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Abstract. The concentrations of zinc, copper, and manganese in liver, kidney, duodenum, 
pancreas, testes, bone, and serum from control and untreated, spontaneously diabetic BB Wistar 
rats were compared. Chronic insulin deficiency resulted in significant alterations in the concen- 
trations of one or more of these essential micronutrients in several tissues. The amounts of zinc 
and copper bound to metallothionein in the liver and kidney of untreated spontaneously diabetic 
rats were also markedly increased. The tissue trace metal status in diabetic rats was altered similarly 
in both male and female rats. Daily injections of insulin blocked many of the changes in the 
tissue concentrations of the metals. The effects of spontaneous diabetes on tissue trace metal 
status are quite similar to those reported for chemically induced diabetes. Thus, these results 
demonstrate that chronic endocrine imbalance is responsible for a series of tissue specific changes 
in the transport and metabolism of zinc, copper, and manganese. o 1985 Society for Experimental Biology 

and Medicine. 

Recent reports from several laboratories 
have shown that chemical induction of the in- 
sulin-deficient, diabetic condition in the lab- 
oratory rat is associated with marked altera- 
tions in the metabolism of essential trace met- 
als. More specifically, the absorption of zinc 
and copper (l), zinc retention (2), the concen- 
trations and metabolism of zinc (3-7), copper 
(3, 5 ,  8), iron (4, 6), and manganese (3, 7, 9) 
in some tissues, and the urinary excretion of 
zinc, copper, and iron (10) are all increased in 
untreated, streptozotocin-diabetic rats. The 
degree of the alterations is influenced by the 
severity and duration of the diabetic condition 
( 5 )  and dietary factors (6), but is independent 
of the strain and sex of the rat (1 1). Failla and 
Kiser ( 5 )  have proposed that the observed 
changes in trace metal metabolism are due to 
the endocrine imbalance associated with the 
diabetic condition. However, definitive evi- 
dence to exclude the possibility that the alter- 
ations result from cytotoxic effects of the dia- 
betogenic drug, streptozotocin, on extrapan- 
creatic tissues is lacking. Such information is 
imperative, since streptozotocin may damage 
kidney tubules and the liver (12, 13). These 
are two of the primary tissues in which the 
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metabolism of trace metals is altered by 
chemical diabetes. 

The purpose of the present study was to ex- 
amine the trace metal status of tissues from 
untreated and insulin treated, spontaneously 
diabetic BB Wistar rats. The onset of diabetes 
in this animal is sudden and associated with 
insulitis, destruction of the pancreatic ,6 cells, 
and the development of hyperglycemic ke- 
toacidosis. Various characteristics of this an- 
imal model have been reviewed ( 14- 16). The 
results support our hypothesis that the endo- 
crine imbalance of the untreated diabetic state 
results in marked changes in the concentra- 
tions of zinc, copper, and manganese in se- 
lected tissues. 

Materials and Methods. Animals. Details 
of animal housing and care have been previ- 
ously reported (17). A total of 23 BB Wistar 
spontaneously diabetic rats and 17 BB Wistar 
nondiabetic rats of similar age were examined. 
Similar numbers of male and female rats were 
included in each group. The mean age of onset 
of the diabetic condition was 106 t- 5 days 
(range of 79- 147 days). All diabetic rats were 
weighed and the level of glucose in the urine 
was estimated each day (Testape, Eli Lilly). 
Eleven diabetic rats were randomly selected 
to receive daily injections (subcutaneous) of 
protamine zinc (U-40) insulin (Connaught 
Laboratory, Toronto). The dose of insulin ad- 
ministered to each diabetic animal (2-4 units) 
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318 TRACE METALS IN DIABETIC RATS 

prevented ketonuria and resulted in a growth 
rate (increase in body weight) similar to that 
of nondiabetic animals. 

