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Chondrocytes are the only cells in cartilage, and their death by apoptosis contributes to cartilage loss in
inflammatory joint diseases, such as rheumatoid arthritis (RA). A putative therapeutic intervention for RA is
the inhibition of apoptosis-mediated cartilage degradation. The hormone prolactin (PRL) frequently increases
in the circulation of patients with RA, but the role of hyperprolactinemia in disease activity is unclear. Here, we
demonstrate that PRL inhibits the apoptosis of cultured chondrocytes in response to a mixture of proinflam-
matory cytokines (TNF-a, IL-13, and IFN-y) by preventing the induction of p53 and decreasing the BAX/BCL-2
ratio through a NO-independent, JAK2/STAT3-dependent pathway. Local treatment with PRL or increas-
ing PRL circulating levels also prevented chondrocyte apoptosis evoked by injecting cytokines into the knee
joints of rats, whereas the proapoptotic effect of cytokines was enhanced in PRL receptor-null (Prlr~-) mice.
Moreover, eliciting hyperprolactinemia in rats before or after inducing the adjuvant model of inflammatory
arthritis reduced chondrocyte apoptosis, proinflammatory cytokine expression, pannus formation, bone ero-
sion, joint swelling, and pain. These results reveal the protective effect of PRL against inflammation-induced
chondrocyte apoptosis and the therapeutic potential of hyperprolactinemia to reduce permanent joint damage

and inflammation in RA.

Introduction

Rheumatoid arthritis (RA) is a chronic, autoimmune inflamma-
tory disease with a worldwide prevalence of 1% to 2%. Autoim-
munity followed by the articular infiltration of leukocytes and
hyperplasia of synovial cells lead to the development of an inva-
sive inflammatory pannus that destroys the adjacent cartilage
and bone. Locally produced cytokines are crucial for initiating the
inflammatory process and destroying articular tissue (1). Among
these cytokines, TNF-a, IL-1f, and IFN-y stimulate both chon-
drocyte apoptosis and cartilage extracellular matrix degradation,
and their inhibition ameliorates joint destruction (1-4). Trans-
genic mice expressing TNF-a, a model of polyarthritis (5), display
chondrocyte apoptosis before the onset of full arthritis, suggesting
that cytokine-induced chondrocyte apoptosis is a primary cause
of, rather than an event secondary to, cartilage matrix breakdown
(6). Thus, factors able to counteract chondrocyte apoptosis under
inflammatory conditions are relevant for the treatment of RA
(7-11). One such factor is prolactin (PRL).

