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SUMMARY 

Evidence is presented for an interrelationship between 

glycogen metabolism and lactose synthesis in mamfuary epithelial 

cells. To investigate the role of glycogen in the mammary gland, 

we studied the conversion of glucose to glycogen and other cellular 

products in epithelial cells and in adJpocytes isolated from glands 

of mature virgin, pregnant and lactating mice. The results of 

these experiments demonstrate that a large portion of glucose is 

converted to glycogen by mammary epithelial cells from mature 

virgin and pregnant mice. The rate of glyco~en synthesis is 

maximal in the epithelial cell at late pregnancy but deireases 

rapidly at parturition when the abundant synthesis of lactose is 

initiated. In glands from mature virgin and pregnant mice, 

glycogen synthesis in the epithelial c~ll exceeds that in the 

adipocyte by oVer two-fold. 

Since glycogen and lactose share a common synthetic pathway, 

in part, we propose that glycogen synthesis during late pregnancy 

restricts lactose build-up within the epithelial cell at this time. 

At parturition, mobilization of glycog~n stored during pregnancy 

.could provide substrate for the dramatic increase in lactose 

synthesis. The possible mechanisms for this mobilization and th~ 

physiological advantage' of glycogen accumulation during late 

pregnancy are discussed. 
I 
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INTRODUCTJON 

The significance of glycogen metabolism has not been seriously 

considered in mammary epithelial cells. The presence of glycogen 

in these cells his been reported in the dog {Sekri and Faulkin~ 

1967),cow (Reid and Chandler, 1973), and human (Sterling and 

~ Chandler, 1977). Studies published some time ago revealed that 

pieces of bovine mammary gland (Peterson & Shaw, 1938) and 

homogenates of guinea pig gland (Kittinger and Reithel, 1953) 

synthesize glycogen. 'Thesestudi,es however, did not establish that 

the parenchymal cell was synthesizing glycogen because of the 

possibilit~ of other cell types, particularly adiocytes, being 

responsible for this synthesis. Ebner and his coll~agues (1961) 

reported glycogen synthesis ,fromglucos~ by bovine mammary cells in 

culture. This finding was extended by Twarog and Larson (1964) who 

also found a reciprocal relationship ~etween glycogen and lactose 

synthesis in these cell~ in culture. Nevertheless, Larson (1969) 

questioned the physiological significance of glycogen metabolism in 

mammary epithelial ~ells. possibly because the cultures were known 

to be contaminated with other type~ of cells. 

We undertook the studies reported here to establish what role, 

if any, glycogen metabolism may play in the mammary epithelial 

d cell. In a preliminary study, we found that gl~nds from nonlacta-

• 
\ 

ting mice synthesize considerably more glycogen than those from 

lactating mice. An abstract describing this work has appeared 
/ 

(Emerman and Bissell, 1979). Encouraged by the possibe modulation 

of glycogen synthesis in the mammary gland, we have expanded these 

investigations to include epithelial cell,s and adipocytes isolated 

l\ .' 
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from the mammary glands of mature virgin, pregnant, and lactating 

mice. 
/ 

From these studies we obtained evidence that t~emammary 

epithelial cell is responsible for most of the glycogen synthesized 

by the mouse mammary gland during the quiescent and pregnant stages w 

of the reproductive cycle. We show further that glycogen formation 

is maximal during late pregnancy, when the mouse mammary epithelial 

cell develops the capacity for lactose synthesis (McKenzie ~~., 

1971; Jones, 1972). Because glycogen metibolism and lactose 

synthesis have intermediates in common, we propose that synthesis 

of glycogen restricts lactose accumulation at this time. As a 

corollary, we further propose that initiation of abundant synthesis 

of lactose at parturition is enhanced by degradation of glycogen 

synthesized by the epithelial cell during late pregnancy. 

EXPERIMENTAL PROCEDURES 

Animals. Balb/cCrgl mice were purchased from the Cancer 

Research Laboratory at the University of California at Berkeley. 

Mature virgin female mice ranged in age from 12 to 16 weeks. 

