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itamin D derived from the diet or produced in 
the skin is converted to its active form by two V sequential hydroxylation reactions ( 1, 2). The 

first occurs in the liver, forming 25-hydroxyvitamin D3 
(25-(OH)D3), and the second occurs in the kidney, 
forming the active hormonal form 1,25-dihydroxyvi- 
tamin D3 ( 1,25-(OH)2D3). The activity of the renal 25- 
(OH)D3- 1 a-hydroxylase enzyme ( 1-hydroxylase), 
which is tightly regulated according to the calcium and 
phosphorus requirements of the body, is stimulated 
predominantly by parathyroid hormone and low 
plasma calcium and phosphate concentrations. 1,25- 
Dihydroxyvitamin D3 acts to increase inteStina1 active 
calcium transport and, in concert with parathyroid 
hormone, to stimulate renal tubular calcium reabsorp- 
tion and bone mineral mobilization (1,  2). Vitamin D 
restriction by dietary deficiency and/or by reduced 
exposure to sunlight can lead to the development of 
vitamin 1)-deficiency rickets (2, 3). 

The best recognized definition of vitamin D-defi- 
ciency, ix., bony rickets, has its origin in the evolving 
understanding, of this bone disease and the fact that 
vitamin D deficiency is the most frequent cause (Table 
I). In more recent times, many investigators have con- 
sidered animalls to be vitamin D deficient if they exhibit 
rickets, reduced intestinal calcium transport, hypocal- 
cemia, or “undetectable” levels of 25-(OH)D3 (Table 11; 
7-27). However, in a series of studies (28-30) directed 
toward establishing a normocalcemic rat model exhib- 
iting vitamin 1)-deficiency, we realized that understand- 
ing or defining vitamin D deficiency is extremely com- 
plex. For example, most workers would probably agree 
that vitamin I> deficiency should entail 1 ,25-(OH)2D3 
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deficiency. However, as described below, absence of 
1 ,25-(OH)2D3 may not always be associated with ab- 
sence of vitamin D or 25-(OH)D3. Conversely, physio- 
logical levels of 1,25-(OH)Jk can exist in the presence 
of extremely low levels of vitamin D or 25-(OH)D3. 

The purpose of this review was to explore these 
and other discrepancies in an effort to improve our 
awareness and understanding of this complex series of 
issues. 

General Considerations 
There are several simple points for which clarifi- 

cation is important at the outset. First, while many 
investigators seem to interchange the terms vitamin D 
“deficient” and “deplete,” they are not synonymous. 
Thus, the term deficient is defined as lacking in some 
quality necessary for completeness, i.e., not up to stand- 
ard (31), and deplete is defined as empty or exhausted 
(3 1,32). “Replete,” on the other hand, connotes fullness 
(32). Thus, any animal with reduced vitamin D is 
vitamin D deficient, only normal animals are vitamin 
D replete, and only animals totally lacking in vitamin 
D (or 1,25-(OH)2D3) are vitamin D deplete. Moreover, 
as illustrated in Table 11, whether “undetectable” levels 
of vitamin D or its metabolites represent deficiency or 
depletion will depend in part on the sensitivity of the 
assay method.2 

Another set of complications that will not be con- 
sidered further is the issue of “free” versus “total” levels 
of the vitamin D metabolites (33), and the fact that 
alterations in the levels of the plasma-binding proteins, 
in particular, vitamin D-binding globulin, can signifi- 
cantly alter the biological activity of the compound 
(33). In a related way, alterations in 1,25-(OH)2D3 
receptor levels, for example, by 1,25-(OH)2@ (34, 35), 
calcium (35, 36), age (37), or cortisol (38), will also alter 

The assay sensitivity in turn depends upon the volume of plasma extracted 
and the recovery of each vitamin D metabolite through the extraction and 
punfication process In particular, the limlted sample volumes available from 
small animals tends to make the detectlon limit higher than with studies in 
humans in which sample volume is less of a problem 
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sensitivity to the hormone. An extreme example of this 
relationship between 1 ,25-(OH)2D3 effects and receptor 
levels occurs in vitamin D-resistant rickets Type I1 
(pseudovitamin D-deficiency rickets Type 11), where 
hormone-binding or transcriptional activity is impaired 
due to alterations in the genes coding for the 1,25- 
(OH)2D3 receptor (39-41). 