PRL acts both as a circulating hormone and a cytokine to regu-
late the function of a wide variety of tissues, including cartilage.
PRL and the PRL receptor are expressed in chondrocytes (12, 13),
where this hormone can promote differentiation and survival. PRL
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stimulates the synthesis of proteoglycans and type II collagen by
bone marrow-derived chondrocytic mesenchymal cells (14), and it
inhibits the apoptosis of articular chondrocytes induced by serum
deprivation (13). The action of PRL on chondrocyte survival may
be relevant in RA. PRL is present in RA synovial fluid (14, 15), is
produced by RA synovial cells (16), and can influence cartilage sur-
vival by exerting immunoregulatory effects. The PRL receptor is a
member of the hematopoietin/cytokine receptor superfamily and
is expressed in a variety of immune cells, in which this hormone
can be proinflammatory or antiinflammatory by regulating prolif-
eration, survival, and the release of inflammatory mediators (17).
Given that cytokine-induced chondrocyte apoptosis contributes
to cartilage destruction in RA (1,2, 6, 9), we investigated the survival
effect of PRL on chondrocytes treated in vitro or in vivo with a mix-
ture of TNF-a, IL-1f3, and IFN-y (Cyt) and whether this effect pro-
tects against cartilage destruction in the adjuvant-induced model of
inflammatory arthritis in rats. We demonstrate that PRL treatment
inhibits, and PRL receptor deficiency enhances, Cyt-induced carti-
lage apoptosis and that the PRL effect on survival occurs in chon-
drocytes via a NO-independent, JAK2/STAT3-dependent pathway.
We also show that hyperprolactinemia promotes the survival of
arthritic cartilage by blocking the expression of proinflammatory
cytokines and their proapoptotic effect on chondrocytes and that
PRL delays the onset and ameliorates the severity of inflammatory
arthritis. We conclude that current medications able to increase pro-
lactinemia constitute novel potential therapies to control inflam-
mation-driven cartilage degradation and joint damage in RA.
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PRL inhibits Cyt-induced apoptosis of chondrocytes in culture. (A) Primary cultures of rat chondrocytes were challenged with Cyt, combined
or not with different concentrations of PRL, and apoptosis was evaluated at 24 hours by ELISA (n = 3-6). (B) Representative Western blot of
procaspase-3 and active caspase-3 (Procasp-3 and Casp-3, respectively) in lysates of chondrocytes incubated or not with Cyt in the absence
or presence of PRL for 6 hours. The graph shows the quantification of active caspase-3 by densitometry after normalization to procaspase-3
(n = 3). (C) qRT-PCR-based quantification of p53 mRNA levels (n = 3) in chondrocytes incubated or not with Cyt in the absence or presence of
PRL for 24 hours. (D) Representative Western blot of BAX and BCL-2 in chondrocytes incubated or not with Cyt in the absence or presence of PRL
for 4 hours. The graph shows the quantification of BAX/BCL-2 by densitometry (n = 3). Values are mean + SEM. *P < 0.05, **P < 0.01, ***P < 0.001.

Results

PRL blocks Cyt-induced apoptosis of chondrocytes in culture by a NO-
independent, JAK2/STAT3—dependent pathway. We first studied
whether PRL can act on chondrocytes to inhibit the proapoptotic
effect of Cyt using primary cultures of rat articular chondro-
cytes. Cyt induced a 2-fold increase in chondrocyte apoptosis, as
determined by chondrocyte internucleosomal DNA fragmenta-
tion measured by ELISA, and this increase was blocked in a dose-
dependent manner by the coadministration of PRL (Figure 1A).
The antiapoptotic effect of PRL was confirmed by Western blot
analysis of procaspase-3 cleavage to the caspase-3 active form
(Figure 1B). Cyt treatment enhanced the levels of active caspase-3
as compared with those after no treatment, and PRL blocked the
Cyt-induced increase of active caspase-3. The graph in Figure 1B
shows quantification of active caspase-3 after normalization for
the amount of total procaspase-3 on the blot. We also investi-
gated the expression of proteins that regulate apoptosis. Upon
treatment with Cyt, there was a 15-fold increase in the mRNA
expression of proapoptotic p53, as determined by qRT-PCR, and
this increase was significantly reduced by PRL (Figure 1C). Also,
Western blot analysis showed that PRL prevented the increase in
the levels of proapoptotic BAX induced by Cyt and increased the
levels of antiapoptotic BCL-2, resulting in a significant reduction
in the BAX/BCL-2 ratio (Figure 1D).

Because NO produced by iNOS is a main factor mediating the
effect of TNF-a,, IL-1f, and IFN-y on chondrocyte apoptosis (3, 4,
18), we tested whether the inhibition of Cyt-induced iNOS protein
expression/NO production mediates the survival effect of PRL.
Similar to PRL, addition of the NOS inhibitor N®-nitro-L-argin-
ine methyl ester (L-NAME) (19) prevented Cyt-induced chondro-
cyte apoptosis (Figure 2A). However, PRL had no apparent effect
on Cyt-induced upregulation of iNOS protein measured by West-
ern blot (Figure 2B) or of the NO metabolites, nitrite (NO,") and
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nitrate (NO3"), evaluated by the Griess reaction (Figure 2C) in chon-
drocyte lysates or conditioned media, respectively. This indicates
that inhibition of Cyt-induced apoptosis by PRL occurs through a
NO-independent pathway. We next examined activation of JAK2/
STAT3, a known PRL signaling pathway (20) that is implicated
in chondrocyte survival (21). In the absence and presence of Cyt,
addition of PRL to cultured chondrocytes stimulated the phos-
phorylation/activation of JAK2, as indicated by Western blotting
(Figure 2D), and the activation of STAT3, as measured by its nuclear
translocation (Figure 2E). STAT3 immunoreactivity was predomi-
nantly distributed throughout the cytoplasm, and treatment with
PRL increased the localization of STAT3 immunostaining in the
cell nucleus, indicative of STAT3 activation. Because incubation of
chondrocytes with the STAT3 inhibitor S31-201 (22) resulted in
chondrocyte apoptosis (Figure 2F), it is possible that activation of
the JAK2/STAT3 pathway by PRL mediates its inhibitory effect on
Cyt-induced chondrocyte apoptosis.

