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INTRODUCTI OR

Numerous studies in the field of nutrition have
suggéatsé & close relationship between the maternal diet and
the condition of the child at birth. Faulty diet prior to
and during pregnancy 1s believed to be responsible for sev-
eral types of disorders encountered at this time. Miscarri-
ages, prematurity, malformations of the young, stillbirths,
and toxemias of pregnancy have been noted more frequently
among women whose diets were judged lnadequate in various
essential nutrients then among women with excellent dietary
intakes, These statements are borne out by the findings of
Ebbs and his associates (1941), Burke, Beal, Kirkwood and
Stuart (1943), and Balfour (1944).

It is sncouraging that the number of deaths of the
mother and infant caused by disorders of pregnancy has been
steadily decreasing in the past decade. Though this is true,
vital statistics for the United States for the year 1947
revealed that thara were 23.7 atillbirths per 1000 live
births, that prematurity was the most serious cause of infant
mortality, and that congenital malformations and congenital
debility of unknown origin were frequently observed (U. S.
Public Health Service, 1949). The infant mortality rate for
the United States as & whole was 32.2 per 1000 live births,
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the lowest rate in hlstory. This average figure represents
& rate of 30.1 for the white populatlon, 47.7 for negroes,
and 65,7 for nsnmwhita infants Including the American Indien,
| Chinese, and Japanese.

While the studies by Burke and her associates as well as
those of many others have been especially valuable since they
havé been conducted on humen subjects, they are only a begin-
ning to a complete understanding of the importeance of good
nutrition during pregnancy. To date little is known about
the specific factors which prevent the various disorders.
Likewise, we have very little information concerning the
guantitative needs of nutrients at different stages of
pregnancy.

Animal experimentation, conducted under more rigidly
controlled conditions has also stimulated a keen Interest in
the importance of good nutrition during pregnancy and in the
possibillity that certain of the B-vitamins may be important
in the prevention of abnormalities which are occasionally
observed in infants. The extensive studles of Warkany and
hiayao~warkars (1942, 1943, 1944) have shown that riboflavin
is a vital factor in the normal development of the embryo.
When insdeguate amﬂunhs of this vitamin were consumed by
the mother, malformatlons of the palate, syndactylism, club-
feet, and shortening of certain bones became apparent I1n

the young. Recently two other publicatlions have suggested



thgt malformations of the newborn are due to deprivation of
certain B-vitamins. Boisselot ﬂlQQB) haé observed defective
fetuses as a result of too little pantotheniec acid in the
maternal diét. 0'Dell and Hogan (1950) have reported a high
1ncié@née of hﬁdfoesphaiiaa among young raté born to animals
fed a folic acid inhibltor. Withdrawal of biotin (Kennedy
and Falmer; 1945), yanteﬁhenie acid (ﬁalsdn and Evana; 1946),
and Byy (Emerson et al., 19é9§‘ﬁear, 1950) likewise have been
,foﬁnd té induce disorders of pregnancy. |

With these challenging observations in mind,.plana were
made for a(rath@r oxﬁsnaiva 1nveatigatien of the importance
of the Be-vitamins éuring pregnancy. While these experiments
wara’té be limited to reproduction in the albino rat for the
present, it waa hoped that any special stress periods
obaaéveé for the rat would be considered eritlically for human
reproduction. Evantu&lly deficlency studlies of the B-vitamins
were anticipated to aetarmina whether inadequate amounts of
these factors mighﬁ bring %o 1ighh’adéit1onal malformations
in the offspring which might aid in explaining defects
observed in infants. Such information should ultimately lead
to their prevention.

As a beginning to this larger program, 1t was belleved
advisable to study the normal stock animal during pregnancy
and to observe both the rata of prenatal desvelopment of the.

young and the rate of deposition of certain vitamins in



placental and fetal tissues at intservals during the gesta-
tion periocd. This infsrmatian should reflect the vitamin
naadé of the mother during pregnancy and should make us aware
éf fluctuations in these needs at different intervals of
pragﬂanww.y |

The present atﬁﬁy has been divided into three major
sections. Part I includes a detailed review of the litera-
ture deseribing the embryonic development of the rat. Data
@re presented on ﬁhﬁ prenatal growth of ﬁarm&lly developing
young of stock animals produced in the Nutrition Laboratary
of the Foods énﬁ Nutrition Department. FPart II of the study
includes information on the occurrence of thiamine in fetal
tissues and of the thismine stores of the female threughnuh
pregnancy. & limited number of observations are also
presented on the urinery @x@ratien of thiamine of pregnant
and non-pregnant littermates. These findings have been
included since they offer an additional means of estimating
the thismine reguirement during reproduction. Part III of
this 1nvaatigatien deals with the depoaitim& of riboflavin
in maternal and fetal tlssues. This ﬁﬁ&ﬁiﬂn likewise

includes data on the excretion of riboflavin by the kldney.



PART I



EMBRYOLOGICAL DEVELOPMENT OF THE RAT

Excellent descriptions of certain phases of the prenatal
development of the rat may be obtalned through the work of
Sobotta and Burckhard (1911), Kirkham and Burr (1913), Fraser
(1882), Selenka (1884), Cristiana (1892), Duval (1891),
Eebinaon'(laga, 1904), Widakowich (1907, 1911}, Huber (1915},
Groeser (1909, 1927), and Long and Burlingeme (1938). Due to
the magnitude of thils problem most writers h&vallimltad thelir
obgservations to a sgecifia period of gestation. A number of
papers describe the development of a single orgen; still
ehﬁara have emphasigzed the effect of surgery on the mother on
‘the developing fétn&. The absence of a detalled consecutive
account of the daily prenatal development of the ret from the
time of ovulation to parturition has made 1t seem advisable
to bring together such information and to present 1t in a
form which will be useful to the student of nutrition. The
writer wishes to arouse the interest of future students of
nutrition in the endless opportunities for rﬁaearaﬁ on the
influence of the composition of the diet of the mother on the
development of her young.

- The embryonic development of the rat is similar to that
of all mammals. There are, however, outstanding differences,

such as the inversion of germ layers which make 1t unique.
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Mammelian embryology varies also in the relatlve amount of
fetal tissue whiech is produced and the length of the period
of gestation. In ﬁha case of the rat the mass of fetal
tissue as wall as 1%& rate ar formation is eamparativaly high.

| Some m&thﬁd 9f atating the age of the rat embryo is
necasaary in order ha disgecuss its davalapmant. This has been
done in (1) g@nﬁral tarma, aﬁah as the segmantatiaﬂ ﬁtaga,
blaﬁtaayst Bt&g&, 1imb~bud stag&, ate‘, (2) hy the arawnwramp
length; (&) by the nnmbar @f samitas, or (4} by ths day of
gaatatian. 'zn sarly stages of embryonic life 1t ia’ﬁmpasf
sible to use the crown-rump mﬁ&sufe or the aa@ite number. In
1&%&? ﬂtagsa the development ls very rapid and the somite
numhar is most satisfantary. The method most commonly used
is the day of g@atatiwn, which 1s reckoned frem the time of
insemination. It 1s often desirable to use & cambinatian of
thﬁﬂ& mathsdn*

The age of the ambrye cannot be precisely determined for
the emaat time of fertilization 1s not known. ﬁaen‘(194V)
states ﬁhat’meat workers baliéva‘that fertilization ﬁéaa not
take place until gltaylﬁ‘hbura after insemination. The fact
that Sobotta anﬁ Burckhard (guétad by Huber) féuné live sperm
in the genital tract 10 to 12 hours after insemination, makes
this time intervel a posaibility. The ova may be at various
stages of maturation when ovulation ccours, thus influencing

the speed with which they mature upon fertilizatlion.
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Therefore embryos in the seme litter may be In different
stages of development. Goss (1938) observed littermates with
no heart tissue formed and others with the heart developed
in a saccular organ and contracting. Long and Burlingame
found embryos in the first and sixth somite stage in a single
litter. Thers is alsc more or less variation in the stage of
development between the embryos of different litters even
though their age is based on the time of insemination. These
points are emphasiged so thet the reader will keep in mind
that the peried of gestation uaaﬁ‘in the following statements
as well 8s the amount and type of development occurring per
stage ara at best approximations. Considerable éare‘haa been
taken, however, to have the intervals as scourate as possible.
The normal gestation period of the albino rat is between
21 and 23 days. This period has been divided into several
stages., Venable (1939) has classifiled it into four stages:
(1) from fertilizatien to imylantatian, (2) from the sixth to
‘eleventh day, (3) from the 1lth to the 15th day, and (4) from
the 15th ﬁay’ta,%erm.} Keen has dlvided pregnancy into three
periods of seven éaya each, and Nicholas (1949) into three
which are subdivided into 40 stages. Keen has interestingly
correlated the rat and the human gestation periods. The
first seven days of pregnaney in the rat approximate the
first four weeks in the human; the second seven days, the

fifth to the seventh week in the human; and the third seven
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days to the period In the human beyond the seventh week, l.e.,

when the embryo begins to enter the fetal stage.

Ovulation, Maturation, and Fertilization

The subjects of ovulation, maturétien, and fertiliza-
tion will be discussed only brlefly since excellent accounts
of these processes are glven Iin detail by Scbotts and |
Burckhard (1911),‘Lang {1912), and Kirkham and Burr (1913).
The mat&rial cited in this section on the development of the
embryo through the blaateeyat stage has been taken, in the
mﬁ&n; from Huber's account.

The sex cell or gamete of thé female develops in the ovary.
This cell has many of the constituents which are contained in
all animal cells, but in additlion 1t contains an important
material in its nualéua by which individual inheritance takes
place, the chromosomal substance of the nucleus. Every
species has a definite number of chromosomes which are always
present in pairs. In the rat the number is sixteen. As the
sex cell matures it undergoes two divisiona., At each tinme
two daughter cells are formed. One of these cells, called a
polar body, degenerates rapidly since it receives little of
the stored féad material. |

in the firat divislon the pairs of chromosomes move apart.,
Each daughter cell therefore recelives only one of each palr

of chromosomes. The daughter cell which received the stored
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food material divides again. In this division the chromo~
somes saplit longitudinally. The ovum is then in the pro-
nucleus nr‘r@dua$d nuclear stage.

A similar reduction takes place in the meturation of
spermatozoa. Two cell divisions occur, but instead of the
formation of poler bodies, all cells mature, Az & result
of maturation the ovum and sperminum contain half of the
required number of chromosomes and both &re in the pronuclear
stage. When they unite later the species number of sixteen
pairs of chromosomes is obtalned.
| In the rat as in meny mammals, several ova mature simul-
teneously. The ova are clumped together as they come from
the ovary; each 1s surrounded by a‘limiting membrane known as
tha'oalamma. The portion of the oviduct nearsst the ovary is
funnel~-shaped, and it is in this part that the ova first
lodge and here that fertilizetion takes place.

Attampts have been made to learn how rapiély«spermatazoa
traverse the uterus. Warren (1938) and also Rossman (1937)
found spermatozoa throughout the uterine cornua & few minutes
after insemination. Blandau and Odor {(1949) observed sperme-
tozoe in the ovarian portion of the oviducts of 86 per cent
of their animals‘éﬁ minutes after insemination. The speed of
travel has been thought to depend upon the muscular action |
of the cornua and the uterine fluid.

Spermatozoa which reach the oviduct fertilize the ova,
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‘The head, middle sectlion, and even a part of the tail may
pierce the cell wall of the ovum snd enter the cytoplasm.
According to Kirkham and Burr, fertilization may occur when
the ovum is undergoing the second maturation division.

(#igure 1) (Kirkham and Burr, 1913)

Pronuclear to Blastocyst Stage

The fertilized ovum in the pronuclear stage centaina
two pronuclei, each of which 1s enclosed in a membrane. The
smaller of the two is considered the male pronucleus
(Figure 2). Huber's measurements of the ovum indlcate that
at this stage 1t 1s 70 by 62 microns. The pronuclear stage
lasts at least 24 hours. Huber sacrificed pregnant rats 24
hours aftér insemination and found all the ova in the
pronuclear stege. (Huber, 1915)

The oviducts of the rat are 2.5 to 3.0 centimeters in
length. They are located on the distal end of the uterine
horns. Twenty-four hours after insemination the ova have
advanced about one~fourth of thé distance of the oviduct.
Their passage has been observed by Odor and Blandau (1947) to
be due to muscular activity of the organ and the presence of
¢ilia. Huber dasaribéd the oviduct as containing 10 major
folds and a mucosa with many loops.

After the fusion of the pronuclei, first segmentation
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ocours. The cells or blastomeres formed are about the same
size and structure as the ovum. Huber describes them as
being oval, having & membrane around the nucleus, and
possessing chromatin granules on ﬁha linin network and a
chromatold nucleolus (Figure 2). The oytoplasma was observed
to be granular. Huber found the two-cell stage lasted from
the middle of the second day to the end of the third day
following inseminatlion. During thils time the ova had wmoved
appra#imataly‘l.ﬁ centimeters from the ampullar end of the
oviduet, approximately one-half its length.

The two blasstomeres of the flirst segmentation do not
divide at the smeme time so a three-cell stage &a}formed. By
the end of the third day both blastomeres have divided and
the four-cell stage is resched. Ova in this stage are found
near the last loop of the oviduct which leads to the uterine
cornua. The distance is approximately 2.25 centimeters from
the fimbristed end.

The eight-cell stage was found by Huber in the oviduct
of & rat killed three days and 17 hours after inseminatlon.
Six ova obtained from this animsl were still in the elght-
cell stage, and one was in the ll-cell stage. By the end of
the fourth day the segmentating ova contein 12 to 16 blasto-
meres., This masz of cells resembles a mulberry and is called
the morula stage (Figure 3). At this stage the ova pass into

the uterine horn. No ova are found in the oviduct after the
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beginning of the fifth day.

The uterus of the rat 1s blcornate, or two-horned. It
is made up of two layers, the myometrium or muscular layer
and the mucosa or endometrium. The muscular layer in turn
consists of & double layer of muscles, one lying in a longi-
tudinal direction and the other being circular. These two
"groups of muscles allow very vigorous contraction of the
uterus. Between the muscular layers 1s a vascular gzone.

Shortly before ova leave the ovary, cell proliferation
‘oceurs in the myometrium end endometrium. The mucosal glands
of the endometrium increase in size due to the growth of
their epithelium. The cells change from cuboldal to colummar
in shape. BSome change tekes place in the lining epithelium
as well as in the glands. The subepithelial connective
tissue also shows hyperplasis and an increase in blood supply
including new growth of blood vessels. Reynolds (1939)
states that while the uterus 1is highly active at the time of
cestrus 1t becomes quiescent before the ove reach it.
According to Allen (1931), the epithelial cells produce a
secretion which appears to nourish the embryo during the
first days of implantation (Block, 1938).

