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Mammary gland homeostasis and the lactation-to-involution
switch are regulated by serotonin (5-hydroxytryptamine
(5-HT)). Mammary epithelial tight junctions are physiological
targets of 5-HT, and their disruption marks an early stage of
mammary gland involution. In these studies, we have identified
signal transduction mechanism employed by 5-HT during reg-
ulation of mammary gland transepithelial resistance. Transepi-
thelial electrical resistance and tight junction protein architec-
ture were studied in cultures of MCF10A human mammary
epithelial cells. Serotonin had biphasic effects onmammary epi-
thelial resistance. At lower concentrations and earlier time
points, 5-HT potentiated epithelial transmembrane resistance,
whereas at higher concentrations and later time points, 5-HT
decreased transepithelial electrical resistance and disrupted
tight junctions. Both the early and delayed actions of 5-HTwere
mediated by the 5-HT7 receptor through activation of
Gs/cAMP. 5-HT induced the activities of both protein kinase A
and p38 mitogen-activated protein kinase. Inhibition of p38
mitogen-activated protein kinase abrogated 5-HT-induced dis-
ruption of mammary epithelial tight junctions (the delayed
effect). In contrast, inhibition of protein kinase A prevented the
increased epithelial resistance in response to 5-HT (the tran-
sient effect). These studies imply an integrated set of mecha-
nisms whereby transient, modest activation of 5-HT7 promotes
tight junction integrity, and sustained 5-HT7 activation drives
involution by disrupting tight junctions.

The complex and specialized functions of mammary glands
has evolved to meet the specific nutritional needs of the new-
born. The rapid and extensive development of the mammary
gland leading to establishment of the highly energy-consuming
lactation stage is balanced by themassive tissue remodeling and
disintegration of mammary epithelial tissue during the involu-
tion stage (1–3). Dysregulation of these events has severe con-
sequences for maternal health and infant nutrition and health
as well as from the practical perspective of dairy production.

Under the influence of endocrine hormones like estrogen,
progesterone, and prolactin, the mammary gland reaches the
fully developed alveolar stage by the end of pregnancy. How-
ever, lactation (milk synthesis and secretion) is not established
until parturition, characterized by a drop in systemic progester-
one levels along with a surge in the levels of prolactin and glu-
cocorticoids (4–8). Isolation of the alveolar lumen from inter-
stitial and vascular spaces by closure of tight junctions is a
critical cellular event that regulates milk synthesis and secre-
tion (9–11). The importance of tight junction closure is dis-
played by the complex interplay between the endocrine hor-
mones in regulating them and thus, in turn, regulating lactation
(11–13).
Each alveolar unit of a lactatingmammary gland is independ-

ently regulated in an autocrine-paracrine manner through a
feedback system of local factors (14–16). Absence of a suckling
stimulus results in accumulation of milk within alveolar units
(milk stasis), which serves as a signal for the mammary gland to
undergo involution. Involution occurs in two stages. The first
stage is accompanied by extreme distension of the alveoli due to
continued milk secretion, resulting in leakage of milk constitu-
ents into the interstitium (2, 17). This phase is reversible,
because reintroduction of suckling will bring the gland back
into lactation. The second stage, which is irreversible, is char-
acterized by massive tissue remodeling and adipocyte rediffer-
entiation and requires a drop in systemic levels of lactogenic
hormones. Older studies showed that neither the distension of
alveoli nor themechanical pressure due tomilk accumulation is
sufficient to initiate involution (18, 19). Moreover, forced
weaning along with systemic administration of lactogenic hor-
mones interrupted the second stage but did not affect the tim-
ing and occurrence of the first phase. These results implied that
local chemical factors are involved in initiating involution (17).
Although the components of systemic regulation have been
extensively studied for years, the identities and the precise
actions and mechanisms of local factors are less well known.
Using gene profiling studies, our laboratory previously

reported serotonin (5-hydroxytryptamine (5-HT)2) to be one of
the local factors synthesized and secreted by the mouse mam-
mary epithelial cells (20). The gene encoding rate-limiting
enzyme for serotonin synthesis,TPH1 (tryptophan hydroxylase
1), is tightly regulated by prolactin. However, by teat sealing
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experiments, Matsuda et al., (20) showed that increased TPH1
expression was driven by milk stasis, not prolactin, per se. Fur-
thermore, increased serotonin was also shown to inhibit milk
protein synthesis and induce epithelial apoptosis. Thus, sero-
tonin, in the microenvironment of the mammary gland, func-
tions as a feedback inhibitor of lactation in an autocrine-para-
crinemanner. As a first step toward understanding the complex
physiology of serotonin in regulating mammary gland involu-
tion, our laboratory recently reported that mammary epithelial
tight junctions are one of the targets of 5-HT (21).
In this study, we elucidate the dynamics and mechanisms of

serotonin-mediated regulation of mammary epithelial tight
junctions. Using our previously established in vitro Transwell�
model of functionally differentiated human mammary
MCF10A (MI Cancer foundation 10A) cells (21), we showed
that 5-HT7 is resensitized in response to antagonist. Serotonin
regulates mammary epithelial tight junctions in a biphasic
manner, which ismediated by a switch in downstream signaling
of 5-HT7 from protein kinase A (PKA) to p38 mitogen-acti-
vated protein kinase (MAPK).