PRL inbibits the apoptosis of chondrocytes induced by the intra-articu-
lar injection of Cyt. To assess the survival action of PRL in vivo, Cyt
with or without PRL were injected into the intra-articular space
of knee joints of normoprolactinemic rats. Also, Cyt were injected
in rats rendered hyperprolactinemic by placing 2 anterior pitu-
itary glands (APs) under a kidney capsule for 15 days (23). After
48 hours, Cyt-injected knees showed a positive TUNEL signal on the
outer border of the articular cartilage, visualized as a continuous
fluorescent line, which was absent in the vehicle-injected controls
(Figure 3A). The TUNEL-positive signal was located in chondro-
cytes (Figure 3A, inset), in which apoptosis was confirmed by active
caspase-3 immunostaining and DAPI-DNA labeling (Figure 3B).
There was no positive TUNEL reaction in the articular cartilage of
knees coinjected with Cyt and PRL (Figure 3C) or in AP-grafted
rats injected with Cyt (Figure 3E). Inhibition of the Cyt effect by
PRL and AP grafts was statistically significant after quantifying
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PRL inhibits Cyt-induced chondrocyte apoptosis by a NO-independent, JAK2/STAT3—dependent pathway. (A) Apoptosis evaluated by ELISA
in chondrocytes incubated with Cyt in the presence or absence of the NO inhibitor L-NAME for 24 hours (n = 3—6). (B) Western blot analysis
of INOS (n = 3) and (C) NO2~ and NO3~ concentrations (n = 7) after incubating or not incubating chondrocytes with Cyt in the absence or
presence of PRL for 6 and 24 hours, respectively. (D) Representative Western blot of phosphorylated JAK2 (pJAK2) in chondrocytes incu-
bated with the various treatments for 30 minutes (n = 3). (E) Representative immunostaining for total STAT3 and DAPI in cultured chondro-
cytes treated with or without (control) PRL (2.3 ug/ml), Cyt, or PRL and Cyt (PRL + Cyt) for 1 hour (n = 3). Scale bar: 25 um. (F) Apoptosis
evaluated by ELISA in chondrocytes incubated in the absence or presence of 100 nM STAT3 inhibitor S31-201 for 24 hours (n = 3—4). Bars

represent mean + SEM. *P < 0.05, ***P < 0.001.

