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Lipolysis in rat adipocytes during pregnancy and lactation

The response to noradrenaline
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1. Lipolysis has been measured in parametrial adipocytes from virgin, pregnant and
lactating rats. 2. The basal rate and the maximal rate of lipolysis, the latter measured in
the presence of noradrenaline and theophylline, remained constant between the three
experimental categories, with the exception of a significant transient increase in the basal
rate at parturition. 3. The noradrenaline-stimulated lipolysis rate rose above the virgin
rate during pregnancy and fell below it during lactation; inclusion of adenosine
deaminase in incubations abolished these differences in response to noradrenaline. 4.
Cyclic AMP phosphodiesterase activity was lower in adipocytes during pregnancy and
lactation than in virgin animals.

Rats tend to accumulate lipid reserves during
most of pregnancy and then utilize these reserves
during late-pregnancy and during lgctation (Spray,
1950; Beaton et al., 1954; Knopp et al., 1970;
Bershtein & Aleksandrov, 1977; Flint et al., 1979).
The switch from net lipid accumulation to net
mobilization, which normally occurs around par-
turition in the rat, is associated with well docu-
mented changes in capacity for lipid synthesis in
adipose tissue (Fain & Scow, 1966; Otway &
Robinson, 1968; Hamosh et al., 1970; Knopp et al.,
1973; Smith, 1973; Flint et al., 1979). The above
suggests that changes in the rate of lipolysis may
also occur during pregnancy and lactation but there
are only a few limited studies of this aspect, mostly
comparing lipolysis at one stage of either pregnancy
or lactation with that of virgin rats (Knopp et al.,
1970; Felber et al., 1972; Smith & Walsh, 1976;
Farid et al., 1978). All of these have used adipose
tissue slices rather than isolated adipocytes and have
expressed results per g of tissue, which, in view of the
known changes in fat-cell mean volume during
pregnancy and lactation (Bershtein & Aleksandrov,
1977; Flint et al., 1979), complicates interpretation
of the results reported.

In the present study we show that there is no
change in the apparent maximum rate of lipolysis in
isolated fat-cells from rats during pregnancy and
lactation but that marked changes in the response to
noradrenaline occur.

Vol. 202

Experimental

Wistar rats (A. Tuck and Son, Rayleigh, Essex,
U.K.) were fed diet 41B (Oxoid, London, U.K.) and
water ad libitum. They were mated at 2-3 months of
age. The number of pups per mother was adjusted to
8 within 24 h after birth.

Rats were killed at about 10:00h by cervical
dislocation. The parametrial fat-pads were removed
and adipocytes were prepared from these by
collagenase digestion as described previously (Flint
et al., 1979), except that the cells were washed and
resuspended in Medium 199 {containing Earle's
salts, L-glutamine, 25 mM-Hepes [4-(2-hydroxy-
ethyl)- 1-piperazine-ethanesulphonic acid]; Gibco-
Biocult, Paisley, Scotland, U.K.} instead of Krebs-
Ringer bicarbonate buffer. Adipocyte size and
number were determined as described previously
(Vernon, 1977).

Rate oflipolysis
Adipocytes (final cell number approximately

105cells.ml-') were incubated in 2.5ml of Medium
199 containing the ingredients listed above plus 4%
essentially fatty-acid-free bovine serum albumin. The
albumin was dialysed against 0.15M-NaCl before
use (Hanson & Ballard, 1968). Various amounts of
noradrenaline, dissolved in pyrogen-free 0.15 M-
NaCl, 2 mM-theophylline and adenosine deaminase
[Boehringer Corp. (London), Lewes, East Sussex,

0306-3283/82/010243-05$01.50/1 © 1982 The Biochemical Society



R. E. D. Aitchison, R. A. Clegg and R. G. Vernon

U.K.] were added as indicated in the text. Adenos-
ine deaminase was dialysed before use (Honnor &
Saggerson, 1980); final concentration was
0.8 pg.ml-h (160m-unitml-1).