EXPERIMENTAL PROCEDURES

Materials—Dulbecco’s modified Eagle’s medium/Ham’s
F-12 (50:50) and all medium supplements, including horse
serum, were purchased form Invitrogen. 5-HT creatine sulfate
salt, H89, forskolin, and horseradish peroxidase-conjugated
mouse anti-glyceraldehyde-3-phosphate dehydrogenase anti-
bodies were obtained from Sigma. SB269970 and SB203580
were obtained from Tocris Biosciences (Ellisville, MO). 2�,5�-
Dideoxyadenosine and Y-27632 were obtained from Calbio-
chem. GF109302X was obtained from BioMol International
(Plymouth, PA). Mouse anti-ZO1 (zona occludens 1), mouse
anti-ZO2, and rabbit anti-occludin were purchased from
Zymed Laboratories Inc., Inc. (South San Francisco, CA). The
rabbit anti-phospho-PKA, rabbit anti-PKA, rabbit anti-phos-
pho-p38 MAPK, and rabbit anti-p38 MAPK were obtained
from Cell Signaling Technologies (Danvers, MA). Rabbit anti-
5-HT7 receptor antibody was obtained from Imgenex (San
Diego, CA).
Cell Culture and Measurement of Transepithelial Electrical

Resistance—MCF10A (ATCC, Manassas, VA) cells were cul-
tured in complete growth medium (Dulbecco’s modified
Eagle’s medium/F-12 supplemented with 5% horse serum, 10
�g/ml insulin, 20 ng/ml epidermal growth factor, 0.5 �g/ml
hydrocortisone, 1 IU/ml penicillin, 0.1 mg/ml streptomycin,
0.25 �g/ml amphotericin B, and 2 mM L-glutamine). For meas-
urement of transepithelial electrical resistance (TEER), the
MCF10A cells were seeded at a high plating density (1.25� 105
cells/cm2) on clear polyester Transwell� permeable supports
(Corning Glass) in growth medium. Medium (apical and basal)
was changed every 24 h before and during treatments. Drugs
were added to the culture medium when TEER reached a pla-
teau (2–3 weeks after seeding, �3000 ohms�cm2). An EVOM
epithelial volt/ohmmeter with STX (chopstick) electrodes
(World Precision Instruments, Sarasota, FL) was used to meas-
ure TEER.
Paracellular FluxMeasurements—MCF10ATranswell� cul-

tures were incubated under experimental conditions in the

presence of fluorescein isothiocyanate (FITC)-tagged inulin
(3.5 kDa) (Sigma) (0.5 mg/ml) in the basal chamber. At regular
24-h intervals, 100 �l of apical and basal medium was removed
for assay. FITC-inulin was measured using a fluorescence plate
reader (Fluroskan II; Labsystems) (excitation, 495 nm; emis-
sion, 530 nm). Flux into the apical chamber was calculated as
percentage of control (100% flux). The control is free flux of
FITC-inulin across the Transwell�membrane in the absence of
cells.
Immunofluorescence and Confocal Microscopy—Cells grown

in monolayer or Transwell� configurations were treated as per
the experiments. Portions were then washed with phosphate-
buffered saline followed by fixing with 4% paraformaldehyde
for 30 min. They were then permeabilized with 0.1% Triton
X-100 and incubated with borate buffer overnight at 75 °C.
They were then washed with phosphate-buffered saline and
incubated in primary antibodies at 4 °C overnight after blocking
with 10% appropriate secondary antibody serum in immu-
nofluorescence buffer (NaCl, 130 mM; Na2HPO4, 7 mM;
NaH2PO4, 3.5mM;NaN3, 0.05%; TritonX-100, 0.2%; Tween 20,
0.05%; bovine serum albumin, 0.1%). Sections were then
washedwith immunofluorescence buffer followed by appropri-
ate secondary antibody incubation for 2 h at room temperature.
After a finalwashwith phosphate-buffered saline, sectionswere
mounted on slides. Imageswere collected using aZeiss LSM510
confocal microscope, and Z-stacks were reconstructed three-
dimensionally using the Zeiss LSM Image Software version 3.5.
Western Blotting—Transwell� cultures were treated as indi-

cated in the experiments, after which they were washed in ice-
cold phosphate-buffered saline, followed by total cell protein
extraction using cell lysis extraction buffer (Cell Signaling
Technologies, Danvers, MA). Samples were normalized for
protein content using the Lowry assay. Proteins were separated
on gradient SDS-polyacrylamide gels (Fisher). Proteins were
then transferred to nitrocellulose membranes (Whatman
GmbH, Dassel, Germany) and blocked with 5% nonfat milk or
bovine serum albumin in wash buffer (0.1 mMTris HCl, pH 8.0,
150mMNaCl, 0.05% Tween 20). The blots were then incubated
in primary antibody overnight at 4 °C followed by secondary
antibody for 2 h at room temperature. The blots were devel-
oped using an ECL chemiluminescent kit (GE Biosciences).
Statistical Analysis—All graphed results are presented as

mean � S.E. One-way ANOVA with Tukey’s post-test or two-
way ANOVA with Bonferroni’s post-test were used to analyze
the data. A probability level of 0.05 was considered as signifi-
cant. Each experiment was done in triplicate and repeated at
least three times.