Finally, the recent advent of analogs of 1,25- 
(OH)2D3 that may differentiate between different hor- 
monal effects, e.g., receptor-binding activity versus in- 
duction of intestinal calcium transport or elevation of 
plasma calcium (42, 43), will make precise definition 
of terms and experimental states essential. 

Statement of the Problem 
While “vitamin D deficiency” has been at various 

times defined experimentally by the presence of bone 
pathology, i.e., rickets. and/or substantial reductions in 
plasma 25-(OH)D3 or calcium levels (Table II), the 
important functional hormone is 1 ,25-(OH)2D3. Fur- 
thermore, rickets is not always associated with the state 
of vitamin D-deficiency: (i) rickets can occur in disease 
states without vitamin D-deficiency, e.g., hypophospha- 
temia (44); and (ii) vitamin D deficiency can occur 
without rickets, e.g., a vitamin D-deficient nonrachito- 
genic rat diet was developed many years ago (45). 
Moreover, there are many states in which alterations in 
the parameters of the vitamin D endocrine system occur 
in patterns that are either not consistent with the clas- 
sical concept of vitamin D deficiency or in which altered 
1 ,25-(OH)*D3 levels do not reflect pathologic states. 
These issues are discussed below and illustrated with 
examples from a recent series of experiments in our 
laboratory (28-30). 

Normal Adaptive Responses Result in Significantly 
Decreased Plasma 1,25-(OH)*D3 Levels 

Effect of Age. In normal rats, there are age-de- 
pendent reductions in plasma I ,25-(OH)2D3 levels (Fig. 
1 D) and 1 ,25-(OH)2D3-induced effects (duodenal active 
calcium transport, Fig. 1E) in the presence of constant 
plasma levels of 25-(OH)D3 (Fig. 1C) and calcium (Fig. 
1 B). These effects, which have been noted previously 
in both rats (46, 47) and humans (48), seem to reflect 
reduced demand for calcium as growth rate slows (Fig. 
1A) and may relate to the fact that middle-aged rats, in 
contrast to weanlings, can adapt to restriction of dietary 
vitamin D and calcium (49). Because of this normal 
age-related decrease in plasma 1,25-(OH)2D3, all eval- 
uations of 1 ,25-(OH)2D3 deficiency must be compared 
with age-related controls, rather than by tracking re- 
ductions in 1 ,25-(OH)2D3 with time. A further compli- 
cation results from the observation in many laboratories 
(see below) that vitamin D-deficient rats in some cases 
seem to have residual 1,25-(OH)2D3 levels of 10-20 pg/ 
ml or more, a quite significant level when compared 
with normal adult rats with 1,25-(OH)*D3 levels of 25- 
50 pg/ml (Fig. 1D; 46, 47). 

Table 1. A Chronology of Selected Developments in 
Defining Vitamin D Deficiency 

Date EvenP 

1645,1650 
1921 

1921 -1 922 

1936 
1959 

1971 

1971 

1974 

1974-1 976 

1985 

1983.1984 

Rickets first described 
Rickets cured by exposure to 

sunlight 
Absence of vitamin D (structure 

undefined) proposed as 
cause of rickets 

Structure of vitamin D defined 
Bioassay developed for vitamin 

D (detection limit: 250 ngb). 
1 ,25-(OH)2D3 recognized as the 

active form of vitamin D 
Assay for 25-(OH)D3 first 

developed (detection limit: 20 

Assay for 1 ,~EI-(OH)~D~ first 
developed (detection limit: 80 

Current assays developed for: 
Vitamin D (detection limit: 5 

25-(OH)D3 (detection limit: 3 

1,25-(OH)2D3 (detection limit: 

ng/m9 

pgb) 

ngb) 

pg/tubeb) (4“) 

1 pg/tubeb) (5, 6) 

* Reference citations are given in parentheses. Except as noted, 
further details and references can be found in Ref. 3. 

Concentration depends on the volume extracted. 
Kit marketed by INCSTAR, Stillwater, MN. 