Adipocytes were incubated for 60min at 370C.
The reaction was terminated by addition of 0.3 ml of
45% (w/v) HCl04. Deproteinization and neutraliza-
tion were performed as described by Honnor &
Saggerson (1980). Glycerol was assayed enzymic-
ally (Garland & Randle, 1962).

CyclicAMPphosphodiesterase assay
Samples of adipocyte suspensions were frozen

and stored in liquid N2. After thawing, the released
triacylglycerol was floated into a coherent cake by
centrifugation at 40C for lOs at 6000g8, in an
Eppendorf micro-centrifuge; no pellet was visible
after such brief centrifugation, and the opalescent
infranatant was sampled and assayed for cyclic
AMP phosphodiesterase (EC 3.1.4.17) by using the
anion-exchange-resin column-separation method
described by Thompson et al. (1979). High- and
low-Km activities were measured at initial cyclic
AMP concentrations of 100pUM and 0.75,UM res-
pectively, and at [8-3Hladenosine 3': 5'-cyclic
monophosphate (Amersham International, Amer-
sham, Bucks., U.K.) specific radioactivities of
10.7 Ci/mol and 1.4 Ci/mmol respectively. Assay
incubations were done at a temperature of 300 C.

Results

The rate of glycerol release in the presence and
absence of lO,uM-noradrenaline was constant for
at least 60min.
The response to noradrenaline, in terms of

glycerol release, was much smaller in adipocytes
from rats at mid-lactation than rats at mid-preg-
nancy (Fig. 1). The concentration of noradrenaline
required for half-maximum stimulation of glycerol

release was the same (about 0.5,UM; Fig. 1) for both
groups of rats.

This diminished response to noradrenaline of
fat-cells from lactating rats was corrected by
addition of either 2mM-theophylline or 0.8,ug of
adenosine deaminase/ml (Table 1). Preliminary
experiments showed that 0.8pg of adenosine
deaminase/ml gave a maximum effect.
The decrease in the lipolytic response to nor-
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Fig. 1. The rate of glycerol release from parametrial
adipocytes from mid-pregnant (E) and mid-lactating (0)

rats as,afunction ofnoradrenaline concentration
Each value is the mean + S.E.M. (where large enough
to record) of three observations. Flasks contained
approx. 105cells/ml.

Table 1. Effects of noradrenaline, theophylline and adenosine deaminase on the rate of glycerol release by parametrial
adipocytesfrom pregnant and lactating rats

Parametrial adipocytes were prepared from rats at 10-20 days of pregnancy or 10-16 days of lactation. The
amount of glycerol released over 1 h in the absence and presence of the various additions was determined as described
in the text. Flasks contained approx. 105 cells/ml. Results are means + S.E.M. for the numbers of observations shown
in parentheses. *indicates value significantly different from that for pregnant rats (P <0.02) by using Student's
t test for unpaired samples.

Additions to medium
None (basal)
Adenosine deaminase (0.8,ug/ml)
Noradrenaline (100pM)
Noradrenaline + theophylline (2mM)
Noradrenaline + adenosine deaminase

Glycerol released (nmol/h per 10s cells)
-A

State ... Pregnant Lactating
21+4(5) 31+13(5)
134 + 9 (4) 120+43 (5)
569 ± 144 (5) 134 + 11 (5)*
1060+ 78 (5) 1021 + 137 (5)
1134+ 120 (5) 1108+ 192 (5)
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adrenaline occurred around parturition (Fig. 2). The
rate of lipolysis in the presence of noradrenaline at
12 and 20 days of pregnancy (pooled values) was
significantly greater than that of virgin and 6-
day-pregnant rats (pooled values; P< 0.05; 32
observations). The rate of lipolysis in the presence of
noradrenaline of 12- and 18-day-lactating rats
(pooled values) was significantly less than that of
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Time after conception (days)
Fig. 2. The rate of glycerol release from parametrial
adipocytes, incubated in the absence (0) or presence of
100,uM-noradrenaline (O), from virgin rats and rats at

various stages ofpregnancy and lactation
Results are means+ S.E.M. (where large enough to
record) of at least four observations. Flasks con-
tained approx. 10 cells/ml. Abbreviation used: V,
virgin. The arrow indicates the time of parturition. A
statistical analysis of the results is given in the text.

