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ABSTRACT. Frozen storage is often used by milk banks
to preserve expressed human milk for later use. Optimal
storage and handling conditions which ensure minimum
alteration of lipid composition have not been well defined.
Therefore we investigated the effect of rapid freeze-thawing
and storage conditions (—20 and —70° C) on the free fatty
acid (FFA) levels and on the activities of lipoprotein lipase
(LPL) and bile salt-stimulated lipase (BSSL) in human
milk. Since during mechanical expression leakage of serum
components into milk may occur, we also investigated the
effect of the presence of serum on human milk LPL during
storage. Lipase activity levels were unaffected by rapid
freeze-thawing (%3) followed by storage for 1 month at
=20 or —70° C. LPL activity (nmol FFA released/ml milk/
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min) was 414 * 128, 451 % 37, and 351 £ 20 and BSSL
activity (umol FFA/ml milk/min) was 5.7 £ 0.7, 55 £ 0.8,
and 5.7 %= 0.2 in fresh, freeze-thawed, and stored milk,
respectively. FFA levels (% of total lipid) were 3.01 * 1.05
and 10.3 * 1.6 in fresh-frozen milk stored at =70 and —20°
C for 5 months, and 3.78 * 1.08 and 13.60 * 1.25 in
specimens of freeze-thawed (x3) before storage at —70 or
—20° C. Addition of serum had no effect on milk LPL at
either temperature. We conclude that LPL and BSSL
remain fully active during frozen storage of human milk
and that milk fat is hydrolyzed at —20° C but not at —70°
C. We suggest that banked human milk be stored routinely
at —70° C. (Pediatr Res 18:1257-1262, 1984)

Abbreviations

BSSL, bile salt-stimulated lipase
LPL, lipoprotein lipase
FFA, free fatty acids
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Expressed breast milk is widely used to serve the needs of the
premature, small for gestational age, and normal term infants
who may be ill and cannot suckle. The use of expressed human
milk poses specific problems regarding handling procedures.
Heating and pasteurization of raw milk may damage the biolog-
ically ‘active components of breast milk (6, 19, 28) and are
therefore inadvisable (1, 25). Recently, frozen storage has been
suggested as a suitable method to preserve expressed breast milk
for later usage (13, 14, 25).

The stability of milk fat during cold storage has been of
significant concern to the dairy industry (23); however, until
recently, less attention has been focused on lipolysis of stored
human milk. Human milk contains two different lipases, BSSL
(12) and LPL (17), whereas bovine milk contains only LPL.
BSSL leads, after its activation by bile salts in the intestine of the
newborn, to complete hydrolysis of triglycerides (11, 18). Serum
activated lipoprotein lipase, however, has no known function in
neonatal digestion (15, 18, 20). Numerous studies with bovine
milk have suggested that the serum stimulated lipoprotein lipase
may be responsible for lipolysis and the subsequent rancidity
encountered during storage (23).

Recently, it has been suggested that the spontaneous lipolysis
observed in bovine milk may be due to serum components
leaking into the milk (7,.24). It is possible that leakage of serum
components into expressed human milk may similarly be re-
sponsible for spontaneous lipolysis during storage (5).

The aim of the present study was to determine the effect of
storage conditions on human milk lipases and milk lipids. The
effect of repeated rapid freezing and thawing on milk LPL and
BSSL activity was measured. The effect of storage (at —20 and
—70° C) after repeated freezing-thawing on the lipases of human
milk was also evaluated. In addition, we investigated the effect
of the presence of serum during storage of human milk on the
activity of LPL.

The hydrolysis of milk triglycerides and the accumulation of
FFA were also measured under these storage conditions.

MATERIALS AND METHODS

Milk samples were obtained from donors 3 days to 6 months
postpartum. All donors to the Georgetown University Milk Bank
are women who produce milk in excess of their infants’ needs,
and are therefore, in general, excellent producers. The entire
content of one breast was expressed with an Egnell mechanical
breast pump (Egnell Inc., Cary, IL) between midnight and 0800
either prior to suckling or immediately following nursing from
the other breast. All milk specimens were transported to the milk
bank on ice and were stored in polypropylene containers at 4° C
for 1-3 h until aliquots were taken for analysis.

Freeze-thaw studies. The experimental design is described in
Table 1. Fifty-microliter aliquots of fresh milk were immediately
extracted by the method of Dole and Meinertz (9) and stored at
4° C for 24 h until lipid analysis was performed. Additional fresh
aliquots were taken and stored on ice for immediate enzyme
assay. The remainder of the milk sample was frozen rapidly in a
mixture of dry ice and acetone followed by rapid thawing under
cold water. This procedure (rapid freezing-thawing) was repeated
2 more times, and all samples were then immediately assayed
for LPL and BSSL activity by methods described previously (21).