Effect of Increased Dietary Calcium. When wean- 
ling rats are fed vitamin D-deficient diets with a rela- 
tively low calcium content (Fig. 2, open bars), 25- 
(OH)D3 levels fall rapidly (Fig. 2B). However, as long 
as adequate 25-(OH)D3 levels remain (i.e., within the 
same order of magnitude as 1,25-(OH)2D3, see below), 
1,25-(OH)zD3 levels (Fig. 2C) and effects (Fig. 2D) 
remain normal in order to maintain normal plasma 
calcium levels (Fig. 2A). In contrast, when the rats are 
fed a vitamin D-deficient diet with high calcium content 
(Fig. 2, stippled bars), there is a physiologic adaptation 
to the high calcium intake such that 1,25-(OH)2D3 
levels (Fig. 2C) and effects (Fig. 2D) are diminished in 
spite of the presence of 25-(OH)D3 levels similar to 
those in the latter group (Fig. 2B). These results rein- 
force several important concepts: (i) a wide range of 
physiologic adaptive mechanisms can alter 1 -hydrox- 
ylase activity and reduce plasma 1,25-(OH)zD3 levels 
(for review, see Refs. 50 and 5 1); (ii) substantial reduc- 
tions in 25-(OH)D3 levels (97% in Fig. 2B) can occur 
without effects on 1 ,25-(OH)2D3 levels; and (iii) reduced 
1,25-(OH)2D3 alone does not provide an adequate as- 
sessment of functional vitamin D deficiency. 

Deficiency of Vitamin D is Not Always Associated 
with Bone Pathology or Hypocalcemia 

In contrast to hypocalcemic vitamin D-deficient 
rats, by substantially increasing dietary calcium content 
and availability (see Ref. 29 for details), one can achieve 
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Tiable II. A Selection of Referenced Criteria for Establishina Vitamin D Deficiency (-D) in Rats 

Referencea 
Criteria for vitamin D deficiency 

Year Assay 
sensitivity Parameter Definition -D 

Bronner and Freund (7) 

Forte et a/. (e) 
Boass et a/. ((9) 
Thomas and Forte (1 0) 
Holtrop eta/. (1 1) 
Harrison et a/. (1 2) 

Lester et a/. i(13) 
Talmage and VanderWiel(l4) 
Underwood ttt a/. (1 5) 

Favus and Aingeid-Backman 

Warner and Tenenhouse (1 7) 
Gallagher et ,a/. (1 8) 
Holtrop et a/. (1 9) 

Cade and Norman (20) 

Tam et el. (21) 

Sonnenberg et a/. (22) 

Weishaar and Simpson (23) 

Weishaar and Simpson (24) 

Miller et a/. (4!5) 

Schaafsma et a/. (26) 

Kwiecinski et a/. (27) 

1975 

1977 

1977 
1981 
1981 
1982 

1982 
1983 
1984 

1985 

1985 
1986 
1986 

1986 

1986 

1986 

1987 

1987 

1988 

1988 

1989 

Plasma calcium 
CaBP-D9K 
Plasma calcium 
Body weight 
Plasma 1 ,25-(OH)2D3 
Plasma calcium 
Serum 25-(OH)D3 
Serum 25-(OH)D3 
Serum 1 ,25-(OH)2D3 
Serum 1,25~-(0H)~D~ 
Serum 1 ,25-(OH)2D3 
Plasma 25-(OH)D3 
Plasma 1,25-(OH)2D3 
Calcium flux 
Plasma calcium 
Plasma calcium 
Plasma 25-(OH)D3 
Plasma 25-(OH)D3 
Plasma 1 ,25-(OH)zD3 
Plasma calcium 
Plasma 1 ,25-(OH)2D3 
Plasma 25-(OH)D3 
Bone mineral 

apposition 
Plasma 25-(OH)D3 
Plasma calcium 
Plasma 25-(OH)D3 
Serum calcium 
Serum 25-(OH)D3 
Serum 1 ,~EI-(OH)~D~ 
Serum calcium 
Serum 25-(OH)D3 
Serum 1 ,25-(OH)zD3 
Serum 25-(OH)D3 
Serum 1 ,25-(OH)zD3 
Serum 25-(OH)D3 
Serum 1 ,25-(OH)2D3 

Serum calcium 
Serum 25-fOH)Dq 

c6.5 mg/dl - 

Low (5.0 vs 9.8 mg/dl) 

Undetectable 17 P9 
Low (4.6 vs 10 mg/dl) 

Low (1 9 vs 44 pg/ml) 

