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INTRODUCTION

A number of physiological functions in mammals have been reported to be
affected by vitamin A deficiency. With the exception of vision, the molecular
role of vitamin A in these disturbances has not been ascertained (23). In
the majority of studies dealing with hypovitaminogis A, researchers have
employved an acute model in which a vitamin A-free diet is fed to weanling
rats with a plateau in growth or loss in bodv weight utilized as the
deficiency criteria (6, 17). An alternative is the chronic model in which
graded levels of the vitamin are added to a vitamin A-free diet and fed to
the weanling rats (6) with one or more criteria, such as, decreased growth
rate, elevated cerebrosplnal fluid pressure or increased hematcecrit, utilized
as the criteria of deficiency. Most recently, acute hypovitaminesis A has been
produced by feeding a vitamin A-free diet to weanling rats to which retinoic
acid was cyclically added to provide synchronous occurrence of the Aacute
deficiency (17). The cccurrence, in terms of the number of days fed no
retinoic acid, of a number of physiological functions and clinical signs has
subsequently been reported (3).

Since unequal feed consumption betwecen deficient and contryol rats
possibly confounded any results due to deficlency of the vitamin, pair-
feeding has been employed by some researchers to eliminate differences in
feed consumption (17). ilowever, in the acute model, pair-feeding has
generally resulted in semi-starvation of the controls due to a marked
reduction of appetite in the deficient animals. In the chronic model,
elimination or minimization of differences in feed consumption might be
possible by employment of equalized feeding (equalized ration offered) (9, 11,
25). 1In addition a marked reduction in growth would be avoided so that
deficiency changes occur relatively rapldly (6).

The present studies were conducted to develop a model of chronic
hypovitaminosis A in the weanling rae utilizing equalized feeding. Initially
an acute hypovitaminosis A study was conducted so as to determine, in this
species, the degree of partial vitamin A devletion with little effect on
feed consumption and growth and where, the incidence of characteristic
deficiency changes, elevared cerebrospinal fluid pressure and squamous
metaplasia of the nascolacrimal duct, were negligible. This was followed by
a chronic hypovitaminosis A study in whiceh graded levels cof the vitamin were
fed under conditions of ad libitum feeding and pricr partial wvitamin A
depletion. Lastly, based on this chronic experiment and subsequent data
collected, three chronic vitamin A studies were conducted under conditions
of equalized feeding after partial vitamin A depletion.



METHODS

Animals. Weanling 2l-day old male Sprague-Dawley albino rats from one
source1 were used in all experiments. Each rat was housed in a stainless
steel, wire bottomed, cagez in a temperature controlled environment.

Dally minimum and maximum ambient temperatures with thelr respective standard
errors averaged 20 * 2, 22 * 2, experiment I; 21 * 1, 23 + 1 experiment TI;

19 + 1, 23 *+ 1 experiment IIT; 19 * 1, 21 * 1 experiment IV and 20 * 2,

22 + 1 experiment V. Incandescent light was provided from 7 A M. to 7 P.M.
daily and the amount of light in the animAl room, measured every four weeks,
averaged 221 * 15, 206 * 28, 264 £ 11, 248 + 6, and 220 * 5 lux for experiments
I through V, respectively.

The composition of the vitamin A-free basal ration, Table 1, was
essentially that of Welf et al. (29) with the mineral wixture that of Williams
and Briggs (28). Where necessary, the amounts of in,v,redients3 including
mineralsa and vitamins3 were adjusted to meet the National Research Council
minimum daily requirement for the rat as outlined in 1962 (19) for experiments
T and II and as outlined in 1972 (20) for experiments ITI-V. The vitamin A
supplement was retinyl acetate5 but cited as retinel equivalents. Water was

provided ad libitum.

Holtzman, Madison, Wisconsin.

Hoeltge, HB-26 stainless steel 17.8 x 17.8 x 24.1 cm. Cincinnati, Dhio.
General Riochemicals, Chagrin Falls, Chio.

J. T. Baker Co., Phillipsburg, New Jersey.

Hof fmann-La Roche, Dry Vitamin Acetate Beadlets, tvpe 325-40, guaranteed
to contain, 111, 800 i, of retinvl acetate per gram, Nutley, New Jersey.

oot



In the initial study, experiment I-acute hyvovitaminosis A, four proups
of 20, 24, 30 and 58 rats were obtained. Each rat was fed ad 1ibirum for 7
days the basal ration to which vitamin A acetate equivalent to 0.1 g
retincl/g ration had been added, standardizing period. Based upon random
allotment, each rat was then fed ad libitum either the basal ration without
added vitamin A, deficient, or the basal ration to which wvitamin A acetate
equivalent to 1.0 wg retinol/g ration was added, controls, comparison period.
Rats were sacrificed at consecutive 7-day intervals, with assignment at random,
during this comparison period.

In experiment II-chronic hypovitaminosis A, one group of 16 rats was

obtained. Each rat was fed ad libitum the basal ration which contained vitamin

A acetate equivalent to 0.1 ug retinol/g ration for 7-days, standardizing
period. For the next 21-days each rat received ad libitum the basal ration,
partial vitamin A depletion period, the duration of which was based upon
axperiment I. A 6-week comparison period followed during which each rat
received, based upon randoem allctment, cne of four intakes of vitamin A

acetate equivalent to 4, 16, 64, or 256 ug retinol/kg body welght/day. At

11 a.m. daily, rats were fed the basal ration containing either 0.4, 1.6,

6.4 or 25.6 pg retinol equivalent/g of ration at 1% of their respective current
weekly body weight. When each rat had consumed this initial supplement,
usually between 2 and 3 p.m., the ratg were fed sufficient basal ration

without added vitamin A to provide a weighback, feed refusal, the following
morning at 8 a.m. Tc ascertain vitamin A status of these rats at the completion
of the partial vitamin A depletion period, a blood sample from the tail was
obtained from 2 of the rats on each treatment. Average plasma vitamin A for
these 8 rats was 5.9 ug/100 ml witn a standard deviation of 2.8.

In experiment III-chronic hypovitaminosis A, sets of 11 rats each were



obtained weekly over a 9-week period. To monitor vitamin A status, three rats
in each set of 11 were sacrificed upon arrival, one at the completion of the
l-week standardizing period and two at the completion of the 3-week partial
vitamin A depletion period. Average plasma vitamin A concentrations, nug/100 ml,
with standard deviations upon arrival, completion of standardization and
completion of partial vitamin A depletion were respectivelw, 16,4; 24,8 and
8,3. Similar values for average liver vitamin A concentrations expressed as
logy, (u8/s 10%) were 3.38, 0.09; 2.92, 0.16 and 0.98, 0.45. Upon comnletion
of the 3-week partial vitamin A depletion period, the remaining 5 rats of each
set of 11 were fed for a 5-week comparison period one of five intakes of
vitamin A acetate equivalent to 4, 12, 16, 64 or 256 ug retinol/ksg hody weight/
day. The procedures were identical to those of experiment II except that the
allowance of basal ration (amount of the basal ration with vitamin A plus
amount of basal ration without vitamin A) was based upon equalized feeding
which was derived from body weight and average feed consumption data from all
rats of experinient II, The allowance for the fivrst week commarison period
was 0.071 times the anticipated body weight, for the second week 0.066, and
for the next three weeks, respectively, 0.055, 0.045 and 9.043, The anticinated
body weight was calculated as follows:

(wo) + [(w0 -w_z) /4
where W, = the current weekly body weight and W_, = the body weight 2 weeks
prier to WO.

In experiment IV-chronic hvpovitaminosis A, sets of 12 rats each were
obtained weekly over a 9-week period. As in experiment-I1I, three rats were
sacrificed upon arrival, one at the completion of the 1-week standardizing
period and two after 3-weeks of partial vitamin A depletion. Average plasma

vitamin A concentratioms, pg/l00 ml, with standard deviAations were upon



arrival 17, 2, standardization 21,6 and partial vitamin A depletion, 7,3.
Similar statistics for liver vitamin A concentrations, loglO<U3/ﬂ 102), were
3.37, 0.08; 2.95, 0.16 and 0.51, and 0.60. Upon completion of partial vitamin
A depletion, the remaining & rats of each set of 12 were fed, according to
random allotment, for a 5-week comparison period, one of six intakes of vitamin
A acetate equivalent to 8, 12, 16, 20, 64 or 256 ug retinol/kg body weight/day.
The allowance of basal ration was increased slightly above that used in
experiment 11T and was, respectively, 0.074, 0.070, 0.059, 0.050 and 0.048 of
the of the anticipated body weight for the first tirougi the fifth weeks of
the comparison neriod.

In the last study, experiment V-chronic nypovitaminosis A, sets of 7
rats each were obtained weekly over an 11 week period. 7To ascertain vitamin
A status, 1 rat in each set of 7 was sacrificed upon arrival, 1 after
standardization and 1 upon completion of vitamin A depletion. Average plasma
vitamin A concentration, in bg/l00 ml, with standard deviaticns, were
respectively, 19, 7; 18, 7 and 8, 3. Similar values for liver vitamin A
concentratiocns, in loglO (uglg 102), were 3.40, 0.08; 3.07, 0.32 and 1.15, 0.26.
Upon ceompletion of vitamin A depletion, each rat received daily according to

random allotment a deficient or an adequate intake of vitamin A equivalent to
12 or 256 g retinol/kg body weight for either a 6 or 8 week comparison period.
In this experiment, the basal ration allowance during the comparisnn period
was based on the average growth obtained in experiment IV and Hartsook and
Mitchell's (13) estimate of daily feed consumption and body weipght. Body weight,
W, of all rats in experiment IV as a function of days of age, A, equalled:

W= 42 + 4,842 A -0.0254°

From this equation, the average weekly gains in body weight were computed.