RESULTS

Transwell� cultures of MCF10A cells undergo a sigmoidal
increase in TEER concomitant with a differentiation process,
with a plateau of�3000 ohms�cm2, indicative of a highly differ-
entiated state (21). In the current studies, we used the Tran-
swell� cultures of MCF10A in this highly differentiated state
(�3000 ohms�cm2) unless specified otherwise.
Transmembrane Conductance Is Regulated by the 5-HT7

Receptor—Transmembrane conductance is the sumof (a) para-
cellular flux, which is restrained by tight junctions, and (b) tran-
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scellular flux through pumps and ion channels located on the
apical and basolateral membranes. In order to decipher the
contribution of paracellular flux to 5-HT-mediated increases in
transmembrane conductance (i.e. decreased TEER), paracellu-
lar inulin (3.5 kDa) flux and TEER changes weremeasured after
5-HT treatment (Fig. 1A). Inulin flux and TEER underwent
coordinate, reciprocal changes in response to 5-HT, with the
change observed for TEER slightly preceding the increase of
inulin flux (Fig. 1A). The fact that the change of TEER preceded
the change in inulin flux would be expected, because inulin flux
requires pores that are large enough to allow passage of a rela-
tively large (3.5-kDa) molecule. The size of the inulin molecule
alsomeans that it cannot be used to detect increases in paracel-
lular resistance in the high resistance differentiated epithelial
membranes used in these studies.
Previously, we reported the presence of the 5-HT7 serotonin

receptor in mammary epithelial cells and showed that 5-HT
causes a disruption of tight junctions (21). 5-HT7 receptor is a
G-protein-coupled receptor, coupled to Gs (22, 23). One of the
characteristic features of 5-HT7 receptor is a high constitutive
basal activity and results in homologous desensitization. Cor-
respondingly, 5-HT7 receptors can be resensitized by a short
exposure to antagonist, also known as reverse agonists, such as
metergoline (MG) (24, 25). We used this characteristic behav-
ior of 5-HT7 to confirm that responses of mammary epithelial
cells to 5-HT were consistent with these known properties of
5-HT7. MCF10A Transwell� cultures were treated for 24 h
with receptor antagonist MG (10 �M), and 5-HT7 staining was
assayed by confocal imaging. We observed that MG caused
redistribution of 5-HT7, resulting in predominantly peripheral
staining, suggestive of a greater degree of membrane associa-
tion. There was also an increase in overall receptor immuno-
staining (Fig. 1B). Further, to show an explicit relationship
between 5-HT, 5-HT7, and disruption of tight junctions as
measured by the decrease in TEER, one experimental group
was left untreated (nonresensitized), and the other was treated
withMG (resensitized) 24 h prior to 5-HT treatment for 120 h.
Resensitized cells showed higher sensitivity to 5-HT, indicated
by a significant leftward shift in the concentration response in
comparison with the nonresensitized cells (Fig. 1C).
Biphasic Regulation of Mammary Epithelial Resistance by

5-HT—Togain a better understanding of the dynamics of 5-HT
regulation of mammary epithelial resistance, we determined
the concentration dependence of TEER on 5-HT. Resistance
measurements at the 48 h time point were used to generate a
concentration-response curve (Fig. 2A). Rather than showing a
monotonic inhibition of TEER, the response to 5-HT was
biphasic. At the lower end of the curve, 5-HT potentiated
TEER, whereas at the high end, 5-HT decreased TEER. More-
over, when we measured TEER over time, there was a tempo-
rally biphasic effect of 5-HT at each concentration (Fig. 2B). At
a given concentration, 5-HT had a transient effect of increasing
the TEER and a delayed effect of decreased TEER. Increasing
the [5-HT] shifted the time course to the left, so that the early
transient effect was not significant at the highest [5-HT] (Fig.
2B). Thus, the relationship between 5-HT and membrane
resistancewas not linear, indicating a complex interplay ofmul-
tiple signaling events.

