fragile and
circulate for short periods oftime,16 mutant hemolytic
mice must continually process large numbers of frag-
mented and sequestered red blood cells, resulting in
changes in iron stores. Control mice have copious
quantities of iron in their spleens with moderate
amounts in bone marrow. In anemic mice, iron is mo-
bilized from the spleen and bone marrow and be-
comes concentrated in sites where red cells and hemo-
globin are processed: the liver, lymph nodes, and
heavily within the kidney tubules. Renal hemosid-
erosis in humans has been associated with intravascu-
lar hemolysis.'7 As in humans, hemosiderin in anemic
mice is abundant in cells of the proximal convoluted
tubules and generally absent in distal tubules, glomer-
ular tufts, and interstitial tissue. Renal hemosiderosis
was noted in young anemic mice and was even more
apparent in older anemic animals, but renal tubular
function did not appear to be impaired to any signifi-
cant degree. Older anemic animals still were able to
concentrate urine and serum phosphorus levels were
within normal range (Table 3).

Membranoproliferative glomerulonephritis (MPGN)
was an unexpected finding in these anemic mutant
mice. It was present in the young anemic animals but
became more marked with age. Renal function may
have been affected to some degree with mild to mod-
erate elevations in BUN, but serum creatinine levels
remained normal (Table 2). The glomerulonephritis
noted was associated with the deposition of IgA, IgM,
C3, and to some extent IgG in the anemic mice. Im-
mune complex glomerulonephritis has been associ-
ated with viral infections in mice.18120 Mice evaluated
in this study were free of known murine viruses and
maintained in a specific pathogen-free facility and
congenic controls did not exhibit this renal pathology.
In a review of 12 strains oflaboratory mice, immuno-
globulin deposition (specifically IgG, IgM, IgA, and
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Figure 8 a, b-Membranoglomerulonephritis (MPGN). a-Low power (X3360) electron micrograph showing mild increase in mesangial cells, numerous
electron dense deposits (D) in mesangial (M) and paramesangial areas. Epithelial foot processes are well preserved. b-Higher power (x6160) view of
glomerulus showing paramesangial deposits with extension into inner basement membrane of capillary wall (arrow) and mesangial interposition into capillary
walls. Some iron granules (arrowheads) are present in urinary space (U). There is a neutrophil in the capillary lumen (L). D, deposits; M, mesangial; U, urinary
space; L, lumen.

C3) was reported in renal glomeruli in the absence of
overt clinical disease.2' Ultrastructural findings in
these animals were not reported, and it is uncertain if
organized immune deposits were present. The find-
ings of positive immunofluorescence in kidneys of
control mice with only rare mesangial deposits seen
by electron microscopy agree with that previous
study, and indicate a baseline background ofglomeru-
lar Ig deposition of little clinical significance in these
mice. However, both young and old anemic mice had
more pronounced immunoglobulin deposition that
was predominantly IgM and IgA, with organized im-
mune deposits in mesangial areas and within capillary
walls in areas of mesangial interposition that were
identified by electron microscopy.
The relationship ofthe hemolytic anemia to the glo-

merulonephritis is unclear. There are other examples
of hemolytic anemia associated with glomerular dis-
ease. Glomerulonephritis and hemolytic anemia have
been reported in a rodent species, the Afghan Pika,22
which was associated with an autoimmune disease.
Nephritis and hemolytic anemia occur in owl mon-
keys,23 but their cause is unknown. Malaria, a red-cell
parasite resulting in hemolysis, has been associated
with glomerulonephritis in humans24 and in mice.25
Mice infected with Plasmodium berghei Yoelii have
deposition of C3, IgG1, IgM, and IgA in glomerular
mesangium. The cause of membranoproliferative glo-
merulonephritis in the majority ofhuman cases is un-
known, but chronic antigenemia and/or circulating
immune complexes has been suggested in cases asso-
ciated with chronic bacteremia, chronic hepatitis, cer-
tain blood dyscrasias, and parasitic infections.26 Con-
tinued red cell fragmentation noted in sphha/sphha
mice may result in exposure of occult antigens, and
elicit a persistent immune response.