Pregnant mice were obtainedJby mating female mice with males for 

one night; the following day was designated day 1 of pregnancy. 

Lactating mice were used from the time they gave birth to their 

litter, but prior to nursing (designated day 0 of lactation) 

through the tenth day of lactation. 

Dissociation and Incubation Procedures. The mice were killed 

by cervical dislocation and the 5 pairs of mammary glands were 

removed. The glands were either cut into 1 to 2 mm 2 pieces pr dis­

sociated to single cells with the aid of collagenase (Lasfargues & 

Moore, 1971). The dissociating medium was Medium 199 (10 mljgm 

• 
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tissue; Grand Isla~d Biological Co.) supplement~d with glucose to a 

final concentration of 11 mM, '5 l1g/ml ea'ch of insulin (Calbiochem; 

~ovine pancreas, B grade) cortisol (Sigma) and prolactin (Sigma; 32 

I.U./mg), 0.12% collagenase (Wort'hi,ngton Biochemical· Corp.; CLS U, 

13~5 U/mg), and 4% bovine serum albumin (Sigma). Dissociation was 

~ carried out in an Erlenmeyer flask at 37°C on a gyrator shaker at 

125 rpm for 1 h. The material was passed through dacron cloth then 

thr-oL:gh a 50 l1Nitex filter (Tetko, Inc.) to break up clumps of 

ce115 (Emerman & Pitelka, 1977). The resulting cell suspension was 

ce~tr~fuged for 3 min at 800 rpm. The fat cells float to the top 

of the supernatant leaving a pellet which is mostly composed of 

e~ithe1ial cells. Both cell types were collected. 

A series of experiments were conducted on mice which had their 

mammary epithelial anlage removed from 1 pair of glands when the 

mice'were 3 weeks old (DeOme et ~., 1959). These cleared fat pads 

were handled in the same manner as normal glands. In these 

~x~eriments piec~s of tissue from abdom{nal fat pads were also 

used. 

Pieces of mammary gland tissue (averaging 100 mg protein) or 

2 x 106 cells of the cell suspension were put into 5 ml tubes with 

0.5 m1 of Medium 199 containing high specific activity [U_ 14C] 

glucose (New England Nuclear; final specific activ'lf:y 30 Ci/mo1). 

Insulin,cortiso1, and prolactin were present in the medium at 5 
, . 
l1g/ml each. The gluc~se concentration was routinely 11 mM, but in 

14 
one set of experiments 5.5 mM, 11 mM and 27 mM were used. [U- C] 

galactose (New England Nuclear; final specific activity 330Ci/mo1) 

wa~ used in 1 set, of experiments. The concentration of galactose 
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was 0.11 mM. The medium with samples was equilibrated with 95% 

air, 5% CO 2 , then put on a gyrator shaker and incubated at 37°C in 

95% air, 5% CO 2 for 1 and 2 h periods. The epithelial cell 

suspensions were centrifuged at 1000 rpm for 3 min to pellet the ~ 

cells. The fat cells were concentrated by collecting the medium 

beneath the cells with a pipette. The medium was removed from all 

samples and frozen for later analysis. The cells and tissue were 

rapidly washed twi"ce in Hanks' balanced salt solution (HBSS) 

containing unlabeled glucose, once with diluted HBSS (1:2 with 

H20), and killed with 3 ml of 80% methanol (v/v) in O.OlN NaOH 

containing 0.1% 5DS1 as described previously (Emerman & Bissell, 

1979b}. The tissu~ was homogenized. The methanol was then 

evaporated under a stream of nitrogen. 

Separation and Identification of Lactose. Lactose was separa­

ted ~rom other labeled metabolites by 2-dimensional.paper 

chro~latography. The processing of samples for paper chromatography 

and the chromatographic procedures have been described previously 

( B iss ell".£! 2.l., 1973; Bas s ham.£! .!l., 1974) • The 10 cat i on of 

lactose was determined with autoradiography using X-ray film, and 

the amount of 14C~lact6se waS counted. 