The latter values multiplied by % were added successively to each rat's body



weight observed at the start of the comparison period to provide anticipated
body weights for each of the six or eight comparison periods weeks. Feed
consumption, FC, was then computed from these six or eight anticipated body
weights, W, utilizing the Hartscok and Mitchell formula (13}:

FC = 1.4 + 0.120W - 0,000, 2014°
The use of an overall average weekly increase in body welght'instead of each
rat's contemporary body weight in computing anticipated body weight was iudged
necessary since the latter resulted in feed offered being considerably less in
those rats fed the lower vitamin A intakes in experiments ITII and IV. Thus
the objective of equalized feeding was not met in these two experiments, except

at intakes greater than 8 pg of retinol equivalent/kg body weight/day.

Observations and analyses. All ration offered and refused was weighed to

1

the nearest 1 g daily. The retinyl acetate supplement was analyzed as described
previously (12) and contained the equivalent of 109, 144 ug of retinol/s. Each
rat was weighed to the nearest 1 g upon arrival and at successive weekly
intervals and at sacrifice.

On the designated sacrifice day, weekly intervals for experiment I-acute
hypovitaminosis A, and on the day following the completion of the comparison
period, experiments IL through V-chronic hypovitaminosis A, each rat was
anesthetized intraperitoneally wich 45 mg pentobarbital sodium6 per kilogram
of body weight. It was then placed in a prone pesition on a level wooden

platform with the head held at a 20° angle by inserting earbars of a

stereotaxic apparatus7 into the auditorv canals. A 25 gauge needle, with the

Fort Dodge, M-122, 65 mg pentobarbital sedium per milliliter, Fort Dodge, Iowa.

David Kopf, No. 900. 8mall animal stereotaxic instrument, Tujunija, California.



hub removed and connected via a 30 cm length of 20 gauge polyethylene tubing
to a transducer8 (volume displacement = 0.01 mm3 Hg pressure) whose diaphranm
was at the same level with the midline of the ear bars which in turn was
connected to a reservoir containing physiological saline (O.Bﬂ% NaCl), was
inserted into the cisterna magna (14). The transmitted cerebrespinal fluild
pressure was recorded on a polygraph9 which had been previcusly calibrated
for each set of rats for hydrostatic pressures corrésponding to different
heights of the reservoir containing physiclogical saline by moving the
reservoir aleng a calibrated metric stick.

Upon completion of the above cerebrospinal fluid pressure measurement,
a citrated blood sample was obtained by heart puncture, the bloed centrifuged
to obtain plasma, and vitamin A concentration determined on the plasma by the
Neeld and Pearson trifluornacetic acid micro-methed (21). The liver
was removed, weighed, macrrated and vitamin A determined on an aliqueot by a
modification of the Gallup-Hoeffer procedure (5). The 2nd lumbar vertebrate
of the rats of experiment IV and V was removed and subsequently freed of
adhering tissue which dncluded immersion in boiling HZO for 5 minutes followed
by alr drying. The total volume and canal volume of this vertebrate was
estimated by displacement following the procedures of Gallina et al. (11).

The degree of squamous metaplasia of the nasolacrimal ducts of the rat
was assessed in experiments I through IV. After removing the head at the
occlpital bone, the right and left mandibles were removed along with all skin

and adhering musculature and placed in 10% formalin. After decalcification

Statham, Mbdel P23 GbhC, Puerto Rico.
Grass Polygraph 7, Quincy, Missachusetts.



of the heads for 24 hours, 5 transverse sections were taken of the nasal
cavity, 3 mm apart, from tihe snout to the eye. Thin sections were taken
frem the cut side nearest the eye and stained with haematoxylin and eosin.
Each section was studied under light microscopy for metanlastic changes

in the epithelial lining of the ducts which is indicative of the vitamin
A status of the rat (16).

The data were subjected to analysis of variance (26) to determine
variation die to treatment, no vitamin or plus vitamin A at designated
sacrifice weekly periods, ewperiment I-acute hypovitaminosis A, or intakes
of vitamin A, experiment II through V-chrounic hypovitaminosis A and due
to rats within treatment, experimental error. Where appropriate response
criterion were adiusted for initial measurements, e.g. body weight gain
during the comparison period adjusted for bady weight observed at the
start of this period, by covariance (26). Linear, quadratic or Norton's
bent-line regression (19) were utilized to estimate the rate of change of
criteria with time for experiment I-acute hypovitaminosis A and with loglO
of vitamin A intake (2) for experiments II through IV-chronic hypovitaminosis

A,



TABLE 1. Basal Ration Fed to Rats in Experimentsl and I1T.

Ingredients keg/ 100 kg
Casein, vitamin free test 4.5
Pextrin, white bh.3
Gettonsced oil 3.5
Mineral Mix] 5.5
vitamin Premix? L.Q
Choline Premix? 1.0

100.0 ke

I Contains per kg. of ration: 7.25000 g. Cal04y 1130000 g. CaHPOy; ©.51000 g.
NazHPO,: 7.29300 g. KCl; 0.00070 g. KIO3; 2730000 x. Mg80,: 0.01540 g. Mn¥),;
0 15750 ¢. FeCgHg07.xHp0 {107 Feld; 002200 g. Znv0g: and 0.01300 g. Cus0y.
Contains: 250 mg. thiamine-HCL; 240 mz pyridoxine-HCT; 1600 mz Ca-pantothenate;
300 mg riboflavin; [00 mg biotin: 40 mg folic acid; 1000 mg inositol; 120 mg
p-amingbenzoic acid {PABA): 3000 mg nicotinic acid:; 1 mg vit. Bpo; 100 mg

menadione (vit. K3): 10 mg (100,000 1U) 7-dchydrocholesteral (vit. D3); and
20,000 mg (3500 1U) 50% dl-n-tocopheryl acetate plus 973.2390 g. cerclose.

Contains 150 g. choline chloride and 5530 g. cerclose.
TARLE 1 continued. PRasal Ration Fed to Rats in Txoperiments

II1, IV and V.

Ingredients ke/100 ka

Casein, vitamin free test 24.5

Dextrin, white 66.5

Cottonseed 01l 3.5

Mineral Mixl 3.3

Vicamin Premixz 1.9

%ohﬂePWmHB 1.0

100.9 ke

1 Contains per kg. of racion: 7.24990 g. CaCO_; 11.29075 g. CaHPOa;
6.51000 g. Na HPOA; 7.23030 g. XCL: 0.00070 g. ¥TO,; 2.299R5 g, “QSOAQ
0.15400 g. ¥Mn 04; 0.22050 «. FeC6H50?.xH20(162 Fe): 0.02205 p. ZnCO3;
and 0.01295 g. CuSOa.

z Contains: 250 mg. thiamine-'ICL; 1400 mp. pyridoxine-HCL; 1600 mg
Ca-pantothenate; 500 mg riboflavin; 100 mg biorln: 50 me follic acid:
10,000 mg inositol; 1000 mp p-amincbenzelc acid (PABA); 20NN mg nicetinic
acid; 1 mg vit. By,3 10 my menadiome (vic. KB); 2.5 my {100,000 IU)
7-dehydrocholesterol (vit. D,): and 7000 mg (3500 1U) 50% di-y -tocopheryl
acetate plus 975.0865 g cerelose.

3

Contains 150 g choline cbloride and 850 g cerelose.



RESULTS

Experiment I-acute hypovitaminosis A. Feed consumption and growth

statistics are presented in Table 2. Feed consumpticn adjusted for body
weight at the start of comparison peried in g/day, Yl’ as a function of

comparison period days, X, was for the rats fed only the basal ration,

deficient:

2 41,9

Yl = 7.7 + 0.499 X - 0.008%
and for the rats fed the basal ration plus vitamin A, controls:

Yl = 10.2 + 0.197 X * 1.3
Similar functicns for loglO terminal body weight adjusted for initial body

weight in g, ¥,, and for body weight gain in g/day, ¥, were!

1.90 + 0.0279 X - 0.0004%° + 0.05, deficient

Y, =

¥, = 1.35 + 0.0242%-0.0002x" * 0.05, control
and

Y, = 4.3 + 0.152X - 0.004X° + 1.0, deficient

Y3 = 5.8+ 1.0, control

Feed consumption of the deficient animals was estimated to reach a maximum
on the 31lst day, terminal body weight at 35 days and gain in body weight at
the 19th day. In contrast, the control rats increased thelr feed consumption

at a constant rate throughout the comparison period, lo terminal body

%10
welght continued to increase throughont the comparison period and gain in
body weight remalned constant.