Untreated diabetic rats were sacrificed at ei- 
ther 14 days or 25-28 days after diabetes was 
detected. Equivalent numbers of insulin- 
treated animals with diabetes of similar du- 
ration and nondiabetic rats of similar age were 
also sacrificed at these times. Plasma glucose 
levels at the time of sacrifice were 142 k 5 ,  
628 -t 3 1,  and 358 -t 45 for nondiabetic, un- 
treated diabetic, and insulin-treated diabetic 
rats, respectively. 

Tissue analysis. The following tissues were 
collected from each animal: liver, kidney, 
duodenum (20-cm segment from the pyloric 
sphincter), femur, testes (when applicable), 
and blood. Residual blood and luminal con- 
tents were flushed from the liver and duo- 
denum, respectively, with ice-cold saline. Tis- 
sues were stored in polyethylene bags at -20°C 
until analysis. Serum was prepared from blood 
that had been collected by posterior aorta 
puncture. 

Tissues, except serum, were dried at I05 “C 
for 20 hr, weighed, and then ashed at 450°C 
for 24 hr. Ash was dissolved in 0.12 N HCI 
(“Ultrex”, J. T. Baker) and diluted appropri- 
ately for the analysis of zinc, copper, and 
manganese concentrations by atomic absorp- 
tion spectrophotometry (Perkin-Elmer Model 
560) with an akacetylene flame. Identical 
handling and analysis of bovine liver 1577 
from the National Bureau of Standards dem- 
onstrated that the recovery of all three metals 
in samples exceeded 95%. Serum samples were 
diIuted 1 :4 with trichloroacetic acid (final 
concentration 5 % )  and the acid soluble frac- 
tion was analyzed for zinc, copper, and iron. 

Metallothionein. The concentrations of zinc 
and copper associated with metallothionein in 
the cytosol fraction of livers and kidneys were 
determined by gel filtration chromatography 
as reported previously ( 5 ) .  Briefly, similar 
amounts of tissue from the animals in each 
group were pooled and homogenized in buffer 
containing 250 m M  sucrose, 20 m M  Tris-ac- 
etate, 1 m M  2-mercaptoethanol, pH 8.6. The 
soluble fraction (cytosol) was prepared by 
centrifugation of the homogenate at 105,OOOg 
for 90 min at 4°C. Aliquots (4 ml) of cytosol 
were applied to columns (2.5 X 60 cm) con- 
taining borohydride-treated Sephadex G-7 5 

that was equilibrated with buffer (20 mM Tris- 
acetate, 1 m M  2-mercaptoethanol, pH 8.6). 
Cytosol species were eluted at a rate of 20-25 
ml/hr and 4.0-ml fractions were collected. The 
elution characteristics ( V,, Vmt , and V,) of the 
columns were defined by examining the sep- 
aration of a solution containing Blue Dextran, 
purified rat liver zinc-metallothionein, and 
potassium dichromate. The concentrations of 
zinc and copper in each fraction were directly 
measured by atomic absorption spectropho- 
tometry. Recovery of zinc and copper from 
the columns exceeded 90%. 

The levels of zinc and copper bound to me- 
tallothionein were determined by summing 
the amount of each metal in fractions that 
eluted at 1.8-2.1 times the void volume (V,). 
Samples were compared by expressing the rel- 
ative amounts of metallothionein as micro- 
gram metal bound to metallothionein per 
gram cytosol protein. The amount of protein 
applied to each column was measured by the 
microbiuret procedure ( 18). 

Anal-vsis ofdata. Results are given as means 
f SE. Data were subjected to analysis of vari- 
ance and Duncan’s multiple range test to de- 
termine significant differences at cy < 0.05 ( 19). 

Results. Tissue concentrations of trace met- 
als. There were no significant differences be- 
tween the trace metal concentrations of male 
and female rats in each group. Therefore, re- 
sults for both sexes have been combined for 
presentation below. 