The spot identified as lactose was eluted ~nd rechromato­

graphed with pure lactose standard. In all cases tested, the spot 

and the standard were superimposable in position ,and shape ([merman I 

& Bissell, 1979b). 

Separation and Identification of Glycogen. Glycogen and 'other 

macromolecules remained at the origin after 2-dimensional paper 

chromatograhy using our solvent system. To determine the glycogen 
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content, the origins were cut into small pieces and hydrolyzeq in 

'I ml of lN trifluoroacetic acid for 1 h'at 200°C (Bissell et.!I., 

1973). The samples were ev~porated under nitroge~ and resuspended 

in 80% methanol in H20. The extract was, again subjected to 

2-dimensional chromatography and the amount of 14C-glucose was 

"d d t h f 14C 1 '" d " conSl ere n represent t e amount 0 -g ucose lncorporate lnto 

glycogen. To ensure that the labeled glucose was not incorporated 

to any significant degree into glrcoproteins or glycolipids, we 

repeated the experiments using 14C-galactose and determined the 

amount of label retained at the origin. 

Glycogen was also isolated by ethanol precipitation (Good et 

'.!I., 1933). Three mg ()f rabbit ,liver glycogen were added as. 

carrier to a portion of ' the concentrated SDS ·extract.' After 

delioidation, as ,described below, eth~nol was added to a final 

con c I' n t rat ion 0 f 6 6 % (v / v ) • The s am pIe s we r e cooled toO - 4 ° Can d 

the ~recipitate allowe~ to tollect for at least 2 h~ After centri-

fugation at 4°C, the supernatant material was 'carefully decanted. 
, 

The remaining precipitate was dissolved in distilled water ·and a 

portirin assayed for radioactive content. 

Lipid Determination. The lipid was extracted from the SDS 

extract by the'method of Slayback et.!l. (1977). The organic 

~ extract was removed for assay of·14C content and the remaining 

aqueous phase subject~d to the procedu~e for glycogen precipitation 

with ethanol (seeabbve). 

Measurement of Radioactivity. The 14C-I~beled a~eas on the 

chromatograms were cut from the paper and the.irradioacti~e content 

was quantitated with an automated Geiger-Muller apparatus (Moses & 
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Lonberg-Holm, 1963}. The radioactive content of glycogen 

precipitat~d with ethanol and the lipid was measured using liquid 

scintillation spe~trometry (Beckman) •. A portion of each sample was 

removed for protein determination by the method of Lowry ~ 2..1. 
". 

(1951) using an Autoanalyzer II system (Techn1con}.The results are 

ex~ressed as nanomole~ of 14C per milligram protein. 

RESULTS 

When a portion of tissue extract which had been incubated with 
14 -

C-glticose was subjected to 2-dimensional paper chromatography, 

the amount of radi.oactivity remaining at the origin was different 

at each ~tage of the reproductive cycle. The amount of label at 

the origin in tissues from late pregnant mice was twice that of the 

mature virign, exceeding 200 nmol 14 C/ mg protein/h. The level of 

incorporation in the origin material dropped to a very low level by 

midlactation~ Of all the possible molecules held at the origin, we 

concluded that glycoge~ would be the most likely intracellular 

metabolite to be formed from glucose to this extent. 

To confirm that the mat~rial at the origin was ipdee~ 

-glycogen, the origins wer~ hydrolyzed as described in Experimental 

Procedures i .and the labeled m~terial in the hydrolysate was 

ide nt i fie d by pap e r c h r om a tog rap hy. , A P pro xi mat e 1y 75 - 87% 0 f the 

14C was found to rechromatograph with glucose (Fig. l). This ~v~lue 

was taken as a measure of 14C glucose incorporation into glycogen. 

Because glycogen can be synthesized and degraded simulta~eously, we 

r e cog n i z,e t hat the rat e 0 f g 1 y cog e n f 0 rril a t ion i s not due to 

• 
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synthesis alone but is the net of these two processes. Nonethe­

less, for the sake of simplicity, we will refer to this accumu­

lation as the rate of glycogen synthesis. 