During the first half of the fifth day the ova progress
along the uterine horn, spacing themselves in the position
they hold when they become sttached to the mucosa. They lie

free in the lumen of the uterus, but are lodged in the valleys



between the folds of the mucosa.

It would be interesting to know what fectors sre respon-
sible for the passage of the ova along the uterine horn and
what accounts for the fairly regular spacing they assume.
Widakowiteh, as quoted by Huber, observed short cilia in the
uterine lining. These c¢illia were not found by Huber, al-
though he suggests that they might be present for only a
short period of time. Huber cites Mandl as having found ¢ lia
in other animsls than the rat. MNossmann {(1937) suggests that
some btype of physlological relation exlsts between the mater-
nal mucosa and the embryo which renders the immediate region
about the implantation site refractory to any other embryo,
although he has no experimental proof for this theory. Block
(1939), working with mouse eggs, belleves there is a& chemo~-
tactic attraction of the egg to the uterine secretion. The
areas of strong secretion attrect the blastocyst causing
their implantation. It has been observed that fertilized ova
may migrete from one uterine horn through the common cavity
of the uterus into the opposite cornu and become implanted
there,

The cells of the morula continue to divide. They not
only increase In number but begin to show some differentla~-
tion. At the 24- to 30-cell stage the cells at one side or
pole begin to separate from the others. This arrangement

forms a central cavity. The embryo is then in the early
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blastula stage, which occurs in the latter part of the Fifth
day following insemination (Figure 4).

Throughout the sixth day of gestation the blastocyst
increases rapidly in size due mainly to an enlarging of the
blastocele (Figure §). The cluster of cells at one side
become inereasingly prominent. This sectlon, known as the
germinal disec, will eventually become the body of the embryo.
With the continued thickening of the germinal disc, cells
grow out as well as into the cavity of the blastocyst. The
former become the'eetaglacanta& cone and the latter the ecto-
dermal node and the cells which surround the yolk-sac
(Figures 6 and 7).

The blastocysts are still not attached to the uterine
rmacosa at this stage although the latter does show & reaction
to thelr presence othey than the histological oﬁa mentioned
above. There are swellings on the uterine tube caused by a
thickening of the mucosa at the posltion of each ova., Decid-
“ual ecrypts are forming on the antimesometrial side. These
are bell-shaped at first and open to the uterine lumen. The
sixth day after insemination the embryo begins ite
implantation in the crypt.
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Fig.
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Tube egg showing the first polar body at the top,
the second in the process of formation at lower
left, sperm head at right with portion of tail.
Follicle cells outside. From Kirkhem and Burr
(1913, fig. 14) X 500.

. Tubal ova. Upper figure taken from the rat 24

hours after insemination. Ovum is in the pro-
nuclear stage. Lower figure teken from the rat
2 days after insemination, Thin oolemma showing
two-cell stage., From Buber (1915, fig. 1) X 200.

 Beotion of morule stage of the rat, l6-cell stage,

From Huber (1915, fig. 19) X 200.

SBectlon of early stage of the blastodermic veslcle.
Taken H days after insemination. From Huber (1915,
fig. 22) X 200.

Section of blastocyst taken 6 days after insemina~
tion, From Huber (1915, fig. 25 X 200.

S8esctlion of blestoecyst showing early stage of entypy
of germ dise., Note the ectodermel node in the cell
mass, the visceral layer of entoderm seen around
lower portion of 1t and the ectoplacental cone at
top of figure. From Huber (1915, fig. 24) X 200.

Section of blsatocyat, more sadvanced atag@. From
Huber (1918, fig. 24) X 200,

Longitudinal section of egg-cylinder showing pro-
amniotic cavities. From Huber (1915, fig. 27)
X 200,

Longitudinal section of egg-cylinder showing fusion
of the proamniotic cavities. From Huber (1515,
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Fig. 3'
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melantatian;ta the Tenth Day

Implantation in the rat is different from that of many
mammals for there i1s & shift of attachment from the antimeso-
metrial to the mesometrial position with both co-existing for
several days (Figure 10). Alden (1945) showed that the anti-
metrial region first attracts the blastocyst when he surgi-
cally Inverted the uterus of the ret and found that implanta-
tion stlll occurred on the antimesometrial side. A number of
differences have been cbserved between the two régiona.
Nicholas (1947) stated that there are 2 grester number of
uterine glands in the antimesomebtrial region, the mucosa is
less dense, and the eplithellum becomes pseudostratified while
the mesometrisl reglon is still in a columnar form. ZXKrehbiel
(1937) and Long and Evans (1922) found thet the formetion of
decidua could be induced by mechanlical, chemical, electrical
or cther forms of stimulation. The mere presence of the
embryo seemed to cause these developments In the uterus.

The circulatory system on the mesometrial portion con-
sists of rgther large vessels while that on the antimeso-
metrial side includes a caplllary network. The latter permits
a greater amount of potentially available food materlal.

During early pregnency Alden (1947) found that fat
accumulated in the epithelial cells throughout the length of

the uterus. Since fat was not present at the alite of



Flg. 10, These dlmpgrams show stages of implanta-
' tion., The lower portion of the figure
is the mesometrial side of the uterus.

Drawing 1 shows the progress of
implantation on the sixth day after
insemination; drawing 2, the seventh
day; 3, the eilghth day; 4, the ninth
day; and 5, the tenth day.

In drawings 3, 4, and § Dblood,
formed from the ercosion of the subepi-
thelial decidual vessels, 1s apparent.
This bleeding 1is detectable in the
vagina on approximately the 1llth day
after insemination. PFrom Venable
(1@3}9’ fign l”ﬁ)a
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Fig. 10.

ABBREVIATIONS
bl., blood . ect. ¢., ectoplacental cone
blast., blastocyst imp. cr., implantation erypt
dec. a., antimesometrial decidua lum., lumen :

dec. m., mesometrial decidua
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implantation, Alden concluded that the blaﬁtoeyat had used it.
Wislock end Dempsey (1945) found iron, glycogen, lipoids,
alkaline and acid phosphates, nuclear protein and calcium in
the endometrium of rats., Krehblel (1937) alsc found the anti-
mesometrial portion of the rat uterus rich in lipoids and by
the eighth 6&y,af pregnancy the mesometrial cells were filled
~with glyeogen. These facts illustrate a difference in the
kind of preparation and in the rate of preparstion between
the mesometrial and antimesometrial regions.

~ During the seventh day the cell mass, which extends into
the blaatmugla‘ar central cavity, shows further differentia-
tion. 1In it develops é group of c¢ells which stain more deeply
than the other cells. It is called the ectodermal node, and
in the future 1t will become the ectoderm of the animal
(Figures 6 and 7). This group of compact cells growing into
~the blastocele becomes t&a egg~plug or egg-cylinder. It is
covered by a single layer of cells which will becoms the
entodermic cells of the animsl., The decidual crypt in which
the seven-day blastoeyst is loﬁgad,ia'ztill open to the lumen
of the uterus and contains its spithelial lining. The blasto-
eyst 1ls so lodged that the thicker portion or germ disc is
adjascent to the mesometrial border.

In the eighth day of gestation the blastoocyst increases

in length. The ectodermal node, which lis in the cell mass

first formed in the ectoplacental c¢one is pushed farther into
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the blastoceles. This change of position is caused by an
increase of cells &t the base of the ectoplacental cone. The
group of cells causing the antimesometrial growth of the
ectodermal node is called extraembryonic ectoderm (Figure 8).

The cylindrical mass of cells consisting of the (1)
ectodermal node, (2) the extraembryonic ectoderm, and (3) the
layer of entodermal cells is known as the egg~cylinder. This
section elongates, due partly to inerease of cells and partly
to the formetion of an internal cavity. The cells of the
ectodermal node become arranged in a single layer and a
- central cavity i1s formed. Soon two other cavities develop
due to s rearrangement of cells in the extraembryonie ecto-
derm (Figure 8). In a few hours these mafge into one cavity
(Figure 9).

During thils period the ectoplacental cone has grown
toward the lumen of the uterus. The decidual erypts are
deeper and narrower but still open (Figure 10). The cells of
the ectoplacental cone and the thin membrane of the blasto-
cyst {(the trophoblast) have & phagocytic action for maternal
blood cells in the decidua af‘the mucosa. Therefore, during
this period the blastocyst is capable of obtaining maternsal
hemoglobin, whiech accalaratea_its growth considerably.

The appearance of entodermal cells covering the ecto-
dermal cells is not common in mammalian embryos. In the

majority of the class Mammalia the entoderm is formed from
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cells which are pushed out from the inner cell mass; in these
embryos the entodermal cells form & complete layer inside the
ectodermic cells.

In the embryo of the rat, however, the cells which will
become the entadermai tissues are éutsida bhe:aatoéenm. They
surround the egg-cylinder described above. This arrangement
of germ layers 1s kuoown as the inversion ef germ layers, or
entypy. .

It was mentioned #bgve:that'mnternal blood is obtained
by the blaatoeyataen the eighth day. Venable (1939) found
extravascular blood on tha~aighth day in the Implentation
arypﬁ between the wall of the érypt and the extra-smbryonic
ectoderm. The amount of blood present was small. He noted
two sources of intra-uterine bleeding. Erosion of decidual
vessels by the phagoeytic datian of the ectoplacental cone is
responsible for one source of blood, and intra-uterine
bleeding due to}hhe blood ainuse# of the glant cell area is
the aeaénd source.

During the ninth day ef gestation the embryo completes
the development of the amnion, & membrane which surrounds 1t
and marks it off from the cavity into which the allantols
will grow (Figures 1l and 12). Nicholas and Rudneck (1934)
found the embryo of this age in the entimesometrlal third of
the blastocyst; thﬁ middle third is the false amnion cavity;

and the mesometrial third contains the ectoplacental cone.



Figq\ 11.

Blastocyst at the end of the ninth day. Schematized
from Grosser (1927, fig. 131). From Everett (1935,
fig. &) X 30. '

EC ., ectoplacental cone

amnion ocavity
Reichert's membrane

* *
CZ « + « central zone
E GV . . ectoplacental cavity
VE « ¢« «» vitelline epithelium
EX .+ « « @xocoele
+« » « 8llantols
L] *

A
AN C
RM .

Filg. 12. Early lO-~day stage. Ectoplacental cavity nearly

Fig. 13.

Fig. 14.

Fig. 185.

Fig. 18,

obliterated. The allantoic stalk growing toward
the base of the cone. From Everett (1935, fig. 4)
X 50.

MBL . . maternal blood lacuna

¥ . « + lamina

¥85 ¢ . « yolk sac cavity

Showing neural folds forming the forebrain, mid-
brain, and hindbrain. Heural plate and somltes are
posterior to the brain divisions., From Henneberg
(1937, fig. 28) X 2B.

Schematlized longitudinal sections illustreting the
formation of the head fold and the fore-gut, in
which ectoderm is shown as solid, entoderm in shad-
ing, and mesoderm in stipple. (A) shows early stage
in formation of head fold. (B) shows a later stage
with the head fold grown farther forward, increasing
the length of the fore-gut. From Wieman (1930,

fig. 58).
ap « « . anterior intestinal portal
fg « + « Tore-gut
hf . + « head fold
mp . « « medullary plate
op +» « » Oral plate

Photomlorograph of section of 9-day l6-hour rat
embryo, throu lateral heart promordia. From Coss
(1937, rfig. 6) X 130.

Bagittal section, showing the first somite undergo-
ing differentistion. From Butcher (1829, fig. 23)
X 104. o

B.m. « « s8omite

P.¢. . . pericardial cavity
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The decldua with the ectoplacental cone of the blasto-
cyat push autvmﬁsmmatrieally into the uterus, filling the
decldual erypt, and almost fllling the lumen of the uterus,
at each implantation site. At thils stage 1t 1s difficult to
distinguish the ectoplacentsl cone from the maternal decidua,

In the blastocyst there is a heightened rate of cell
proliferation, with an inerease In thickness. A portion of
the blastocyst becomes folded or Indented. This portion is
known as the primitive stresk, or the growth center. It
develops at the junction of the primary embryonic and extra-
embryonic portion of the blastocyst. The primitive streak
establishes the longitudinal axis of the embryo. In the rat
the structure 1s U-shaped for 1t extends around the cylinder
(Figure 12). At the anterior end of the primitive streak is
an area called Hensen's node from which the notochord
originates., This cord is comprised of & rod-shaped mass of
cells extending the length of the body, ventral to the central
nervous system. The notochord indicates the future location
of the vertibral column.

From the primitive streak mesodermlec cells proliferate
between the entoderm and ectoderm of the primary and extra-
embryonic portion of the blastocyst. They Ineresse rapldly
- and soon establish a layer of cells which extend out periphe
erally. The lateral portions split Into two layers, which

form the somatic and splachnic mesoderm.
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During the time the méa@derm ls first forming, & portion
of the ectoderm anterior to Hensen's node becomes thicker than
the rest., This portion is called the neural plate. It is the
first embryonic rudiment of a permanent organ to be developed;
as the neural plate is formed 1t becomes folded, the middle
part is depressed, and the sides are elevated. In this way a
‘groove 1s formed longitudinally with folds laterally. The
folds are known as neural folds. The neural folds also bend
anteriorly, forming the head folds of the embryo. With the
forming of these structures the foregut 1s inltiated
(Figure 14).

One of the outstanding developments of the ninth day is
that of the heart. This organ originastes in the mesoderm.

At first it is = paired structure, the two sections lying
separated on either slde of the axis of the embryo. Sagittal
sections of the heart reglon of the blastoeyst show the
primordial heart as a space or coelome in the splachnile
mesoderm (Figure 15)., The heart is comprised of two layers.
The inner layer or endocardium ls at first just irregular
cells lying between the aplaneinie¢ mesoderm and the entoderm.
These cells organize and form a lumen. The outer layer, the
eplcardium will form the muscular layer of the heart. When
the lateral regiopns of the embryo fold together, the two
portions of the heart, or two hearts, unite.

The heart becomes & sacculsar organ at the same age that



the hesd-folds form. It does not develop into a four-
chambered organ until much later, althnugh it begins to
function by the ninth or tenth day. As the head folds
develop they bend forward until they touch the sctoderm
covering the primitive heart (Figure 16).