Plasma and liver vitamin A concentrations are presented in Table 3.
Plasma vitamin A concentration, Y4’ decreased during the compariscn period

in those rats fed no vitamin A but maintained an estimated constant

concentration in those rats fed vitamin A as follows:



Y

4 20-0.54 X, deficient.

Y4 = 29 * 7, controls.
In the case of the deficient rats, the rate of decrease of plasma vitamin A
of 0.5 ug/l0D ml/day, represents an unweighted regression which did anot account
for the heterogeneity of variance of this criterion whose variance was related
to magnitude of the average concentration and thus decreased as davs of the

comparison period increased. Liver vitamin A concentrations expressed as

loglO ug/e 102, YS’ as functions of comparison period davs were:

¥s

s

The deficient rats' liver vitamin A concentration decreased 93% during the

2
3.03 - 0.1306X + 0.0015 ¥ % 0.36, deficient.

i

2,85 - 0.0195X * 0.3, contronls.

1st 10 days, 86% during the next 10 days and 72% from the 20th through the
30th days whereas in the controls, this decrease was estimated to be constant
and amounted to 35% for each 10 days. Plasma vitamin A concentrations, Yy,
according to intervals of 0.30 loglO liver vitamin A concentration, YS’ are
presented in Table 4 {1). In neither the deficient nor control rats did
there exist a simple linear relationship between these two variables when
the entire range of values were considered. 1In addition, the deficient rats'
plasma vitamin A concentrations at comparable loglO liver vitamin A
concentrations to the controls were lower.

Cerebrospinal fluid pressures of the deficient rats, Tisure 1, increased
33% for each 7—day increase in the comparison perind. In contrast, the
pressures of the control rats were unaffected, equalling a geometric mean
of 71 mm of saline throughout the comparison period. By placing 957 confidence
limits about the statistics for both groups of rats, it was found that the

deficient rats’' pressure was significantly greater than the controls at 21

days, 28 days and 35 days.



The incidence of nasolacrimal duct squamous metaplasia of the deticicnt
rars, Figure 1, was unaffected until the 20th day of the compariscn pericd,
but thereafter the incidence increasad markedly. The incidence of squomous
metaplasia of the control rats remained constant during the 35 day comparison
pariod.

To establish the degree of asscociation between elevated cerebrospinal
fluid pressure or the incidence of squamous metaplasia of the nasolacrimal
duct and the vitamin A status of theJrat as indicated by plasma and loplo
liver vitamin A concentrations (8), data from both the deficient and control
rats were grouped according to intervals of plasma vitamin A = 4.0 ug/100 ml,
Tables 5 and 6, and liver vitamin 4 = log g 0.30 ve/ g 102, Tables 7 and 8.
Cerebrospinal fluid pressure, loglO mm of saline, Y6’ and the incidence of

squamous metaplasia of the nasolacrimal duct, arcsin v %4 positive, Y7, were

found to be related to plasma vitamin A, Y4 as follows:

2

¥, = 1.83 -0.0725 (¥, -7.7)0 * 0.14, & = 0.93
in which & = 1 when Y4 < 7.7 and O = 0 when Y4>7.7
and ¥, = 19.4-9.3643 (¥,-8.1)0 & 21.8, r% = 0.92

in which © = 1 when Y4 < 8,1 and 0 = Q when Y4>8.l.

Above plasma vitamin A concentrations of 7.7 ug, the cerebrospinal fluid
pressure was maintained at a gecmetric mean equal to 68 mm of saline and

for each 1 pg/100 ml decrease in plasma vitamin A below 7.7, the pressure
increased by 15%. 1In the case of the incidence of squamcus metaplasia, above
plasma vitamin A concentrations of 8.1, the incidence averaged 19.4 for the
arcsin V%_équivalent to 11%, and at 7, 5 and 3 plasma vitamin A
concentrations, the incidence was equivalent to 24%, 56% and 853% respectively.
The association of these twc response criteria and liver vitamin A, loglo,
ve/le 102, YS’ were as follows:



14

Y, = 1.77-5.190% (Y5—2.545)e £ 0.18, R© = 0,92

6
in which © = 1 when YS < 2,545 and 9 = 0 when YS >2.545
and Y, = 16.0 - 60.7624 (Y_-1.34)0 49.0 8> = 0.75
in which 8= 1 when YS < 1.34 and O = Q when YS >1.34.

. Y
sbove liver wvitamin A concentrations of 3.51 ug(antilog of 2.545 x 15 7)

cerebrospinal fluid pressure was maintained at a geometric mean of 59 rm of
saline (antilog of 1.77), but at cocncentrations < 3.51 wug, each 107 decrease
in concentration resulted in a 1.7% increase in the pressure. The incidence
of squamous metaplasia of the nasolacrimal duct averaged 7.77% (equivalent

to an arcsin ¥% of 16) at liver vitamin A concentrations greater than 0.22 ug
(antilog of 1.34 x 10_2). Below this concentration the iancidence increased

and equalled 197, 367 and 63% at liver vitamin A concentrations of 0.153,

0.10 and 0.05, respectively.



TABLE 2. Effect of increasing duration cf vitamin A deficiency upon
feed consumption and body weight gain in the weanling male rat.
Vitamin Depletion time, days SD
A per
Criteria status 0 7 14 21 28 35 rat
Animals, no -4 8 11 5 9 10 11 -—
@ 9 9 10 9 10 9
Feed, g/d
Offered - -~ 13.6 15.1 16.7 17.8 17.4 1.5
- 13.0 15.0 15.4 17.5 19.2 ’
Consumed
Actual - — 10.9 13.1 14.7 15.8 14.9 1.9
+ - 11.2 13.3 14.5 15.2 17.6 :
Adjusted’ - ~ 11 124 148 158 153 L
-- 11.5 13.1 14.3 15.0 17.5 )
Body weight c
Initial, g - - 71 85 73 74 68 10
+ - 70 76 77 76 76
Terminal
Actual - 74 107 162 191 231 232 68
+ 79 112 158 194 236 279
Log10 - 1.87 2.02 2.20 2.28 2.36 2.36 0.05
+ 1.89  2.05 2.20 2.28 2.37 2.44
Log,, adjusted” - 1.87 2.03  2.18  2.28 2.3  2.38
+ 1.88 2.06  2.19  2.28  2.36  2.44 0.05
Gain, g/d - - 5.2 5.5 5.6 5.6 4.7 1.0
- 6.0 5.8 5.6 5.7 5.8 '
a

as

- indicates ne dietary vitamin A; + Indicates dietary vitamin A fed

retinyl acetate equivaleat to 1 pg retinol per gram of basal ration.

Adjusted for initial body weight at the commencement of the comparison
period.

Initial bedy weight at commencement of the comparison period.
¥ L

15



TABLE 3. fffect of increasing duration of vitamin A deflciency upon
plasma and liver vitamin A concentration in the weanling male rat.

Animals, no. Plaswma vitamin A Liver vitamin A, pe/g
Depletion period, Hg/100 ml Actual Loglo b
days A +7 - + -+ - +
0 6 6 16(9H° 26 9.54  6.67 2.96  2.81
2 2 2 21(L) 24 5.67  9.27 2.75 2.94
7 6 6 17(2) 30 1.60  4.40 2,18 2.58
9 5 3 23(6) 31 2.94  9.14 2.49 2.94
14 4 38 16(8) 29 0.37 3.0 1.4 2.43
16 1 2 9(-) 35 n.09  9.49 .95 2.97
21 5 7 6(2) 28 0.08 3.14 7.8 2.34
23 4 2 7{4) 33 0,11 11.88 0.96 3.08
28 7 7 3 25 0.04  2.57 0.51 2.14
30 3 3 31 38 0.03 10.71 0.48 3.03
35 11 9 3(2) 30 .02 3.562 0. 34 2.01
SD per rat - - - 7 —-—=—= ——== .36

a . s . . . s . :
- indicates no dietary vitamin A, + indicates dietary vitamin A
fed as 1 ug retinol eguivalent ner gram of hHasal ration.

b . . . 2
Actual liver vitamin A times 107.

c

SD per rat.
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TABLE 4. Plasma vitamin A concentraticn accerding to loglD liver
vitamin A concentratien intervals.