Glucose has been shown to be a component of glycolipid and 

glycoprotein in the lactating mammary gland (Speake & White, 1978}, 
, '--

as it is in other cell types. To eliminate the possibility that 

some of the material retained at the origin may be due to the 

synthesis of glycoproteins and glycolipids during the time course 
14 of these ~xperiments, mammarY tissue was exposed to C-galactose, 

a major carbohydrate component of glycopr~teins (see Parry, 1978). 

Less than 0.1 nmol 14C/ mg protein/h from this sugar was held -at the 

origin of 2-dimensional chromatogrpahs regardless of ,the physio-'~""i, 

logical state of the animal. This synthesis is negligible when 

compared to 10 nmol in lactating mice to over 200 nmol in pregnant 

mice of labeled carbon from glucose incorporated into macromole-

cules. Ceriani ~ !.l.., (1978) al so measured synthesis of glyco­

proteins by mammary epithelial cells and pi'ecesof mammary tisspe, 

using labeled fucose. It)canbe calculated from their studies that 

the level of inc 0 r po rat ion i n tom a c rom ole c u 1 e s was a 1 so i n fin i t e -

simal compared to the glucose incorporation into glycogen observed 

here in a 2 h incubation period. These studies confirm that the. 

activity retained at the origin was mainly in glycogen. 

Glycogen was 'also identified by precipitation in ethanol 

according to the method of Good ~!.l.. (1933). The relationship 

betwee~ the physiological states were com~arable to those obtained 

by hydrolyzing the origin of the paper after chromatography and 

measuring the released 14c-glucose (Fig. 3). However, the values 

".,-,,1 
. i: 



12 

for glycogen synthesized in the virgin gland and duiing pregnancy 

were only 1/3-1/2 of that determined by pap~r chromatography. The 

lower recovery was likely due to the inability of ethanol to cause 

of the shorter glycogen chains. The presence of short glycogen 

chains was verified, by identification of material trailing from the 

origin as yielding solely glucose upon acid hydrolysis. In 

contrast, the ethanol precipitable material from samples derived 

from lactating mice was the same as that determined by paper 

chromatography. This is in agreement with our finding that 

shorter glycogen chains were not present in samples from lactating 

mice. 

Not only was there a marked difference in the rate of 14C 

incorporation into glycogen, but the response of the mammary tissue 

exposed to different glucose concentrations appeared to differ with 

the various stages of mammary gland development (Fig. 2a). The 

rate of glycogen synthesis ·in the mammary tissue of mature vir,gin 

mice increased with' increasing glucose concentration in the medium. 

Glycogen synthesis by tissue from lactating mice was virtually 

unresponsive to the changes in glucose concentrations. Irr contra~t 

to glycogen synthesis in tissue from lactating mice, the rate of 

lactose synthesis in~reased linearly with increases in glucose 

concentration up to 11 mM (Fig. 2b). Subsequent increases in 

glucose concentrations had no effect on l~ct~se synthesis. This 

response by mouse mammary gland is in agreement with previous 

reports in the rat (Bartley ~~, 1966). 
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Glycogen synthesis in the mammary ~land, part~cularly of 
. ". mature virgin m1ce, 1S not an unexpected finding. Approximately 

80% of the gland during the quiescent state is composed of 

adipocytes and these cells synthesize glycogen (Vaughan and Korn, 

1962). As the epithelial cell population becomes predominant 

~ during pregnancy and lactation, one might expect that glycogen 

synthesis would decreaSe. However, the rate of glycogen synthesis 

by mammary tissue pieces from late pregnant mice was greater than 
, -

that synthesized by the virgin gland even though it was decreased 

during lactation (Fig. 1). This result led us to consider two 

possibilities; giyc~gen synthesis by adipocytes was increased 

,during pregnancy, or;the mammary epithelial cells were responsible ~ 

for the synthesis of glycogen.i 

To test these possibilities, the mammary tissue was dissoci-

ated and the adipocytes and epitheli~l cells isolated separately. 

