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Abstract. The microtubule (MT) protein, tubulin, was measured in mammary gland biop-
sies from 23 guinea pigs averaging four samples per animal from about 20 days antepartum
through weaning. [*H]Colchicine binding assays were carried out on supernatants from
tissues homogenized sequentially in MT-stabilizing and MT-depolymerizing buffers which
yielded estimates, respectively, of free (S-1) and microtubular (S-2) tubulin as well as total
tubulin (S-1 + S-2). There is almost a threefold increase in total tubulin which begins about
20 days antepartum and reaches a peak by 11 to 15 days postpartum. There is an initial
increase in free tubulin, also beginning about 20 days antepartum; however, about 1 week
before birth, free tubulin levels off and microtubular tubulin begins to increase, reaching a
peak in midlactation after a sevenfold increase from pregnancy and then declining at wean-
ing. The results show that free tubulin is synthesized in late pregnancy and then converted to
the assembled (microtubular) state, which suggests that microtubules are involved in the

lactation process.

Previous studies have suggested a role
for microtubules in milk secretion. These
have all been based on the inhibitory effects
of microtubule-altering drugs such as col-
chicine and vincristine (1) on in vivo milk
flow (2), on the synthesis and secretion of
casein (3), milk fat (4), and lactose (5—7), or
on alveolar cell exocytosis (8) by mammary
gland, either in vivo or in vitro. However,
colchicine and similar drugs have other ef-
fects on cells not related to microtubules
and which are sometimes toxic (9), thus
compromising such indirect evidence for
microtubule involvement in lactation. Here
we report direct measurements of mam-
mary gland tubulin, the primary protein of
microtubules, using a [*H]colchicine bind-
ing assay based on several sources (10—13)
from late pregnancy through lactation. In
addition, separate quantitation of free and
polymerized (microtubular) tubulin was
carried out on the same tissue samples.
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This procedure allowed study of total tubu-
lin changes as well as apparent interconver-
sions between free and assembled forms.
The results indicate that tubulin content
and assembly state are related to the lacta-
tional state of the gland. :

Materials and methods. Assays of tubu-
lin were carried out on 60- to 100-mg mam-
mary gland biopsies (14) taken prior to,
during, and after lactation, from timed
pregnant guinea pigs (15) tranquilized with
acetylpromazine (10 mg/kg) and locally
anesthetized subcutaneously with xylo-
caine. From each of the 23 animals used
in this study, an average of four sequen-
tial biopsies were taken over the period
from about 21 days antepartum (approxi-
mately two-thirds through gestation) through
weaning, alternating glands for each biopsy.

Separation of free tubulin from mi-
crotubules. In homogenates, microtubules
are stabilized by buffers containing 50%
glycerol and 10% dimethyl sulfoxide
(DMSO) (16, 17), while disassembly is fa-
vored by increased Ca?* and cold temper-
ature (18). Tissues were minced in
microtubule-stabilizing medium (MTS)
containing 50% glycerol, 5% DMSO, 0.5
mM GTP, 0.5 mM MgCl,, and 0.5 mM
ethyleneglycolbis(aminoethylether) tet-
raacetic acid (EGTA) in 10 mM phosphate
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buffer, pH 6.95, at room temperature (12),
with a 50:1 buffer:tissue ratio, and centri-
fuged for 45 min at 100,000g in a Beckman
ultracentrifuge at room temperature. The
first supernatant (S-1) was then stored on
ice and the pellet was resuspended by vor-
texing for 1 min, in a volume equal to that of
S-1, of ice-cold tubulin-depolymerizing so-
lution (TS) containing 0.25 M sucrose, 0.5
mM MgCl,, 0.5 mM GTP in 10 mM phos-
phate buffer, pH 6.95. The suspension was
then incubated for 30 min at 4° and centri-
fuged for 30 min at 100,000g, and the sec-
ond supernatant (S-2) was also stored on
ice. Tubulin that was in the free or unas-
sembled state in vivo remained in S-1, while
tubulin in the assembled or microtubular
form in the tissue was then separated and
depolymerized in S-2. The second pellet
(P-2) was resuspended as above and as-
sayed in suspension to determine if any col-
chicine binding persisted following the de-
polymerization step and removal of S-2.
The time interval between homogenization
and incubation was the same for all sam-
ples.