Zinc concentrations in the liver, kidney, and 
pancreas of untreated, spontaneously diabetic 
rats were elevated approximately 20% (Table 
I). In contrast, insulin deficiency did not affect 
the concentration of zinc in intestine, testes, 
and bone. Daily treatment of diabetic rats with 
insulin reduced the concentration of zinc in 
liver and kidney, but not pancreas, to control 
levels. The concentration of zinc was slightly, 
but significantly, increased in the small intes- 
tine of insulin-treated diabetic rats. 

Hepatic and renal concentrations of copper 
were 14 and 275% higher, respectively, in un- 
treated diabetic rats than in control animals 
(Table I). Insulin-treated diabetic and control 
rats had similar concentrations of copper in 
the liver, but the level of this metal in the kid- 
ney of spontaneously diabetic rats receiving 
insulin was 48% higher than in controls. Nei- 
ther the diabetic condition itself nor insulin 
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TABLE I. INFLUENCE OF THE INSULIN DEFICIENCY ON THE CONCENTRATIONS OF ZINC, COPPER, AND 
MANGANESE IN VARIOUS TISSUES OF BB/W RAT 

Metal concentration (pg/g dry wt)d 

Insulin-treated 
Control Diabetic diabetic 

Tissue Metal ( N =  17) ( N =  12) ( N =  11) 

Liver Zn 
c u  
Mn 

Kidney Zn 
c u  
Mn 

Intestine Zn 
c u  
Mn 

Pancreas Zn 
c u  
Mn 

Testes Zn 
c u  
Mn 

Bone Zn 

99.6 f 3.0" 
14.0 f 0.7" 
8.6 k 0.6" 

93.4 f 1.9" 
29.3 f 5.0" 

4.0 f 0.1 " 
90.7 k 2.0" 

8.2 f 0.5a3b 
5.0 k 0.5" 

66.2 f 3.4" 
7.4 k 0.4 
3.6 f 0.3" 

183.8 f 4.5 
15.8 f 0.4 
2.4 k 0.1 " 

231.4f  5.1 

113.9 f 2.3' 
15.9 f 0.5 ' 
16.0 f 1 . 1 '  

114.2 f 2.7' 
80.7 f 7.1 ' 

4.7 f 0.3" 

94.4 4 2.9 "3 ' 
7.3 f 0.6" 
5.7 f 0.5" 

80.2 f 4.5' 
6.8 f 0.4 
6.3 i 0.4b 

177.7 f 3.1 " 
15.7 i 0.6 
2.7 f 0.1 

238.4 1 4 . 8  

102.4 f 3.1 " 
14.6 i 0.6" 
9.8 f 0.6" 

98.7 f 2.1 " 
43.3 f 4.5' 

3.8 f 0.2" 

98.3 f 1.9b 
9.4 f 0.4b 
5.4 f 0.4" 

76.8 f 4.9",' 
7.3 f 0.5 
4.2 f 0.4" 

178.3 f 4.6' 
16.0 +- 0.2 
2.3 f 0.1 " 

229.7 +- 5.4 

Means f SE. 

treatment influenced copper concentrations in 
pancreas and testes. However, diabetic rats 
treated with insulin had higher Concentrations 
of copper in intestine than control and un- 
treated diabetic rats. 

Manganese concentrations in untreated di- 
abetic liver, kidney, pancreas, and testes were 
elevated by 86, 18, 75,  and 13%, respectively, 
in comparison with the concentrations present 
in the same tissues from control animals (Ta- 
ble I). Tissues from insulin-treated diabetic rats 
and control animals had similar concentra- 
tions of manganese. 

Untreated diabetic rats were also character- 
ized by hyperzincemia, hypocupremia, and 
hypomagnesemia (Table 11). Insulin treatment 
elevated serum copper levels, but did not sig- 
nificantly lower serum zinc. Plasma concen- 
trations of iron and calcium (Table 11) and 
bone calcium (data not shown) were similar 
in all groups. 

In those tissues of the untreated diabetic rat 
in which the concentration of one or more of 
the trace metals was significantly different 

"-' Values in a row with different letters as suDerscriDts significantly differ at a < 0.05. 

from control and insulin-treated diabetic rats Means SE. 