The incorporation of 14C from glucose into glycogen by epithelial 

cells is shown in Fig. 3. The mammary epithelial cells were 

clearly responsible for most of the glycogen synthesized. The rate 

of glycogen synthesis increased during pregnancy reaching a peak 

between 16-18 days, then there was a decline in synthesis as the 

animal approach~d parturiti6n.' This decline continued until day 6 

.. ~ of lactation. The level of synthesis remained very low and 

constant thereafter. Th:.' adi pocytes a1 so synthesi zed glycogen but 

the rate of synthesis wa approximately 1/2 that in the epithelial· 

cells in the virgin and pregnant mouse. Synthesis decreased during 

lactat,ion and was the same for both cell types d,uring this period. 
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Glycogen synthesi~ was much lower in dissociated cells than in 
, 

pieces of whole tissue. This could be due to a decrease in the 

level of ATP. A decline in ATP p~oduction after cell dissociation 

has bee,n reported for liver cells (Bissell, ~~., 1973).' 

Furthermore, cell damage and the disruption of cell-cell 

interactions may adversely affect the maintenance of biosynthetic 

processes. 

Since it is known that the -presence of epithelial cells cafl 

~"f~c;2nce lipid accumulation by a(1ipocytes (Elias ~ 2..l., 1973), 

glycogen storage might be similarly affected. To investigate this, 

we measured glycogen synthesis in pieces of cleared mammary fat 

pads and of abdomi~al fat pads~ The rate of glycogen synthesis by 

abdominal fat pads from virgin and pregnant mice was the same, 
14 . 

averaging 225 nmol C/mg protein/h, but decreased during lactatio~ 

to5 nmol. In contrast, the le~el of synthesis iri the cleared fat 

rad~ (averaging 300 nmol 14C/ mg protein/h) remained constant during 

all physiological states (additional results not shown). 

To determine when changes in the rates of glycogen and 

lattose synthesis occurred, glycogen and lactose synthesis in 

mammary epithelial cells were measured at different times 

througHout pregnancy and early lactation. The highest rate of 

glycogen synthesis, over 100 nmol 14 C/ mg protein/h, occurred 

between 16-18 day of pregnancy, the fell steadily to reach a 

constant low rate by the sixth day of lactation (Fig. 4). Lactose 

synthesis was initiated at day 16 of pregnancy, but the rate of 

synthesis remained low until just prior to parturition when there 

was J sharp'increase in the rate of lactose synthesis corresponding 
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to the dr~p in glycogen synthesis. Similar results were obtained, 

by measuring the rate of glycogen and lactose synthesis in mammary 

gland tissue at the time of parturition. 'j 

We also measured the rate of lipid synthesis du~ing pr~gnan~y. 

During the first 10 days of pr~gnancy, lipogenesis from ~lucose 

increased from 10 nmol '14C/~g protein/h to over 60. By day'14 the 

rat e was ,a g a ina r 0 u n d 10' n mol and rem a i n 'e d a t t hat 1 eve 1 u n til jus t 

p rio r to pa rt u ri t;o n ), 

DISCUSSION 

In o~der to understand the metabolism of the lactating gland, 

it~is important to inve~tigate the metabolic relatjonships in the 

preceeding. stages of the reproductive cycle:quiesence and 

pregnancy. ,Certainly muc~ of th~ activity in, the epithelial cell 

during q~iescence and, partic~l~rly, pregnancy isin preparation 

for lactation. ~y taking this approach, we have clearly shown that 

not only do the epithelial components of th~ mammary gland of the 

. mouse synthesize glycogen at a 11 stages' of t h er e pro d u c t i v e cycle, 

but the activity is greatly modulated. The rate of glycogen 

synthesis increases during pregnancy and falls dramatically a~ 

lactation. Although the cell pbpulations are not homogeneous, the 

experiments conducted on populations enriched either with 

~ epithelial cells or adipocytes show that the level of glycogen 

accumulation is greater in the epithelial cells. The parenchymal. 

includes both secretory epithelium and myopithelium. Because the 

population of s~cretory epithelial cells increases during pregnancy 

, c 
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w h i 1 e the my 0 e pi the 1 i a 1 'c e 11 pop u 1 a t ion inc rea s e s v e r y 1 itt 1 e i fat 

all (Hollmann, 1974), the increased rate of glycogen synthesis at 

this time is more likely attributed to the secretory epithelium. 