The first contraction of the heart, according to Goss
(1938) occcurs at approximetely nine and one-half days. Of
- forty embryos studled by this investligator, contraction was
observed to start In the left heart first in all but two
cases. Contraction in the right heart began about two hours
later. (oss deseribes the first contraction as & twitching
of three or four cells in the ventricular myocardium, near
the primitive atriuvm and ventricle. The contractions were
wave-like in character at flrst, bescoming stronger and subse-
quently more frequent. During this early perlod the rate
varied from 37 to 42 contractlons per minute; the right heart
rhythm was conslderably slower than the left. After the
hearts united the left side regulated the rhythm. It is
interesting that clrculation of blood did not bhegin until
approximately 12 hours after the first contraction.

Burlingame end Long (1939) found that in some ceses the
heart develops as a single organ rather than as a bilobed
atruature; l.e., the heart does not always develop in exactly
the same way. They observed circulation in thelr embryos

when the young were In the eighth somite stage.
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- During the ninth day, the allantols starts its growth
out from the primitive streak into the ectoplascental cavity
. {Figure 12). It resembles & bulb and is composed of mesoderm.
In the rat there are two placental attachments, the
~ectoplacental and the yolk-sac. Everett (1935) found that
they exlsted concurrently throughout the latter half of
. pregnancy. The yolk-sec develops first. The allantols
placenta does not become established until approximately the
12th day. Workers have disagreed as to the relative impor-
tance of the two plascentas., Everett sugpests that the yolk-
sac l1s sn organ of exchange and that 1t 1s not secondary to
. the allantols plecenta. Noer anﬁ Wossmen (1947) found that
the allantolc placenta was vital for life although the true
function of the yélk«saa placenta wes less certain.

During the~9th; 10th, and 1llth days, Nicholas and Rudneck
(1934) observed that the decidus in the yolk-sac reglon thins,
the ayithﬁlium thickens and extends completely over the embryo.

By the end of the ninth day the embryo has a well
developed functioning primitive stresk. The head folds and
allantois have started to form. The embryo i1s separated from
the ectoplacental cavity by the smnion. The three germ
layera are initiated. The first to form, whieh 18 the ecto-
derm, gives rise to the nervous system. The entoderm forms
the lining of the digestive tract, and the mesoderm contrib-
utes to the mein skeleton, the muscles, and the circulatory

organs.
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Tenth Day (1 to 19 Somites)

The formation of somites is very rapid in the rat. 1In
fact, sccording to Butcher (1929) several somites may form at
approximately the same time. They develop from the mesoderm
which 1s observed to thicken and form somatic plates which in
turn segment into somites (Figures 13 and 17). The cells of
the various somites do not have & common fate. In each
somite the cells take on & radial arrangement with a lumen or
myocele in the center. The cells In the dorso-mesial part
will form the skeletal muscle which develops at that level of
the body; they are known as myotome. Those cells in the
ventro-lateral portion will migrate out and contribute to the
formation of connective tiasua under the epidermis. These
are called dermatome. Some of them may also form muscle.

The third region 1s called sclerotome; this section consisté
of cells which migrate toward the neural tube and notochord,
forming the vertibrae (Figure 18).

Specles vary widely in the number of somltes which they
form. In the rat there are 65 pairs, all of which are formed
by the l6th day of gestation.

The dévalopmant of the braln progresses rapldly during
the tenth dey. The neural tube is formed from the neural
plate. The anterior part enlarges and soon three ragisna'are

differentiated. These are the forebrain, midbrain, and hind



Pig. 17.

Fig. 18.

Fig. 19.

Sagittal section of an embryo showing
the migretion of the sclerotome in
the second somite and the relation of
the first Intersegmental vessel.
From Butcher (1929, fig. 35) X 104.
: Fog» ' fﬂx‘@”“gﬂt
gz . » s Bomlite

Transverse section showing differen-
tiation of somites. From Patten

(1948, rig. 40). X 120.

Schematic drawing of sagittal section
of an embryo showing the anterior and
posterior intestinel portals with the
wide mid~gut. From Patten (1948,
fig. 70a}).
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braln, the proaaneephalon, mesencephalon, and rhombencephalon,
respectlvely.

Besides the brain the neural tube develops neuromeres,
Of the seven distinguisheble in the rat (Adelmann, 1925) the
| first corresponds to the hind braln snd the others become a
part of the spinal cord. All mammals, including the rat,
have 12 eranial nerve ganglla. Their original lauation has
been correlated with the neuromeres by Adelmann. The optig
vesicles protrude as lateral bulges on the anterior vart of
the haéﬁ. These ere easlly recognized in the embryo ten days
of age.

It has been mentioned that the anterior intestinal
portal was formed at the time of the forward growth of the
head folds. By the 6th or 7th somite stage the posterior
intastinal portal ié formed. These portals are both ento-
dérmically 1ined pockets whiech end blindly anteriorly sand
posteriorly. Later, depressions occur on the surface of the
body and sink in to meet the gut, thua‘fmrming the oral and
anal openings. The primlitive gut has a wide mid-portion
which gradually narrows as development increases (Figure 19).

The heart protrusion becomes increasingly mwore prominent
during the 10th day. Between it and the optlc protuberances,
i.e., in the neck reglon, a serles of elevations appear.
These are the gill arches or brachial arches. The most

enterior one, known as the manibular arch, is situated close
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to the future mouth (Figures 20 and 21). Posterior to it are
the hyold arch and two unnamed post-oral arches, These
arches are composed of all three germ layers. The mendibular
arch will give rise to the upper and lower jJjaws while the
other arches will become incorporated into the neck.

Concurrent with the formation of the gill srches the
foregut becomes compressed dorso-ventrically, pushing it out
to the side. The pouches formed are homologous with the
furrows between the bfachi&l arches. In water-living ances-
tral animals the gill clefts were gill slits.

The mandibular arch develops by the 8th or 9th somite
stage, and is soon followed by the hyold arch. At the 10th
somite stage a depresaslon above the furrow between the arches
appears, This is the site of the inner ear. Thias depression
deepens, snd by the l6th or 17th somite stage it has formed
8 pit.

The vescular channels leading from the heart are formed
by groups of mesodermal cells which aggregate slong the
developing artery or vein. These cells become hollowed out
into tubes, Those arising from the hear£ run cephalically
beneath the pharynx, then bend to the side and back over the
pharyngeal walls, thus forming what is known as the aortic
arches. The channels turn and extend the length of the
embryo, thus forming the dorsal aortas,

The first sortic arch is located in the mandibular arch.
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Embryo of 21 somitea. Mandibular and hyoid
arches shown here. Note location of ear
veslcle and anterior limb bud. Prom Long
and Burlingame (1938, fig. 27a) X 20.

Embryo of 34 somites, Formatlon of the
maxillary process. Hyold arch commencing
to cover third arch. From Long and
Burlingame (1938, fig. 29) X 10.

Face of embryo of 54 somites., Naendibular
arches begimning to fuse, forming the 1ower
jaw, From Long and Burlingame (1938,

figa 29&) x 10«»

Face of embryo showing mandibular arch.
liedial nesal processes are fusing. Mexillary
processes will form upper jaw. From Long

and Burlingame (1938, fig. 3la) X 5.
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Henneberg (1937) found it in the brown rat at about the 4th
somite stage. The second aortic arch forms at the 8th to 9th
somite stage. By the 19th snmite stage both the first and
~second sortic arches are well established.

In the brown rat, according to Henneberg, the liver bud
begins to develop at about the 8th to 9th somite stage. It
develops as an outgrowth of the gut. By the 19th somlte
stage, or the end of the 10th day, the liver has enlarged and
is found to contain trabiculae.

The thyrold also begins to develop during the 10th day.
It begins as an endodermal bud located mid-way on the floor
of the pharynx. The primitive kidney, known also as the
Wolffian body, 1s first seen at about the 12th somite stage.

When the embryo is first héing formed the dorsal surface
is concave. The midgut is at first wide and flat, Later it
folds together forming & narrow crevice. As growth continues
the distance between the foregut and the hind gut becomes
narrower. The allantols grows out from the hind gut and
attaches itselfl to the ectoplacental cone. It evéntually
forms the plecental attachments. The attachment of the yolk
gac and that of the =llantols 1s in opposite directions.

This difference in directlon causes & twisting of the embryo
which has turned to the left. The tall is drawn toward the
right due %o the yolk sac attachment. The embryo eventually

becomes bturned so that its dorsal surface 1s convex instead of

COnRave.
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Eleventh Day (20 to 26 Somites)

The cerebral hemilspheres which are Just distinguishable
at thq 16th somite stage enlarge and are varj pronounced when
the rat embryo possesses 26 somites. Adelmann (1925) found
the dieneeph&lanaand telencephalon well marked at this time.
The neural plate is closed except 1n’thabeau&a1 portipn where
the allantois 1ls attached. |

The heart bulb becomes more aansyiuuaua at this age. In
the brown rat, ﬁﬁnnﬁbarg noted trabiculase beginning to form
in the ventricles of the heart by the 1llth day and three
aortic arches were well developed., The optic visicles are
seemingly pushed baeck by the enlarging cerebral hemispheres
toward the region from whieh the maxillary processes soon
appear. The auditory pit which has a winute opening at 21
- somltes 1s closed by the 24-aomite stage. At the 26th to
50th somlte stage the olfactory pits are barely distinguishable.

| The maxlllery process lis flrst seen at 21 somites
(Pigure 21). It forms from the upper portion of the mandibu-
lar erch and grows toward the eye. The hyoid arch and the
Athird arch are plainly distinguishable at this stage. The
optic swellings now appear as shallow pits. These will deepen
and leter will be out off. These changes occur at approximate-
ly 54 somltes or the 15th day. From that time the position

of the eye 1s known by the developing eyelids.
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The anterlior limb buds appear as swellings on the side
of the body at about the location of the 6%& to 10th somites.
These are first observed at the time of the development of
the 21lst somite (Figure 20).

The pituitary gland (hypophysis) begins to form in the
brown rat at about the 23rd somite stage. It orlginates from
two primordial parts, one known as Rathke's pocket and the
other, the infundibular process. Rathke's pocket consists
of ectoderm which lines the oral cavity while the infundlibu-
lar process, arising In the floor of the dlencephalon, is
ectoderm which originated from the neural tube. These two
perts form the anterior and posterior pituitary gland,

During the llth day, the pancreas begins to develop. It
starts as a bud on the daraai wall of the duodenum. On the
13th day another bud eppears on the ventral wall. These are
¥nown as dorsal and ventral pancreatic bﬁaa; During ﬁhe 16th
day they fuse.

From the 1lth day to the 15th the antimesometrial
decidua of the uterus gradually get thinner. Some blood 1is
relessed in thils process. It cannot escape, however, for
the embryo fills the lumen. Venable (1939) suggested that
this materlal is resorbed, since he observed it betwsen the
embryos of pregnent rats sacrificed on the 12th day. The
blood which goes Into the vagina comes from the lowest Im-

plantation site in each uterine horn. This change accounts
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for the red blood cells found in the vagina when the contents
are examined on the 1llth or 12th day after insemination.

Their presence 1s often taken as an indication of pregnancy.

Twelfth Day (27 to 33 Somites)

One of the most noticeable developments of this period
is in the region of the future face. The olfactory pit
which is located on the ventro-lateral region of the cerebral
hemispheres 1s scarcely distinguishable at 26 somites. It
deepens rapiﬁly and bécem&s vasculer. The maxillary proc-
esses which are growing forward toward the eyes contact the
external nasal processes (Filgures 22 and 23). The olfactory
pits become narrower and smaller and draw closer together.
They do not fuse, however, until thwyfellawing day. Henneberg
describes the brown rat of 12 days as having the telencephalon,
diencephalon, mesencephalon, and lsthmus of the head easily
distingulishable. The fifth, savénth, and eighth ganglia are
very distinct at this time. (Henneberg, 1937)

Vibrissae begin to develop on the head, and by the next
day they are seen over the entire body.

At the 26th somite stage the mandibular arches are sepa-
rated ventrally by a cleft. They fuse during the 12th day of
gestation, forming the lower Jaw. The hyoid arch begins to
cav@r the third arch so the latter and the furrow between

them become submerged. The ventral end of the flrst furrow
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déspeﬁs end forms the external auﬁitary'yaasaga, The exter-
nal ear itself is formed from the remainder of the furrow,
The inner ear, it will bé rsaallaﬂ,'bagnn formation at the
10th somite atégﬂ. The lens vesicle deepens during this
yérioﬂ and 1s cut off.

| The heart protuberance 1s still prominent. H&nnabérg
finds that the héart of the brown rat of this ege is develop~-
ing the iﬁt@rventricular aaptum}which divides the left and
right ventricles. The first aortic arch has disappeared, the
second is reduced in size, but the third is complete and
guite large.

As the 1nta$tina grows posteriorly it widens at the
extreme end. The hind gut and cloaca are one. During the
12th dey, in the brown rat at least, the urorectal fold begins
to develop, which will separate the two.

At this stage the dorsal pancreas ls found to increase
in size. Tha liver develops numercus trablculae.

ﬂcaoréing to Henneberg, the 1nng‘bud appears during the
28th somlite stage. It is formed from the floor of the
pharynx ﬁnd elongates parallel to the digestive tract.
Aldeman's model of the £6th somlte embryo shows & lung bud
present and also hepatic éiv&rtiauiuﬁ;

It is interesting that the rat develops no gall bladder,

although the mouse and most mammals d0.
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Thirteenth Day (34 to 47 Somites)

The umbilical and vitilline vessels which project from
the ventral slde of the embryo come much closer together due
to the fact that by the 13th day the space between the fore-
gut and hind gut has been greatly reduced. These vessels
form the umbilical cord. The beginning of the umbiliecal
hernla may be seen for the intestine forms a loop which pro-
trudes ventrically at the naval. The head of the embryo
becomes increasingly well defined and 1s as large as the
remainder of the body. The eyelids begin to develop.
Vibrissae cover the sentire body.

The nostrils and maxillary processes continue to grow
closer together. The lower jJjaw is fused. The mouth is a
depression bounded by the nasal and maxillary processes and
the mendibular arch. The heart is lese visible than formerly
due to the thickening of the body wall. The atria and
ventricles of the heart are well established and the anterior
endocardlal cushion and interventricular septum are forming.
The first and second amortiec arches have disappeared while
the third, fourth, snd fifth arches are well developed.

Internal development of the ear showg an elongation of
the &nﬂalymphﬁtic duct. There are folds forming which will
become the future semicircular canals.

The dorsal pancreas incresses in slze and there is =



ventrical pancreatic bud. The bronchial tubes are beginning
to branch. A stomach is developing. The parathyroids and
the epiglottils begin formation. The mesenchyme of the future
bone 1s thickening preparatory to bone development.