Deficient Control
Interval Tats rats vitamin A
(ue/e 102) (pg/100 ml) (pe/100 wl)
0.0-0.29 7 4(2-8)%
0.3-0.59 9 3(1-5)
0.6~0.89 10 3(2-5)
0.9-1.19 4 8(6-11)
1.2-1.49 3 12(8-17) 2 26 (24-28)2
1.5~1.79 1 23 7 25 (18-30)
1.8-2.09 A 16 (14-17) 5 18(21-24)
2.1-2.39 5 19{16-25) 5 30 (23-35)
2.4-2.69 2 24{18-30) 9 32(24-46)
2.7-2.99 7 22(12-28) 17 29 (14~38)
3.0-3.29 2 7(5-10) 10 33(18~49)

Range

17
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TABLE 5. Cerebrospinal fluid pressure according to plasma vitamin A
concéntration intervals.,
Cerebrospinal fluid pressure - B
Deficient Control Comb ined”
Plasma Number Mumber Mumber
vitamino A of Average of Average of Average
interval rats rats rats
(ug/100 ml) (loglo mm saline) (1nglo mni saliée) (loglo rm saline)
0-3.9 19 2.25 19 2.25
4-7.9 10 1.96 10 1.96
8-11.9 5 1.78 5 1.78
12-15.9 2 1.82 L 1.70 3 1.78
16-19.9 9 1.90 2 1.86 11 1.89
20-23.9 4 1.81 9 1.84 13 1.83
24-27.9 3 1.86 17 1.83 20 1.83
28-31.9 2 1.30 8 1.90 10 1.78
32-35.9 8 1.80 8 1.80
36~39.9 6 1.81 6 1.81
40-43.9 1 2.01 1 2.01
Lb—47.9 2 1.94 2 1.94
48-51.9 1 2,06 1 2.06
a

Comblned CSFP for deficient and control rats.
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TABLE 5. Incidence of squamous metaplasia of the nasolacrimal duct
according to vplasma vitamin A concentration intervals.
Incidence of squamous metaplasia
Deficient Control Combined®
P%asmé Number Fercent Number Percent Number Percent
vitamin A s fos s
: of positive of positive of positive
interval
rats rats rats
(ug/100 ml) (%) (%) (%
0-3.9 19 94.7 b 19 4,7
(76.7) (76.7)
4-7.9 1C 40.0 10 40,0
(39.2) (39.2)
3-11.9 3 20.0 3 20.0
(26.6) (26.6)
12-15.9 2 0.0 1 0.0 b 3 0.0
{(0.0) (0.0) (n.9)
16-19.9 9 11.1 2 n.0 11 9.1
(19.5) (0.0) (17.6)
20-23.9 4 25.0 10 6.0 14 7.1
(30.0) (0.0) (15.4)
24-27.9 3 0.0 17 11.8 20 10.0
(0.9) (20.1) (18.4)
28-31.9 2 0.0 2 12.5 10 10.0
(0.0) (20.7) (18.4)
32-35.9 8 25.0 5 25.0
{30.0) (32.0)
36-39.9 6 16.7 6 16.7
(24.1) (24.1)
40-43.9 1 0.0 1 0.0
(n.0) (0.0)
44-47.9 2 50.9 2 50.0
(45.0) (45.0)
48-51.9 1 0.0 1 0.0
(n.0) (0.9)

Combined incidence for deficient and control rats.

Arcsin /percent positive.



TABLE 7. Cerebrespinal fluid pressure according to loglo liver viramin A
concentration intervals.

Cerebrospinal fluid pressure

Deficient Contral Corbined™
Log., liver Number Number Numbe r
vitamin A of Average of Average af Averape
interval rats rats . rats
(ug/y 102) (loglo mn saline) (loglo mm saline) (loglo mm saline)
0.0-0.29 7 2.28 7 2.28
0.3-0.59 9 2.15 9 2.15
0.6-0.89 10 2.17 10 2.17
0.9-1.19 4 1.98 4 1.98
1.2-1.49 3 1.83 2 1.82 5 1.83
1.5-1.79 1 2.02 7 1.92 8 1.93
1.8-2.09 4 1.98 5 1.84 9 1.90
2.1-2,39 5 1.81 5 1.97 10 1.89
2.4-2.69 2 1. 54 g 1.80 11 1.75
2.7-2.99 7 1.76 17 1.8C 24 1.78
3.0-3.29 2 1.26 10 1.87 12 1.77

Combined for deficient and control rats.
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TABLE 8. Incidence of sqramous metaplasia of the nasolaczrimal duct according
to loglo liver vitamin A concentration intervals.

Incidence of squamous metaplasia

Deficient Control Combined 2
Log liver Number Number
! . Number
vitamin A of Percent of ,
interval rats positive rats Percent of Percent
- positive rats rositive
2 . .
(ng/g 107) (%) (%) (%}
0.0~0.29 7 85.7 b 7 a5.7 b
(65.8) (67.8)
0.3-0.59 9 100.0 9 150,90
{90.0) (90.0)
0.6-0.89 10 70.0 10 70.0
{56.8) (56.8)
0.9-1.19 4 25.0 4 25.0
(30.0) (30.0)
1.2-1.49 3 0.0 2 0.0 5 0.0
©.0) (.of {0.0)
1.5-1.79 1 0.0 7 2.0 8 0.0
(0.0) (0.0) {(0.0)
1.8-2.09 4 0.0 5 0.0 9 0.0
(0.0) 0.0) (0.0)
2.1-2.139 5 0.0 5 0.0 12 0.0
(0.0) 0.0 (0.0)
2.4-2.69 2 50.0 9 11.1 11 18.2
(45.0) (19.5) (25.2)
2.7-2.99 7 14.3 17 23.5 24 20.8
(22.2) (29.0) (27.L1)
3.0-3.29 2 0.0 11 18.2 13 15.4
(1.0 25.2) (23.1)

Combined incidence deficient and centrol rats.

Arcsin Ypercent positive



Experiment Il - chronic hypovitaminosis A. Table 9 contains the fead

consumption and growth of the rats fed ad libitum. TFeed consumption in
g/day, Yl, adjusted for body weight at the start of the comparison period,
was found to be related to the logy of vitamin A intake in up/kg bodv weight/
day, X, as follows:
Yl = 19.4 + 3.481(X-1.36)9 £ 1.2
wherea U =1 when < 1.36 and O = 0 when X »1.36.
Terminal bedy weight in g, Y2 and body weight gain adjusted for body weight
at the start of the comparison period in g/day, Y3, as functions of vitamin

A intake were respectively:

Y, = 355 + 81.7669 (X~-1.34)0 ¢ 21

where 0 = 1 when X < 1.34 and 0 = 0 when X >1.34
and Y3 = 3.9 + 1.9993 (X-1.35}0 % 0.5
wliere @ = 1 when X < 1,35 and U = 0 when X »1.35, At vitamin A intakes

exceeding 23 ug for feed consumed, 22 for terminal body weight and 23 for gain,
these response criteria were unaffected by intake of the vitamin A, but at
intakes less than these values, the responses decreased.

Plasma vitamin A concentrations in ug/100 ml, Ya, and liver vitamin A
concentrations in loglO pg/g 102, YS’ presented in Table 10, were related to
vitamin A intake as follows:

Y, = 1.3-3.144%+7.830%°

4

and Y. = 1.83-2.8968X+1.498%° * 0.28

5
The responscs of these twe variables were minimal from the 4 pg to 16 pg intake,
but from 16 pg to 256 pg the responses incresased at essentially A linear rate,

Plasma vitamin A concentrations according to loglO liver vitamin A concentration

intervals, Table 11, tended to be linear.

Cerebrospinal f£luid pressure expressed as logIO (millimetexs of saline},



Y6' and given in Table 10 was essentially equal at vitamin A intakes cof 6%
and 256 ug but greater at intakes of 4 and 16 ug. The relationshin of this
variable with loglO of vitamin A intake was:
Y6 = 1.92-0.6899 (X-1.39)6 * 0.14

where @ = 1 when ¥ < 1.3%9 and 0 = 0 when X »1.39.
At vitamin A intakes greater than 25 ug, the pressure was maintalned at a
geometric mean equal to 83 mm. For each 107 decrease in vitamin A intake
below 25 ug, cerebrospinal [luid pressure increased at a rate of 87.
Squamous metaplasia of the nasolacrimal duct, Table 1%, occurred in all four
of the rats fed either the 4 or 16 ug intaks and in one rat fed the highest
intake of 256 ug.

Average cerebrospinal fluid pressure and incidence of squamous metaplasia
of the nasolacrimal duct according to successive intervals of plasma vitamin A
and of loglO liver vitamin A concentrations are given respectively in Tables
12 and 13. Since there were too few rats per Interval, nc attempt was made to

determine the possible association between these variables as was done in

experiment I.



TABLE 9. Effects of graded intakes ¢f vitamin A upon feed consumntion
and body weight gain in the weanling male rat.

Vitamin A intake - up/ke body weight/daya S
per
Criteria 4 16 64 256 rat
Animals, no 4 4 4 4 —
Feed, g/d
Offered 23.0 22.8 23.3 22.3 1.4
Consumed
Actual 17.2 18.7 19.5 19.90 1.2
Adjustedb 16.8 18.8 19.5 19.3 1.2
Body welight
Initial, g 204 188 192 182 1.7
Terminal, g 295 344 355 356 21
Gain, g/d
Actual 2.1 3.7 3.8 4.1 0.6
adiusted’ 2.3 . 3.6 3.8 4.0 0.5

Expressed as retinol but fed as retinyl acetate.

Adjusted for initial body weight at the start of the comparison
period.



TABLE 19. Lffects of graded intakes of vitamin & upon plasma and liver
vitamin A concentration, cerebrospinal fluid pressure and
incidence of squasmcus metaplasia, in the weanling mele rat.

Vitamin A intake - pg/ke body weight/day.

a

SD
per
Criteria 4 16 64 256 rat
Animals, no 4 4 4 4 -
Terminal plasma vitamin A4,
ug/100 ml 3, 7 23 39 ——
(2-43 (7-8) (19-26) (33-43)
Liver vitamin A, ug/g
Actual 0.04Y 0.170 0.357 35.093 ———
Lo ¢
810 0.62 0.58 1.42 3.54 0.28
Cerebrospinal fluid
pressure, mm saline g
Actual 306 116 86 88 -
Loglo 2.406 2.05 1.92 1.92 0.14
Incidence of squamous
metaplasia
Percent 100 100 0 25
Arcsin Y% positive 990 a9 0 30
See Table 9.
Range
2

Actual liver vitamin A times 10

3 rats instead of 4.
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TABLE 11l.