This decrease in glycogen synthesis at parturition is not 

1 i mit edt 0 the mammary e pit he 1 i a 1 cell • At t his t i me, t here, i s a 

corresponding decrease in glycogen synthesis in the abdominal fat 

pa~. The low rate of synthesis in these pads may be due to a 

general body response to lactatio~, a result of meeting the demand 

of the mammary epithelial cell for glucose and triglyceride 

substrates for synthesis of milk components. Mammary fat pads are 

not sensitive to this general response as the rate of glycogen 

synthesis of pregnancy is maintained throughout lact'ation in fat 

pads cleared of their epithelial elements. This lack of response 

may be due to the increase in blood flow to the mammary glarid just 

p rio 'r t 0 1 act a t ion (L i n z ell, 1.9 7 4 ) • T his ; ncr e a sed sup ply 0 f 

nutrient would preferentially support the mammary fat pad during 

lactation just asit does.the mammary gland. There is. in addition 

to the change in blood supply, a local effect of mammary epithelial 

cells on mammary adipocytes. If the epithelial co~ponents of the 

gland are not removed, the rate of glycogen synthesis is depressed 

in all mammary cells including fat cells (F;g~ 3 and text). Elias 

et .!l., (1973) have reported a similar local inhibitory effect of 

mammary ~pitheli~l cells on lipid accumulation by adipocytes in the 

~land. This local effect could be due to the production of a 

metabolic inhibitor but is more likely attributable to the greater 

affinity of epithelial cell for glucose and triglyceride. Scow and 

his cow 0 r k e r S ( S P 0 0 ne r ~ ~., 1 9 7 7) h a vee s tab 1 ish e d how the 
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epithelial cell gains an advantage over the surrounding ,adipocytes 
,-

in lipid uptake by the specific, hormonally-induced increase in 

lipoprotein lipase activity. 

M~~surement of glytogen, lacto~e, and lipid synthesis through­

out preg~aflcy reveals differing relationships between the 

biosynthetic rates of these cellular products and the stage of 

gestation. Lipid formation is maximal during midpregnancj, the 

period corresponding to maximal cell and membrane proliferation. 

Slyccgcn synthesis does not increase during that period, but 

inc~eases 1ater (day 15 on) as cell proliferation decreases and the 

epithelial cells prepare for production of milk. This conclusion 

is supported by the fact that a small accumulation of lactose is 

noted at this same time (Fig. 4), which corresponds to the onset of 

1 act 0 s e synthase act i v it Y U1c Ken z i e~ ~. , 1 9 7 1 ; Jones, 1 9 7 2 ) • 

The fact that the maximal rate of glycogen synthesis during 

92s~ation exceeds that of lipid synthesis by almost 2-fold (Fig. 3 

and text) is indicative of the quantitative import~nce of glycogen 

syn~hesis in the mammary e~ithelial cell during pregnancy. 

The increase in glycogen synthesis at day-15 of pregnancy is 

of special interest because of its relationship to the initiation 

of lactose synthesis a day later. From day-15 of p~egnancy onward 

the mous~ mammary gland contains lactose synthase, albeit not at 

lactational levels (McKenzie/~~., 1971; Jones, 1972). The 

initial rate of increase of lactose synthesis does not continue but 

plateaus between days 17 and 19 of pregnancy, when glycogen 

'- synthesis is maximal. At this stage, the rate of incorpor-ation of 

glucose into glycogen exceeds that into lactose by 5-fold. Based 

; , .... 
"c' 
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on the enzymatic a.ssays, the gland has the capacity to synthesize 