. The posterior limb buds develop at 34 somites. At this
time the anterior limb buds have become 1ohger and are paddle-
like. Both pairs increase in length. The portion which will
bscome the foot broadens, flattens, and develops five lobes.
it resembles a webbed foot. During the 1l6th day the clefts
betwéen the digits ﬁaép@n. Claws are formed and foot pads
appear at an even later period. Though five digits are
originally formed on the anterior feet, the first digit never
becomes & claw, On the hind feet sll flive diglts develop
into claws with the middle three of the same length.

Fourteenth Day (48 to 60 Somites)

At this time the fetus has & less curved conflguration.
Its head 1is lifted somewhat. The snout is clearly distin-
guished from the rest of the head. The nose has incressed in
slze but the nasal openings are reduced.

The eye lens does not bave & luwen. The nasolacrimal
duct develops. The Interior wall of the eye cup becomes |

considerably thicker. |

. The semicirculer cansals of the ear hecome more pro-

nounced. The cochlia of the ear is no longer a stralight duct
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but resembles a half turn.

The various structures of the mouth zs the tongue, the
palate, and the salivary glands show development.

Tha dorsal pancreas becomes more brenched as does the
lung bud. The genital ridge begins to form. Vertibrae

appear,

Fifteenth Day (61 to 65 Somites)

The fetus at this age has 60 pairs of somites according
to Nicholas (1949). 1Its motor reactions begin to function.
The fetus and fetal membranes are free from the antimeso-
metrial side of the uterus. From now on the fetus is
attached by the chorio-allantoic placental to the mesometrial
portion of the uterus.

The mouth is nearly closed by the lbth day. The palatine
processes are growing closer together and will form the roof
of the mouth. The tongue has enlarged. The eye of the fetus
has a lens, cornea, and even a pigmented layer of the retina.
The spleen, thymus, and bladder are forming during'thia stage
(Long, 1938). The semicircular canals of the ear are well
developed. The genital and mesonephric folds are clearly
distinguishable. MNuscle snlage appears on the ribs.

Henneberg reports that the pineal body 1is formed at this
parig§¢ Thé dorsal and ventrical pancreas are united, The

Internal ear structures become well defined at this time,
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although they are still cartilage.

The hernia, a large balloon-like mass pressed against
the exterior of tha baéy of the fetus, has Increased in sige.
It contains coils of intestine covered by & thin membrane.

It is first seen during the 13th day and increases in size
until the 17th day when 1t is rapidly reduced by the with-
drawal of the intestine into the peritoneal cavity.

Sixteenth Day

By the sixteenth day all the somites have formed. The
eyes have well developed eyelids. An external ear has
formed and the ears are open. The feet are still webbed,
but the digits show considerable development, and the clefts
between them are deepening.

In the brown rat the cochlia of the ear has elongated
and twisted to a one &nd a half turn. The nasal openings
are closed. The salivaery glends sare branching. 7The thyroid,
parathyrold, and thymus are well developed. The anus 1is
open and the cloaca is completsly divided. Bone formation
is visible In the collar bone and in the upper and lower

jaws. At this stage the skeleton i1s still cartilage.

Seventeenth Day

The external sppearance of the fetus is constantly



changing. At this time the head 1s smaller in proportion to
the remainder of the body. The neck is more Qlaarly defined.
The hernia has reduced greatly in size. Two umbillcsal and two
vitelline vessels pass from the sides af'tha hernia to the

placenta and yolk-saec respectively.

Eighteenth Day

Outwardly the fetus shows only slight changes from that
of the previous day. The neck region is graduslly becoming
thinner. The digits of the extremities are longer, and the
tail lengthena. The eyes are still nioaed a8t this stage, and

the ears are beginning to elaae;

‘Nineteenth Day to Term

Only minor changes are noticeable in the sppearance of
the fetus after the 17th day. The internal organs continue
their development and the cartilage becomes more bone-like
in character. The fetus lincreases rapidly in both 1ength
and welight, | | |

In twenty-one days ﬁhe fetus has grown from & micro-
scopic cell to a'cmmplai animgl weighing four to five grams.

We are indebted to the diligent and painstaking efforts
of the anatomists and histologists for the detailed informa-

tion concerning the physlical development of the rat fetus,
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Contrivutlions of the blochemist and nutritionist have not
been as numerous, probably due to the more recent knowledge .
of sultable chemical methods. Within the next decade 1t is
expacﬁeé that great strides will be made toward an under-
standing of the biochemlecal saspects of the embryology of the

rat.

The Uterus

The uterus of the rat is a two-horned organ composed of
two layers: (1) the myometrium or muscular layer and (2) the
endometrium or mucosa. The muscular layer in turn consists
of two layers, one of which is e¢ircular and the other longi-
tudinal. Between the muscular layers 1s a vascular zone.

The allantois growing from the embryo buries itself in the
endometrium layer of the uterus. The membrane is known as
the decidua. It ls discarded at parturition. Ma@mala vary
in the number of placental tissue layers between the blood of -
the embryo and that of the mother. It is intareatihg that
the rat and man have the seme number. Thé maternal tissues
consist of (1) apithalial utsrine 1ining, (2) aannsutive
tisaue, and {3) the enﬁothelium of the blaed vaasal wall.,
The f@tal tissues ineluﬁa {1) ‘eplthelium ar the ehmr¢on, (2)
the connective tis&u&, and (3) the andothal;um,ef the blood
vesaai wallé. Iﬁ aémé énimais, for example the horae and

plg, all six layers are present. In the geat'thare ara five
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layers, in the cat four, but in man, the rat, the rabbit, and
guinea pig there are only three, the three fetal layers. The
placenta containing only three layers ls known as the hemo-
‘chorisl tyﬁa because the fetal chorion epidermls comes in
direct contact with the maternal hemoglobin.

' The enlargement of the uterus during pregnancy is made
possible by the fact that the cells of the uterus increase in
number and in size, This is due to both hyperplaasla and
hypertrophy. These two processes do not occur at the same
time during pregnancy, however. The production of new cells
by mitosls takes place in early pregnancy before implantation
of the blastocysts. Hyperplasia tskes place throughout the
whole uterus without changing the weight of the organ. These
new cells are smaller than those from which they are derived,
thus not increasing the weight.

Most of the enlargement of the uterus is due to an in-
crease of the size of the new cells before the blastocysts
become implanted. The muscles of the uterus as well as the
lymphatic aapillariaa and blood vessels llkewlse underge this
adaptation process. There are many mechanisms by which the
uterus adapts itself to the Implantation and growth of the

fetuses which have not besen elucidated.



EXPERIMENTAL PROCEDURE

The general plan of the present study was to produce a
serles of pregnant rats which would be ssorificed at known
intervals during thé gestation period, in order that the rate
of deposition of vitamins in plascental and fetal tlssues
could be determined. The quantity of vitamins present 1in the
normelly developing tissues could then be used to reflect the
minimum demands of the mother év&r and above those of the
non-pregnant female. It waé also planned that analyses should
be made of the vitamin content of the hepatic and carcass
tissues of the mother at stages of pregnancy since it was
thought possible that the maternal vitamin stores might fluc-
tuate from one stage of the geatation period to another,

The success of the study ebviaualy depended upon selec-
tion of animals which could be depended upon for excellent
reproductive performance.

Wany records of stock rats produced in the Nutrition
Laboratory of the Foods and Nutrition Department revealed a
long history of satlisfactory reproduction smong this colony
of animals, Females were known to produce good first litters,
although second litters were considered slightly more uniform
as to the size and numbers of young born. In the present

investigation, therefore, healthy young females of this colony



- B0 -

were sacrificed during thelr second pregnencies.

Animals and Thelir ﬂaily Care

Over seventy 28-~day-old females representing Wistar
stock inbred by brother-sister matings for 97 generations
were selected for the sbtudy. The animels were housed in
individual wlre mesh cages equipped with elevated bottoms.
Distllled water and the customary stock ration were afrérad
ad libitum. The females were weighed once per week prior to
pregnancy; during pregnancy they were welghed daily.

Animals were examined regularly to determine thelr age
at maturity, which was jJjudged by the cganing of the vaginal
orifice. Twenty-~eight days fallnwing the opening of the
vaginal orifice the females were mated. This procedure was
followed in order to secure greater uniformity in the age of

the animals at the initiatlon of pregnancy.

Breeding Technique and Establishment of the Time
of Initlation of Pregnancy

Examinations of the vaginal contents were made dally when
' the animals were approximetely 70 days of age. When the
femalﬁs were in a 1&&3 proestrous or oestrus stage a litter~
mate maie was placed in the cage. Positlve signs of mating

included the copulation plug or the presence of sperm in the
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vagina. If these slgns were not observed by the time leuco-
cytes again appeared In the vaginai smear, the male was
removed until the onset of the next mating stage.

Young produced during the first pregnancies were weighed
indlvidually and were examined carefully for defects. These
young were sacrificed immedlately since the present study
was 1imitqd to vitamin naeﬁa’during reproduction and not
lasctation. Females wefe then remated as early as 24'houra
after the birth of their first litters. It was particularly
important that the tima ef.inﬁaminntien was established
accurately during second pregnancies since it was hoped that
aubsaq&ent vitamin aasays of the various tiasuea wqﬁld re-
flect vitamin needs at rather narrow intervals during preg-
nancy. Examinations of the vaginal contents w&r@ therefore
conducted every four hours when the females were in a mating

stage.

- Experimental Groups

A total of 15 groups of animals have been included in
the study. Three females were sacrificed at each of the
following times: the 6th day of pregnancy, the 1l0th day, and
at l-day intervals thereafter to parturition. Three non-
pregnant animels and three females and their newborn young

were also sacrificed. If the number of young being produced



at any stage fell below nine, the animal was discarded and

anoﬁher female was assigned to the group.

The Ration

The stock diet used in this laboratory is a modification
of the Steenbock stock ration (Steenbock, 1923). Dried whole
milk has been incorporated into the mixture of grains, trace
elements have been added, and in additlion the animals received
three supplements: cod liver oll, raw beef, and fresh carrots.

The ration conslsted of the following ingredients:

Yellow cornmeal 56
Linseed meal 18
Caselin 5
Alfalfe meal 2
Gacﬁﬁw 0.5
NaCl 0.5
Yeast 9.5
Yeast (Iirradlated) 0.5
Wheat germ 10
Dried whole milk 33

Supplements:
5 grams raw beef)
10 grams carrots )

50 milligrams cod liver oil dally

Bach fed 3 times per week

*prace elements added: KI, ¥nS0y4,
Alzﬁg(soé}é, Ou&ﬂé
At the begimming of the study a surplus of all items of the
diet was purchased so that the composition of the ration

would remeln the same throughout the entire Investigation.



Perlishable products were stored in the frogzen state while
grains, yeast, wheat gzerm, and dried whole milk were stored

in & cool room.

Preparation of Tissues for Future Vitamin Assays

Since the concentration of vitamins in the liver is
belleved to denote the nutritive state of the animsl the
maternal hepatic tissue was prepared aaparétaly for subse~
guent vitamin #n&lyaes. Other body stores were considered
as a whole ané were estimeted by analyses}af ﬁha caﬁcaaa of
the mother, Tha carcass in all cases inecluded the entire
animal except for the hair and skin and the digestive tract
and 1ts contents. In the case of the pregnant animals,
vitamin concentrations were determined for placental and
fetal tissues at each interval of the gestation period.
Earlier than the l3th day of pregnancy these tissues were too
small for satisfactory division and the uterus and lts con-
tents were treated together.

Animals were killed by intrapleural injection of a
lethal solution of sodium pentobarbitol (Nembutal). The
uterus was removed and the young were examined carsfully.

Any evidence of resorptions was recorded. Photographs of the
developing young wers obtained at each stage of pregnancy.

Newborn animals were weighed individually, but during prenatal
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stages the entire litter wes weighed, The fetuses were
trensferred to a Waring blendor, a small amount of chloroform
was added, and following the death of the young the tissue
was blended. The tlssue was finally diluted to & suitable
welght with distilled water and scetate buffer (pH 4.6-4.8).

The welght of the totsl placental tissue was recorded
and the tissue was treated in a manner similar to that
deseribed for the fetuses. The maternal liver was exclsed,
dipped into distilled water to remove free blood, patted free
of surplus meiaturé with filter paper and carefully examined
for color and signs of defects. After this orgen was washed
it was thoroughly mixed in the Waring blendor with acetate
buffer and dlstilled water, Hepatlc tissue was diluted to
8 final welght of approximately 250 grams.

The skin and hair of the female were removed and the
digestive tract was detached. Carcass weight was calculated
from the original weight of the anlmal minus the weight of
the waaté, the liver, the fetuses and the placentae. This
tissue was first ground in a meat grinder to facllitate final
mixing in a Waring blendor. Eventually the carcess was
diluted to & welght of sporoximately 500 grams, end a portion
of the mixed tissue was saved for future vitamin assays.

All tissues were stored in one-~half pint canning Jjars
at 20°F. until vitemin essays could be completed. Prior to

the removal of aliguots for vitamin assays, the samples were



thawed at room temperature, and the tlssues were reblended

to assure uniformity.
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RESULTS AND DISCUSSION

The rate of growth of the females, the number of young
produced during first pregnsnciles, and the weight and gener-
ally good condition of these young at birth have led us to
believe that the females selected for the present study were
in excellent health and were able to reproduce normally.
Apparently the stock ration provided ample amounts of all
essential nutrients for rapid growth and for satisfactory
reproduction.

The weaning welght of the femesles at 28 days of age
averaged 49 grams. This value agreed well with observations
of others (Bpivey, 1947, and Bear, 1950) and seemed to indi-
cate that the stock young assigned to this study were compar-
able to those praéuaed ﬁuring previous years. The animals
were mature at approximetely 42 days of age, the opening of
the vaginal orifice being used as the criterion of sexual
maturity. This figure also agreed closely with earller
obgervations of healthy stock females of this colony. Growth
during the six-week pariaﬁ directly following weaning aver-
aged 15.5 grams per waak,'again 1ilﬁatrat1ng satisfactory
performance of the animals.

Females mated promptly and produced an average of 8.5

young during first pregnencies. With few exceptions the
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young were active at birth, normal in color, fairly uniform
In slze, and free from defects. The average birth weight
of first litter young was 4.9 grams.

Animsls sacmificaé at the various intervals during
second pregnancies likewise appeared in good condition.
Autopsies revealed no evidence of infections or other abnore
malities. Of 463 Implantatlon sites observed for this group
of females, 27 resorptions were found. This incildence of
resorptions (5.8 per cent) is considerably lower than has
been reported by other workers in this laboratory
(Armstrong, 1937), although data on the frequency of
resorptions in stock animals ars limited.