Perhaps the most striking feature ofthis model is its
similarity to the small proportion of human patients
with sickle cell anemia who develop an immune com-
plex glomerulonephritis.27 In one study,28 all seven
patients had some degree of membranoproliferative
glomerulonephritis. Electron microscopic changes
noted in sphha/sphha mice share some morphologic
similarities with those noted in affected sickle cell pa-
tients, including mesangial expansion, presence of
mesangial dense deposits, and mesangial interposi-
tion into peripheral capillary basement membrane.
The development of similar glomerular lesions in two

different species suggests that chronic hemolysis in
some way produces glomerular injury.
Some serum immunoglobulin isotypes were higher

in anemic mice relative to control animals. Although
it has been noted that total serum immunoglobulin
levels increase with age in mice,29 old anemic mice
had higher levels of IgG 1 and much higher levels of
IgA when compared with old control mice. Factors
that regulate IgA responses are unclear but IgA re-
sponses are reduced in the absence ofT cells. The mu-
rine spleen contains regulatory T cells suppressing IgA
synthesis and Peyer's patches contain regulatory cells
augmenting IgA synthesis.30 In old anemic animals,
EMH in the spleen may result in a reduced suppressor
T cell population or altered suppressor cell function,
which in turn results in excess production ofIgA. Sub-
sets of helper T cells may modulate immunoglobulin
levels through production of lymphokines like B cell
growth factor II (Interleukin 5)3' and helper T cell
subsets may be altered in number or activity in older
anemic mice. Elevation in serum IgG, IgA, and IgM
have been reported in children with sickle cell ane-
mia32 and patients with hereditary spherocytosis.33

Sphha/sphha mice manifested a leukocytosis that is
three to four times the white cell count of control
mice. Red cell breakdown may result in release of
growth factors that stimulate granulocyte/monocyte
progenitors and increase numbers ofgranulocytes and
monocytes. While a precise mechanism for the ob-
served monocytosis is not yet known, on a teleologic
basis it is apparent that there are increased needs for
subsets ofmacrophages to clear red cell debris and he-
moglobin breakdown products, to accelerate erythro-
poiesis by elaborating growth factors,34 or to act on
hemopoietic progenitors,35'36 and to deliver iron to de-
veloping erythroblasts in the marrow or spleen. The
lymphocytosis manifested by the sphha/sphha mouse is
not as well understood. Lymphocyte numbers gener-
ally are not regulated by any ofthe known factors that
affect erythrocyte, granulocyte, or monocyte produc-
tion. It is not known whether increased peripheral
lymphocyte numbers is due to increased production
in primary lymphoid tissue, proliferation of mature
lymphocytes in secondary lymphoid tissue, or to per-
sistence of long-lived lymphocytes. Histologically,
some ofthe anemic mice showed lymphoid hyperpla-
sia in paracortical areas of lymph nodes, however, no
similar hyperplasia was present in the spleen. Instead,
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the white pulp of the spleen was reduced in many of
the anemic mice, with marked expansion of red pulp.
Subsets of lymphocytes have been implicated in the
control and regulation of hematopoiesis37 and the
lymphocytosis may in part be due to an increase in
those accessory cells.
Anemic mice have a shorter lifespan than control

mice. The hematologic and serum chemical values
evaluated in this study in anemic mice have not sug-
gested a reason for their demise. Despite a histologi-
cally progressive glomerulonephritis, the serum BUN,
creatinine, and phosphorus values do not indicate sig-
nificant renal dysfunction or a renal cause for their
early mortality. Although the increased size of their
hearts, along with dilatation of atrial and ventricular
chambers, indicate the possibility of heart failure, the
absence of pulmonary edema would not suggest a
prominent role for congestive heart failure as a cause
of death. The observed hepatomegaly most likely is
due to a combination of extramedullary hematopoie-
sis and hemosiderosis, with possible additional contri-
bution of passive congestion secondary to right heart
failure.
The sphha/sphha mouse offers a unique opportunity

to study multiple compensatory changes occurring
with chronic anemia, effects of persistent breakdown
of red cells, handling of iron by the kidney and liver,
and the development ofan immune complex glomer-
ulonephritis possibly related to hemolytic anemia.
The observed changes in lymphocyte numbers or
lymphocyte populations in this animal model may be
a useful tool for exploration of controls for regulation
ofimmunoglobulin synthesis and lymphopoiesis.
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