(Tables I and II), the influence of the duration 
of the diabetic condition on the degree of 
change in trace metal concentrations varied. 
Significantly higher concentrations (pg/g dry 
wt) of the indicated metals were present in the 
following tissues at 25-28 days after detection 
of insulin deficiency compared to 14 days: liver 

TABLE 11. CONCENTRATIONS OF ESSENTIAL METALS IN 
PLASMA FROM CONTROL, SPONTANEOUSLY DIABETIC, 

AND INSULIN-TREATED DIABETIC BB/W RATS 

Plasma metal concentration (pg/ml)d 

Control Diabetic Insulin-treated 
Element ( N  = 17) ( N  = 12) ( N  = 11) 

~~~ ~ ~~ ~ 

Zn 1.36 k 0.04" 1.69 f 0.10' 1.63 k 0.08' 
cu 1.20 k 0.05" 1.04 f 0.05' 1.36 f 0.08" 
Fe 2.74 k 0.20 2.68 f 0.14 2.87 ? 0.17 

Ca 102.5 -+ 2.1 107.8 f 2.6 106.4 * 1.3 
Mg 17.6 -+ 0.3" 16.1 f 0.6' 16.7 * 0.6",' 

LI-c Values in a row with different letters as superscripts differ at 
LY < 0.05. 
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zinc ( 1 19 -+ 4 vs 109 -t 4) and manganese ( 18 
k 1 vs 15 k 1 ), kidney copper (98 k 13 vs 69 
t 3) ,  and pancreas zinc (87 -t- 4 vs 76 -t 4). In 
contrast, the concentrations of zinc in kidney 
and plasma, copper in liver and plasma, and 
manganese in kidney and pancreas from un- 
treated spontaneously diabetic rats were ele- 
vated to a similar extent over controls at 14 
and 25-28 days after onset of diabetes. The 
concentration of copper in kidney of insulin- 
treated diabetic rats at 14 and 25-28 days after 
detection of the insulin-deficient state was also 
similar, viz., 40 2 4 and 46 k 5 pg/g dry wt, 
respectively, and significantly higher than 
normal. 

Hqmtic and renal metallothionein. The 
molecular distribution of zinc and copper in 
cytosol prepared from the livers and kidneys 
of control, untreated diabetic, and insulin- 
treated diabetic rats was compared by Se- 
phadex G-75 gel filtration chromatography. 
All of the additional complement of zinc in 
liver and kidney and copper in liver of un- 
treated diabetic rats was present in the cytosol 
fraction. In contrast, the cytosol and particu- 
late ( 105,OOOg pellet) fractions each contained 
approximately one-half of the additional load 
of copper present in the kidney of untreated 
diabetic rats. 

Zinc in cytosol from liver and kidney of all 
groups eluted in three distinct peaks, viz., at 
void volume, at 1.4- 1.6 times void volume, 
and with metallothionein (1.8-2.1 times void 
volume). The quantity of zinc associated with 
metallothionein in the liver and kidney of un- 
treated diabetic rats was 3.5 and 2.0 times 
higher, respectively, than in controls (Table 
111). Insulin-treated rats and controls had sim- 
ilar levels of zinc bound to hepatic metallo- 
thionein. Cytosol from untreated and insulin- 
treated diabetic rats also had markedly less 
zinc eluting at 1.4- 1.6 times void volume than 
controls (data not shown). 

Copper in cytosol prepared from the livers 
and kidneys of all groups eluted in two peaks, 
viz., at 1.4- 1.6 times void volume (presumably 
superoxide dismutase) and with metallothi- 
onein. Cytosol from the liver and kidney of 
untreated diabetic rats had 2.6 and 2.8 times, 
respectively, as much copper bound to me- 
tallothionein as control samples (Table 111). 
The concentration of copper associated with 
metallothionein was similar in livers from 

TABLE 111. INFLUENCE OF INSULIN STATUS ON THE 
CONCENTRATIONS OF ZINC AND COPPER BOUND TO 

METALLOTHIONEIN (MT) IN CYTOSOL FROM POOLED 
SAMPLES OF LIVERS AND KIDNEYS OF BB/W RATS 

pg metal bound to MT/g 
cytosol protein 

Insulin-treated 
Tissue Metal Control Diabetic diabetic 

Liver Zn 17.4 60.9 23.6 
c u  3.4 8.8 1.4 

Kidney Zn 48.7 96.0 71.2 
Cu 61.0 170.6 93.4 

control and insulin-treated diabetic rats. 
However, there was 56% more copper bound 
to metallothionein in renal cytosol from in- 
sulin-treated animals than control animals. 