Plasma vitamin A concentration according to

loglo liver vitamin A c¢oncentration interval.

Log. . liver Humber , Plasma
vitamin A nf vitamin
interval rats A
3

(vg/a 107) (;2/100 ml)
0.3-0.59 4 5 (3-8)°
0.6-0.89 3 6 (4-8)
0.9-1.19 2 10 (2-19)
1.2-1.49 2 23 {20-25)
1.8-2.09 1 26
3.3-3.59 3 38 {33-43)
3.6-3.89 1 4y

Range.
TABLE 12. Cerebrospinal fluid pressure aud incidence of squamous

metaplasia of the nasclacrimal duct according to plasma

vitamin A comcentration intervals.

Plasma vitamin Cerebrosninal fluid pressure Incidence of squamous metaplasia
A interval NumbeTr oL
Average Humber of Percent
rats L.
rats positive
(ug/100 ml} (loglo me of saline) (%)
0-3.9 4 2.46 4 109(90.0) "
4-7.9 3 1.99 3 109(90.03
8-11.9 1 2.22 1 180(9%,0)
16-19.93 1 2.496 1 0(0.0)
20-23.9 1 1.86 1 (1.
24-27.9 2 1.88 2 3(0.0}
32-35.9 1 2.13 1 000.%)
36-39.9 1 1.79 1 D(N.0}
40-43.9 1 1.83 2 50(45.0)
a

Arcsin Vpercent positive
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TABLE 13. Cerebrospinal fluid pressnre and incidence of squamous
metaplasia of the nasolacrimal duct accerding to loglo
liyer vitamin A concentration intervals.
Loglo liver Cerebrospinal fluid pressure Tncidence of squamous metaplasia
leam}nlA Number of Average Humber of Percent
interva rats rats positive
2 . .
(ug/g 107) (loglO mm saline) (%)
0.3-0.59 4 2.24 4 100(90.0)7
0.6-0.89 3 2.15 3 100(9n0.0)
£.9-1.19 2 2.36 2 30(45.0)
1.2-1.49 2 1.88 2 0.,
1.8 -2.09 1 1.86 1 N{0.0)
3.3-3.59 2 1.96 3 33(35.1)
3.6-3.89 1 1.83 1 0(0.0)
a Arcsin vVpercent positive



Experiment IIT - chronic hypovictaminesis A. Feed consumption and

growth statistics of the rats which were equalized fed are contained in
Table 14. TFeed consumption in g/day, Yl‘ adjusted for body weight at the
start of the comparison period was related to 109,lO vitamin A intake in
Lg/kg body weight/day as follows:

Yl = 11.5 + 1.0834(xX-1.41)2 = 0.6
in which @ = 1 when X < 1.41 and 0 = 0 when X »1.41. Similar functiens for
terminal body weight in g, Y2, and body weight gain in g/dav, Y3, both
adjusted for body weight at the start of the comparison period were,

respectively:

Y, = 194 + 44.7090(X~1.44)0 + 22

where © = 1 when X < 1.44 and O = 0 when X >1.44
and Y3 = 1.5+ 1.2999(xX-1.43)0 + 0.6
where 7 = 1 when X < 1.43 and © = 0 when X »1.43. Above intakes for Y, of

1

26 ug for Y, of 28 ug and for Y

2 of 27 pyg, vitamin A intake had no significant

3

effect. Below these intakes, all three criteria decreased linearly with
decreasing intakes of the vitamin.

The responses, Table 15, of plasma vitamin A in pg/100 ml, Y&’ and of
loglo liver vitamin A in ug/g 102, YS’ were

Y = 2.4-4.246% + 5.006%°

&

and Y5

2.03-3.3357X + 1.6136X° + 0.35.

The responses were inappreciable as the intake of vitamin A was increased up
to 12 ug intake level. Thereafter the responses increased at increasing rates
with increases in log10 vitamin A intake. Plasma vitamin A concentrations
according to loglo vitamin A intervals, Table 16, were curvilinear, exhibiting
little increase at the lower loglo liver vitamin A concentration intervals

and tending to plateau and then decrease at the higher intervals.
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Cerebrospinal fluid pressure, Y6, expressed as loglO mm of saline was
higher at intakes of vitamin A of 4, 12 and 16 ug than at &4 and 256 ug,
Table 15. The geometric mean pressure of the three intakes averaped 79 mm
of saline and of the 64 and 256 ug intakes 55 mm of saline. The incidence
of squamous metaplasia of the nasclacrimal duct, Y2, expressed as arcsin %,
was found to be related to vitamin A intake, X, as follows:

Y? = 9.8 - 93.3993(X-1.51)% % £3.8

in which O = 1 when X < 1.51 and @ = 0 when X »1.51. At intakes above 32 ng
the incidence was estimated to be unaffected and averaged 3%. At intakes less
than 32 upg, the incidence increased with decreasing intake, being estimated to
be 38% at the 16 vug intake and 59% at the 8 ug intake.

Cerebrospinal fluid pressure averages and incidence of squamous metaplasia

of the nasclacrimal duct, expressed respectively as loglO me of saline, Y6’

and arcsin v percent positive, Y7, according to plasma vitamin A concentration
intervals, Yﬁ’ and according to loglo, liver vitamin A concentration intervals,
YS’ are given in Tables 16 and 17. The broken-line regression of the relationship
between cerebrospinal fluid pressure and plasma vitamin A was not significant,
but the relationship for incidence of squamcus metaplasia was and is
described as follows:

2

Y7 = O.O—6.3385(Y4—12.4)O + 23,93, R™ = 0.97

in which © = 1 when Y,< 12.4 and © = 0 when Y, >12,4. At plasma vitamin A

& 4

concentrations exceeding 12.4, the incidence of squamous metaplasia was zero,
When the concentrations were less than 12.4, the incidence increased with
decreasing concentration and was estimated to equal 7, 42 and 84% respectively
at plasma concentrations of 10, 6 and 2 pg. The broken-line regression of

the relationship between cerebrospinal fluid pressure and log10 liver vitamin

A concentration was not significant, but the equation for incidence cf

squamous metaplasia was significant and is as follows:



¥, = 0.0-22.5532(Y, -2.66)e * 15.2, R% = 0.97

in which @ = 1 when Y5 < 2.66 and © » O when Y5> 2.66. Above liver vitamin
A concentrations of 4.6 pg/g (antilog of 2.66 times 10_2), there was no
squamous metaplasia present in the rats. Below this liver wvitamin A
concentration, the incidence increased and was estimated to be 7, 13 and 37%

respectively at liver vitamin A concentrations equivalent to 1, 0.5 and 0.1

ve/g-
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TABLE 1

4. Eifects of graded levels of vitamin A upon feed consumption

and body weight gain in the weanling male rat.

Vitamin A intake, ug/kg body weight/day" Sb
par
Criteria 4 12 16 64 256 rat
Animals, no 6 g B8 0 9
Feed, g/d
Offered 11.2 11.2 11.4 11. 11.5 1.7
Consumed
Actual 10.6 11.1 11.4 11. 11.5 1.7
adjusted’ 10.7 11.1 11.4 11. 11.5 0.7
Body weight
Initial, g 142 142 141 142 141 18
Terminal, g
Actual 157 176 185 194 194 36
Adfusted® 157 176 185 193 195 22
Gain, g/d
Actual 0.4 1.0 1.3 1. 1.5 0.7
Adjustedb 0.4 1.0 1.3 1. 1.5 0.6

Expressed as retinol but fed as retinyl acetate.

Adjusted for initial body weight at the start ef the comparison

period.



TABLE 5. Effects of graded levels of vitamin A upon plasma and
liver vitamin A, cercbrospinal fluid pressure snd

incidence of squamous metaplasia in the weanling nale rat.

Vitamin A intake, ug/keg body weig_f,ht/dely"l Sh
per
Uriteria 4 12 64 rat
Animals, no & 9 9 -
Terminal plasma
vitamin A, wg/100 ml 2 3 1ob —_
(L-4)¢ {2-4) (10-1%)
Liver vitamin A, ug/g .
Actual 0.08" 0.03 0.14 —-
Log | o 0.52 0.37 1.07 0.35
Cercbrospinal fluid
pressurce, mm salinef
Actual 50 55 b -—
Log) o 1.59 1.90 Y78 0. 20
Incidence of sguamoush
metaplasia
Actual 100.0 88.9 11.1 0.0 -
Arcsin Jpercent 90.0 70.5 19.5 0.0 -

4 See Table 4.

b 8 rats instcad

Range.
g

o]
3]

rats instead

rats mstead
rats instead
rats instead

o ~1

Iz
s

rats instead

of ©,

. . . . ")
Actual Lliver vitamin A times 10-.

of 6.

of 6 for 4 pg level,
of 8 for lo g level.
of 9 for 256 g level.

of 6 for 4 g level.