1 act 0 sea t a h i g her rat e d uri n 9 t hi's tim e { M c Ken z i e ~ ~., 1 9 7 1 ; 

Jones, ~972}. We propose that the high rate of glycogen synthesis 

at this time restrict lactose synthesis, by limiting the avail­

ability of UDP 4-glucose, and thereby, dDP 4-galactose. The enzyme 

catalyzing the conversion of UDP 4-glucose to UDP 4-galactose, UDP ~ 

4-glucose epimerase, is present and appears to be at equilibrium at 

this stage of gestation {Murphy ~~., 1973}. If UDP 4-glucose 

epimeras~ were inhibited during this period until just prior to 

parturition, formation, of glycogen ~buld be further favored over 

lactose. Whether such modulation of epimerase activity takes place 

is under tnvestigation. Based on Km values, the affinity of 

'glycogen synthase for UDP 4-gluc~se {Newsholme and Start, 1973} and 

lactose synthase for UDP 4-glucose {Kuhn, 1968} are similar. 

Hence, .neither biosynthetic pathway would be clearly favored on 

this basis. Nonetheless, lactose synthesis would be limited as 
I 

long as the rate of glycogen synthesis is greater. 

The accumulation of glycogen rather than lactose could have 

important consequences for t-he epithelial cell. Mammary epithelial 

cells do synthesize and store casein and medium change triglyceride 

during pregnancy in preparation of the onset of lactation {Denamur, 

1974; Hollmann, 1974} but the accumulation of large quantities of 

lactose, the main osmole in milk (Linzell and Peaker, 1971), at 

,this time could destroy the integrity of the intracellular 

compartments and, eventually, the cell due to osmotic pressure. 

I' 
\ ... ~ 
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The storage of glycogen does not cause cell damage and glycogen can 

be readily mobilized as a substrate for lactose synthesis at 

parturition. 

We propose that th~ accepted pathway for lactose synthesis 

should be modified t~include glycogen as shown in Fig. 5. During 

quiescence and pregnancy, UDP 4-glucose is converted to glycogen. 

At parturition, breakdown of· glyco~en releases G-l-P which can be 

used preferentially for lactose synthesis. 

Changes in glycogen m~t~bolism could mak~ glucose immediately 

available for lactose synthesis by several~echanisms: 1) a 

decrease in glycogen synthase activity which would make UDP 

4-g1ucose more readily available for conversion to UDP 4-galactose 

and, thence, to lactose; 2) an increase in phosphorylase activity 

which would increase the rate of glycogen breakdown; and_ 3) a 

comb;nation of these two. Our preliminary enzymatic studies, 

. (Barcley ~ ~.)2 indic.ate that both processes land 2 are 

oper2ting but that the major factor responsible for the decrease in 

glycogen accumul~tion is a sharp .increase in phosphorylase activity 

in the epithelial cells right at parturition. Of (ourse, lactose 

synthesis is also favored at this time by the concurrent increase 

in lactose synthase activity in mouse mammary gland (McKenzie ~ 

2...l., 1971; Jones, 1972). This i'::lcrease in lactose synthesizing 

capacity probably accounts for the lack of change in the 

concentration of intermediates of lactose synthesis {Baldwin and 

Cheng, 1969; Gumaa ~.ll., 1971; Murphy ~.ll., 1973} in the face 

of s.udden influx of substrate from glycogen at the onset of 

abundant lactose production. Once lactose synthesi,s has· been 
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initiated at partu~ition, the rate of lactose synthesis is probably 

regulated by the concentration of intermediates and enzymatic 

activities in the Golgi compartments, as described by Kuhn and 

White (1977). 