virgin and 6-day-pregnant rats (pooled values;
P<0.01; 35 observations). The apparent maximum
rate of lipolysis (measured in the presence of
lOO,uM-noradrenaline plus 2mM-theophylline) was
the same for virgin, pregnant and lactating rats
(mean value of 53 observations was 1137nmol of
glycerol released/h per 105 cells). The basal rate of
lipolysis did not change significantly, except around
parturition, when the rate for cells from rats that had
just delivered their pups was significantly greater
(P < 0.01 in each case) than that of cells from either
20-day-pregnant or 2-day-lactating rats.

Cyclic AMP phosphodiesterase activity was
higher in adipocytes from virgin animals than in
those from pregnant or lactating animals (Table 2).
The high-Km phosphodiesterase decreased signific-
antly (P<0.05) from 589 + 128pmol/min per 105
cells in virgin to 327 + 46 in pregnant animals. The
activity in lactating animals fell still further to
233 + 42. Although this was not significantly differ-
ent from the value in pregnant animals, it was
(P <0.02) from that in virgin animals. A broadly
similar picture emerged for the low-Km phospho-
diesterase, although the absolute activities were, as
expected, only 10-20% of their high-Km counter-
parts. In this case the difference between pregnant
and virgin groups was not significant, whereas
activity in lactating animals was significantly lower
than in both virgin (P<0.01) and pregnant (P<
0.001) groups.

The adipocyte mean volume fell significantly
(P <0.02) from 375 + 35 pl at 20 days of pregnancy
to 198 ± 41 pl at 16-18 days of lactation (results are
means + S.E.M. of six and seven values respectively).

Discussion

The results show that the lipolytic response of rat
fat-cells to noradrenaline in vitro changes during
pregnancy and lactation. Surprisingly, the response
was lowest during lactation when net mobilization of
lipid was occurring.

Comparison of the results of the present study

Table 2. Cyclic AMP phosphodiesterase activity in homogenates ofparametrial adipocytes from virgin, pregnant and
lactating rats

Parametrial adipocytes were prepared from virgin rats and rats at 6-20 days of pregnancy and 10-18 days of
lactation. High- and low-Km phosphodiesterase activity was measured in fat-free homogenates of adipocytes as
described in the text. Results are means+ S.E.M. for the numbers of observations in parentheses. Significantly
different value from that of virgin group: *, P <0.05; **, P <0.02; ***, P <0.01. Significantly different value from
that of pregnant group: t, P < 0.001.

Enzyme activity (pmol/min per 105 cells)

High-Km phosphodiesterase
Low-Km phosphodiesterase

State .... Virgin
589 + 128 (7)
75 + 16 (7)

Pregnant
327 +46 (13)*
55 + 6 (13)

Lactating
233 + 42 (8)**
23 + 4 (10)***t
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with other reports is complicated by the use of tissue
slices and, in some cases, markedly different
incubation conditions. Smith & Walsh (1976), Farid
et al. (1978) and Gillon (1981) reported higher basal
rats of lipolysis in adipose tissue slices from rats in
mid-lactation than in those from virgin rats; the
increases were small and would appear to be due to
decreases in fat-cell volume during lactation and
hence increases in the number of cells per g of tissue
as confirmed by Gillon (1981). Farid et al. (1978)
and Gillon (1981) noted that the lipolytic response
to noradrenaline appeared to be smaller in adi-
pose-tissue slices from lactating rats than in those
from virgin rats, but the results of Smith & Walsh
(1976), on the other hand, suggested an increased
response. Knopp et al. (1970), but not Gillon
(1981), found a higher basal rate of lipolysis in
adipose tissue slices from 19-day-pregnant rats than
in those from virgin rats. The reasons for the
differences between the various studies are not clear.
Some effects observed in tissue slices may be lost
during preparation of adipocytes by collagenase
digestion. The response to noradrenaline was gener-
ally much greater in the present study using isolated
fat-cells than in the other reports discussed above,
but a greater lipolytic response of isolated fat-cells
than tissue slices to hormones is usually observed
(see Fain, 1977; Hales et al., 1978). It would seem
probable that the lipolytic capacity of rat fat-cells
does not change during pregnancy and lactation but
the actual rate in vivo will depend on the hormonal
environment and the activity of the sympathetic
nervous system. This would account for the appar-
ent discrepancies noted above and also the fact that
net mobilization of lipid occurs during lactation
despite no apparent change in the basal rate of
lipolysis.
The factors responsible for the net lipolysis during