Undetectable 

Low 

8 nmol Ca bound/mg protein - 
- 
- 

Undetectable 2-5 ng/ml 
Undetectable c0.5 ng/ml 

Undetectable c0.6 pg/ml 
Undetectable c0.6 pg/ml 
Undetectable c 3  ng/ml 
Undetectable <7 pg/ml 
Reduced 
Reduced (9.2 vs 11.2 mg/dl) - 
Reduced (3.8 vs 10.4 mg/dl) - 
Undetectable c0.5 ng/ml 
Undetectable c3 ng/ml 
Undetectable c1 0 pg/ml 
Reduced (4.8 vs 10.3 mg/dl) - 

Undetectable 0.5 ng/ml 
Reduced (0.042 vs 0.068 - 

Low (1, l  vs 41 ng/ml) 

Undetectable c5 ng/ml 
Low (5-7 vs 10-1 2 mg/dl) 
Undetectable 0.1 ng/ml 
Undetectable 10 Pg/ml 
Low (4-5 vs 9-1 0 mg/dl) 
Undetectable 0.2 ng/ml 
Undetectable 1 .O pg/ml 
Undetectable ? 
Undetectable ? 
Reduced (4-5 vs 20 ng/ml) - 
Reduced (50-70 vs 178 pg/ ? 

Reduced (5.1 vs 9.9 mg/dl) - 
Undetectable c0.5 ng/ml 

- 

- 

Undetectable 5 pg/ml 

- Pm/hr) 

Low (7.4 mg/dl) - 
- 

- 

mi) 

Serum l,2k-(OHj2D3 Reduced (10 vs 29 pg/ml) 10 pg/ml 

a Reference citations are given in parentheses. 

substantial reductions in plasma %(OH)@ (Fig. 3B, 
stippled bars) and 1,25-(OH)2D3 levels (Fig. 3C) and its 
hormonal effects (Fig. 3D), but without influencing 
plasma calcium (Fig. 3A), bone mineral content (Fig. 
3E), or bone biochemical activity (Fig. 3F). Impor- 
tantly, although this dissociation between deficiency of 
vitamin D metabolites and plasma Ca and/or bone 
pathology (see above) has been reported previously (52), 
the long-tenm nature of this study reinforces the validity 
of the earlier observation. 

Significant 1,25-(OH)*D3 Levels Can Exist in the 
Presence of “Undetectable” 25-(OH)D3 Levels 

As noted in the Introduction, “undetectable” 25- 
(OH)D3 is frequently used as a determinant of vitamin 
D deficiency (Table 11). However, our studies have 

elucidated several conditions in which significant 1,25- 
(OH)2D3 levels are accompanied by 25-(OH)D3 levels 
well below the 3-5 ng/ml limit of detectabiljty of the 
commonly used competitive protein-binding assay 
using vitamin D-binding globulin (3). Our ability to 
accurately measure such substantially diminished 25- 
(OH)D3 levels is due to our development of a radio- 
immunoassay for 25-(OH)D3 with a detection limit of 
10-12 pg/m12 (53). Importantly, this experimental ob- 
servation has clinical correlates in which individuals 
exhibit low 25-(OH)D3 levels, but normal or high 1,25- 
(OH)2D3 levels (54-60) 

Developing Vitamin D Deficiency: Deficiency of 
1 ,25-(0H)*D3 Lags Behind Reductions in 25-(OH)D3. 
As rats are fed the vitamin D-deficient low calcium 
diet, 25-(OH)D3 levels decrease much more rapidly 
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200 400M 0 

8. Plosrna Ca, rng/dl 30, C. Plasma 25(OH)Dg, ng/ml 

D. Plasma 1,25(OH)2Dg. pg/mi E. Duodenal Ca transport, S/M ratio 

50 .. 
0 2 6 19 0 2 6 19 

Diet week Diet weak 
Figure 1. Changes in 1,25-(OH)2D3 and other parameters in normal vitamin D-replete rats from 3 to 22 weeks of age (0-19 diet weeks). 
Normal male weanling rats were placed on a vitamin D-replete diet containing 0.8% calcium and 0.5% phosphorus. At the indicated intervals, 
rats were anesthetized, blood was collected by cardiac puncture, and the indicated parameters were determined (29). Data are expressed as 
mean -c SE for n = 5 individual rats. ” P < 0.05, ** P < 0.01 vs diet week 0 (analysis of variance and Dunnett’s test). 