Hepatic and renal cytosol from all groups had 
similar amounts of copper eluting at 1.4- 1.6 
times void volume, suggesting that the diabetic 
condition did not alter tissue levels of super- 
oxide dism u tase. 

Discussion. The results from the present 
study concerning the influence of the un- 
treated diabetic condition on tissue concen- 
trations of trace metals in the spontaneously 
diabetic BB Wistar rat are generally consistent 
with earlier investigations with streptozotocin- 
diabetic rats. Both spontaneously diabetic and 
chemically diabetic rats had significantly 
higher concentrations of zinc, copper, and 
manganese in liver [Table I; Refs. (3, 5-7, 9, 
1 l)], zinc and copper in kidney [Table I; (3, 
5 ,  6, 8, 1 l)], and zinc in plasma [Table 2; (3)] 
than their respective nondiabetic controls. 
These changes occurred to the same extent in 
both male and female diabetic rats [this study; 
( 1 l)]. Increased levels of zinc and copper were 
also bound to metallothionein in cytosol pre- 
pared from the livers and kidneys of sponta- 
neously diabetic (Table 111) and streptozoto- 
cin-diabetic rats (3, 5,9,  11). Despite the pres- 
ence of elevated levels of zinc and copper in 
the liver and kidney of spontaneously diabetic 
rats, the concentrations of these metals in 
duodenum were not affected by chronic in- 
sulin deficiency (Table I). This observation is 
similar to the findings of Failla and associates 
(1, 3) and Ghishan and Greene (2) in the 
streptozotocin-diabetic rats. In contrast, John- 
son and Evans (6) reported that duodenal zinc 
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and copper concentrations were significantly 
higher in streptozotocin-diabetic rats than in 
nondiabetic controls. The basis for this dis- 
crepancy is unknown. Plasma levels of calcium 
and iron in untreated spontaneously diabetic 
rats did not differ from that of nondiabetic 
controls, while slight hypomagnesemia was 
detected in the former (Table 11). Chronic in- 
sulin deficiency did not alter plasma levels of 
calcium, magnesium, and iron in streptozo- 
tocin-diabetic rats (20, 2 1). 

Daily administration of insulin to strepto- 
zotocin-diabetic rats usually maintained the 
concentrations of trace metals in tissues at 
control levels (3, 10). However, renal copper 
concentrations in severely diabetic rats treated 
with insulin were significantly higher than in 
nondiabetic control animals ( 10). Since strep- 
tozotocin may be nephrotoxic (12, 13), we 
were concerned that the failure of treatment 
with insulin to maintain normal copper status 
in the kidney might be due to drug-mediated 
cellular damage. In the present study, renal 
concentrations of copper (Table I) and copper- 
metallothionein (Table 111) were 48 and 46% 
higher, respectively, in insulin-treated, spon- 
taneously diabetic rats than in control rats. 
The concentrations of zinc, copper, and man- 
ganese in extrarenal tissues of insulin-treated, 
spontaneously diabetic rats were generally 
similar to those of nondiabetic controls (Tables 
I and 11). 

Several differences between spontaneously 
diabetic and chemically diabetic rats were also 
noted for tissue concentrations of trace metals. 
First, the renal concentration of manganese 
was significantly elevated in untreated spon- 
taneously diabetic rats (Table I), but not in 
untreated streptozotocin diabetic rats (3, 9). 
Elevated concentrations of manganese have 
been reported in the kidneys of streptozotocin- 
diabetic mice (1 1). Second, Johnson and 
Evans (6) reported a two to fourfold higher 
concentration of copper, but no alteration in 
the concentration of zinc, in the pancreas of 
streptozotocin-diabetic rats. In contrast, pan- 
creatic zinc levels were elevated by 20% and 
pancreatic copper concentrations were not al- 
tered in spontaneously diabetic rats compared 