the TUNEL signal (Figure 3, D and F). AP transplants resulted in
a significant increase in circulating PRL levels (Figure 3G). These
higher PRL levels were responsible for the reduction of Cyt-induced
chondrocyte apoptosis, because this reduction was abrogated (Fig-
ure 3, E and F) by lowering circulating PRL with CB154 (Figure 3G),
a dopamine D2 receptor agonist that inhibits AP PRL release (24).
Therefore, intra-articular treatment with PRL or induction of high
prolactinemia inhibits Cyt-induced chondrocyte apoptosis.
Cyt-induced chondrocyte apoptosis is enbanced in PRL receptor—null
mice. In order to explore whether endogenous PRL helps maintain
chondrocyte survival under inflammatory conditions, mice null for
the PRL receptor (Prlr/~) were injected or not with Cyt in one knee
and, after 48 hours, both the injected and noninjected knees were
evaluated by TUNEL. In the absence of Cyt, there was no apparent
histological alteration (data not shown) or positive TUNEL signal
in the articular cartilage of Prlr~/~ mice (Figure 4, A and B), indi-
cating that PRL is not required for the survival of articular chon-
drocytes under normal conditions. After Cyt treatment, Prlr/~ mice
showed TUNEL staining in the articular cartilage similar to that in
wild-type counterparts (Figure 4, A and B). However, in Prlr~/~ mice,
but not in Prlr”/* mice, the noninjected knee, i.e., contralateral to
the knee injected with Cyt, also showed a positive TUNEL reaction
3904
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(Figure 4, C and D). These findings suggest that normal levels of
PRL inhibit the proapoptotic effect of Cyt but that this action is
only detected in response to lower levels of Cyt, such as those reach-
ing a knee after contralateral intra-articular injection.

PRL prevents and reduces chondrocyte apoptosis in the adjuvant-in-
duced model of inflammatory arthritis. Since PRL protects against
Cyt-induced chondrocyte apoptosis, and Cyt can cause apoptosis-
mediated cartilage loss in RA (1, 2, 6-9), we investigated whether
PRL reduces chondrocyte apoptosis in the adjuvant-induced model
of inflammatory arthritis in rats. Osmotic minipumps delivering
PRL or subcutaneous tablets releasing haloperidol (Hal), a dopa-
mine D2 receptor antagonist leading to hyperprolactinemia (25),
were implanted 3 days before the injection of CFA (Figure SA).
On the day of CFA injection (day 0), infusion of PRL or Hal treat-
ment elevated circulating PRL levels by 7 fold or 8 fold, respectively
(Figure 5B). The hyperprolactinemic effect of PRL infusion was
maintained and that of Hal decreased with time and resulted, at
the end of the experiment (day 21 after CFA) (Figure 5B), in a 6-fold
and 2-fold increase in serum PRL, respectively.

Consistent with cartilage destruction being a feature of adju-
vant-induced arthritis (26), CFA treatment resulted in chon-
drocyte apoptosis, as revealed by TUNEL- and active caspase-3-
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Figure 3

PRL inhibits the apoptosis of chondrocytes induced by the intra-articular injection of Cyt. (A and B) Apoptosis was assessed in rat knees injected
with vehicle or Cyt by TUNEL and active caspase-3 staining. The bottom right images in A show enlarged views of knee cartilage. Scale bar:
500 um (top); 25 um (bottom). (B) Nucleic acids in chondrocytes were stained by DAPI. Scale bar: 50 um. (C and D) TUNEL-positive staining and
quantification in outer border cartilage of rat knees coinjected with Cyt and PRL (n = 4). Scale bar: 100 um. (E and F) TUNEL-positive staining
and quantification in outer border cartilages of rat knees from nontransplanted (sham) and AP-transplanted rats exposed to vehicle or Cyt, in
the presence or absence of dopamine D2 receptor antagonist, CB154 (n = 4-6). (A—C and E) White arrowheads indicate cartilage outer border.
Scale bar: 250 um. (G) Serum PRL levels in sham or AP-transplanted rats treated or not with CB154 (n = 5-10). Bars represent mean + SEM.

**P < 0.01, **P < 0.001.

positive cells in the cartilage of knee joints on day 21 after CFA
(Figure 5C), i.e., when joint swelling is at its peak, as seen below. At
this time, CFA also produced a significant increase in the mRNA
expression of Casp3, Bax, and p53 in ankle joints (Figure 5D).
Treatment with PRL or Hal lowered CFA-TUNEL and active cas-
pase-3 staining and expression of proapoptotic mediators, indicat-
ing that this hormone prevents chondrocyte apoptosis in arthritic
joints. We then investigated curative properties of PRL by placing
osmotic minipumps delivering PRL 15 days after the injection of
CFA (Figure 6A), i.e., when joint swelling is evident, as seen below.
On day 21, PRL infusion had elevated serum PRL by 5 fold and
2 fold in control and CFA-treated animals, respectively (Figure 6B).
Higher PRL levels correlated with reduced chondrocyte apoptosis
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(Figure 6C) and lower expression of proapoptotic mediators (Fig-
ure 6D) in the CFA-injected rats. These findings suggest that high
prolactinemia prevents and reduces chondrocyte apoptosis in
inflammatory arthritis.