12  A. Plosrno Ca, rng/dl 16 8. Plasma 25(OH)D3, ng/rnl 

+D -0 -D 

0. Duodenal Ca transport, S/M ratio 
I 

+D -0 

Figure 2. Comparison of plasma 25-(OH)D3 and 1 ,25-(OH)2D3 levels in rats fed vitamin D-deficient (-D) diets with low versus high calcium 
content. Prior to sacrifice (as in Fig. l ) ,  weanling rats were fed the following diets for 2 weeks: W vitamin D-replete (+D) diet with 0.8% calcium 
and 0.5% phosphorus; -D diet with 0.8% calcium and 0.5% phosphorus; and 0 -D diet with 2% calcium, 1.25% phosphorus, and 20% 
lactose (See Ref. 29 for details). Data are expressed as mean * SE for n = 5 individual rats. * P < 0.05; ** P < 0.01 vs +D controls. 

than do 1,25-(OH)2D3 levels (Fig. 4). Thus, it is not 
unusual to see “normal” 1,25-(OH)2D3 levels (Fig. 4, 2 
weeks) in the presence of 25-(OH)D3 levels so substan- 
tially reduced (0.4 ng/ml in Fig. 4) as to be “undetect- 
able” by usual criteria. 

Re-Exposure to Vitamin D: Very Efficient Con- 
version of 25-(OH)D3 to 1,25-(OH)D2D3. When the 
hypocalcemic vitamin D-deficient rats shown in Figure 

3 received a brief exposure to vitamin D (Fig. 5, open 
bars), there were substantial elevations in plasma levels 
of calcium (Fig. 5A), 25-(OH)D3 (Fig. 5B), and 1,25- 
(OH)2D3 (Fig. 5C). Thus, in spite of the fact that 25- 
(OH)D3 levels remained substantially below the usual 
detection limit of 3-5 ng/ml, 1,25-(OH)*D3 levels were 
fully twice that of the normal vitamin D-replete rats 
(53.7 vs 21.6 pg/ml) and were sufficient to normalize 
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0.1 

I C. Plaamo 1,25(OH)zDg, w/ml 2,0 0. Duodenal Co Tmnsport, S/M mtlo 

C T  ** - - 
' 

F. Plasma Alkallne Phoaphatase, IU/L 
701 E' 'MIc;' 1 I~,~., , 31 ~ *i , , , 
65 

. 4 '. '..,, ';> 

., <.I.' . .  

:.: : : '.I r ' 
.,.: 7 .  :'::: 
*:. ..:.: ..... 

......... 
f . i .'. : . 
,*:... . ;..e:p.: ....... .. , , . :, .. ......... 60 40 

0.8% ca 0.8% Ca 2.0% Ca 0.8% Ca 0.8% Ca 2.0% Ca 
+D -D -D +D -D -D 

Figure 3. Comparison of long-term effects on plasma calcium, vitamin D metabolite levels, and bone parameters in rats given Vitamin D- 
deficient diets with low (0) versus high (0) calcium content. Weanlings were fed the diets as described in Figure 2 for 19 weeks prior to 
sacrifice. Data are expressed as mean 2 SE for n = 5 individual rats. P < 0.05; ** P < 0.01 vs +D (.). 

A. Plasma Ca, mg/dl 0.8% ca, +D 
0 0.8% Ca, -D * 

8. Plasma 25(OH)Dj, ng/ml ._ 

- 0  2 4 
Diet week 

Figure 4. Comparison of 25-(OH)D3 and 1 ,25-(OH)2D3 levels in rats 
fed vitamiii D-replete (m) and low calcium vitamin D-deficient (0) diets. 
Weanling rats were given the indicated diets as in Figure 2 prior to 
sacrifice. Data are expressed as mean 2 SE for n = 5 individual rats. 
P < 0.05; ** P < 0.01 vs +D as indicated. 

plasma calcium (Fig. 5A) and duodenal calcium trans- 
port (Fig. 5D). The ability to achieve normal 1,25- 
(OH)*D3 levels under these conditions is due to the 
substantially increased 1 -hydroxylase activity as vita- 
min D deficiency progresses. For example, we have 
shown that the activity of this enzyme can increase 
more than 1 00-fold in hypocalcemic vitamin D-defi- 
cient rats (28). Thus, in this and other conditions, the 
1 -hydroxylase enzyme can be so efficient as to maintain 
plasma 1,25-(OH)2D3 levels within an order of magni- 
tude of 25-(OH)D3 levels (Table 111), in spite of the far 
more rapid clearance rate of 1,25-(OH)*D3 (6 1). 