The Transient Response to 5-HT Is Mediated through PKA—
The 5-HT7 receptor signals though Gs and, as we previously
documented, stimulates cAMP accumulation (21, 22). There-
fore, we decided to probe the involvement of the cAMP/PKA
pathway in the 5-HT actions on TEER. MCF10A cultures were

FIGURE 1. 5-HT7 receptor mediates 5-HT regulation of mammary epithe-
lial tight junctions. A, TEER measurements (f) and FITC-inulin (3.5 kDa) flux
measurements (Œ) on MCF10A Transwell� cultures at regular 24-h intervals
after treatment with 5-HT (10 � 10�4

M). TEER is expressed as percentage
change from control (untreated) values � S.E. (n � 3). FITC-inulin flux is
expressed as percentage compared with control � S.E. (n � 3), the control
(100%) being free flux of FITC-inulin across the Transwell� membrane in the
absence of any cells. B, immunostaining for 5-HT7 receptor in MCF10A Tran-
swell� cultures. Cells were either left untreated (nonresensitized) or treated
with MG (10 �M) (resensitized) for 24 h prior to fixing and staining. C, TEER
measurements of MCF10A Transwell� cultures expressed as percentage
change from control (untreated) values � S.E. (n � 3) at day 5 after the start of
5-HT treatment. Cultures were either left untreated (nonresensitized) or
treated with MG (10 �M) (resensitized), 24 h prior to the start of 5-HT treat-
ment. *, p � 0.05; **, p � 0.01 compared with respective controls (two-way
ANOVA, Bonferroni’s post-test).
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treated with 50 �M H89 (PKA inhibitor) for 1 h to inactivate
PKA, followed by 5-HT treatment, in the presence of 5 �MH89
to inhibit further PKA activation. Untreated cultures served as
controls. TEER was measured at regular intervals of 24 h (Fig.
3A). Parallel sets of experiments wereWestern blotted (Fig. 3B)
and immunostained (Fig. 3C) at the 48 h time point to deter-
mine changes in tight junction protein levels and distribution.
The early phase of increased TEER in response to 5-HT was

eliminated by the PKA inhibitor H89 (Fig. 3A), which, by itself,

did not cause a significant change in
TEER. In combination with H89,
the delayed phase of declining
resistance was accelerated, so that
TEER was reduced to 50% by 48 h
(Fig. 3A).
Tight junction proteins were

measured by Western blotting in
protein extracts prepared by iso-
tonic mild detergent (1% Triton)
extraction. Fig. 3B shows images
from one representative Western
blot of the three replicate experi-
ments. 5-HT treatment along with
H89 caused a significant decrease in
the Western blot levels of the tight
junction proteins ZO1 and ZO2 at
48 h (Fig. 3B). These changes inZO1
and ZO2 were seen consistently in
all three experiments. Unlike the
robust changes in ZO1 and ZO2,
minor differences in the apparent
levels of claudins and occludins
were not consistent among the rep-
licates. Confocal images of cells
treatedwith 5-HT in the presence of
H89 for 48 h showed a dispersed
pattern of localization of ZO pro-
teins (Fig. 3C) and occludin (data
not shown) within the cells, as com-
pared with the very regular and
highly localized staining seen in
each of the control groups. The
marked reduction in Western blot
levels of ZO proteins after treat-
ment with 5-HT and H89 and the
obvious cellular redistribution of
ZO proteins in immunostained sec-
tions suggests a change in either
extractability or detectability in the
two assays (see “Discussion” for fur-
ther consideration).
Since PKA inhibition abrogated

the early potentiation of tight
junctions in response to 5-HT, we
decided to determine the con-
centration dependence of PKA
activation at 24 h (Fig. 4A). The
concentration-response curve for

activated PKA was biphasic, with stimulation of phospho-
PKA at the low end and inhibition of phospho-PKA at the
high [5-HT]. To study the time course for changes in phos-
pho-PKA during the first 24 h, we stimulated the cells with
the highest concentration of 5-HT and sampled frequently.
Under these conditions, we once again observed a biphasic
response, with a transient stimulation of phospho-PKA at 2 h
and a later inhibition by 24 h, which was maintained through
72 h (Fig. 4B).

FIGURE 2. 5-HT regulates mammary epithelial resistance in a biphasic manner. A, TEER measurements
on MCF10A Transwell� cultures treated with indicated concentrations of 5-HT for 48 h and expressed as
percentage change from control (untreated) values � S.E. (n � 3). *, p � 0.05; **, p � 0.01 as compared
with control (one-way ANOVA, Tukey’s post-test). B, TEER measurements at 24-h intervals expressed as
percentage change from control (untreated) values � S.E. (n � 3) after 5-HT treatment (Œ, 5 � 10�4; F,
7.5 � 10�4

M; f, 10 � 10�4
M).

FIGURE 3. Inhibition of the PKA pathway blocks the potentiation of epithelial resistance by 5-HT and
causes loss of tight junction protein integrity. A, TEER measurements on MCF10A Transwell� cultures at
regular 24-h intervals, expressed as percentage change from control (untreated) values � S.E. (n � 3) after the
indicated treatments: 5-HT (7.5 � 10�4