to the nondiabetic animals (Table I). Third, 
spontaneous diabetes did not affect zinc con- 
centrations in bone (Table I). Rosholt and 
Hegarty (4) found significantly higher concen- 

trations of zinc in femur, humerus, and scap- 
ula from chronic (79 day), untreated strepto- 
zotocin-diabetic rats than in bones from non- 
diabetic rats. The conflicting data from these 
two studies are probably due to differences in 
the duration of the insulin-deficient condition. 
Zinc concentrations in bones from rats with 
streptozotocin-induced diabetes of 2- to 3- 
weeks duration were similar to control levels 
( 3 ,  6). Finally, the decreased concentration of 
copper in the plasma of spontaneously diabetic 
rats (Table I) was not observed in streptozo- 
tocin-diabetic rats (3). 

Untreated streptozotocin-diabetic rats ap- 
proximately double daily caloric intake by 1 
week after induction of the insulin-deficient 
condition. Previous studies have shown that 
the elevated concentrations of one or more 
trace metals in specific tissues of the strepto- 
zotocin-diabetic rat were also significantly el- 
evated when the quantities of these elements 
ingested per day were similar to those of nor- 
mal rats (3,6). Thus, the increased tissue con- 
centrations of the trace metals were not at- 
tributable to hyperphagia alone. Rather, the 
altered endocrine status of the streptozotocin- 
diabetic rat affects the absorption ( 1,2), tissue 
distribution and metabolism (3,9,2 1,22), and 
retention (9, 22) of both endogenous and di- 
etary trace metals. Although we did not mon- 
itor food intake in the present study, others 
have reported that moderately ketotic and sta- 
ble spontaneously diabetic BB Wistar rats in- 
crease food consumption by approximately 
25% (23). It is unlikely that this slight increase 
in the intake of trace metals accounted for the 
marked accumulation of these metals in some 
tissues. Another similarity between chemically 
diabetic and spontaneously diabetic rats was 
the influence of the duration of insulin defi- 
ciency on tissue trace metal status. Most strik- 
ing in both animal models is the preferential 
and continual accumulation of copper in the 
kidney [Table I; Refs. ( 5 ,  S)]. In most other 
tissues of the spontaneous-diabetic rat in which 
the concentrations of trace metals were altered 
by the diabetic state, the changes observed after 
2 weeks were similar in magnitude to those 
after 4 weeks. We have proposed that the early 
changes in tissue trace metal levels in response 
to the onset of the diabetic condition reflect 
those alterations required for metabolic ad- 
aptation to insulin deficiency (5) .  
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housed in the MUSC animal facilities and 
sacrificed at the ages indicated for each exper- 
iment. The number of mice used for each ex- 
periment is shown in Figs. 1 and 3. The num- 
ber of Tsk mice used always equaled the num- 
ber of +/+ mice used in each experiment. At 
the desired age, mice were anesthesized with 
0.2 ml Avertin followed by cervical disloca- 
tion. A sample of shaved skin was taken from 
the dorsal surface between the shoulder blades 
with a 6-mm biopsy punch. Samples were 
fixed and processed for light microscopy. Five 
micrometer sections were cut; hematoxylin 
and eosin and Giemsa stains were performed. 
Sections were projected onto graph paper, 
outlines drawn, and the paper cut out and 
weighed to two decimal places. A transparent 
measure was projected similarly to obtain a 
curve of standard areas from which the total 
area in square millimeters of each section was 
determined. Mast cells in the entire section 
were counted and the following equation was 
used to determine the number of mast cells 
per mm square millimeter: 

total mast cell number 
mast cells/mm2 = 

total section area * 

Mast cells were also classified as to the degree 