Re-Exposure to Vitamin D in Vitamin D-Deficient 
Normocalcemic Rats: 1 ,25-(0H)*D3 Formation Ulti- 
mately Depends on the Need for Plasma Calcium. 
The complexity of the issue of defining vitamin D 
deficiency was further underscored when the vitamin 
D re-exposure experiment of Figure 5 was performed 
in vitamin D-deficient normocalcemic rats (Fig. 5; stip- 
pled bars). In this case, 25-(OH)D3 levels also increased 
substantially, but there was no change in plasma cal- 
cium or 1,25-(OH)2D3 (2.6 vs 1.0 pg/ml) levels, or in 
duodenal calcium transport. Thus, given the ability to 
adapt to calcium demands, or the lack thereof, in 
normal animals (Figs. 1 and 2), one could probably 
argue whether or not these vitamin D-deficilent nor- 
mocalcemic animals do in fact exhibit functional vita- 
min D deficiency or whether their deficiency is in fact 
a potential vitamin D deficiency, i.e., that their vitamin 
D deficiency is not exhibited until stressed by reduced 
calcium availability. Thus, perhaps the most reliable 
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Figure 5. Effect of re-exposure to vitamin D on vitamin D-deficient hypocalcemic @) and normocalcemic rats (0) Rats maintained on the 
indicated diets as in Figure 2 received an inadvertant exposure to vitamin D prior to sacrifice (a classic serendipitous experiment) Data 
represent mean f SE of n = 5 individual rats P c 0 05, ** P < 0 01 vs +D (W) 

Table 111. Conversion of 25-(OH)D3 to 1,25-(OH)*D3 Can Be Very Efficient 

Experiment Rat status 
Plasma levels (pglrnl) 

25-(OH)D3 1,25-(OH)2D3 

A -D diet with 1% Ca/0.6% P" 123 f 8 68 f 11 
B -D diet with 0.65% Ca/0.4% Pb 107 f 15 22 k 2 
C -D diet with 0.8% Ca/0.5% P 260 k 130 54 f 15 

+ refed vitamin D" 

refed vitamin D" 

contentd 

D -D diet with 2% Call .25% P + 1 8 0 t  30 45 * 16 

-D diet with varying Ca/P 30 t 10 2.5 t 0.7-4.5 t 1.2 

a J. Fox, U. Kollenkirchen, and M. R. Walters, unpublished. 
J. Fox, Ref. 63. 
M. R. Walters, U. Kollenkirchen, and J. Fox (see Fig. 5). 
U. Kollenkirchen, M. R. Walters, and J. Fox, Ref. 29. 

test of functional vitamin D-deficiency in such nor- 
mocalcemic animals (and possibly in humans with high 
levels of dietary calcium supplementation) would be to 
test for the ability to compensate for reduced calcium 
intake, i.e., a test analogous to the glucose tolerance 
test. 

1 ,25-(0H)*D3 Infusion in Vitamin D-Deficient 
States. An experimental correlate of these situations 
arises when vitamin D-deficient rats are stimulated with 
1,25-(OH)2D3 in the absence of other vitamin D metab- 
olites. For example, we recently developed a protocol 
(62) in which normocalcemic vitamin D-deficient rats 
were infused with 1,25-(OH)zDj to plasma levels (0- 
500 pg/ml) that spanned the physiologic range. Al- 

though this l ,25-(OH)2D3 stimulation resulted in sig- 
nificant elevations in intestinal calcium transport, nor- 
mocalcemia could be maintained by reducing dietary 
calcium content (62), whereas normal dietary calcium 
resulted in hypercalcemia. Thus, this regimen provides 
a model of 1,25-(OH)2D3 repletion with normocal- 
cemia, and is an important adjunct to the previous 
model of vitamin D deficiency with normocalcemia 
(29, 30). 