There was good agreement betwsen the welghts of the
placental and fetal tissues of the three females saecrificsd
at each interval during pregnancy. It will be observed from
Figure 24 that placental tlssue increased in weight gradu-
ally from an average of 5.6 grams on the 15th day of preg-
nancy to a maximum of 7.4 grams on the 2lst day. Fetal
tissue which weighed only 1.5 grams on the 13th day of the
gestation pericd increased rapidly, particularly from the
18th day of pregnancy to term. The average weight of the

newborn rats was B5 grams per litter.
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?hetagraphs of tha fetuses and ths aterus at the various
intervals auring pragnaney will be presenteﬁ on the fallowing
pa@aa‘ Theaa pictur@a (Figurea 25 to é&, 1nelumive} portray
”the ambvyalcgical ﬁavelopmenﬁ of the rat proﬁuead by atock
animala mf the colony of the Foods and Wutritian Dayartment.

tatamanta of the aubstanding features 0f tha fstus at eauh
age are given. 5atisfaetory davalopm&nt of tha yeung was

again rafléc#aa from th@aa reanrdm¢



Figo 25.

¥mbryo at 1O daya of pregnancy.

This embryo is-approximately 2 wmillimstsrs
in length. 7he primary reglions of the
brain are distinguishable. The body ls
dorsally convex, bending over the hesrt.
The position of the future brachlal arches
is evident. The sye ypit 1s distinct.



Pig. 26.

Embryo at 11 days of pregnancy.

ite embryo is O millimeters long. The
somites are clearly visible along the
posterior region. Toe eye pit ls vis-
1ble. The mandlbular arches are widely
separated. The embryo is concave at
this age.



Fumbryo at 12 days of pregnency.

ihe embryo Is 1l.0 millimeters long.

This photepraph shows the divisions of
the byein clesarly. The zendlbular srches
are just anterior to the heoart. The limb
bude are very elear In this photeryaph.
Posterior to tle brachilal arches, a small
dark repglen locates the auditory plt. &
portion of the amnlion 18 seen ln the
lowsy left corner of the plcture,
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Fig. 29.

The fetus at 14 days of pregnancy.

The fetus is approximately 12.5 millimeters
in length. The body curvature has lessened.
The head is well developed and 1s very large
in proportion to the rest of the body. The
nasal and maxillary processes have fused to
form the upper jaw. The eye is open; the
ear is clearly visible. The digits in the
anterior and posterior limbs are visible.



The fetus «t 15 days of pregnency.

vne fetus is approxicately 13 mi
long. The anterior and posterior exy
ties have developed jointg. The feet are
angular end wobbed. The fesce region of
the Petus lg well developed. The besd lsg
gti31 larse in vrocortlion to the resit of
the body. Ghere lg no neck. The wegen-
cerbalon of the bLrein ls very pronounced.
“he skin hasg become thicker, making the
blood supply of the enimal less ovvious,
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Tre fetus at 16 Aays of nregnancy.

The fotus iz approximately 14 =illinmeters
in length. There seemsg to be very lilttle
advancement bevond that obscrved in the
former photograph. The antorlor extremi-
ties sre nmore advanced than the ~osterior;
both ere ot11l webbhed. The forchead
srotrudes and 1s eanrved.
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Filg. S8, The fetus at 17 days of pregnancy.

imately 16 milliireter
in orocortion %o the
smaller at this age

@ i

§0§:3¥~G»?4:

5 reduced In S?ZG»
n hag lncreascd.
a srotrede ag much 53
y ne mesenecephalen ls lessas nro-
T o &) fy and ears are both open.
Vibrissae are seen on the gnout.



The fetus at 18 daye of pregnancy.

The febtus 1s abo aid é in
length., This ¢ 1g less ourved khaﬂ
younger ones. The road lg wcll rounced
the protuberenese of the mesonce - ¥
dlasapoeared, e costerior limbo sre ow
develnped; however, the cleltis Uﬁtzaﬁu
diysits of the feet have deeunened. The
vibrissas are dis The ayos aNd sars
ere cloased.
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The fetus at 19 days of pregnancy.

The fetus 1a 256 millimeters long. This
flpgure shows the {etus covered wlih
vibrissse. Tre oxternsl ear ls prominent.
The posterlior lirbe resemble those of the
sdult ret. The hes bhas decressed in

gige In ecomoarlison wlth the rest of the
anlmal. The neck ls well formed at this
8E€.




Pig. 35.

The fetuas at 20 dayvs of oregnancye.
v : &8 J

The fetus ig approximately 32 millimetors
long. The one in this photograph is
becinning teo dovelop the wrinkled skin of
the newborn. The eyes and ears are closed;
the mouth is open. 7The general appesrance
of the fetus 1s more 1llke that of the young
at term. -
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The fetus st 21 days of pregnancy.

The fetus is appreosimately 41 millimetors
long. At this age the fetus resembles

the newbnin rat. The placental attach-
ments are clearly seen in this photograch.
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The newborn rat.

At birth the rat heg no balr, ite skin

is very wrinkled, snd 1ts eyes are closcd.

1te weixht s spororimately U grams. 1Y
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Flg. 38.

ntal animal number 47751,

T™his photograph shows & typlcal litter
of newborn young.
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Placental attachrents znd fetal membranes.

Thils photopraph shows the nmembranes cover-
ing tke fetus. The second animal is

covered by the amnion. The umbilical cord,
gmnion and discoldal placenta are shown in
the center figure. At the extreme rirht the
Giscoldsal placenta is pletured separately,
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Fig. 40. Uterues of the non-pregnent ral,

Kote the tva horne and thelir attach-
ments to the vagina, Trhis uterus lg
7.3 »illimeters in length snd welghe
1.2 grame,
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FPige. 41.
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Uterus on the =lixth day of gestatlon.

This utesrus ‘g 8.3 millimeters In length
and welighs 1.6 grams. The onlarperents
along the utserine horns show the locetlon
of the Imolantation sites. These sites
are more Clstinet on the antimesometrial
than on the mesometrial border.
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Fig. 42.

Uterus on the 10th day of gestation.

The implantation sites are easily seen
on the mesometrial as well as on the
entimesometrial border. This period is
during the transitlon stage when the
embryo is attached to both borders.
This uterus and 1ts contents weighs 2.4
grams.
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Fig. 43.

Uterus on the 17th day of gestation.

The fetuses in this photograph are attached
to the mesometrial portion of the uterus.
Resorptions have occurred at the second and
fifth implantation sites from the right of
the figure. This uterus and its contents
welgh 20 grams.
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METRIC sYsTEM

Fir. 44. Uterus on the Zlst day of gostatlion.

{n the £lst day of pregnancy one can
clearly see tre entire shape of the
individual fetus trrough the utorlne
membrane.
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SUMMARY AND CONCLUSIONS

Lack of quantitative information concerning the inereaaad
needs of the B-vitamins during pregnancy in rats end particu-
larly their needs at different stages of the gestation period
has stimulated the writer to pursue a new approach to estimat-
ing vitamin needs during reproduction--~that of measuring the
rate of deposition of the vitamins in the developing fetal
and placental tissues.

A seriss of healthy stock rats have been sacrificed at
intervals during their second pregnancies in order that the
concentration of vitamins might be determined for the embry-
onie tissues of different ages. Naternal hepatic and carcass
tissues were also prepared for vitamin assays to provide a
means of determining whether vitamins stores of the mother
changed as pregnancy progressed.

The growth of the experimental animals, their age at
maturity, and their performasnce during first pregnancies
indicated that the femasles selected for this study were
equal to our customary stock rats which have reproduced
satisfactorily for many generations.

Photographs of the developing fetus at twelve different
ages are imlu@a in the report.

A detailed account of the embryologieal development of
the rat is presented.
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PART 11
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THIAMINE REQUIREMENTS DURING REPRODUCTION

Information concerning the extent to which reproéuetion
increases the thlamine needs of the mother is extremely
meager. SBurprisingly few records are avallable on the quan-
tiby‘af thismine consumed by women during pregnancy which
have been aakr&l&t&ﬂ with the absence or presence of clinical -
signs of thlamine ﬁéfiei&nay ;ﬁ the motha? or the infant.

%ha extensive work of Baker and Wright (1@56) in areas where
beriberi was endemlic has shown without gquestion that thlamine
intakes of as 1ittle as 200 to 500 micrograms per day are
1nadaéuate. Palynauritia‘éf pregnency was prevalent among
women in these sections. 1

Recently Oldhan and a@wérka?s (1947) have published data
concerning the thlamine requirements of women during pregnancy
which indicate that the need 1s ralsed only slightly at this
time. The Chicago workers found that pregnant women who in-
gested one miiligi‘am of thismine dally exereted approximetely
200 mierograms of the vitamin in the urine. According to
our present interpretation of the excretlion of vitamins by
the kidneys, their data Indlcated that the women were
amply supplied with thiamine. Prior to the study of (Oldhem
and her associates, 1t was generally thought that much

larger quantitles of thiamine were advisable during pregnancy.
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This concept hes resulted from many studies, among which are
those reported by Toverud (1940) and Lockhart et al. (1943).
Toverud observed thet when pregnant women were given 1 to 3
miliigrams of thiamine dally for as long as 17 days, little
of the vitamin was excreted in the urine. If the amount was
raised to 4 or B milligrams per day the quantity of Bl
excreted by the kidney was equal to that observed for well fed
non-pregnant women. Lockhart gave thiamine orally and inter-
muacglarly to both pregnant and ﬂ@n-pragnént women and found
that it took aepproximately three times as much of the vitamin
for pregnant women to reach the "excretion peak" (the point
at whieh the highest proportion of administered thiamine was
exoreted) as was required for non-pregnant women. Unfortu-
nately in the two studlies just deserived the authors had no
record of the previcus thiamine intakes of the pregnant women.
In the light of the work of Oldham et al., it might be assumed
that the subjects of Toverud and Lockhart had been rather
severely depleted in By.

The quantity of thilamine recommended during pregnancy is
1.5 milligrams per day (National Research Counecil, 1948).
This smount is 300 mierograms higher than the value proposed
for non-pregnant women who consume the same number of calo-
ries, i.e., 2400. According to the work of Oldham and her
agssociates, the allowance suggested during pregnancy provides

a 50-per cent margin of safety., This recommendation would
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seem wise to insure against shortages due to disturbances
such as nausesa and lack of appetite. Also this margin of
safety allows for minor reductions in totel food intake with-
out endangering the thiamine supply. Some curtailment in
t@tai calories is frequently recommended by physiclans 1f the
mother has gained considerable weight,

One might conclude from our present information that the
t&iamine needs of women are not significantly increased durling
pregnancy unless unusual aamgliaatian#.aaeur‘ This conclusion
means that a wisely chosen diet will furnlish ample quantities
of thiamine and that In most cases supplements of the pure
vitamin or concentrates are not benefieial.

A search of the literature for definite datas concerning
the quantity of thiamine needed by the rat for reproduction
revealed that few workers had explored this question. Several
groups of investigators who were interested in formulating
synthetic rations sati#fa@tory for reproduction in rats had
selected thiamine supplements which veried from 20 to 200
micrograms per day. In the majbrity of thase,studieé the
rations proved to be incomplete and reproduction was unsatis-
factory. Until recently blotin, folic acid, and By1p were not
provided in adequate emounts so that the outcome of pregnancy
was influenced by such omissions as well as possibly by
inadequate amounts of thilamine at the lower intakes. These

studies have thrown little 1light on the guantitative needs
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EXPERIMENTAL PROCEDURE

Detailed information regarding the selectlon and care of
the animals, the ratiou, the mating procedure and the prepara-
tion of the tissues for vitemin analyses has been given in

Part 1 (pages 49 to 55).

Thiamine Assay Procedure

All tissues were allowsd to thaw at room temperature and
were then reblended in a Warlng blendor before aliquots were
removed for analyses. The quantity of tissue sampled in most
cases contained approximately & microgrems of thiamine. Thia
praparatinn was suspended in scetate buffer (pH 4.4~4.6) and
2ﬁ0~milligram quantities of both pepain and tekadlastase were
added. The samples were covered with a thin layer of toluene
and were then incubated for 18 to 24 hours at 37°C. Following
the enzymatic treatment the samples were flltered and diluted
to & known volume. Two aliquots of each preparation of
tissue, contsining approximetely one microgram of thiamine,
were passed over activated decalso. The vitamin was eluted
with acldified potasslium chloride and the samples were
finally brought to & volume of 25 milliliters. Thlamine was

determined as thiochrome according to the procedure
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‘represented the urine for four days, was covered with toluene
and stored in a rafrigagatar until vitamin analyses could be
aompietaﬂ. Since it was found that the urine contained con-~
kiﬁarable amounts of the vitamim, it was peasib;e to dilute
the samples to 250 ml., whieh provided ample liquid for
satisfactory washing of the cages.
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RESULTS AND DISCUSSION

Deposition of Thiamine in Tissues
ag a Means of Determining Thiemine Hequirements
for Heproduction

Data on the eeﬁuvrénna of thiamine in fetal and mﬁtérnal
tlssues at various stages of pregnancy are presented in
Table I and Figure 45. These resulta‘havé prmved inherasting
and have led the writer to believe that this procedure of
studying vitamin raquiramantﬁ for reproduction in rats is a
valuable one, It appaara that the rat Increases 1ts hepatic
stores of thiamine during pregnancy provided the rstion is
gﬁaqnata. The increased concentration of Bl i3 most marked
during that portion of pregnancy when fetal growth is rapid,
between the 18th and final days of gestation for the rat.
During the first few ﬁays of pregnaney it was observed that
the liver contalined betwsen 10 and 1l micrograms of thiamine
per gream of fresh tlssue., Toward the end of pregnancy the
concentration had inereesed to 13 or 14 mierograms. o sig-
‘nificant change in liver weight was encountered during the
gestation perliod. The accumulation of thiamine in the liver
may be advantageous for the femele as she approaches that

period of pregnaney when fetal growth is especlally rapid.
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Table I {Continued)

—

o | | _ Thiemine in tissue L |
Period of FRat Carcass Liver — _Placentae _ ____ Petuses _
pregnancy number Per gm. Total Far gm. Total Per gm. Total No. Per gm. jotal
 {days) meg. WMEg.  meg. MEL. meg. MOg. meg.  MCZ.
17 47912 2.2 318 13.5 118 2.9 13.1 10 1.8 11.6
47854 2,0 296 13.4 121 3.0 16.1 11 1.8  16.3
48472 2.0 310 11.0 115 2.2 9.2 9 1.6 9.8
16 47796 2.1 315 10.7 107 2.0 11.1 10 1.1 6.0
47881 2,0 311 12.8 125 2.4 10.6 12 1.7 9.2
48505 1*3 281 11.9 142 2.5 13.8 12 1.2 8.0
15 47927 1.7 240 10.9 108 2.5 8.1 11 1.9 5.1
| 47913 2,1 292 11.0 106 2.5 8.6 11 1.8 4.3
48513 1.9 254 10.0 100 2,2 8.1 12 1.9 6.4
14 47936 2.0 301 10.9 109 3.2 5.7 9 2.3 5.7
47928 2.0 293 10.9 93 3.6 5.7 12 1.4 2.0
47909 1.9 278 12.0 118 5.6 8.7 9 1.8 5.2
13 47828 2.3 320 10.5 101 2.5 4,8 10 - 1.0 1.2
47896 2,5 338 13.8 108 2.2 5.6 13 1.4 2,2
&7TTTT 2.1 357 12,1 115 2.5 4.0 12 2.0 2.2

{(Continued)

mggw



Table I {(Continued)

f- e - o o ——— -~ s : s o
‘ Thiamine in tissue
Period of Rat Carcass Liver —Uterus and its eantenta%
pregnancy number Per gm. Total Fer gm. Jotal No. in Per gn. Total
(days) meg. meg. meg. mega litter neg. S MCRe
12 47911 2.2 316 11.3 120 13 2.4 11.7
47938 1.9 274 10.1 94 14 2a 10.9
47853 2.1 341 12.3 119 14 1.7 - 8.3
11 47928 2.2 305 10.56 108 G 1.7 4.9
47882 2.1 329 11.8 118 15 / 2.3 8.6
47937 23 341 11.0 102 13 1.9 - BB
10 48463 2.2 292 10.2 87 i2 L 2.3 6.1
48464 243 2% 10.% 108 12 - 2.0 - 8.0
48644 1.9 268 12.1 109 12 1.4 3.4
8 47852 2.3 308 11.0 88 - 8.1
47778 2.3 321 9.3 77 - 3.2 4.1
48646 2.2 286 12.1 109 - » 3.2 - Bl
Non- 47715 - - - - - Ba 3.7
pregnant 47716 - - - - - 3.7 4.5
47910 - - - - - - 2.4 2.6

- 58 =

- ¥Note difference in process prior to 13th day.
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This incresse in hepetic stores of thiamine of the pregnant
rat has not been mentloned before to the knowledge of the
writer.