M) and H89 (PKA-I) (5 �M). ***, p � 0.001 as compared with control
(two-way ANOVA; Bonferroni’s post-test). B, Western blotting for the indicated proteins on cell extracts from
MCF10A Transwell� cultures after 48 h of the indicated treatments. C, representative xy and z sections of
MCF10A Transwell� cultures immunostained for ZO1 protein after 48 h of the indicated treatments.
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All of the above results (Figs. 3 and 4) indicated the involve-
ment of a PKA signal in the early transient increase in TEER
response to 5-HT. These results also hinted at the existence of a
second, PKA-independent signal responsible for the decline in
TEER that occurred after sustained stimulation with 5-HT.
However, these results did not speak to the question of whether
both phases were mediated by Gs/cAMP or an alternative
upstream signaling branch.
Both Phases of the TEER Response to 5-HT Are Mediated

through Gs/cAMP—There are three splice variants of the
5-HT7 receptor (5-HT7a, -b, and -d) in humans (25, 26), and
previously we have reported the presence of all three splice
variants in mammary epithelial cells (21). Although most
accounts of 5-HT7 signaling link it to Gs, there are studies

showing its association with G12 (27), whose downstream
effectors are Rho family GTPases and/or PKC. Either of these
effectors are known to influence cytoskeletal organization (27,
28) and thus could potentially affect TEER. On the other hand,
cAMP can signal via a PKA-independent pathway (29), which
could affect TEER.
In order to test directly whether activation of Rho GTPases

or PKC (G12-coupled) were involved in disruption of TEER by
5-HT, cultures were pretreated for 1 h with specific inhibitors
of Rho kinase (ROCK), Y-27632 (Rock-I) (40 �M), and PKC
GF109302X (PKC-I) (10 �M), followed by 0.5 �M treatment in
presence of 5-HT. Untreated cultures served as respective con-
trols. TEERmeasurements were taken at regular 24-h intervals,
and results at 96 h are depicted. Inhibition of ROCK or PKC by
themselves had little effect on TEER measurements. The
decline in TEER induced by 5-HT alone (�45–50%) was not
statistically different form the decline in TEER induced by
5-HT in the presence of ROCK or PKC inhibitors (Fig. 5,A and
B), thus indicating that neither Rho kinase nor PKC activity is
necessary for the delayed disruption of tight junctions in
response to 5-HT.
To test the hypothesis that a second cAMP-dependent path-

way mediates the inhibition of TEER by 5-HT, we used an ad-
enylyl cyclase inhibitor, 2�,5�-dideoxyadenosine (2�,5�-DDO).
MCF10A cultures were pretreated with 20 �M 2�,5�-DDO for
1 h, followedby 5-HT treatment alongwith 10�M2�,5�-DDOto

FIGURE 4. 5-HT transiently activates PKA. A, Western blotting for detection
of activated (phospho-PKA (P-PKA)) and total PKA (T-PKA) on total cell extracts
from MCF10A Transwell� cultures treated with different concentrations of
5-HT for 24 h. Semiquantitative analysis of the experiment is represented in
the bar graph (�S.E.; n � 4). B, Western blotting for phospho-PKA and total
PKA on total cell extracts from Transwell� culture of MCF10A treated with
5-HT (10 � 10�4

M) for the indicated time periods. Semiquantitative analysis
of the Western blots is represented in the bar graph (�S.E.; n � 5). *, p � 0.05;
**, p � 0.01; ***, p � 0.001 as compared with control (untreated or 0 h) (one-
way ANOVA, Tukey’s post-test).

FIGURE 5. Inhibition of ROCK or PKC does not affect 5-HT action on epi-
thelial tight junction. TEER measurements on MCF10A Transwell� cultures
expressed as percentage change from control (untreated) values � S.E. (n �
3) after 96 h of the indicated treatment: 5-HT (7.5 � 10�4

M). A, ROCK inhibitor
(ROCK-I; Y-27632 (0.5 �M)). B, PKC inhibitor (PKC-I; GF109302X (0.5 �M)). *, p �
0.05; **, p � 0.01 as compared with control (one-way ANOVA; Tukey’s
post-test).
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prevent reactivation of adenylyl cyclase. Untreated cultures
served as controls. A parallel experiment using a potent aden-
ylyl cyclase activator, forskolin, also was performed with a pre-
treatment of 2 �M for 1 h, followed by 5-HT in presence of 0.5
�M forskolin. Similarly, untreated cultures served as controls.
In both experiments, TEERwasmeasured at regular 24-h inter-
vals, as depicted (Fig. 6, A and B). Neither 2�,5�-DDO nor for-
skolin alone had a significant effect on TEER. As expected,
5-HT caused a transient increase in TEER through 48 h, fol-
lowed by a decrease in TEER by 96 h (�50%). However, both
effects were significantly abrogated by 2�,5�-DDO (inhibition of
adenylyl cylase) (Fig. 6A). In the parallel experiment, forskolin,
an adenylyl cylase activator, significantly shifted the 5-HT
curve to the left (Fig. 6B), analogous to a concentration-de-
pendent leftward curve shift observed in Fig. 2B. We infer from
these results collectively that both the delayed, sustained sup-
pression of TEER and the early, transient increase in TEER are
mediated by cAMP.
TheDisruptive Action of 5-HT onTight Junctions IsMediated

through a p38 MAPK Pathway—In an attempt to decipher the
messenger downstream of cAMP that mediated the TEER
inhibiting action of 5-HT, we screened for activation of various
signaling molecules by 5-HT. Transwell� cultures of MCF10A
cells were treated with 5-HT at several concentrations, and