[BH]Colchicine binding assay (19). One-
milliliter samples of the three tissue frac-
tions (S-1, S-2, and P-2) were incubated
in triplicate with 10 ul of 5.11 x 10 M
[H]colchicine (sp act, 73 wCi/mmole) at 37°
for 90 min when TS was used and 150 min
when MTS was used. Following incuba-
tion, 200 ul of 25 mg/ml charcoal suspen-
sion was added to each tube to remove
unbound colchicine. The tubes were vor-
texed, allowed to stand 10 min and centri-
fuged at 12,000¢ for 10 min, and 200 wul of
the supernatant was transferred to a
counting vial with 10 ml of PCS scintillation
fluid (Amersham—Searle) and counted in a
Beckman liquid scintillation counter. These
assay conditions were tested using homog-
enate dilutions over the range 10 to 100 mg
of tissue/ml of the three fractions prepared
in TS or MTS and gave a linear response in
each case. Tubulin concentrations were
calculated from [*H]colchicine binding ac-
tivity by assuming a 1:1 molar ratio of col-
chicine binding to each tubulin dimer (mol
wt = 110,000) (20, 21). While much lower
ratios have been reported using other buff-

ers (22, 23), a 1:1 ratio is obtained when the
results are corrected for decay in colchicine
binding activity. This activity was shown to
be almost completely protected by the MTS
and TS buffers (12).

Results. Figure 1A shows the changes in
absolute tubulin concentrations during the
entire sampling period. Total tubulin (sum
of S-1 and S-2) undergoes about a threefold
increase from a level of 0.87 ug/mg at 20 to
16 days antepartum up to a maximum of
2.34 ug/mg in midlactation (10 to 15 days
postpartum), when milk flow is greatest
(24), and then declines to 1.83 ug/mg after
weaning. When the values in each of the
three states are grouped as shown in Table
I, the average value for total tubulin in lac-
tation is 51% higher than the average preg-
nancy value (P > 0.01). The results suggest
that tubulin synthesis accelerates prior to
lactation. The apparent decrease in Fig. 1A
following peak lactation may be due to the
reportedly increased lysosomal activity
during mammary gland regression (25).

The two measured parameters, S-1 and
S-2, do not parallel either the total tubulin
or each other. Free tubulin (S-1) initially
increases similarly to total tubulin but then,
at about 1 week prior to parturition, levels
off and maintains a plateau for the next 2
weeks; it then increases again for the re-
mainder of lactation and through weaning,
even while total tubulin is decreasing.
Compared to total tubulin, these S-1 in-
creases are modest. This can be seen in
Table I, where the mean S-1 level increases
only 23% from pregnancy to lactation and
another 24% from lactation to weaning,
neither of which is statistically significant.
The S-2 fraction shows still a different pat-
tern. During late pregnancy microtubular
tubulin is maintained at a very low level
(0.12 ug/mg) until about 1 week antepar-
tum, when it begins to rise, reaching a mid-
lactational peak of 0.86 ug/mg for a seven-
fold increase. Following midlactation S-2
tubulin then decreases, reaching a weaned
value of 0.32 ug/mg. The mean S-2 levels
show a significant (P < 0.001), threefold in-
crease from pregnancy to lactation and a
significant decrease at weaning (P < 0.02)
(Table I). When these data are expressed as
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Fi1G. 1. Shifts in tubulin pools during pregnancy, lactation, and weaning. X ———x, S-1 or free
tubulin; O---O, S-2 or polymerized tubulin; @ ——@, S-1 + S-2 or total tubulin. Each point repre-

sents a mean + SE obtained by grouping the values within a 5-day period. The number of samples in
each grouping is shown at the bottom of graph. Bars between the two graphs represent mean day +
SD. (A) Tubulin expressed as micrograms per milligram tissue wet weight. (B) Tubulin expressed as

percentage of the total tubulin.

a percentage of the total tubulin (Fig. 1B),
the free tubulin starts out in the period 1 to
3 weeks antepartum as the largest tubulin
pool constituting 85 to 91% of the total.
Again, beginning about 1 week before par-
turition, the assembled tubulin fraction in-
creases from its 9 to 15% pregnancy level to
35 to 40% of the total, which is maintained

during most of the lactation period. After
weaning, S-2 decreases to the antepartum
levels. For comparison with other secretory
tissues, assembled tubulin in liver has been
reported to be 30% of the total and, in the
endocrine pancreas, 35% (26).