It will be noted from Pigures 45 and 46 that the reten-
tion of By to allow for the increased liver stores influenced
the total thiamine reqwiramantfto a giéatar éxﬁent tﬁan did
the development of the placentae. It was in no way equal to
the needs brought about by the rapid fetal growth.

Socattergrems of the total quantity ofvthiamine present
in carcass tlssue at the different stages of pregnaﬁcy Indl-
cated no consistent trend; apparently the thiamine stdres of
the aarcasa remained much the same when the diet was adequate.

The total placental tilssue belng produced increased in
weight gradually, being approximately 2 grams by the 13th or
14th day of pregnency and 7.5 grams at parturition* The con-
centration of thiamine in such tissue varied from a low value
of 2.0 micrograms to & high value of 4.1 micrograms pér gram
of moist tissue. Placental tissue was somewhat richer in
thlamine than the maternal carcass hmt‘eanﬁainad only a
fraction as much as thét found in hepatic tissue. It is
apparent from Pigures 45 and 46 that thiamine requifemants
were not greatly altered by the development of this tissue.

Fetal growih exceeded that af the placentae by spproxi-
mately eight times. The total tissue present on the 13th day

of pregnency averaged 1.3 grams per female. The newborn



- 97 =

litters weighed approximately 55 grams. The quantity of thi-
amine present in fetal tissue 1nareaaed‘alewly with age and
reached a concentration of 3,0 micrograms of By per grem of
moist tissue at parturition. This concentration meant thet
the average litter of young &t birth contained kppreximately
165 miéragram; of thiamine. It was the r#gié development of
this tilssue, especlially during the last 4 days of gestation,
which wea responsible for the majer inorease in thiamine needs
of the ret during pregnancy. | |

The rapid transfer of thiamine to the developing fetuses,
the accumulation of greater amounts of thiamine in maternai
hepatic tissue, and the gradual growth and deposition of
thiamine in the pl&eentaa have all contributed to the total
requirement of By during reproduction in the rat. A summary
of such findings has been depicted in Figure 46. This graph
illustrates the daily thiamine need for reproduction at
various stages of thé gﬁgtati@n period which can be accounted
for by tissue analyses alone, The requlrements suggested
here are over and above those of the nénwpregnant animal.
These estimates also do not include possible changes Iin re~'
quirement which might be‘brmught about by inferior absorption
of the vitamlin or greater destruection of thiamine because of
the pregnﬁnt state of the animal. We have no reason to believe,
howaver, that the pregnaent animal which receives an adequate

ration 18 less efficient in its use of thlamine.
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Prior to the l4th day of pregnancy there appeared very
little need for additional thlamine over the amount desirable
for adult animals. The quantity of thiamine deposited in
embryonic and.ylaeantal tissues between the 13th and l4th days
of pregnancy indicated a 4 microgram need at this time.
Similarly, differences in the amount of thilamine present in
such tissues between the 15th and 16th days of pregnancy
showed a greater demand for the vitsmin; at this time also
the maternal liver inereased in thiamine stores thus raising
the optimum thiamine intake. By the 16th day of pregnancy
the total tissue changes, with respect to thiamine stores,
indicated that the By requirement had been enlarged to 20
micrograms. COver half of thls amount was due to the incressed
deposition of thiamine In the liver of the mother. On the
18th day of pregnancy the total amount of thiamine needed for
reproduction was still greater, approximately 25 micrograms.
The very rapid growth in fetal tlssue which occurred between
the 18th and the final day af pregnaency augmentsed the thiamine
need to 72 micrograms for the 20th day and 76 mlicrograms for
the final day.

ib was Interesting that a large fraction of the thiamine
requirement during the 20th day of pregnancy was due to the
accumalation of thiamine in the liver of the female, However,
there was no further increase in hepatic stores of thiamine

during the final two days of pregnancy.
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dMany nutrition workers have hératarara considered that
tha‘vitamin‘naséa of the rat are generally greater during the
second half of pregnancy, without having a more accurate
estimate of just how much grester these requirements mey be.
The data presented in thils study indicate that no such gener-
alizations should be made for the thiamine requirement of the
rat during reproduction. In this animel, which heas & very
short gestatlion perlod, i.e., 22 days, and which produces a
very large mess of tissue, approximately equal to 1/3 the
welght of the female, the demande are guite different. Minor
amounts of extra thiamine are needed prior to the 18th day of
pregnaney. Between ﬁha 20th dey and perturition the thiamine
requirements are markedly inereased. Unless some depletion
of maternal tissues ig to occur, it appears thet at least 76
micrograms of thiamine are needed above that of the non-
pregnant adult animal fer satisf&ebary reproduction.

¥hile these findings present evidence for unexpectedly
high demands for thiaﬁina during the last 4 days of pregnancy
for the rat, 1t should bve mentioned that the demends in human
reproduction would nﬁt be expected to be acute., The much
longer period of pregnancy, the more gradual growth of the
of fspring, and its relative size should mean & proportionately

smaller need for thiamine in human reproduetion.
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Metabolism Experiments Gonéueted'en Pregnant
and Non-pregnant Rats as & Means of Determining
Thiamine Hequlrements for Heproduction

Before discussing the results of the metabolism studies
the writer wishes to relate some ébaervatiana meade while
these studies were in prugﬁeaa; At the beginning of this
portiaﬁ of the axperimaﬁt‘it was anticipated that there'might
be some prcbiem due to secattering of the dry stock ration.

No significant srror was introduced due to spillage of food.
The animala consumed quentities of ration equal to thésa obw-
served for stock females housed in their regular cages. The
oné—iﬂch épaniﬁg of the covers of the food cups permitted the
animals to eat freely and at the seme time prevented them
from getting‘fead into the cage. The urine was voided direct-
ly onto the pyrex plate and due %o the smell urine volume and
theylarge surface of the plate, the excreta dried rapidly.
There appeared to be little chance for bacterisl growth. It
hed been found by preliminaery trisls that toluene volatilized
rapldly due to the large surface sxpoaeﬁ.and thus 1t was un-
satisfactory as a possible preservative. The magnitude of
the exoretion of vitamins, the rather constant excretlon of
thiamine per individual animal, and the agreement noted
between animals consuming the same amount of food have led
the writer to believe that the collection procedure was

gsatisfactory.
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Imnediately following the close éf each metabolism period
the surplus food was weighed, the cages were rinsed several
times and the urine samples were diluted to £50 milliliters.

' It was found much more satisfactory to filter the urine
through loose cotton than through filtar'yaper;‘ When theklatu
ter procedure was attempted during preliminary tests th&
length of filtering time was greatly extended and there was
some evidence of loss of vitemin activity. TWhile it was
found that & volume of 250 milliliters of water provided

ample 1iquid for quantitative removal of the urine, itlahguld
be mentioned that the urine specimens contained aufficiéntly
large amounts of vitamins to have allowed a much greater
dilution.

It will be observed thet the ten femsles included In the
metabolism ex@erimants consumed very much the same gquantity
nf stock ration prior to pregnancy. Bee Flgures 47 and 48
and Tables II and III. mhg approximate thlemine Intake
during the first six metabolism periods ranged from 140 to 160
micrograms per day. During these 24 days the food consumption
was fairly constant for each animal, Following the initiation
of pregnancy 1t was observed that the food consumption in-
araasaég During several individual metabollsm perlods tha
thiamine consumption exceeded 200 miorograms for the pregnant
animals, while the control females ingested between 150 and

170 micrograms of By in the majority of cases.
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Fige. 47. The intaeke gnd urinary excretion
of thiamine by pregnant rats
consuming the stock ration.
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Table IX

Intake, Urinary Excretion, and "Retention"
- of Thiamine by Pregnant Rets

Rat Thismine ﬁrinéry Length of  "Retention"
number 15%? ] exﬁgpgigp period per period
‘ f%ﬂg?y’ 5%@@.?" {days) (meg.)
49239 172.8 107.9 4 250.6
: 184.1 ‘ 92.8 4 365.2

180.4 21.8 2 177.2
187.9 106,9 2 162.0
200,2 107.9 2 202.6
209.2 105.8 2 206.8
195.8 125.2 2 140,68
195,5 © 106.9 2 177.2
104.6 . Bg2.,1 1 22.58
1713.7

, ‘ ; 81.8%
'kiatantion"ﬁarmg total gestation period = 1795.3
48326 179.5 86.8 4 370,8
: 1567.3 74.4 4 531.6
1456.5 6.4 4 276.4
189.8  97.a 4 370.8
172.1 .8 4 379.6
1z8.1 75,2 2 128,.8

"Retention’ during total gestation period = 1B55.2

{(Continued)

*Estimated thiemine 'hetention" calouleted from experi-
mental data obtained during 20 or 21 days of pregnancy.
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Table II (Continued)

Rat Thiamine Urinery Length o "Retention"

number inta%? sxﬁﬁgtﬁfn‘ period per periocd
e
f&éé,fy 7 é&eg?}y a l(éaya) | _(meg,)
48327 167.7  80.7 e 348.0
142.6 - T346 4 876.0
167.7 80.7 4 548.0
189.8 27.1 4 - 370.8
167.7 71.9 4 383.2
1726.0
172.6%

"Retention"during total gestation periaé‘: 1898.6

49252 166.2 93.0

4 268.8
169.0 95,2 4 295,82
180.4 86.5 2 183.8
209.2 96.7 2 225.0
218.2 113.2 2 210.0
187.9 100.9 2 174.0
195.5 97.8 2 196.0
112.2 74,0 i 38.2

1728.6

82, 3%

"Retention’ during total gestation peried = 1810.9

49202 172.8 8g.8

4 360.0
184.1 107.6 4 306.0
157.6 91.5 2 132.2
157.6 89.0 2 137.2
157.6 99.0 2 117.8
224.4 120,0 2 208.8
209.2 113.1 2 192.2
180.4 . 92.8 2 175.2
1628.8
162,8%

"Ratanﬁibn”énring total gestation periocd = 1791.6
*3ee note on preceding page.
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Teble III

Intake, Urinary Excretion, and "Retention"
of Thiamine by Non-pregnant Hats

Rat Thiamine  Urinary  Length of  "Retention"
number waw {) excretion period per period
| mog. ﬁomtw% (days) (meg. )

49190 157.6 92,3 4 261.2
: : 187.6 967 4 2435.6

167.6 96.7 2 121.8
127.3 7.9 2 98.8
134.8 T3 2 l22.4
166.2 86.8 2 156.8
112.2 87.9 2 48.6
165.2 8.0 2 162.4
1205.6
120.5%

"Retention during total period =z 1326.1

49188 165.2 105.7 4 238.0
) 1841 117.1 4 268.0
187.9 109.5 2 156.8

167,86 108.2 2 98.8

167.6 100.6 2 114.0

157.86 109.5 2 96.2

147,53 83.1 2 128.4

150.1 105.7 2 88.8

- 1189.0
118.9%

"Retention" during total period = 1307.9
{Continued)

#*Eatimated thiamine 'retentiod' during interval comparable
to gestation periocd calculsted from experimental data cobtained
during the first 20 days.
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Table 111 (Continued)

'Rat  Thiamine  Urinery  Length of  "Retention®
number §g§§¥n aXQ§?t!ﬁ? period per period
; ?(mgﬁy (gwg» | (days) (meg. )
49240 127.5 7T 4 198.4
; 118.7 59,4 4 241.2
142.5 77T 2 129.6
104.6 51.8 2 106.6
172.8 78.8 2 188.0
119.7 63,7 g 112.0
134.9 : 70.2 2 129.4
157.6 7.7 2 159.8
172.8 ‘ T9.7 2 186.2
"Hetention' during total perlod = 1450.2
48326 147.6 68,9 4 314.8
130.8 80.6 4 200.8
160,3 : - 88.4 4 287.6
147.6 97.2 4 201.6
| | 1226.4
122,.6%

"Retention"during total peried = 1349.0

49233 160.1 78.5 4 266.4
: . 160.1 : 7416 %,v 304.4
157.6 74.0 2 167.2

134.9 65.0 2 139.8

157.6 79.6 2 156.0

157.6 89.7 2 135.8

150.1 81.8 2 136.6

157.6 82,9 2 149.4

127.3 7.3 2 100.0

"ketention"during total period = 15765.6

#3ee note on preceding page.
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It was evident when the first urine analyses were com-
pleted that the stock ration provided considerable surplus
thiamim@. The quantity of hﬁiamina praseni in the urine was
high in all cases. During tﬁe seventh to final collection
périoéa (equivalent to the géstatian garieﬁ of thé‘gragnant
ahimal&) the control females excreted agyﬁoxim&tely 80 mioro-
grame of thiamine per day. In the pregnani group the excre-
tian was more variable. It éppeared to be‘intluencaé by the
inereased food consumption of the animals and by the changing
needs for thiamine due to the development of the fetuses.

| It is well known that an appreciable exeretion of thia-
mine by the kidney signifies that the animal s consuming an
a#ﬁeas of this vitamin. lf‘addiﬁianal amoﬁnta of thiamine
are given orally; it is not possible, hawa#er, to recover 100
per cent of the extra thiamine In the urine. A fraction of
ths vitemin 18 either destroyed before absorption can occur,
aﬂaagas absorption, or is déatrayﬁa after the vitamin is in
the blood stream. In the present study it has been assumed
ﬁhat pregnancy does not alter thé efficiency of asbsorption of
ﬁhiamina or 1ts destruction. When compariscns were made of
ﬁna "petention" of thiamine (difference between the intake
and urinary excretion) by pregnant and non-pregnant animals,
it was observed that By needs were increased during pregnancy.