total cell extracts were collected. These extracts were then used
for screening of activated downstream messengers using spe-
cific antibodies. A concentration-dependent activation of p38
MAPK was observed in response to 5-HT treatment (Fig. 7A),
whereas other kinases (c-Jun N-terminal kinase and extracellu-
lar signal-regulated kinase) did not show any 5-HT-mediated
activation (data not shown). The stimulation of p38MAPKwas
confirmed by determining a detailed time course of p38MAPK
activation in response to 5-HT (10 � 10�4 M), which showed
both transient and sustained stimulation of phospho-p38, with
an intervening phase of dephosphorylation (Fig. 7B).
Since 5-HT induced sustained activation of p38 MAPK, we

tested whether activation of p38 MAPK is the mode of action
for tight junction disruption by 5-HT using a specific inhibitor
of p38 MAPK, SB203580. MCF10A cells were pretreated with

FIGURE 6. Both the potentiation and disruptive actions of 5-HT on epithe-
lial tight junctions are mediated through cAMP. TEER measurements on
MCF10A Transwell� cultures at regular 24-h intervals, expressed as percent-
age change from control (untreated) values � S.E. (n � 3) after the indicated
treatment: 5-HT (7.5 � 10�4

M). A, adenylyl cyclase inhibitor (AC-I; 2�,5�-DDO
(10 �M)). B, adenylyl cyclase activator (AC-A; forskolin (0.5 �M)). *, p � 0.05; **,
p � 0.01; ***, p � 0.001 as compared with control (two-way ANOVA; Bonfer-
roni’s post-test).

B

A

FIGURE 7. 5-HT induces sustained activation of p38 MAPK. A, Western blot-
ting for detection of activated (phospho-p38 (P-p38)) and total p38 MAPK
(T-p38) on total cell extracts from MCF10A Transwell� cultures treated with
different concentrations of 5-HT for 24 h. Semiquantitative analysis of the
experiment is represented in the bar graph (�S.E., n � 3). B, Western blotting
for phospho-p38 and total p38 MAPK on total cell extracts from Transwell�
cultures of MCF10A cells treated with 5-HT (10 � 10�4

M) for the indicated
time periods. Semiquantitative analysis of the experiment is represented in
the bar graph (�S.E., n � 4). *, p � 0.05; **, p � 0.01; ***, p � 0.001 as com-
pared with control (untreated or 0 h) (one-way ANOVA; Tukey’s post-test).
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SB203580 (20 �M) for 1 h, followed by treatment with 5-HT
along with 3 �M SB203580 to prevent reactivation of p38
MAPK. Untreated cultures served as controls. TEERwasmeas-
ured regularly at 24-h intervals as depicted (Fig. 8A). Changes in
tight junction proteins, in response to the above treatments,
were analyzed by Western blot analysis (Fig. 8B) and confocal
microscopy (Fig. 8C).

Inhibition of p38 MAPK by itself had no significant effect
on TEER, whereas 5-HT alone, as predicted, caused a tran-
sient increase, followed by a decrease in TEER (�60%) by
96 h (Fig. 8A). The opening of tight junctions by 96 h was
reflected in the significant decrease in the detectable tight
junction proteins ZO1 and ZO2 (Fig. 8B) and dispersion of
ZO1 immunoreactivity (Fig. 8C). Levels of other tight junc-
tion proteins (occludin and claudin) remained largely
unchanged (Fig. 8B).
Treatmentwith 5-HT in the presence of p38MAPK inhibitor

significantly increased the TEER at 48 h, and the elevated TEER
persisted throughout the experiment with an obvious absence
of the later declining phase of TEER (Fig. 8A). Correspondingly,
the decrease in detectable ZO1 and -2 in response to 5-HT was
blocked by SB203580 (Fig. 8B). Tight junction protein localiza-
tion was more similar to controls in the 5-HT treatment in the
presence of SB203580 with an absence of the dispersed signal
for ZO1 (Fig. 7C) and occludin (data not shown). These results

imply that p38 MAPK activation is
required for the disruption of tight
junctions in response to 5-HT.

DISCUSSION

Important aspects of the physiol-
ogy of the mammary 5-HT system
have been elucidated since our orig-
inal observations of prolactin-in-
duced up-regulation of TPH1, the
rate-limiting enzyme for 5-HT syn-
thesis, and presence of 5-HT in the
mouse mammary epithelium and
milk (20). Functionally, 5-HT was
found to inhibit milk protein syn-
thesis and initiate involution, thus
acting as a homeostatic regulator of
lactation. In our attempt to study
the serotonergic function in the
involuting mammary epithelium,
we recently reported evidence for
serotonergic regulation of mam-
mary epithelial tight junctions along
with the role of the 5-HT7 receptor
in this process (21). A recent paper
showed that 5-HT signaling regu-
lates lactation in the mammary
gland of the dairy cow (30). Thus,
serotonergic signaling within the
mammary epithelium is a phyloge-
netically conserved system with
important physiological and practi-
cal implications. In the present