Briefly, BSSL was measured using a long chain triglyceride
substrate, glyceryl [9,10-*H]oleate. A stable preparation of the
triglyceride was made by emulsification of the labeled (10 uCi)
and carrier triolein (25 mg) in a mixture of 1.5 ml of 1 M Tris-
HC1 buffer, pH 9.0, and 1.2 ml of 10% gum arabic (18). Emul-
sification was carried out with a Polytron PCU-2-110 Sonifier
(Brinkmann Instruments, Inc., Westbury, NY) at setting 10 for
two periods of 60 s.

The assay system contained in a final volume of 200 ul: 60
mM Tris-HCl buffer, pH 9.0, 2.8% bovine serum albumin, pH
7.4, 1.7 mM triglyceride, 12 mM sodium taurocholate, and 50
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Table 1. Experimental design
Milk specimen analysist

s
ST .

Immediate After storage
Milk treatment* Lipid Lipases ~20°C -=70°C
None (Fresh Milk) 50ul  200u! 500 ul 500 ul
1st Freezing & Thawing 50ul 20041 5004l - 500 pl
2nd Freezing & Thawing S0ul 200l 5004l 500 ul
3rd Freezingl & Thawing 50ul 2004l 5004 500 ul

* The milk specimens were frozen rapidly in a mixture of dry ice and
acetone followed by rapid thawing under cold water.

t Specimens were analyzed immediately (on the day of the experi-
ment) or after storage at —20 and —70° C (1 month for lipase and 5
months for lipid quantitation).

pl diluted milk. Milk was diluted 1:100-1:200 in 5 mM veronal
buffer, pH 7.4. Incubation was at 37° C for 15 min in a Dubnoff
shaking bath. The reaction was stopped by the addition of 3.25
ml of a mixture of methanol:chloroform:heptane (1.41:1.25:1.0,
vol/vol/vol). Free fatty acids were separated from the unhydro-
lyzed substrate by addition of 1.05 ml of 0.05 M potassium
catbonate buffer, pH 10. One-half milliliter of the aqueous phase
was transferred to 5.0 ml of Readi-Solu MP scintillation fluid
(Beckman Inst., Inc., Fullerton, CA), and the radioactivity was
quantitated using internal standards for quench correction. Of
the total free fatty acids, 70% were present in the alkaline upper
phase. Mixtures of nonradioactive triglyceride emulsion and [*H]
oleic acid were used to determine the partition coefficient of free
fatty acids in the two phases.

LPL activity was measured by hydrolysis of serum activated
tri[9,10-*H]oleate emulsion. The assay system contained in a
final volume of 200 gl: 200 mM Tris-HCI buffer, pH 8.6, 5%
bovine serum albumin, 3 mM triglyceride, 0.25 unit heparin,
and 10-20 p! undiluted milk. Incubation was at 37° C for 15-30
min in a Dubnoff shaking bath. The reaction was stopped and
the free fatty acids were isolated and quantitated as described for
the BSSL.

Additional samples were repeatedly frozen and thawed three
times, as just described, and were then stored frozen (—20 to
=70° C) for 1 month, at which time lipase activities were quan-
titated. The lipid composition of the fresh milk specimens, of

. specimens taken immediately following freezing and thawing,

and after 5 months of storage was determined by quantitative
densitometry in situ, using the Shimadzu dual wavelength TLC
scanner (Shimadzu Scientific Instruments Inc., Columbia, MD).
Samples were separated and charred prior to scanning by a slight
modification of the method of Bitman and Wood (3, 4). Samples
were applied onto Merck 20 X 20 cm silica gel plates and
developed in a saturated tank containing a mixture of petroleum
ether:anhydrous ethyl ether:glacial acetic acid (144:70:1.2). Fol-
lowing development, the plates were dried, dipped in a mixture
of 10% cupric sulfate in 8% phosphoric acid, and then charred
in a conventional oven at 210° C for 10 min. '

Duplicate samples from randomly selected milk specimens
(fresh and after one, two, or three freeze-thawing cycles) agreed
in lipid and lipase values within <6%, suggesting adequate mix-
ing of all specimens prior to aliquoting.