of degranulation from 0 to 4+ as follows: 

0 = no extracellular granules visible 
I +  = cell and nucleus clearly distinguishable 

with 2- I0 extracellular granules visible 

.,- 

2+  = cell and nucleus clearly distinguishable 
with I 1-25 extracellular granules visible 

3+ = cell and nucleus barely visible through 
extracellular granules numbering 26-50 

4+ = cell and/or nucleus difficult to find; 
massive number of granules (>50) clus- 
tered in an area two to five times the 
size of the cell, and many times accom- 
panied by a diffuse interstitial distribu- 
tion of granules. 

The cylindrical skin biopsy was cut in half 
along its long axis perpendicular to the epi- 
dermis. The tissue was placed in the embed- 
ding block with the flat surface down, and 
cut parallel to the flat surface with epidermis 
up. The measurement of the width of the 
subcutaneous fibrous layer was performed on 
a Videoplan image analysis system coupled 
to a photomicroscope (Zeiss, West Germany). 
The actual measurements were performed 
interactively on a digitizing pad using the 
Videoplan’s y-x software. 

Except for the recognized difference in hair 
color (Tsk mice have black coats; +/+, beige) 
and skin thickness, no differences were ob- 
served in growth, behavior, appetite, or age- 
corrected weights between Tsk and +/+ mice. 

Results. In both Tsk and +/+ mice, as has 
been shown in other species, the total number 
of mast cells decreases with age. In the Tsk 
mouse, the number of mast cells and/or the 
degree of degranulation differ from +/+ mice 
at comparable ages. Figure 1 shows the num- 

0 1+ 2+ 3+ 4+ 0 1 +  2+ 3+ 4+ 0 1+ 2+ 3+ 4+ 0 1+ 2+ 3+ 4+ 
1 5  months 6-9 months 11 months 3-5  months 

n=6 n=4 n= 2 n= 1 

FIG. I .  Number of mast cells/mm2 skin in each degranulation state 0 to 4+ for Tsk (closed bars) and 
+/+ (open bars) mice. n = number of sections quantified and number of mice studied. Brackets represent 
one standard deviation. 



FIG. 2. Photomicrographs of mast cells in each of the degranulation states (0 to 4+) (400X). The 0 state 
shows no granules outside the cell. The 1+ cell has 2 extracellular granules. There are approximately 20 
granules outside the 2+ cell. The 3+ cell has approximately 40 extracellular granules and the cell looks 
broken up compared to the 0 state cell. The 4+ cell (left picture) shows many granules in a large area and 
the cell is difficult to see. The 4+ area (right picture) is a large accumulation of granules. The cell(s) is not 
visible as a distinct entity. 
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ber of cells per square millimeter in Tsk and 
+/+ for each degranulation category (0-4+) 
at ages between 3 and 15 months. At 3, 5 and 
6 months, mast cell numbers in Tsk skin are 
more than twofold greater than in +/+ skin. 
At 1 1  months, the proportion is 1.8, and at 
15 months, the number of skin mast cells is 
similar in Tsk and +/+ and significantly re- 
duced from the number in younger mice. That 
younger Tsk mice have more mast cells is 
consistent with a pathogenetic role for these 
cells in the fibrotic process. 

Not only do the number of cells in the af- 
fected and normal mice differ, but also the 
degree of degranulation differs. At 5 months, 
the Tsk mouse has few cells exhibiting no vis- 
ible degranulation with the majority exhibiting 
4+ degranulation. At 5 months, most mast 
cells in the +/+ mouse are normal (0) and 
very few are degranulated (4+ state). At 15 
months, even though the total mast cell num- 
ber per square millimeter is nearly equivalent 
in Tsk and +/+, the proportion of highly de- 
granulated cells in Tsk remains increased. 
Figure 2 shows representative examples of de- 
granulation classified from 0 to 4+. 

Figure 3 compares the widths of the fibrous 
layer at various ages. Even at young ages, there 