study, we show that 5-HTmediates its effect on mammary epi-
thelial resistance through two 5-HT7 receptor signaling
systems.
Transwell� cultures ofMCF10A cells were used in this study,

because although they are immortalized, MCF10A cells are
untransformed human mammary epithelial cells that undergo
differentiation in Matrigel and collagen cultures (31–33).
When cultured on permeable Transwell� supports, MCF10A
undergoes extensive differentiation, forming a multilayered
epithelium highly reminiscent of the organization of the mam-
mary epithelium in vivo. The superficial cell layer constitutes a
polarized barrier-forming epithelium that synthesizes human
milk proteins and lipids.3
5-HT7Receptor andMammaryEpithelial Resistance—There

are seven classes of 5-HT receptors, totaling more than 20 dif-
ferent receptors (34). Previously, we reported the presence of
only the 5-HT7 class of receptors in human and mouse mam-
mary epithelium, correlatively implicating 5-HT7 as the medi-
ator of 5-HT actions on tight junctions (21). 5-HT7 is a Gs-
coupled receptor, with a high constitutive activity, which
results in homologous desensitization (23–25). Blocking this
constitutive activity by inverse agonists, such as metergoline or

3 A. M. Marshall, V. Pai, M. A. Sartor, and N. D. Horseman, manuscript in
preparation.

FIGURE 8. Inhibition of p38 MAPK prevents the disruptive action of 5-HT on epithelial tight junc-
tions. A, TEER measurements on MCF10A Transwell� cultures at regular 24-h intervals, expressed as
percentage change from control (untreated) values (�S.E., n � 3) after the indicated treatments: 5-HT
(7.5 � 10�4

M), SB203580 (p38-I; 3 �M). *, p � 0.05; ***, p � 0.001 as compared with control (two-way
ANOVA; Bonferroni’s post-test). B, Western blotting for the indicated proteins, on cell extracts from the
MCF10A Transwell� cultures after 96 h of the indicated treatments. C, representative xy and z sections of
MCF10A Transwell� cultures immunostained for ZO1 protein after 96 h of the indicated treatment.
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SB 269970, has been shown to resensitize the receptor (25, 36).
In MCF10A cells, we observed this phenomenon in terms of
increased intensity of immunoreactive 5-HT7, along with
higher membrane localization and increased sensitivity to
5-HT-mediated tight junction regulation, thus explicitly indi-
cating that 5-HT regulates epithelial resistance through the
5-HT7 receptor.
Biphasic Action of Serotonin on Mammary Epithelial

Resistance—The premier function of mammary gland is tightly
linked to the barrier forming ability of epithelial tight junctions,
which compartmentalize milk within the alveolar lumen and
maintain essential solute gradients across the epithelium
(9–11, 37). During the two phases of involution (reversible and
irreversible), multiple systemic and local factors, including
5-HT, act within the mammary gland to directly or indirectly
affect tight junctions (11–13, 21). Initiation of involution is
characterized by distension of alveoli because of weaning-in-
duced milk accumulation, which results in a highly increased
intramammary pressure (17, 38). This early phase of milk accu-
mulation represents a challenge for the cellular junctions to
maintain the integrity of the luminal space while maintaining
an opportunity for reintroduction of the suckling stimulus to
bring the gland back into lactation. Continued absence of milk
removal brings about the ultimate disruption of tight junctions
in response the accumulation of local factors (18, 19, 37, 39, 40).
Here, we observed that 5-HT, in a dose- and a time-dependent
manner, causes a transient increase of resistance, followed by a
delayed disruption of tight junctions. It is formally possible that
some of the actions of 5-HT are on transcellular, rather than
paracellular, resistance. The early effect, although transient rel-
ative to the whole experiment, occurs over many h (up to 48 h),
and because these membranes were in a high resistance state,
the large (�600 ohms�cm2) absolute increase of resistance that
we observed could be caused by small changes in either para-
cellular permeability or transcellular conductance, which ulti-
mately traces to basolateral pump activity. However, sustaining
such a change of resistance for many hours by altering active
(transcellular) as opposed to passive (paracellular) mechanisms
seems less likely.
Because of the biphasic actions on epithelial resistance, 5-HT

is poised to act as an important integrator during the stages of
lactation, milk stasis, and involution. It is tempting to speculate
that by transiently potentiating cellular junctions, 5-HT may
participate in themaintenance of the potential formilk produc-
tion prior to the initiation of active involution. Subsequently,
when 5-HT signaling is sustained at a high level, the disruptive
action on tight junctions would transition the mammary gland
into involution.
Signaling Pathways Induced by 5-HT in the Regulation of Epi-

thelial Resistance—The 5-HT7 receptor, through which 5-HT
acts in human and mouse glands, has been shown to be Gs-
coupled, leading to adenylyl cylase activation (22, 23). In our
previous study, we reported 5-HT-mediated cAMP accumula-
tion (21). However, we did not establish a direct relationship
between cAMP and the 5-HT action on tight junctions in those
experiments. In this study, we report the interesting finding
that both PKA and p38 MAPK are independently activated
through cAMP (Fig. 9), and these two signals regulate the