It will be noted from Tables II and III that the quantity
of thismine retained by the pregnant animals averaged 1831
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micrograms for the 22-day gestatlon period. The virgin
enimals had an average 'retention'of 1368 micrograms during
the same Interval of time., This difference in storage, pre-
sumably due to the increased needs during pregnancy, is

equal to 431 microgrems.

If the first 20 days of pregnancy are divided into five

4-day metabolism periods and the "retention" of thiamine 1is
~c¢mpared for the two groups of animals, it will be found that
the pregnant females retained greater proportions of thiamine
during all five collection periods, Howsver, the 'retention"
was greatest during the fifth study, 1.e., between the 17th
and 2lst days of pregnancy. These Gata are given in Table IV,

Table 1V

The Hetentior' of Thiamine by Pregnant and Non~pregnant Rats

Time pregnanc ; Non-

ime of prognancy Pregnant pregnant gﬁ;rgg
animels animals duction

mega MO neg.

First period (Day 1-5) 326 260 85

Second period (Day 65-9) - 818 266 : 59

Third period (Day 9-13) 330 244 86

Fourth peried (Day 13.17) 361 274 87

Fifth period (Day 17-21) 564 239 1286
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As was found earlier, the concentration of thiamine in the
carcass remained unchanged. |

The females studled in the metabolism experiments were
about 92 days of age when they‘ware sacrificed at the close
of their first pregnancies. AL this time the carcass tissue
welghed aygraximataly'llﬁ grams aﬁdtha‘gnautity of thiamine
present 1n:tha tissue averaged 212 microgrems. When these
values are uampar9d with older animals, 1l.e., those included
in the first experiment of this study (Table I), it will be
observed that‘thé welght of the carcass of such an animal was
Qonsiﬁarably:greater'ané that £ha‘tota1’amaunﬁ of thiamine
present in the aaréaag was inaraaaaa* Additional data regard-
ing the diffefanﬁa in size of the carcass tissue and the |
quantity of thiamine préaénﬁ in th&”fém&lé rat at the initia-
tion of first and second pregnancy are gilvan b& Bear (1950,
P. 44) &nd Sp1vy (1@&7,:p, 41). &hgsa éigferanaes bring out
an Interesting and important pwinﬁtragarﬁing total thiamine
needs duriﬂg pregnancy. The rat is considered maturs at
approximetely 7 weeks of age, and first litter young ere
often born when the animals are 10 to 1l weeks of age,
although the female 1s still growing. Her demands for thla-
‘mine for increased body growth are still continulng., While
females during first and second pregnanciles require the same
amount of thiamine for altsrations in hepatic astores due to

pregnancy and for the development of the placentae and
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fetuses, the younger animals must receive a higher dietary
intake of thismine for satisfactory reproduction. Possibly
this point has not been sufficiently stressed with regsrd to

human ragraﬁuaticn.
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SUMMARY AND CONCLUBIONS

The thiamine requirement of the aibina rat for reproduc-
tlion has ﬁeen investigated by two procedures, The quantity of
By present in mﬁtafnal and fetal tissues has been determined
at thirteen intervals during the gestation périaé and the
minimum daily needs for thiamine imposed by pregnancy were
established by comparing the amount of vitamin present in the
tissues from day to day. This experimental spproach has
revealed several Interesting facts concerning the need for
thiamine during repraéuetion.

Maternal hapatia‘tiasua increased in thiamine content
during the course of pregnanecy, thus railsing the dletary need
for this vitamin. Placental development was responsible for
anly minor increases in the B; requirement. Fetal growth,
which was especlally rapid between the eighteenth and final
days of pregnancy, created the greatest demand for thiamine
and brought the dally need to at least 76 mierograms at the
close of pregnancy. Total thlamine needs for reproduction
accounted for by tlssue analyses alone averaged 230 mioro-

- grams for the entire gestetion periocd. Of this amount 1656
micrograms were traceable to the ﬁavaléyment of the fetuses,

26 for the placentae, and approximately 40 micrograms for the
acoumulation of thiamine in the liver of the female.
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Metabolism studies were conducted on five pregnant
stock females during the entire gestatlion period, and the
intake and urinary excretion of thiamine of these females was
compared with those of a group of nén#pragnanb littermates
studled over a comparable interval of time. Thav3£aragévaf
thiaminé was greatﬁst in the pregnant ani&alﬁ; the quantity
of B, retained was highest between the 17th and 20th days of
p#agnanay. &1f£erannes‘in the total &mmunt of thiamine |
retained by the twe groupa,}aa estimated from intake data and
tha quantity of thiamine excreted by the kidney, revealed
that the pregnant animals needed approximately 430 mlcrograms
of additional dietary thiamine for reproduction. This estima-
tion of the amount of thiamine needed for reproduction
allowed for aome ﬂastruntion of thiamine prior to absorption
and for some inefficiency in absorption or transfer of the
factor to the develnping tissues. It therefore exceeded the
raquirwmhnt predicted from tissue mnalyses.

When data from the two experiments were studled, 1t wss
obvious that thilasmine needs for reproduction in the rat are
also influenced by the age and body stores of the female.

The animales included in the metabolism studles were approxi-
maﬁely 92 days of age; thelr caraaéa weightes and the total

amﬂuhts of thiamine stored in their bodles were smaller than
those of animals sacrificed for tissue analyses. During the

first pregnancy such animals were stlll growing and requiring
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thismine for this purpcse. This finding seemed of particular
interest since all females in the investigation had been
mated four weeks after the opening of the vaginal arifias,
i.e., at the earliest time at which they were able to repro-
duce., These findings emphasize that a thiamine intake
sufficient for satisfactory reproduction in an uldar animal
will not necessarily be adequate for the y@&nger rat equally

well fed.



PART IIIX
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RIBOFLAVIN REQUIREMENTS FOR REPRODUCTION

'~ The importance of riboflavin in the reproduction of rats
has been forceably demonstrated by the work of Warkany et al.
(1948), who have shawn'ﬁhaﬁ insufficient ribeflavin between
the thirteenth and fifteenth days of pregnancy resulted in an
abnormal development of the skeleton of the embryo. The
abnormality seemed to be due to the inability of certain meso-
dermal cells to mske the transition from mesenchyme to the
membranous structures which would normally become markil&gi~
nous and osseous skeleton. Since the formation of cartilage
begins about the fourteenth or fifteenth days of gestation in
the rat, it is at this time that the requirement for ribo-
flavin is most erucial in preventing abnormelities. Theae
findings have been confirmed by Giroud and Bolsselot (1947).

‘Ih is now recognized that more severe depletion of
riboflavin results in snestrus (Coward et al., 1942), while
less severe withdrawal of the vitamin permits the development
of young which appear normal although their stores of ribo-
flavin are not equel to those of healthy stock young
(Williams, 1947).

It might be expected that these observations would have
stimuleted greater interest in the establisiment of quantita-
tive needs af‘tha rat for riboflavin, especlially during the
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reproductive cycle. Very fow data concerning this point have
been published. Giroud and Bolsselot have included 120 mcg.
of riboflavin per day in the ration of pregnant animals and
have found the young to be free of all deformities, while
‘Warkany and his group noted that as little as 80 mog. per day
was sufficient for the development of normsl-appearing young.
In spits of the evidence that the riboflavin intake of the rat
should be increased during pregnancy, nutrition workers hava
éﬁntinuad to select amounts of riboflavin ranging from 50 to
360 meg. per day in formulating synthetic ratlions planned for
studies on reprodustion. |
It would eppear from the data In the litersture that

sdditional emphasis on the quantitative riboflavin needs of
the rat ﬁuring rayraduetian is desirable.

| There are few acoounts of manifestations of riboflavin
deficiency in women during pregnency. One of this small num~
ber is reported by Braun (1948), who has contributed some
exceedingly intereating information concerning the value of
this vitamin during humen pregnancy. Of 900 pregnant Jewish
women studlied in Palestine, Braun observed that 190 showed
deficiency signs which he attributed to too little riboflavin.
These symptoms, inalﬁéing glossltis, chellosis, and angular
stomatitis, were more pronounced during the latter half of
pregnancy and disappeared soon after parturition. Administra-

tion of either pure riboflavin or yeast allevisted the
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aymptoms. Dietary records of the viﬁamin intake of these
women indicated that they were ingesting less than 1.3 mg. of
riboflavin daily. Excretion values also indlcated the pres-
ence of a deficlency since the quantity of riboflavin present
in the urine was roughly one fourth that of healthy pregnant
women. In & more recent publication Brzezenski, Bromberg and
Braun (1947) correlated a higher incidence of prematurity,
prenatal deaths, end less satisfactory gains in weight of
infents during the first few weeks of l1life, with low ribo-
flavin excretion values of the mother,

In this country Oldham et al. (1947) studied pregnant
women on & known intake of 1.75 mg. riboflavin per day and
~ observed that the subjects were excreting an average of 300
megs of the vitamin in the urine. If this dietary intake is
aﬁffieient, as 18 indicated from the execretion figures, the
present recommended intake for riboflavin for women during
pregnaney is very liberal. (See Katicnal Research Council,
1948.) |

Today this allowance for pregnancy is 2.5 mg. per day,
which 18 more than 50 per cent above that of the moderately
active nonnpragﬁant adult, Tosslbly this allowanaa is sdvis~-
able in view of alterations in food nenaumptign\ena@untareé
during pregnancy as & result of nauses, restrictions due to
excessive welght gain, and so forth. It 1s interesting,

however, that the recommended allowance for riboflavin ls
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1.6 times that of thiamina for the woman during pregnancy.

In th@ present study more Informatlion was aaught‘ecn~
cerning the guantitative ribaflavin‘naads during reproduction
in rats. The two techniques used for the thiamine studies
have been continued for Information about riboflavin, i.e.,
an analysis of the depositlion of riboflavin in the maternal
and fetal tissues at various stages of pregnancy and a
determination of the ingestion and exeretlon of riboflavin
by pregnant and non-pregnant littermates fed a satisfactory
stock ration which provided at least 100 meg. of the vitamin
- per day throughout the gestatlon period.
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EXPERIMENTAL PROCEDURE

The tissues and urine specimens sssayed for riboflavin
wore the same as those used in Part 11, ﬁ@aling‘with the
thiamine needs of the rat during pregnancy. The details of
the experimental prosedure are tharafare given in Part 1,

pages 49 to 56, and in Part 1I, pagea 86 to 91.

Riboflavin Assay Procedure

Aliquots of the thoroughly blended tissues eatimated to
contain approximately 10 meg. of riboflavin were hydrolized
with 50 ml. of Q.IN Hg&éé for 20 minutes at 156 pounds of
pressure. When the samples were cool, sufficient 2.5M sodium
acetate was added to bring the pH to 4.0. Congo red paper
was used as the indicator. The preparations were filtered
through Whatman paper until clear and the samples were diluted
to 100 ml. Suitable aliquots were removed, neutralized to
pH 6.6-6.8 with NaOQH, and diluted to a final volume of 100 ml.
Anslyses for riboflavin were made by the microbiological

method described by Snell and Strong (1939). lactobacillus

casel Rumbar 7469* was the test orgenism in all cases, The

medlia used throughout the msajor portion was that proposed by
*pmerican Type Culture Collection, Washington, D. C.
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xanéy and Dicken (1942). However, during the final series
of assays difficulty was encountered in getting acceptable
standard curves for riboeflevin. Concentrations of kiboflavin
in the tissues of 10 animals (Table X) were abtaiﬁeé ﬁhrough
the use of a less synthetic basal medium published by Snell
and Strong. The excellent agreement between these values and
those of other animals has led hhe writer to belleve that the
nutritional raqmikamenta of the organism had ehangaa in some
manner»anﬁ that the more agnthatia’mﬁéium was no 1¢hgar
satisfactory. | | |

Urine specimens aant&iniﬁg riboflavin in the free form
were diluted to suitable volumes, neuntralized to pH 6.6-6.8
and assayed directly.
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RESULTS AND DISCUSSION

Deposition of Riboflavin in Maternal and Fetal Tissues
as a Means of Determining Riboflavin Requirements
for Heproduction

The qnantity of riboflavin present in fetal and meternal
tissues at various stages of pregnancy has revesled several
interesting points concerning the riboflavin requirement of
the rat. These findings have been summarized in Table VI and
Flgures 49 and 50. It will be apparent from the data that
the requirement for this vitamin 18 not a constant one
throughout pregnancy, that it inereases gradually during the
early portion of the geatetion period and that it rises |
abruptly due to the rapid fetal growth during the last four
daya of reproduction. Development of placental tissue
accounted for & very minor portion of the extra vitamin re-
gquirement; in fact, at parturition placental tissue con-~
Atainaﬁ less than 8 par cent as muoh riboflavin as that pres-
ant‘iﬁ the fetuses. The concentration of riboflavin per gream
of placental tissue remained remarkably constant throughout
tﬁe entlire gestation period. Fetal tlssue, on the other hand,
gradually increased in riboflavin concentration, from 0.4 meg.
per gm. on th§~lath day of pregnauéy'te 2.5 mog. at |
parturition. |
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Table VI {Continued)

Ribeflavin in tissues

Period of Rat ' -Carcass Liver - Uterus and its agntenta%
pregnancy number pey gm, Total Per gm. Total No. in  Per gm. Total
{days) . | meg. meg. M.  MCK. litter meg. meg.
12 47911 2.8 407 27.5 292 13 1.1 5.8
. 47935 2.9 418 27.9 260 14 1.0 5.2
47853 2.4 397 25.1 243 14 1.1 5.4
11 47925 2.8 405 23.4 234 11 1.1 3.3
47882 2.7 482 24,0 240 5 1.1 4.1
47937 2.9 421 25.2 234 13 1.4 3.8
10 48463 2.8 381 27.3 232 12 1.7 4.5
48464 2.6 357 27.9 276 12 1.2 3.1
48644 2.4 338 28.3 255 12 1.1 2.7
6 47852 2.4 327 29.4 235 - 0.7 1.3
- 47778 2.8 379 24.9 207 - . 1.0 1.5
48646 2.6 = 344 28.2 = 253 ' - 0.9 1.4
Non- 47715 - - - - - 1.2 1.4
pregnent 47716 - - - - - 1.2 1.8
47910 - - - - - 1.1 1.5

*Note difference in process prior to 13th day.