Effect of serum during milk storage. Because lipoprotein lipase
is activated by a specific serum protein (apoprotein C-II) (2), we
have tested whether the lipase might be activated and hydrolyze
milk lipid during storage in the presence of serum. The rationale
for this experiment is the need for only small amounts of serum
apoprotein C-II (such as nright be present in milk from slight
nipple abrasions) for activation of lipoprotein lipase.
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One hundred microliters or 200 ul of inactivated human serum
[heated for 10 min at 60° C to inactivate lipase activity (8)] were
added to 1.0-ml samples of fresh human milk before storage at
—20 and —70° C for 2 to 12 wk. At 2, 4, and 12 wk, LPL activity
and the extent of triglyceride hydrolysis were determined. Tri-
glycerides were quantitated by the hydroxamic acid method of
Rapport and Alonzo (22) and FFA were determined by micro-
titration (9).

The samples analyzed at 2 and 4 wk were thawed one time
only, immediately prior to analysis; the samples analyzed at 12
wk were thawed and refrozen at 1 month of storage and were
then thawed once more immediately before analysis in order to
assess the effect of freezing and thawing on further storage of
these specimens. The times (2, 4, and 12 wk) chosen were those
of general storage of banked human milk specimens.

RESULTS

The effect of quick freezing and thawing on the activity of bile
salt-stimulated lipase and lipoprotein lipase in human milk is
shown in Figure 1. Our data show that repeated rapid freeezing-
thawing had no effect on BSSL activity. Although there was a
slight decrease in LPL activity, it was not significant. The data
further suggest that the lipases are equally stable in transitional
and mature milk. Although there was a wide range of LPL
activity in the milk studied (10-700 nmol FFA/ml/min), our
data show that this enzyme is equally stable in milk with high
and low activity levels. The wide variability in LPL activity is a
function of interindividual differences (Fig. 14).

The effect of storage for 1 month (at —20 and —70° C) after
rapid freezing-thawing on the lipases of human milk is shown in
Figure 2. After storage for 1 month at —20 and —70° C, the LPL
activity in milk which was fresh-frozen was slightly, though not
significantly, reduced compared to the activity measured in the
fresh milk. LPL activity measured in milk which had been
repeatedly frozen and thawed was also slightly, however not
significantly, lower than the activity measured immediately after
rapid freezing-thawing. In all cases, the LPL activity of milk
stored for 1| month at —70° C was higher than the activity in
milk stored at —20° C (Fig. 24).

In contrast, there was no difference in BSSL activity in the
stored milk when compared to fresh milk (Fig. 2 B). Furthermore,
storage temperature (—20 or —70° C) had no effect on the activity
of this enzyme during the time period studied.

The change in the triglyceride concentration of milk which
had been repeatedly frozen and thawed was not greater than 5%
of that of fresh milk (Fig. 3). When the milk specimens were
stored for 5 months, the triglyceride concentration decreased by
10 and 13% in milk stored at —20° C, immediately or after
repeated freeze-thawing, respectively; there was no decrease in
the triglyceride content of milks stored at —70° C (Fig. 3).
Concomitantly with the decrease in milk triglyceride levels dur-
ing storage at —20° C, the free fatty acid content increased to 10
and 13.6% in milk stored immediately or after three freezing and
thawing cycles; monoglycerides were undetectable in fresh milk,
but increased to 1.30% after repeated freezing and thawing and
storage at —20° C; no monoglycerides were detected in specimens
stored at =70° C..Diglycerides increased slightly during freeze-
thawing (0.47% in fresh milk and 0.60% after three times freezing
and thawing) and increased further during storage at —20° C to
1.30% of total lipid. Free fatty acid and partial glyceride levels
changed only minimally in milk specimens stored at —70° C.

Apoprotein C-II, a component of human serum, is the specific
activator of LPL. We have therefore measured the effect of serum
on LPL activity during storage of milk specimens for up to 12
wk. The data are presented in Figure 4. Preliminary data in our
laboratory have shown that milk LPL is stable for up to 6 months
when milk specimens are stored at —70° C. We therefore have
compared the lipase activity in milks stored for 2-12 wk with
and without serum. Our data suggest that the addition of 100 ul
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Fig. 1. Effect of freeze-thawing (X3) on the activity of (4) LPL and
(B) BSSL. Individual data for seven (LPL) and eight milk specimens
(BSSL). Samples are represented by the same symbol in panels 4 and B.
The additional milk specimen in Figure 2B (A) is mature milk.

inactivated human serum to 1 ml milk does not change the LPL
activity when compared to the LPL activity in milk stored for
the same time period without serum. Storage of the milk speci-
mens with 200 ul of serum lowered slightly LPL activity, although
the decrease was not significant. Similar results were obtained
whether the milk was stored at —20 or —70° C. The LPL activity
in milk stored with or without serum was slightly, but not
significantly, higher at 4 than at 2 wk.