Discussion. Analysis of the S-1 and S-2
patterns shown in Fig. 1A suggests that up

TABLE I. TuBULIN CONTENT (MEAN * SE) DURING THE THREE BIopsy PERIODS

Pregnant Lactating Weaned
(ng/mg) (ug/mg) (pg/mg)
S-1 1.00 = 0.07 1.26 = 0.12 1.50 = 0.29
S-2 0.22 + 0.04 0.65 = 0.07¢ 0.32 = 0.07¢
Total (S-1 + S-2) 1.23 + 0.11 1.85 £ 0.18° 1.82 = 0.35
Pellet 0.24 = 0.02 0.56 + 0.05¢ 0.30 = 0.07°
N =23 N =30 N=9

@ Significantly different from preceding period at P < 0.02 using Student’s ¢ test for independent means.

® Significantly different from preceding period at P <
¢ Significantly different from preceding period at P <

0.01.
0.001.
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to 5 days before parturition the increased
total tubulin content is due entirely to an
increase in the free or unassembled pool.
After this time, while tubulin synthesis ap-
pears to continue at the same rate, the
equilibrium is shifted such that free tubulin
is now being assembled into microtubules.
The S-1 plateau around parturition suggests
that synthesis and polymerization are oc-
curring at about the same rates; hence, the
free tubulin pool becomes a steady state
compartment while the assembled pool in-
creases. At approximately midlactation
there appears to be an acceleration in tubu-
lin synthesis which is reflected in both the
free and assembled states. Following this,
the decrease in S-2 and the concomitant rise
in S-1 suggest that the equilibrium has now
shifted back to favor free tubulin (i.e., mi-
crotubules are being depolymerized) and this
is occurring at the same time that total
tubulin is decreasing.

Our mean lactation values of 36% poly-
merized tubulin and 1.85 ug/mg total in the
guinea pig may be compared with values
found for lactating rat mammary gland, 19%
polymerized tubulin of 1.07 wpg/mg total,
using the same basic assay (27).

In our assays there was always some
binding in the second, 100,000g pellet (P-2).
The binding followed about the same pat-
tern as the S-2 fraction, showing an in-
crease during lactation (Table I), and re-
sembled S-2 quantitatively as well. When
the P-2 values are included with the tubulin
data, either with S-2 or as a third compart-
ment, the patterns described above for total
tubulin, S-1, and S-2 are qualitatively un-
changed and the conclusions remain the
same. However, we hesitate to refer to the
P-2 binding as tubulin, first, because it re-
sisted repeated washing in TS media and,
second, because of the particulate and
membranous nature of the P-2 suspension
compared with the 100,000¢g S-1 and S-2 su-
pernatants. Other investigators have re-
ported [*H]colchicine binding in the
100,000¢ pellet fraction of liver (28), brain
(29, 30), pancreas, spleen (31), and thyroid
(32). However, analyses of this binding
using a variety of techniques has yielded
conflicting results (28, 32) and the question
of whether this represents tubulin as-

sociated with membranes or nonspecific
binding of colchicine to nontubulin mem-
brane components is unresolved.

This study establishes the presence of a
colchicine-binding component in guinea pig
mammary gland which we believe to be
tubulin. In the last third of pregnancy, as
the mammary gland prepares for lac-
togenesis, the total amount of tubulin in-
creases, presumably through increased
synthesis. Then, just prior to parturition,
when the gland changes from a state of
growth and differentiation to one of synthe-
sis and secretion this tubulin is assembled
into microtubules. By this process the as-
sembled form of tubulin rises sevenfold
coincident with peak milk secretion. This is
also a time when the alveolar epithelial
cells which produce the milk constitute the
greatest proportion of the mammary gland
mass and cell population (33) but when the
rate of mitotic division in the gland (which
would also utilize microtubules) is at a
minimum (34). Thus, an alternate explana-
tion for the data might be that the rise and
fall of polymerized tubulin simply reflects
the increase and decrease of nondividing,
differentiated, alveolar cells. Even this ex-
planation, however, suggests a close as-
sociation of nonmitotic microtubules with
those cells in mammary gland whose main
function is milk production. We conclude,
therefore, that microtubules play a role in
the lactation process and that the phys-
iological mechanisms' controlling lactation
may also modulate tubulin synthesis,
assembly, and disassembly.
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