TABLE 16. Plasma vitamin A concentraticn according to lnglo liver
vitamin A concentraticn Interval.

Logyg liver Namber Plasma
vitamin A of yitamin A
interval rats

(ng/g 10%) (hg/100 ml)
0.0-0.29 9 3 (1-57
0.3-0.59 6 3 (2-4)
0.6-0.89 7 6 (1-12)
0.9-1.19 5 6 (4-10)
1.2-1.49 4 13 (1n-18)
3.0-3.29 2 24 (21-27)
3.3-3.59 4 20 (14-26)
3.6-3.89 3 29 (15-24)
Range

TABLE 17. <Cerebrospinal fluid pressure and incidence of squamous
metaplasia of the nasolacrimal duct according to plasma
vitamin A concentration interwvals.

Cerebrospingl fluid pressure Incidence of sguamous metaplasia
Plasma
vitamin A Number of Number of Percent
interval rats Avecrage rats positive
(pg/]OO ml) {logl mm of (%)
Sa?ine)
0 - 3.9 15 1.90 16 A7.5(69.3)4
4 - 7.9 5 1.83 6 16.6{24.0)
8 ~11.9 6 1.88 0 16.6(24.0)
12 - 15.9 4 1.70 4 0.0(0.0}
16 - 19.9 2 1.66 2 ¢.0(0.0)
20 - 23.9 3 1.85 4 0.0(0.0)
24 - 27.9 2 1.52 2 0.0(0.0)

& Arcsin Ypercent positive



TABLE 18. Cerebrospinal fluid pressure and incidence of sguamous metaplasia
of the nasolacrimal duct according to legyy liver vitwmin A
conventration intervals.

cerchrespiual fluid pressure Incidence of sguamous motaplasia

Log g liver Number Number

vitamin A of of Percent
interval rats Average rats . positive
(.£/e 107) (Log g mn of saline) (1)
0.0-0.29 5 | .82 9 Go.6(54.7)¢
0.3-0.39 6 1.9 7 71.4(57.7)
0.6-0.89 7 1.76 7 42.8(40.9)
0.9-1.19 4 1.95 5 20,0(26.0)
1.2-1.49 5 1. HY 6 33.3(35.2)
3.0-3.29 2 1.72 2 0.0(0.0)
3.3-3.59 4 l.62 4 C.0{0.0)
3.6-3.489 2 1.82 2 ¢.0(0.0)

4 Arcsin Vpercent positive
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Experiment IV - chrenic hypovitaminosis A. Feed tonsumption and growch

of rats equalized-fed, but at a higher intake than thaose of experiment ITI,
are contained in Table 19. Adjusted feed consumption in g/dav, Yl, as a
function of vitamin A intake in ug/kpg body weight/dav, X, was:

Yy = 14.4 + 2.0627 (X-1.65)0 * 1.0
where © = 1 when X < 1.65 and © = 0 wher X >1.65. Similar broken-line

regressions for adjusted terminal body weight irn g, YZ’ and adjusted body

weight gain in ‘g/day, Y, were respectively:

Y 254 + 74,9201(X-1.54)2 = 23

2
where @ = 1 when X < 1.54 and & = 0 when X> 1.54
and Y3 = 2.8+ 2,2769 (¥X-1.51)3 = 0.7
where @ = 1 when X <1.51 and@ = 0 when X »1.51. At vitamin A intakes

exceeding 45 ug for feed consumption, 35 ug for terminal body weight and 32 ug

for body weight gain, Intake of the vitamin had inappreciable effect. In

contrast when lesser intakes were fed, all three criterion decreased linearly.
Plasma vitamin A in pg/100 ml, Ya, and liver vitamin A expressed as lo,s;lO

ugl/g 102, Y increased slightly or was unaffected by increases in vitamin A

51

intakes from 4 to 20 ug, but increased markedly at intakes from 20 to 256 ue,
Table 20. CQuadratic regressions of the responses of the two variables with
Increasing vitamin A intake were:

Y 1.4-4.227X + 5.174X2

4

1l

2

and Y 3.42 4,905 X + 2.034X" £ 0.31

5

As in the previous experiments, the magnitude of the variation in plasma
vitamin A concentration increased as vitamin A Intake increased. Plasma
vitamin A concentration according to loglO liver vitamin A concentrations

appeared tc be linear, Table 21.



Cerebrospinal fluid pressure, Table 20, expresscd as log mm of saline,

10 ‘

Y6’ was related to vitamin A intake in 1og10 ug/kg body weight/day, X, as follar
Y6 = 1.73-0.3698(X~1.68)¢ * 0.15

where © = 1 when X < 1.68 and 5 = 0 when X »1.68. Above intakes of vitamin &

of 48 ug, the pressure was maintained at o geometric mean of 54 mm. Below the

48 ug intake, each 10% decrease in Intake resulted in a 1.%7% ;ncrease in

pressure.

Squamous metaplasia of the nasolacrimal duct, Table 20, expressed as

arcsin vpercent positive, Y7, was assocliated with vitamin A intake, X, not
including the 8 ug intake group data, as follows:

Y7 = 0.0-280.96(N-1.40)0%1.2
where @ = 1 when X < 1.40 and 0 = 0 when X >1.40. At vitamin A intakes
exceeding 25 ug, the incidence was 0. At vitamin A intawes of 20 and 15 ug,
the incidence was estimated to be 31.8 and 52.5%, respectlively. Since the
broken-line regression equation can only delipeate one area of linear change
and one area of no change of a variable in relation to znother variable and
both the 8 and 12 ug intakes had identical ¥ positive values, 100, the 8 ug
intake % was not utilized in the derivation of the equation.

The 2nd lumbar vertebrate total volume, Y8, canal volume, Yg’ both in cm3,

5.

2
and the ratio of canal volume to totzal volume times 10" are reported in Table 20.

The rats fed the vitamin A intakes of 8-20 ug had smaller canal volumes and
ratios of canal velume to total wolume than the rats fed the 64 and 256 ug
intakes. Upon plotting the data, the magnitude of total and canal volumes
within'a vitamin A intake group were related to hody weight at the end of the
comparison period but the ratios were independent of body weight. The means for
total volume adjusted for body weight and in order of increasing vitamin A

int akes were, respectively, for total volume, 0.109, 0¢.108, 0.109, 92.102,
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0.102 and 0.091 cm3 with a SD = 0.012 and for canal volume, 0.047, 0.042,
0.046, 0.045, 0.047 and 0.047 cm” with a SD = 0.007.
Average cerebrospinal fluid pressure expressed as loglO mm of saline,

Y6,,and incidence of squamous metaplasia of the nasolacrimal duct, expressed

as arcsin Ypercent positive, Y7, according to plasma vitamin A, Y&’

concentration intervals and according to loglo

intervals are given, respectively, in Tables 22 and 23. Cerebrospinal fluid
i

pressure and incidence of squamous metaplasia were related to plasma vitamin

A concentraticn as follows:

Y6 = 1.72 - 0.0282(Y4—10.?)@ +0.10, R2= 0.97
where @ = 1 when X < 10.7 and 7 = 0 when Y4 > 10.7 and
¥, = 0.0-10.7084(¥,-8.7)0 + 0.0, R* = 1.00
where ® = 1 when Y4 < 8.7 and © = 0 when Y4> 8.7. The rressures were

maintained at a geometric mean of 52 mm of saline at plasma vitamin A
concentrations greater than 10,7 pg. For each 10% decrease in concentration
of plasma vitamin A below 1J.7 upg, the cerebrospinal fluid pressure increased
7%. The incidence of squamous metaplasia was zero at plasma vitamin A
concentrations exceeding 8.7 pug and increased at concentrations less than

8.7 Ug, being predicted to be equivalent to 23 and 59% respectively at plasma
concentrations of 6 and 4 ug. Neither cerebrospinal fluid pressure nor
incidence of squamous metaplasia of the nasolacrimal duct was found to be
significantly related to liver vitamin A concentration when the broken-line

regression model was utilized.

liver vitamin A, YS, concentraticn



TABLE 19. Effects of pgraded intakes of vitamin A upon feed
consumption and body weight gain 1n the weanling
male rat.
Vitamin A intake, ug/keg body weiqhtfdaya SD
nay
Criteria 8 12 16 20 64 256 rat
Animals, no 7 8 9 9 9 9 --=
Feed, g/d
Offered 11.8 14.3 13.5 13.7 16.0 14.8 2.1
Consumed
Actual 11.2 13.8 13.2 13.4 15.7 14.7 2.0
Adjusted 12.6 13.6 13.5 13.5 14.4 14.4 1.9
Body weight
Initial, g 140 159 154 155 170 159 21
Terminal, g
Actual 175 232 224 234 278 255 47
Adjustedb 201 228 227 234 256 252 23
Gain, g/d
Actual 1.0 2.1 2.0 2.2 3.1 2.8 n.7
Adjusted 1.3 2.1 2.0 2.3 2.9 2.7 0.7
Expressed as retinol but fed as retinyl acetate.
Adjusted for initial body weight at the start of the comparison peried.
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TABLE 20.

Effects of graded intzkes of vitamin A upon plasma and

liver vitamin A coacentration, cerebrospinal fluid pressure,

incidence of squamous metaplasia and the 2nd lumbar vercebrate
total and canal volume.