After 12 wk of storage at —20 and —70° C, there was little
change in milk LPL activity in samples stored with and without
serum. Furthermore, freezing and thawing once prior to storage
appeared to have no effect on the LPL activity in milk stored for
up to 12 wk.

Addition of increasing amounts of serum to milk had little
effect on the hydrolysis of milk fat in samples stored for 2, 4, or
12 wk (Table 2). The milk analyzed after 12 wk of storage had
been previously frozen and thawed once. Up to 30% hydrolysis
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activity of (4) lipoprotein lipase and (B) bile salt-stimulated lipase in
milk. Specimens were analyzed immediately after repeated freeze-thaw-
ing and following 1 month of storage. Data are mean + SEM of three
milk specimens.

occurred in these milk specimens when stored at —20° C, com-
pared with only little hydrolysis when stored at —70° C. The
addition of serum to milk before storage had no effect on
triglyceride hydrolysis, whereas freezing and thawing once in-
creased the extent of fat hydrolysis during storage of milk at —20°
C, with and without serum.

DISCUSSION

The effect of storage conditions and handling of banked hu-
man milk, and the changes that may take place in nutrient
composition and/or bioavailability have recently been investi-
gated (13, 14, 27). In this study, we have examined the effects of
temperature and handling on milk lipases and triglyceride hy-
drolysis.

Our results suggest that rapid freezing-thawing causes no acti-
vation or inactivation of milk lipases. BSSL displayed little
fluctuation in activity when measured immediately following
rapid freezing-thawing or after frozen storage (=20 and —70° C)
for 1 month (Figs. 1 and 2).

In general, LPL exhibits no loss of activity upon repeated
freezing and thawing, although there is wide variation in LPL
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Fig. 3. Effect of storage at ~20 or —70° C on the triglyceride (7G)
concentration of milk specimens fresh-frozen or stored after repeated
(%3) freezing and thawing. Data are mean + SEM of three specimens of
mature milk.

levels in mature milk from different individuals as well as large
differences in activity levels from colostrum to mature milk.
Since the sampling accuracy is within 6%, this variability is not
the result of sampling variation but reflects interindividual -dif-
ferences of LPL activity.

Storage at —20° C for 1 month following repeated quick
freezing and thawing may result in a small decrease in LPL
activity. Our data show that LPL activity remained stable in milk
subjected to repeated freeze-thawing and stored at —70° C. Other
investigators (23, 26) have reported a progressive increase of
lipase activity during cold storage. These studies, however, have
measured a nonspecific lipase (23), which may not be comparable
to LPL.

The milk fat globule is almost completely resistant to lipolysis,
as long as its structure remains intact. The freezing and thawing
of milk may disrupt the membrane and allow greater access of
milk lipases to the triglyceride contained within the core of the
fat globule.

The triglyceride concentration of milk which had been rapidly
frozen and thawed three times remained stable. It is possible that
rapid freezing in a mixture of dry ice and acetone and thawing
in cold water caused only minimal disruption of the milk fat
globule membrane. It has been reported that, in bovine milk,
rapid lipolysis was induced by sonication; however, less dramatic
manipulations (such as cooling and rewarming, and addition of
albumin or heparin) did not rupture the milk fat giobule mem-
brane (2) and lipolysis was not induced. It is also possible that if
the milk fat globule membrane was disrupted, but the milk
remained at 4° C throughout the rapid thawing, no lipolysis
occurred. When the triglyceride was measured after 5 months of
storage (at —20° C), there was a 13 and 10% decrease in concen-
tration in freeze-thawed and fresh-frozen milk, respectively.
Freezing and thawing prior to storage have been reported to
contribute to hydrolysis of triglycerides during storage (5); the
milk fat globule membrane lipid components (phospholipids and
cholesterol) were, however, unaffected by this treatment (5).

Although human milk contains lipases, there is no sponta-
neous hydrolysis of milk fat in the mammary gland. This may
be explained by the fact'that both lipases must be activated by
agents not present in milk; BSSL requires bile salts (11, 18) and
LPL requires apoprotein C-1I, a serum protein, which facilitates
the binding of the enzyme to the lipid substrate (2, 17).