biphasic action of 5-HT on TEER. This is based on the finding
that PKA inhibition abrogates the initial transient tight
junction potentiation effect of 5-HT, leading to accelerated dis-
ruption of tight junctions (i.e. a leftward shift in TEER curves).
On the other hand, p38 MAPK inhibition abrogates the later
disruptive effect of 5-HT on tight junctions while leaving the
early phase of tight junction potentiation unaffected. Analo-
gous to its effect on TEER, 5-HT caused only a transient acti-
vation of PKA and activation at low concentrations. In the case
of p38 MAPK, 5-HT caused a sustained concentration- and
time-dependent activation, with only a brief interval of dephos-
phorylation. The sustained p38MAPK activation by 5-HT is in
accordance with ability of 5-HT to cause sustained elevation of
intracellular cAMP inMCF10A cells (21). the possible involve-
ment of a secondary or indirect effect of 5-HT in the later sus-
tained p38MAPK activation cannot be ruled out based only on
our current data. Nonetheless, we can conclude that 5-HT spe-
cifically activates p38 MAPK.
Inhibition of adenylyl cylase inhibits both of the effects of

5-HT on epithelial resistance (transient potentiation and
delayed disruption), indicating that they both are mediated
through cAMP accumulation. PKA-independent activation of
p38 MAPK may be mediated through the recently discovered
exchange protein activated by cAMP (EPAC) (29). Involvement
of EPAC in p38MAPK activation by 5-HT remains to be deter-
mined, and a role for the �� subunit of Gs protein cannot be
ruled out (42–44). Interestingly, the transient activation of
PKA by 5-HT is followed by a gradual inactivation during the

Serotonin Signaling in mammary epithelial cells
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FIGURE 9. Proposed model for 5-HT signaling that regulates mammary
epithelial tight junctions. We propose that in mammary epithelium, 5-HT
regulates tight junction function in a biphasic manner by induction of multi-
ple pathways. Early tight junction potentiation and later tight junction disrup-
tion are proposed to be mediated through cAMP activation by the Gs-cou-
pled 5-HT7 receptor. PKA activation mediates the early potentiating action of
5-HT, whereas the p38 MAPK activation mediates the later disrupting action
of 5-HT on tight junctions with possible cross-talk between the two pathways.
The proposed model does not eliminate the possibility that transcellular
pathways also contribute to the overall changes in membrane resistance.
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same time that p38 MAPK is being activated. This correlation
seriously hints at an autoregulatory mechanism wherein p38
MAPK directly and/or indirectly brings about inhibition of
PKA activation by 5-HT, thus promoting its own activation and
action in a positive feed-forward manner.
Effect of 5-HT on Tight Junction Proteins—Practically every

signaling path that a cell can induce has a potential to affect
tight junctions due to the massive multiprotein complex that
forms the tight junctions (45–48). Extensive evidence gathered
in recent years indicates that tight junctions can act as sig-
naling platforms or relays that not only are targets of exter-
nal factors but also are themselves regulators of multiple
cellular processes (46, 49). Thus, factors such as 5-HT, which
affect tight junctions, can simultaneously affect a variety of other
cellular functions. 5-HT-mediated transient PKA activation and
tight junction potentiation did not correspond with significant
changes in the levels or apparentdistributionof tight junctionpro-
teins. These changes are consistent with PKA-induced post-
translational modifications (phosphorylation and dephospho-
rylation) that alter tight junction permeability without overall
changes in cellular distribution of the proteins (50–53).
Interestingly, 5-HT-mediated p38 MAPK activation and

tight junction disruption is associated with a scattered distribu-
tion of crucial tight junction scaffolding proteins. Although no
obvious difference in total staining intensity of ZOproteins was
observed among the test groups, the levels of Western blot-
detectable (extractable) ZO proteins were decreased in the
presence of 5-HT. This indicates the possible formation of
insoluble protein complexes for these scaffolding proteins in
the presence of 5-HT.These results suggest that 5-HT regulates
ZO1 and -2 protein complex formation and their distribution
across the membrane, thus regulating the barrier as well as
membrane polarity functions of the mammary epithelial cells.
Alternatively, ubiquitinylation and targeting of ZO proteins for
degradation by 5-HT may also explain the decreased Western
blot-detectable levels and scattered distribution of the proteins
(41, 54).
In this study, we have elucidated the dynamics and mode of

action of 5-HT in regulating mammary epithelial resistance
that may occur during the homeorhetic process of involution.
Understanding these mechanisms provides an opportunity to
address practical issues of nursing mothers and dairy. Surely,
5-HT may have many other unexplored modes of action in
regulating the complex process of involution. We do not yet
know how 5-HT effects on themembrane “fencing” function of
tight junctions might affect secretory and other cellular activi-
ties of the mammary epithelium; nor do we know about the
roles of 5-HT in pathologies like breast cancers, which are
known to be associated with dysregulated tight junctions, mak-
ing them invasive and metastatic (35).
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