How Low is Low 1,25-(OH)zD3? 
While ideally one would prefer to study the effects 

of 1 ,25-(OH)2D3 readdition against a background of 
absolute vitamin D depletion, this goal is in reality 
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Table IV. Selected Reports of Significant 
1 ,25-(OI-O2D3 Levels in Vitamin D Deficient (-D) Rats 

Osteitis fibrosa cystica 
Osteomalacia 
Osteoporosis 
Osteopenia 

1 ,25-(OH),D3 Levels (pg/ml) 

+D -D 
R,eference* 

Malabsorption 
BLOOD syndrome 

D, 25(OH)D, Sarcoidosis 
1425(0H),&, 24R,25(OH&D3 Steatorrhea 

Fox (63) 100 +- 7 
Underwood et a/. (1 5) 
Harrison st a/. (1 2) 43.5 
Lester et a/. (6’4) - 
Tam eta/. (21) 30.8 
Holtrop et a/. (‘I 9) 183 
Weishaar and !Simpson (23) 97 
Kwiecinsk.i et a/. (27) 29 
S. C. Christakos” 
M. E. BrunsC,d 

- 

90.5 f 12.4 
72.9 k 12.1 

22 +- 2 
34.1 f 13.1 
19.3 
30% of normal 
71.9 
<lo pg/mlb 
<lo  pg/mlb 
10 
23.4 t 1.5 
22.9 +- 4.6 

* Reference citations are given in parentheses. 
Limit of assay sensitivity. 
Personal communication. 
Vitamin D-deficient pregnant mice. 

undefinable and likely unachievable. Thus, it is impor- 
tant to establish criteria for an experimentally accepta- 
ble degree of vitamin D deficiency. In this regard, there 
are at least two additional relevant observations. 

Vitamin DS-Deficient Rats with 20 pg/ml (or more) 
1,25-(OH)2D3? In our initial studies of vitamin D- 
deficient animals, 1 ,25-(OH)2D3 levels seemed to de- 
crease to a plateau of approximately 20 pg/ml (Table 
111). While this level of 1 ,25-(OH)2D3 was not observed 
in later experiments (29; Fig. 4), we found that it is not 
unusual for investigators to report I ,25-(OH)2D3 levels 
of 10-20 pg/ml (or more) in vitamin D-deficient ani- 
mals (Table IV), often with “undetectable” 25-(OH)D3. 
In some cases above, the levels may be artifacts of the 
assay sensitivity (compare with Table 11), but this does 
not seem to explain all the data. Furthermore, since 
1 ,25-(OH)2D3 levels in normal adult rats decline to 25- 
50 pg/ml (Fig. l), this residual 1,25-(OH)>D3 could 
represent a very significant level of the hormone. 

What Is/Are the Dose-Response Curves to 1,25- 
(OH)2D3? In many of the experimental models listed in 
Table IV, the presence of attendant hypocalcemia or 
impaired active calcium transport documents that there 
is a functional vitamin D deficiency, at least with 
respect to these classical responses to the 1,25-(OH)2D3 
hormone. However, 1 ,25-(OH)*D3 receptors and effects 
are now known to exist in a wide range of tissues (5 I ,  
65) for which in vivo dose-response curves are as yet 
unknown. Thus, a modest reduction in I ,25-(OH)2D3 
levels, while sufficient to reduce classical responses, may 
not affect nonclassical effects, particularly if they ex- 
hibit more potent responsiveness. In this regard, we 
have recently determined that the Kd for 1,25-(OH)2D3 
receptors in some nonclassical target tissues is an order 
of magnitude lower (i.e., the affinity is higher) than the 
Kd for the principal receptor sites in the kidney (66). 
While the ramifications of this new information are not 
yet fully understood, these observations raise the pos- 
sibility that 1 ,25-(OH)2D3 effects in at least some tissues 
may be approximately 10-fold more sensitive to circu- 
lating 1,25-(OH)2D3 levels. 

Conclusion 
These observations clearly illustrate that vitamin 

D deficiency is a heterogenous collection of physiologic 
conditions. While it is tempting to propose a nomen- 
clature (-D, Type I, Type I1 . . . Type N) for these states, 
such an approach rapidly becomes unmanageable due 
to the seemingly infinite number of possible combina- 
tions of the pertinent parameters. We, therefore, rec- 
ommend that classical vitamin D deficiency (-D Type 
I, if one wishes) be defined as a state exhibiting the 
whole range of predicted parameters. All other permu- 
tations of vitamin D-deficient states (except those clin- 
ical states for which nomenclature is already in use) 
should be fully defined with respect to those parameters 
that differ from the classical picture. Given the wide 

Figure 6. Disease states in humans related to vitamin D. Reproduced with permission from A. W. Norman (Ref. 67) 
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range of clinical conditions related to vitamin D (Fig. 
6; 67), this careful definition of parameters is essential 
as we continue our efforts to understand normal and 
abnormal conditions associated with the vitamin D 
endocrine system. 
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