Vitamin A intake, ve/kg bodv weight/dava izr
riteria 8 12 16 20 64 256 rat
ailmals, no 7 8 9 9 9 9 ———
‘erminal plasma
ritamin A, Hg/100 ml 2 b 3 4 7 12 24 ——

(2-4) (2-4) {(2-7) {4-14) (10-16) (22-27)
Jdlver vitamin A,
He/8, al 0.08 0.02 0.93 9.07 0.19 25.36 ——-
LogloC 0.80 0.25 0.49 0.65 1.20 3.40 0.31
;erebrospinal
‘luid pressure,
m saline
Actual 106 108 83 69 53 60 -
LoglO 1.98 2.02 1.92 1.83 1.71 1.75 0.15
ncidence of squamous
etaplasia
Percent __ ___ . 100 100 67 22 0 a i
Arcsin Y% posirive 9y a0 55 28 0 0 —
econd lumbar
rertebrate, cn
Total vaolurs .89 0.107 0.106 0.102 0.118 0.099 0.018
Canal wvol.- V) 0.042 0.045 0.045 2.053 0.050 0,609
Canal volu. .
te total wvol- i 39 44 44 46 5% 8
4 See Tab£;‘ﬁ§i I
b Range.
©  Actual liver witaimin A times 102,
d 2

Canal volume to total volume times 107,
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TABLE 21. Tlasma vitamin A concentration according to 10ﬁ10 liver
vitamin A concentration interval. ’

Log ; liver Plasma vitamin A
vitamin A Numls
interval Humber Averace
of e
rats _
2
(vg/g 107) (/190 ml)
0.0-0.29 12 4 (2_8)a
0.3-0.52 5 4 (2-7)
0.6-0.89 11 4 (2-1m)
0.9-1.19 3 3 (4-16)
1.2-1.49 4 11 (2-16)
1.5-1.79 2 12 (12-13)
3.3-3.59 9 24 (22-27)
Range
TABLE 22. Cerebrospinal fluid pressure and incidence of sauamous

metaplasia of the nasclacrimal duct according te plasma
vitamin A concentration intervals.

Incidence of squamnus

brospinal f SuUre
Cerebrospinal fluld pressure metaplasia

P%asm? Number of Number of Percent

vitamin A Average .

. rats rats postitive

interval

{(1og ™m

(ug/102 ml) of sgline) €7)
0~3.9 23 1.97 23 91.3(72.8)"

4-7.9 7 1.87 7 25.0(25.0)

3-11.9 6 1.74 6 0.0(n.0)
12-15.9 2 1.62 2 0.0(0.0)
16-19.9 2 1.70 2 N.000.7M
20-23.9 4 1.72 4 0.0(0.0)
24-27.9 5 1L.78 5 Nn.1(N.0)

Arcsin vpercent nositive
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TABLE 23. Cerebrospinal fluid pressure and incidence of sguamcus metaplasia
of the nasolacrimal duct according to loqlo liver vitamin A
concentration interval.

Tncidence of sauamous
Logyy liver Cerebrospinal fluid pressure metaplasia
vitamin A

. Number of Number of Percent
interval rats Averaee rats nositive
(gle 102) (loglo mm of 1)
saline)
0.0-0.29 12 1.88 12 75.0(60.0)%
0.3-0.59 5 2.01 5 100.0¢9N.0)
0.6-0.89 11 1.95 11 72.7(58.5)
0.9-1.19 7 1.82 8 0.0¢0.0)
1.2-1.49 3 1.77 4 25.0(30.0)
1.5-1.79 2 1.62 2 0.0¢0.0)
3.3-3.59 9 1.75 9 0.0(0.9)

Experiment V - chronic hypovitaminosis A. Feed consumption and growth

of the rats equalized-fed, but on body weight increase calculated from
experiment IV rather than on a contemporarv weight increase, are contained

in Table 24. Rats fed the deficient vitamin A intake, 12 g, consumed less
feed than rats fed rhe control intake, 256 pg. This resulted in the deficient
rats weighing and gaining less per day than the control rats.

As was expected, terminal plasma and liver vitamin A concentrations were
conslderably less in the deficient rats than in the controls, Table 25,
Cerebrospinal fluid pressure was greater in the deficient animals. The total
volume of the 2nd lumbar vertebrate for both the 6 and 8 comparison weeks
deficlent groups averaged 0,138 cm3 and both the 6 and 8 comparison weeks
control groups 0.138 cm3. In contrast, the canal volume was less in the

deficient rats as was the ratio of the canal volume to total volume.



TABLE 24.

Effects of chronic vitamin A deficiency upon feed
consumption and body weight in the weanling male rat.

Comparison Period, weeks

8
Vitamin A intake, p/kg body weight/day™ SD
- per
12 256 12 256 rat
Animals, no 9 10 8 10 -—
Feed, g/d
Cffered 18,3 18.0 18,3 138.1 0.7
Consumed
Actual 16.4 17.1 16,2 1/.1 1.2
Adjustedb 16.0 17.G 16.2 17.4 0.9
Body weight
lnitial, g 168 158 156 147 25
Terminal, g
Actual 284 304 285 336 31
Adjustedb 274 303 285 344 22
Gain, g/d 2.8 3.5 2.3 3.4 0.5
a Expressed as retinol but fed as retinyl acetate.
Adjusted for initial body weight at start of comparison pericd.
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TABLE 25. Effects of chronic vitamin A Jdeficiency upon plasma and 1iver
vitamin A concentrations, cerchbrospinal fluid pressure and 2nd
lumbar vertebrate total and canal volume

Comparison Period, weeks

6 8
Vitamin A intake, _.g/ke body weight/day® SD
per
12 256 12 256 rat
Animals, no 9 10 3 10 -—
Terminal plasma
vitamin A, pg/100 ml 5 33 7 38 _—
(3-6)b  (26-44) (4-9)  (29-50)
Liver vitamin A, pg/g
Actual 0.15 35.50 0.10 52.91 -
Logy oS 0.99 3.50 0.86 3.69 0.25
Cerebrospinal fluidd
pressure, mm Saline
Actual 114 69 147 75 -
Logip 2.03 1.83 2.01 1.87 0.14
2nd lumbar vertebrate,
cm
Total volume 0.138 0.122 0.129 0.138 0.018
Canal volume 0.029 0.043 0.030 0.045 0.009
Canal/total
volume® 21 35 23 33 8

2 See Table 24
b Range
¢ Actual liver vitamin A times 102

d Cerebrospinal fluid pressure based on 8 rather than 9 rats (6 week, 12 _g.)

7 rather than 3 rats {8 week, 12 ,g.)
9 rather than 10 rats (8 week, 25b

© Times 102



DISCUSSICN

The result of the acute hypovitaminosis A study are in agreement with
those of previous investigators (6, 24) in that decreases in body weight
gain or actual losses in body weight cccur during vitamiu A deplecion later
than do physiological or histological alterations. It should be noted that
in none of the groups of deficient rats did the rate of growth reach a
plateau, Appendix figure I, during the five week deoletion period. Yet the
cerebrospinal fluid pressure at the 3rd depletion week was greater than that
of the control rats and incidence of squamous metanlasia of the nasolacrimal
duct was also greater at this time.

Under the experimental conditions emploved in these studies, a three
week partial vitamin A depletien period prior to studviicg chronic hypovitaminosis
A appeared to be repeatable with respect to plasma vitamin A concentration,
Table 26. As can be seen from the statistics in column three of this table,
plasma vitamin A concentration was remarkably consistent from experiment to
experiment. In contrast liver stores, geometric means, varied bv a factor of
4.7. There was little difference among experiments in terms of plasma or
liver vitamin A concentrations of the weanling rats upen arrival, Table 26-
first column and the same was essentially so for the concentrations at the
completion of the one weel standardizing period, Yable 26-2Znd column.

Chronic hypovitaminosis A in the rat under conditions of equalized feedine
(equalized ration offered) has been demonstrated in the present exveriments.
In addition losses in body weight did not occur at retinol equivalent intakas
of »8 yg/kg body weight/day, Anpendix Figures II-V. Since requirements for
vitamin A are related to growth and since rapid growth is necessary for the
appearance of deficiency changes (6), a 12 ug intake under conditions of these
studies would appear to ke the minimum intake to utilize in producing a

deficiency since the 8 ug intake resulted in growth plateau during the fifth
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week of experiment IV, Appendix figure IV. Utilizing body weight increases
from previous experiments, as was employed in experiment V, rather than
contempory body weight increases, as was employed in experiments III and
IV, would appear toc be preferable, but more definitive information than is
supplied from the present studies is needed to provide an unequivocal answer.
Elevated cerebrospinal fluid pressure, based upon the number of days
required for development in rats fed a vitamin A-free diet or the intake below
which it occurs in rats fed graded intakes of the vitamin, Table 27, appeared
to be a more sensitive indicator of hypovitaminosis A than did either feed
consumption or growth. The incidence of squamous metaplasia of the
nasclacrimal duct was more variable than the other three criteria. While the
greater sensitivity of elevated cerebrospinal fluid pressure apreed with
previous observations from several species as recently reviewed by Corey and
Hayes (6), the differences among criteria were relatively small in magnitude,
In the experiments described herein, ration consumption and growth were both
reduced in comparison to those of rats fed adequate vitamin A. A possibility
for future work would be to estimate the rate of gain from data of mildly
deficient rats, such as those fed a 12 yg intake, instead of rats fed deficient
as well as control intakes {(as was done in experiment V). Such a nrocedure
might overcome the differences in feed consumption. Other possibilities include
patred feedings or paired wedight-gain feeding. Lastly, pattern of food
consumption 1s generally different between deficient and control rats with
deficient rats consuming their food at slower rates {4), which from casual
observation occurred in the present experiments. This difference in rate of
food consumption, meal eaters characteristic of the controls and nibblers
characteristic of the deficient, probably accounts in part for the differences
in body composition (22}. Differences in pattern of food consumption might be

overcome by forced feeding or by allotting feed to the controls at a



rate cver time consistent with the pattern of food consumntion of the deficient
animals (27). Wowever, in rapidly induced vitamin A deficiencv, forced feeding
did not result in equal growth between deficient and control rats (18).