is more fibrous tissue in the Tsk than in the 
+/+ mouse: between 6 and 9 months a large 
increase in the width of the layer occurs in the 
Tsk mouse with little to no change in the 
+/+ skin. 

Other histopathologic abnormalities of the 
Tsk mouse are being prepared for separate 
publication. Mast cell abnormalities have only 
been observed in the skin. 

Discussion. We have demonstrated in Tsk 
mouse skin an absolute increase in the width 
of a subcutaneous fibrous layer, in the number 
of mast cells, and in the degree of mast cell 
degranulation, all compared to +/+ skin. 

An increase in the density of dermal mast 
cells has been noted in various skin diseases, 
including urticaria pigmentosa, basal cell car- 
cinoma, neurofibromatosis and lichenified 
atopic eczema; therefore, it seems reasonable 
that the mast cell density could be increased 
in other skin disorders as in the Tsk mouse 
and scleroderma in man. 

Increased numbers of mast cells in sclero- 
derma skin have been reported by Hawkins et 

2 0 0 4  T T 
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FIG. 3 .  Width of subcutaneous fibrous layer in Tsk 
(closed bars) and +/+ (open bars) skin. n = number of 
sections quantified. Brackets represent one standard de- 
viation. 

ul. (7). They noted that mast cell counts were 
greater in involved skin than uninvolved skin 
or in control skin; unusual degrees of mast 
cell degranulation were not seen. Skin lesions 
resembling those of scleroderma have been 
observed in chronic graft-versus-host disease 
(8- 1 1); mast-cell dysfunction has been noted 
in a mouse model of chronic GVHD (12, 13). 

Greenberg and Burnstock have described a 
cell-to-cell interaction between mast cells and 
both fibroblasts and endothelial cells ( 14). 
Mast cells could affect the behavior of fibro- 
blasts and be important in the pathogenesis of 
fibrosis in the Tsk mouse. The fact that these 
cells are present in abundance and exhibit 
massive degranulation at early age when the 
subcutaneous fibrous layer has not yet reached 
maximum width suggests an association be- 
tween mast cells and fibrosis in the Tsk mouse. 
Experiments are underway to inhibit mast cell 
function followed by histological observation 
of the appearance of fibrosis. 

There is evidence that mucosal mast cells 
may be under T-cell control, and that, in turn, 
they may modulate T cells and other immune 
cells (1 5-20). The mechanisms of regulation 
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of connective tissue mast cells are unknown. 
Mast cell differentiation appears to be regu- 
lated by factors from Lyl'2-K T cells (20). 
Also, similarities have been found between 
mast cells and both natural killer and sup- 
pressor T cells (2 1-23). Furthermore, there is 
evidence that mast cell degranulation, trig- 
gered by compound 48/80 or Polymixin B, 
stimulates fibroblast proliferation and collagen 
deposition (24,25). When immune responding 
animal strains are shown to have plentiful 
mast cells, it is difficult to determine whether 
mast cells lead to immunoresponsiveness or 
vice versa. In the Tsk mouse, fibrosis could be 
mediated directly by mast cell products or in- 
directly through IgE or cell-mediated immune 
responses which recruit mast cells. Further 
study is needed to dissect these interacting in- 
fluences in the Tsk mouse. 

In conclusion, we have observed an in- 
creased number of mast cells in the skin of 
Tsk mice with most of the cells exhibiting in- 
creased degranulation, accompanied by an in- 
crease in fibrosis with age, raising the possi- 
bility that mast cells may play a role in the 
initiation of fibrosis in the skin of Tsk mice. 
Thus, the Tsk mouse may be a suitable setting 
to explore the longstanding and well-studied 
interactions between mast cells, wound heal- 
ing, and fibrosis. 
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