lactation have not been defined fully. In the rat
serum insulin concentration falls around parturition
(Kuhn, 1977; Flint et al., 1979). During the second
half of lactation the serum insulin concentration
(Robinson et al., 1978; Flint et al., 1979) and the
serum insulin/glucagon molar ratio (Robinson et al.,
1978) are both lower than in virgin rats; these
changes favour lipolysis. In addition the rate of
acylglycerol glycerol synthesis of parametrial adipo-
cytes decreases during lactation (Flint et al., 1979)
and this should decrease the rate of fatty acid re-
esterification. The results of Smith & Walsh (1976)
also suggested that the rate of re-esterification was
lower in adipose tissue from rats at mid-lactation
compared with virgin animals.

Lipolytic response to JJ-adrenergic agents is
mediated by an elevation of intracellular cyclic AMP
concentration, brought about by an increase in the
activity of adenyl cyclase; this is modulated by
cyclic AMP phosphodiesterase, which hydrolyses

cyclic AMP to 5'-AMP. The lower cyclic AMP
phosphodiesterase activities of fat-cells from mid-
pregnant and mid-lactating rats compared with those
from virgin control animals would be expected to
result in a greater response to noradrenaline in these
physiological states, as was, in fact, observed with
cells from mid-pregnant rats. Changes in cyclic
AMP phosphodiesterase activity cannot, however,
account for the diminished response to noradrenal-
ine of fat-cells from lactating rats.

Adenosine is released from adipocytes when
incubated in vitro (Schwabe et al., 1973) and from
adipose tissue in vivo (Fredholm & Sollevi, 1981).
Adenosine antagonizes the lipolytic effects of nor-
adrenaline and this can be overcome by addition of
adenosine deaminase or theophylline (see Schwabe
et al., 1975; Fain, 1977; Fredholm, 1978). This
suggests that the diminished lipolytic response to
noradrenaline of fat-cells from lactating rats is due to
a relatively high rate of adenosine production. A
similar conclusion has been reached for the poor
lipolytic response of fat cells from adrenalectomized
(Fernandez & Saggerson, 1978) and hypothyroid
(Ohisalo & Stouffer, 1979) rats to noradrenaline.
The factor(s) responsible for this apparent increased
adenosine production by fat-cells from lactating rats
is not certain.

Increased production of adenosine by adipocytes
from lactating rats appears paradoxical in view of
the net lipolysis that is known to occur in this state
as evinced by the decrease in mean cell volume.
Adenosine is rapidly metabolized and removed by
the blood in vivo (Fredholm & Sollevi, 1981) and so
may not accumulate to the extent that lipolysis is
impaired. Adenosine is also a vasodilator in adipose
tissue (Sollevi & Fredholm, 1981) and this may be
its primary role in vivo. The rate of blood flow
through the tissue becomes an increasingly import-
ant determinant of the rate of fatty acid release, and
hence lipolysis, as the plasma non-esterifled fatty
acid concentration rises (Scow, 1965). In the rat,
plasma non-esterified fatty acid concentration in-
creases during late-pregnancy (Knopp et al., 1973)
and concentrations of about 1 mm have been found
in plasma from animals near to term (Lorenzo et al.,
1981) and during lactation (Burton & Wells, 1977).
Thus an increased production of adenosine in
adipose tissue around parturition and during lac-
tation may facilitate lipolysis in vivo by expediting
the rate of removal of fatty acids from the tissue.

We thank Mrs. Eleanor Taylor for skilled technical
assistance and Mr. John McDill for the care and
management of experimental animals.
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