During mechanical expression of milk, it is possible that
leakage of serum components into,milk may occur, LPL may
then be provided with the necessary apoprotein to facilitate
activity. To test this, in a separate experiment, we stored milk
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Table 2. Effect of serum on the hydrolysis of milk triglyceride during storage*

Storage time

-20°C -10°C

2 wk 4 wk 12 wk 2wk 4 wk 12 wk
Control 1.35+0.12 1.76 £ 0.25 18.50 + 3.96 328 +0.34 1.25 +£0.44 2.33 £ 0.66
Serum (100 ul) 2.10 = 0.55 1.30 £ 0.37 22,50 + 4.34 1.57 £ 0.24 1.77 £ 0.28 2.60 +0.20
Serum (200 pb) 1.70 = 0.75 1.36 £ 0.29 17.35 £ 0.48 1.78 £ 0.38 1.40 + 0.38 6.93 + 3.30

* Data are % hydrolysis (mean = SEM). The milk specimeﬁs were thawed once and immediately refrozen at 4 wk of storage at both —20 and

-70° C.

samples at =20 and —70° C with varying amounts of inactivated
human serum for up to 3 months. Our results suggest that the
addition of serum to human milk appears to have no effect on
spontaneous lipolysis of milk fat under cold storage conditions.
The lack of effect may have been due to the inaccessibility of
apoprotein C-II to the lipase, as no mechanical agitation was
employed prior to freezing. Sundheim et al. (24) have shown
that, in bovine milk, apoprotein C-II must be added to milk
prior to mechanical treatment (vortexing) in order to induce an
increase in lipolysis. These investigators suggest that a prerequi-
site for stimulation by apoprotein C-II is a physicochemical
alteration of the fat globule which may be mediated through
vigorous agitation. The hydrolysis of fat that occurred in milk
stored with serum for 12 wk was due to the effect of freezing-
thawing prior to storage, rather than to the addition of apoprotein
C-II (Table 2).

These findings suggest that expressed breast milk may be stored
at temperatures below —20° C for up to 3 months with minimum
change in lipase activity. Ideally, freezing and thawing of banked
human milk prior to storage should be avoided. _

LPL and BSSL activities remain stable in milk during freezing-
thawing and frozen storage. The addition of serum does not
stimulate milk LPL activity nor does it enhance hydrolysis. BSSL
activity is 10-20-fold higher in human milk than LPL activity
and since it has recently been reported that trace amounts of bile
salts are present in human milk (10), it is possible that this lipase
may contribute to the triglyceride hydrolysis during storage. A

slight increase in the level of free fatty acids (to twice the normal
level found in fresh human milk) has been linked to the devel-
opment of breast milk jaundice in the newborn infant (16).
Because of ongoing lipolysis during storage at —20° C, human
milk might have to be stored at lower temperatures in order to
prevent the rise in free fatty acids. Further studies are necessary
to clarify the role of milk lipases in the hydrolysis of milk
triglyceride during storage.
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The Effect of Calcium Antagonists on Hypoxic
Pulmonary Hypertension in the Piglet
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ABSTRACT. Cardiovascular responses to the calcium an-
tagonists verapamil and nifedipine were evaluated in a
piglet model of hypoxic pulmonary hypertension. All ani-
mals were mechanically ventilated and paralyzed. Cardiac
output (CO), pulmonary artery (Ppa) and aortic blood
pressure (AoP), pulmonary wedge pressure, right atrial
pressure (Pra), and arterial blood gases were measured
prior to and after pulmonary hypertension was induced by
hypoxia and after administration of calcium-blocking
agents. Results were compared to a control group of piglets
subjected to a similar period of hypoxia. Verapamil infu-
sion (0.15 mg/kg) resulted in a rapid decrease in Ppa, AoP
and pulmonary vascular resistance (p < 0.05) which re-
turned to baseline values by 15 min. Nifedipine (100 ng/
kg) resulted in a decrease in Ppa at 1 min (» < 0.05) which
remained significantly lower than controls throughout the
study period. AoP declined precipitously during the same
time period (p < 0.01). No significant change in Ppa was
noted when nifedipine was administered at a dose of 10 ug/
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kg. For the most part, these drugs have a transient vaso-
dilatory action on pulmonary as well as systemic circulation
in this animal model; however, they might in higher doses
be associated with significant systemic hypotension. For
this reason, the use of these drugs in the treatment of
hypoxic pulmonary hypertension in the neonate should be
approached with caution. (Pediatr Res 18:1262-1265,
1984)

Abbreviations

AoP, aortic blood pressure

CO, cardiac output

Ppa, pulmonary artery pressure
Ppaw, pulmonary wedge *ressure
Pra, right atrial pressure

PVR, pulmonary vascula: .esistance
SVR, systemic vascular resistance

Pulmonary hypertension with secondary right to left shunting

through the foramen ovale and/or ductus arteriosus is a common
problem in the neonatal period. It has been associated with
hyaline membrane disease (9), transient tachypnea of the new-
born (4), meconium aspiration (8), fetal hypoxia (20, 22), and
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