This role for ~lycogen is most likely not li~ited to the 

mouse~ Lactose synthase is active during pregnancy in the cow 

( Melle n b erg e r ~ ~., 1 9 7 3) and r a b bit ( Melle n b erg era nd B a u man , 

1974) but the rate of lactose synthesis at this time is far less 

than it is during lactation. Lactose production could be curtailed 

by glycogen synthesis in these animals as well. The rat seems to be 

an" exception in that both lactose synthase activity and lactose 

synthesis are not detected until parturition (Kuhn, 1968; McKerizie 

et ~., 1971). Whether glycogen is present and serves as a 
/ 

substrate for lactose synthesis at parturition in mammary 

epithelial cells of the rat has yet to be demonstrated. Our 

results indicate that glycogen synthesis should be considered as an 

imporfant pathway in the mammary gland in preparation for lactation 

and that glycogen breakdown Js instrumental in initiating copious 

lactose synthesis at parturition. 

\.!:J 

\v 
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FIGURE LEGENDS 

Fi~ure 1. Rate of glycogen synthesis by pieces of mammary gland 

from mature virgin,. pregnant, and lactating mice. Tissues were 

inc u bat e din O. 5 m 1 of 11 m~1 [U - 14 C J g 1 u cos e (f ina 1 . s p e c i f i c 

activity 30 Ci/mo1) for land 2 h periods. The radioactive content 

of glycogen was determined as described in Experimental Procedures •. 

Samples were subjected to 2-dimensional paper chromatography and 
. 14 . 

the o~'igins were hydrolyzed. The amount of 'C-glucose released 

fr(.,iil the origins was taken as a measure of gl ucose incorporated 

into ~lycogen. V, mature ~irgin mice; P, mid- to late pregnant 

mice: L, lactating mice. St~ndard error of each mean is indicated 

by the vertical lines. 

Figure 2. Effect of glucose concentration on the rate of glycogen . , 

(A) and lactose (B) synthesis by pieces of mammary gland from 

Iildu l- re vi rg i nand 1 actat i ng mi ce. A - The radi oact i ve content of 

glycogen was determined as described in Fig. 1. B - The 

rad~oactive content of lactose was determined as described in 

Experimental Procedures. Squares, 5.5 mM glucose; triangles, 11 mM 

glucose; circles, 27 mM glucose. Closed symbols, mature virgin 

mice; open symbols, 1act~ting mice. 

Figure 3. Rate of glycogen synthesis by mammary epithelial cells 

from mature virgin, pregnant, and lactating mice. Dissociatibn and 

incubation procedures are described in Experimental Procedures. 

Cells were incubated in 11 mM [U_ 14 CJ glucose. The radioactive 

content of glycogen was determined by 2 methods: 1. As described in 
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Fig. 1. 2. By ethanol precipitation as described in Experimental 

Procedures. Standard error of each mean is indicated by the 

vertical lines. 

Figure 4. Glycogen and lactose synthesis by mammary epithelial 
-

cells from mice 8 days pregnant to 10 days lactating. Cells were v 

isolated and incubatid in 11 mM [U_ 14CJ glucose as described in 

Experimental Proced~res. Each point represents the rate of 

glycogen or lactose synthesis after a 1 h incubation in 11 mM 

[U- 14CJ glucose on the day indicated. .~-o, rate of glycogen 

synthesis; 0--0 rate of lactose synthesis. Arrow"indicates time of 

parturition. 

Figure 5. Interrelationship between glycogen metabolism and 

lactose synthesis in mammary epithelial cells. HK, hexokinase 

(ATP: D-hexose-6-phosphotransferase; EC 2.7.1.1); PGM, 

phosphoglucomutase (a-D-glucose-1-6-diphosphate; a-D-glucose­

l~phosphate phosphotransferase; EC 2.7.5.1); UDPG-PP, UDPG 

pyrophosphory1ase (UTP: a-D-g1ucose-1-phosphate uridy1transferase; 

EC 2.7.7.9); UDPG-E, UDP glucose-4-epimerase (EC 5.1.3.2); LS, 

lactose synthase (UDP galactose:- D-g1ucose-l-ga1actosy1transferase; 

EC 2.4.1.22); glycogen synthase (uridine diphosphate glucose: 

glycogen 4- ~-glucosYltransferase; EC 2.4.1.11); glycogen 

phosphorylase (1,4- -D-Glucan: orthophosphate -glucosyl­

transferase; EC 2.4.1.1). 

j 
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