- 02T ~
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Flg. 49. Kiboflavin content of placental and fetal
‘ tissue at various stages of pregnancy.



Microgroms of Riboflavin
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Fig. 50, Dally minimum riboflavin requirements for normal
reproduction in rats, based on tissue analyses.



38Ul peaLesqe 81 37 ‘Lousufead gnoyBnogyy g¥eu eysz o3 Aswp
suo woJaJ senssll Tejuedssyd pus TwIe) Y3oq Ul uﬂammam UTABTJ
~0q3a Jo Agpjuend eyjz ueemjeq opvm 87 UOSTIBIWOD B WU
*QUIWETYZ JO 38Y3 eoTm3 Lregeuixoadds
8Q 09 POAJISRQO BBM JIBATT UL DUNOJ UTABTJIOQTI JO UOTIBIJUSD
~Wo0 UL *ONssTy yseaJ Jo wead aed +Bowm g1 03 g0 pedsasaw
ounssTy Hﬁuﬁ@emﬁg pue m.wuﬁ 6°3 0% 3'0 WOIF PeTJEA Sesnjey
eus3 maaaw Jod *Fowm ¢ 04 g woxy pefusa 8680JIB0 [BULGRBW
fwea® ged +3Jom gz 03 ¥ Woay @@a&ﬁ» IBATT ©*e°*] fpeurmexe
NEBTY gwnuo fue ueyy UTABTJOQTI JO SUOTIBIZULIUOD Je1860aF
gonw L£X9A peulwliuos enssig org3edey ‘*Lup aam urwelTa ouz Jo
*Fom pOT asao Buipiacad qe1p eqenbepw Us 01 8800w DVY BTBWIUB
oug usym Louwudead qnoy3nodiy 3uwlsuoo LTSATIBTES DOUTVHOL
JIATT PUB BEBOIBD TBVUISFEW Y3 JO 4UIUOD UTABTIOQTL UL
‘utwelTA oYy Jo *Sow o@T peurwjuco swead gg Aregewixoadds
SuryBTesm X947 T[eWlou 8yj wieq 48 {pessesour Lrqeroeadds
8T UTABTJOQTL ﬁam m@@a Atvep eyg LousuBoad wa podel8 I698T
utang .bﬂﬁaﬂswaa m@acﬁ 3TOpe ey3 g96m 09 TeETUs Furonpoadet
oYy 40J qusjIodwy 8T 37 38Y3 4NQ gﬁﬂkwﬁaaﬁﬁa Jo suoygselduy
sy hﬁkaﬁﬁae»aﬁa @aﬂﬁwea »en m@am mgamaaﬁuayﬁuﬁ Jo uoijusa
~gad 3ey3 308J sﬁa ezTsvydme sFUTPUTS OBeUL *UTABTIOqTX JO
‘Jom g 03 ¢ ﬁﬁau 09 Tsnbe elom BPUBWEpP ONESTY TBIOJ DUB TBIUGD
-eTd peUTqWOO oy3 ‘3Ba oYy Ul SuoIBUIOITEW JO gquendoTeAep
8U3 UT 1073140 puno (gv6T) $e9BT208s8 8Ty puw Kusiley
gqotum potaed Teisvuead oyl JO TwALGRUT gwuy Fupang

- 92T ~



- 134 -

there is no serious increase in riboflavin needs due to preg-
nancy before the 18th day (Figure 50). However, on the 20th
day of the reproductive cycle this need (due to tissue changes
alone) inereased to 28 mog. above that of the non-pregnant
animal. By the 2lst day the requirement had reached a maximum
of 56 meg. On the final day, tissue changes were again some-
- what reduced, and the indlcated need was more nearly equal to

that of the 20th day.

Metabolism Experiments Conducted on Pregnant
and Non-pregnant Rats as & Means of Determining
Riboflavin Requirements for Reproduction

The consumption and urinary excretion of riboflavin have
been determined for five females maintained on the customary
stock diet during a 24-day period preceding pregnancy and
thraughaut the gestation pericd. An equal number of virgin
animals of the same age were tested as controls. The results
‘are presented in Flgures Bl and 52 end Tables VII and VIII.

~ Prior to pregnancy all animals ingested 73 to 105 mog. of
riboflavin dally. This amount greatly exceeded needs since
& large portion of the daily intalke was excreted in the urine,
With the onset of pregnancy, food consumption increased and
the riboflavin intake usually exceeded 100 meg. per day;
occasionally the ingestion was above ias meg. Virgin animals

sontinued to select approximately the same quantity of diet.
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Table VI
Intake, Urinary Exoretion, and “"Retention®

of Riboflavin by Pregnant Rats

o et e e e it

Rat Riboflavin Urinary  lngth5a£ ~ YRetention"

number intake excretion period per period
E ?er day per day , ‘

mog. ) (meg.) (days) (meg. )

49238 107.2 49.1 4 232.4
118.1 51.8 2 129.8
1l6.1 €4.5 2 103.6
1256.0 61.3 2 127.4
186.0 - 61.8 2 127.0
120.5 : 57.8 2 126.0
120.8 528.5 2 156.,0
125.0 52.8 2 145.4

"Retentior! during total gestation period = 1390,0

48326 114.2 42.7

4 286.9
92.4 39.0 4 215.6
86.0 32.7 4 213.2
llo.2 49.5 4 245.6
105.8 83.6 4 2g8.8
81.9 38.7 2 98.4

"Retention' during total gestation period = 1343.6

(Continued)



~ 140 ~

Table VII {(Continued)

i

—— . e
-

Rat  Riboflavin  Urinary  Length of = "Retention"
i§§a§3y exg;agian : perind;‘( per period
m@g;3 %mﬁg ? (days) (meg. )
48327 106.1 43,9 4 248.8
“92.4 38.1 4 217.2
106,1 47.1 4 2386.0
110.2 43.8 4 265.6
106.1 46.2 4 259.6
1207.2
120.7%

"Retention"during total gestation perlod = 1327.9

49232 102.7 47.1

4 292.4
105.0 44.9 4 240,4
111.1 46.5 2 129.2
124.9 47,9 2 154.0
133.8 54.4 2 158.8
102.7 45.1 2 115.2
116.1 48.4 2 135.4
120.5 46.2 2 148.6
133.8 8.0 2 191.6

"Retentlon' during total gestation period = 1495.6

49202 107.2 45,4

4 247.2
113.8 48.2 4 262.4
98.5 46.8 2 103.0
98.3 47.7 2 1101.2
183.8 43.0 2 181.6
124.9 45.0 2 169.8
116.1 43,7 2 144.8
1300.8

130,1%*

"Hetentior during total gestation peried = 1430.9

aﬁatimatad rib@f&avxnﬁretentiun calculated from experi-
mental date obtained during the first 20 days.
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Table VIII

Intake, Urinary Excretion, and "Retention”
of Riboflavin by Non-pregnant Rats

- e

o "

Rat  Riboflavin Urinary Length of  "Retention"
number 1nt%¥n - axer&?ie& period per period
er \ . .
f%&gf?' %meg*y (days) {meg. )
49190 98.3 38.1 4 240.8
98.3 39.9 4 23%.6
98,3 43,2 2 110.2
80.5 36.8 g 87.4
86.0 38.3 2 95,4
82.7 40.3 2 84.8
71.6 39.5 2 64.2
82,7 39.4 2 86.6
| | 1003.0,
100,

"Retention” during total period = 1103.3

49188 102.7 35.8

4 267.6
103.8 41.7 4 248,.4
116.1 44.2 2 14%.8
88.3 42.9 2 90.8
80,5 41.8 2 774
88.3 44.7 2 87.2
80.5 42,3 2 76.4
93.8 44,2 2 99,2
1090.8

108.1

'Retention' during total period = 1199.9

{(Continued)

*Estimated riboflavin 'retention during intervel comparable
to gestation period calculated from experimental data obtained
during the first 20 days.
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The pregnant animals, having access to between 100 and
130 meg. of the factor per day excreted large quantities of
rivoflavin throughout the entire reproduction periocd, indicat-
ing that the diet furnished an ample supply of riboflavin at
all times. In fact, it furnished a surplus.

If the quantity of riboflavin present in the urine is
subtracted from that of the intake and the assumption is made
that the difference reflects "retention," some compariséna
can be made concerning the storage of riboflavin by pregnant
and non-pregnant animals during the 22-day interval comparable
to the gestation perilod.

Fair agreement was observed for the "retention™ of ribo-
flavin by the rivalgregmant animals. These values ranged from
1328 to 1495 mog. of riboflavin for the 22~day gestation
period., 1In ¢ertaln instances this value included data from
nine indlividual metabolism periods. In every case the
quantity of riboflavin reteined exceeded that of the non-
pregnant snimals which were storing between 965 and 1199 meg.
for the 22 days. This increased storage of riboflavin,
sesmingly due to the demands of pregnsncy, was approximately
327 meg. This value indicates & relatively small rise in the
riboflavin requirement of the rat for satisfactory reproduc-
tion. waevér, as brought out from data obtained from tissue

analyses, the requirement is not a statlionary one,
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A comparison of the "retention" of riboflavin by the two
groups of enimals {(Table IX) during five 4-day collection
periods revealed that the storage of the vitamin was highest
for the pregnant animals in ell cases, although the greatest

difference occurred near parturition.

Table IX
The Retention of Riboflavin by Pregnant end Non-pregnant Rats

Retention of riboflavin Retention

Non= due to
Time of pregnancy Pregnant pregnant repro-
animals animals duction

MEE. . MEE . ~ mog.

First period (Day 1-5) - B47.3 213.8 33.5
Second period (Day 5-9) 258.2 18%.7 61.5
Third period (Day 9-13) 235.9 181.8 B2.1
Fourth period (Day 13-17) 264.0 196.9 : 67.1

Fifth period (Day 17-21) 276.8 186.3 » 89.5

' The riboflavin requirement of the rat for satisfactory
réprmduetian, judged by "retention" values, exceeded ﬁhﬁ
réquir&m#nt predicted from aaaiyaas of the developing tiasuea,
1.e., 327 mcg. versus 146 mag; It will be clear from Table X,
however, that the divergence between these two procedures was
aﬁaliér then these figur&s weuid indicate. The 10 animals
included in the mat&bolism expsriments were appréximately o2

days o0ld at the conclusion of the experiment. As was



Table X

BEiboflavin Content of Tissues of Rats Included
in the Metabolism Studies

Riboflavin in tissues

Bat Careaaé Liver Fetuses
number %t. Per gm. Total ' Wt. Per gm. Total Wt. Per gm. Total
iga.)‘ neg. neg. (gm.} MEL. -meg. (gm,} meg. meg.
Pregnant animals
49202 116.2 2.6 303 7.8 23.8 186 43,6 3.1 134
49232 ils.8 2.4 284 9.5 19.1 181 56.0 2.7 182
49239 135.0 - - 8.5 22.1 188 32.8 3.4 112
48327 131.3 2.3 305 8.6 21.2 is2 52.6 3.0 180
48326 - 135.2 2.4 - 321 8.9 £23.8 212 36.4 3.1 114
Non~pregnant animsls
49188 110.1 2.7 292 6.7 21.7 146 - - -
49190 105.3 2.7 287 6.5 24,2 158 - - -
49233 107.7 2.6 278 6.2 23.9 148 - - -
49240 100.3 2.7 266 6.6 23.6 156 - - -
48325 118.7 2.5 296 7.2 21.6 156 - - -

- 8%1 ~
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mentionsd in Part II of the study, these animals were atill
growing and thelir body stores were continuing to change. The
five females which had newly delivered their young possessed
larger livers and greater total riboflavin stores in their
hepatic tissue, although the concentration of the vitamin per
gram of fresh tissue remained unaltered.

These differences in riboflavin stores of the body which
fluctuated with the age of the animal are illustrated in
Tables VI and X, The values are good proof that the young
adult rat reguires a higher riboflavin intake to permit
satisfactory reproduction than 1s true for the more mature

animal.



- 147 -

SUMMARY AND CONCLUSIONS

Two techniques have been Investigated to determine more
accurately the quantitative riboflavin needs of the rat
during reproduction. One procedure, that of determining the
deposition of riboflavin in the developing fetal and placental
tissues at several iIntervals during pregnancy, has revealed a
very rapid increase in the requirement for this factor ﬁuring
the last four days of pregnancy. Prior to this time, and in
fact for the ma jority br the ragroﬂuotiva cycle, the fulle
grown rat appaared to have little need for rihaflavin above
tha§ of the non-pregnant adult.

The development of the placental tissue influenced the
total need for riboflavin to a negligible extent.

Metabolism studlies conducted on pregnant and non-pregnant
stock females maintained on a ration providing approximately
100 mog. of riboflavin per day indicated that the diet pro-
vided a large surplus during the early portion of pregnancy
and supplied some excess even during the final days of gesta~
tion, as judged by the excretlon of the vitamin by the kidneys.
Females recelving this ration produced large litters of actilve
young with satisfactory birth weights. The young were well
stocked with riboflavin and there was no deplet;an of the

maternal tissues during pregnancy.
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It was observed that stock females 92 days old were still
sccumulating body stores of riboflavin; these animals have &
higher dietary need for riboflavin during reproduction than
do older animals.

Thiamina and ribvoflavin aﬁsaya.effthakdevalaying,fatal';
tissues and those of the female rat during pregnancy indicated
thet the need for riboflevin was less than that for thiamine.
This quantitative relsationshlp between the two vitamins 1is
particularly interesting in view of the present recommended
allowances for the two vitamins during pregnancy in women.

In the farmulatien of rations satisfactory for reproduc-
tion in rate, it appears that a daily intake of 100 mecg. of
riboflavin is desirable during the last third of pregnancy
when the demand for this vitamin resches a maximum. This
intake provides & considerable surplus during earlier phases
of the pregnsney period.

Thiamine requirements exceed theose for riboflavin during
pregnancy in the rat, although thig relationghip does nat
follow during maintenance of the adult female. The data from
the present study suggest that a daily intske of 125 meg. of
thiamine is ample for reproduction during the perlod of
- maxismum need. This amount supplles a large excess of the

vitamin in the first half of the gestation period.
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