The estimated requirements for vitamin A based on the amount necessary
to prevent elevated carebrospinal fluid pressure, increased incidence of
squamous metaplasia of the nasolacrimal duct, or decieased feed consumption
and growth varied among the three chronic experiments, Table 27, with the greatest
difference being between ~2xperiments II and TII1 and exreriment IV. With respect
to cerebrospinal fluid pressure, the requirements varied Trom 10 to 48 ug/ke
body weight/dav which when considered in toto was considerably qreater than that,
11.8 wpg, reported bv Corey and Haves (6). The estimated requirements for the
prevention of sguamous metaplasia of the naselacrimal duct, 25-32 up, were also
greater than those, 65-9 us, reported by Trving and lichards (16). Tn rontrast,
the amounts estimated to bz required for feed consumption and growth, 22-45 e,
were less than the NRC regquirement of 60 wr for minimal erowth (20). The
variability in these estimates are tvpical of the vitamin A lirerature (20
and are possibly due ta variation in exnerimental nrocedures and analvses of
data. For example, in the present experiments partial vitamin A denletion
was undertaken prior to comparison of vitamin A intakes. Thus, when the data
from the present experiments are compared to those from experiments without
such depletion oune would expect the estimated requirements to be greater in
the former since animals not partiazlly depleted of thelr vitamin A stores could
utilize ther during the comparison. In the »resent exneriments, resnonses tao
vitamin A intake were considered to be a function of the logarithm to the base 10
of vitamin A intake (2) which is known to provide greater estimated requirements
than when responses are considered to be a function of actual vitamin A intake.

Lastly, numerous other factors affect vitamin A requirements of erowing
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animals (9) such as ape, inheritance, intensitv of feeding and growth, ration

constituents, ration addicives or contaminants, source of victamin A, environment

including ambient temperature and expnsure to infective bacteria.

The degree of association between elevated cerebrogsninal fluid nressure
or increased incidence of squampus metanlasia of the nasnlacrimal duct and
plasma vitamin A concentration, Table 28, was reasonablv consistent amone
experiments, but similar estimates for loglo liver vitamin A were quite
variable, The results with respect to plasma vitamin A are in seod agreement
with those estimated by Corey and Haves (6) for the rat. Apparentlv the rat
requires considerably less circulating vitamin A to nrevent the occurénce of
deficiency alterations than some other species. In the pig (13), calf (8,
10), and weanling rabbit (7), the minimum concentration of plasma vitamin A
reported to be necessary to prevent elevated cerebrospinal fluid nressure
was 15-17 vpg/100 ml. However, for other criteria such as the prevention nf
night blindness, ocular papilledema and squamous metaplasia of the parotid

duct, the estimated values for the calf range from 8 to 29 Lg/100 ml {9).



Plasma and log)n liver vitamin A concentrations of weanling male rats

on arrival, at the completion of one week of standardization and
at the completion of three weeks of partial vitamin A depletion.

End of standardizing

End of 3-weck partial

Experiment Arrival period vitamin A depletion
Plasma vitamin A, .g/100 ml
1 Mcan -— 21 o
sh 3 2
IT Mean —— -— 6
5D 3
111 Mean 16 24 3]
SD 4 8 3
IV Mecan 17 2] 7
SN 2 o 3
V. Mean 19 18 R
5D 7 7 3
Logyp liver vitamin A, ue/e 102
I Mean -— - 0.80 (0.06)7
5D 0.36
Il Mean -— — —_
5D
1L Mean 3.38 (23.949)4 2,92 (8.32)9 0.98 (0.10)
SD 0.09 0.16 0.45
IV Mean 3.37 (23.44) 2.95 (8.9%) 0.5t (0.03)
SD 0.08 0.16 0.060
V  Mean 3.40 (25.12) 3.07 (11.75%) 1.15 (0.14)
5D 0.08 0.32 0.26
& e/
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TABLE 27.

Sensitivity of feed consumption, growth, eleVated cerebrospinal

fluid pressure and incidence of squamous metaplasia of the
rnasolacrimal duct to hypovitaminosis A.

Decreased Decreased Elevated .IHFSEESEG £
feed growth cerebrospinal incrdenee o
Experiment consumption rate fluid pressura Fquameus
N netanlasia
(g/day) {g/day) (loglo mm of saline) {arcsin »% positive)
[-acute 311 days 315 days 21 days 20 days
Li-chronic <23 ug <22 g <25 ug -2
I1I-chrenic 26 g <28 ug »16<64 yg <32
IV-chronic <45 ug <35 ug <48 ug <25 .g

a

of incidence on intake of the vitamin.

TABLE 25.

Too few rats per vitamin A intake grouping to derive a meaningful function

Plasma and liver vitamin A concentrations below which either

vlevated cerebrospinal fluid pressure or increased incidence
of squamous mctaplasia of the nasolacrimal duct occurrced.

Blevated cerebrospinal

Increased incidence

Experiment fluid pressure of squamous metaplasia
{log1p mm of saline) (arcsin /% positive
Plasmy vitamin A concentratiom, pg/100 ml
Il-acute ~ 7.7 L& - 8.1 e
Ill-chronic Ng4 ~12.4
IV-chronic ~10.7 . BT
11 & Iv-chronic? <13.9 .8 " 8.0
Liver vitamin A concentration, log)n 743 10°

I-acute
TII-chroric
IV-chronic

111 & [V—chronicP

« 2.54 (3.8)°
NS
NS

< 3.01 (10.2)

S B34 (0.2)°

h

2.66 (4.06)
NS

2.03 (1.1)

2 Not statistically significant.

® Based upon broken-lipe regression utilizing combined data from
experiments III and 1V,

C

pe/e



SUMMARY

An acute hypovitaminosis A study was conducted with weaniing male rars
to ascertain the degree of partial vitamin A depletion which had little
effect on feed consumption and growth and where the incidence of elevated
cerebrospinal fluid pressure and squamous metaplasiz of the nasclacrimal
duct was minimal. For this study, weanling rats were fed a vitamin A-free
basal diet or the same diet plus vitamin & for 35 days. Decreased feed
consumption, decreased rate of body weight gain, elevated cerebrospinal
fluid pressure and increased incidence of squamcus metaplasia was estimated
to occur, respectively, on the 31st, 35th, 21st and 20th days. Therefore
under these experimental conditions, it was concluded that a 3 week partial
vitamin A depletion period would meet the objective stated above.

Four chronic hypovitaminosis A studies were conducted with weanling
male rats to develop an equalized feeding (equalized ration offered) regime.
In all studies, the partial vitamin A depletion was followed by a comparison
pericd during which graded levels of vitamin A were fed with the vitamin A-
free basal ration. 1n the initial experiment, the rats were fed ad libitum
s0 as to provide [eed consumpbion data for use in subsequent experiments.

In the next two experiments, equalized feeding was based upon contemporary
week to week body weight of the animals and in the last study, it was based
on rates of gain in body weight from the previous experiment. The estimated
requirement for vitamin A, to prevent elevated cerebrospinal fluid pressure,
was congistently higher than those for feed consumed or body weight gain.
The requirements estimated for the prevention of squamous metaplasia of the
nasolacrimal duct were more varlable. In spite of the greater sensitivity
of elevated cerebrospinal fluid pressure, the estimated requirements were
not too different from criterion to criterion, thus in all experiments,
reduced feed consumption and growth were observed in the deficient weanling
rats. While equalized feeding was clearly feasible, equalized food

consumption, as well as rate or pattern of food eonsumption, presents problems

not answered in the present studies.
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Apprendix figure IIIL. Experiment IIT - chronic hypovitaminosis A.
body weight gain during the comparison period for rats equalized fed the

basal ration plus graded levels of vitamin A.
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Appendix figure IV. Experiment IV - chronic hypovitaminosis A. Rate of
body weight gain during the comparison period for rats aqualized fed the
basal ration plus graded levels of vitamin A.
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Appendix figure V. Experiment V — chronic hypovitaminosis. Cemparison of

body weight gain for rats equalized fed the basal ration plus 12 ug
retinol/kg body weight/day, deficient, or 256 Mg retinol/kg bodv weight/
day, control, for a 6 or 8 week comparison period.
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