PRL prevents and reduces adjuvant-induced arthritis. Because PRL has
immunoregulatory properties (17), it may also promote cartilage
survival in RA by attenuating joint inflammation. Early studies
reported that AP-induced hyperprolactinemia reduces CFA-in-
duced arthritis (27) and that Hal chronically suppresses inflam-
mation in patients with RA (28, 29). Here, we show that PRL infu-
sion, initiated 3 days before CFA injection (Figure 7A), delayed the
onset and ameliorated the severity of joint inflammation, as indi-
cated by a reduction in hind paw swelling (ankle circumference)
Volume 123 3905
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(Figure 7, B and C) and the lower mRNA expression of proinflam-
matory mediators (Ifng, 116, iNos, Il11b, and Tnfa) in the ankle joint
at day 21 after CFA (Figure 7E). Also, Hal treatment 3 days before
CFA (Figure 7A) counteracted inflammation even more effectively
than PRL infusion. Hal suppressed ankle swelling (Figure 7F) and
reduced ankle pain (Figure 7G) and proinflammatory mediator
expression (Figure 7H). Consistent with these findings, the histo-
pathological examination of knee sections stained by hematoxylin
and eosin showed that PRL infusion, and to a lesser extent Hal
treatment, reduced the progression of inflammatory arthritis, as
revealed by the absence of pannus formation, and the thinning and
destruction of bone trabeculae that occur in normoprolactinemic,
adjuvant-injected rats (Figure 8).

Notably, even when started after inflammatory onset (day 15
after CFA) (Figure 9A), PRL treatment mitigated ankle swelling,
pain, and expression of proinflammatory mediators (Figure 9,
B-D). These findings support the antiinflammatory action of PRL
and its therapeutic value for the prevention and reduction of joint
destruction in inflammatory arthritis.

Discussion
Chondrocytes are responsible for the production and maintenance
of the articular cartilage extracellular matrix, which largely deter-
mines the biomechanical properties of joints (30). Adult articular
cartilage is postmitotic and cannot compensate for loss of chon-
drocytes occurring in aging (31) and in arthropathies such as oste-
oarthritis (3) and RA (7). In these diseases, abnormal exposure to
3906
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Figure 4

Cyt-induced chondrocyte apoptosis is enhanced in Prir--
mice. Apoptosis was assessed by TUNEL staining in
knees of Prir’- and Prir++ mice intra-articularly injected
or not with Cyt. (A and B) Both injected and (C and D)
noninjected knee joints, i.e., ipsilateral and contralateral
to the injection site, respectively, were analyzed. White
arrowheads indicate cartilage outer border. Scale
bar: 250 um. Bars represent mean + SEM. (n = 3-5).
*P < 0.05, **P < 0.01, ***P < 0.001.
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cytokines produced by resident cells and infiltrating
inflammatory cells leads to chondrocyte apoptosis
and matrix degradation (1, 2, 6-9). Natural chon-
drocyte survival factors have the potential to be
developed for therapeutic application. This study
demonstrates for the first time that PRL inhibits
cytokine- and arthritis-driven chondrocyte apop-
tosis. This effect involves the reduced expression of
proinflammatory cytokines in joint tissue and the
blockage of their proapoptotic effect at the chon-
drocyte level. Moreover, raising circulating PRL levels
reduces joint swelling, pain, pannus formation, and
bone erosion in the arthritic joint.

Consistent with previous studies (2, 32, 33), here
we show that a combination of TNF-a, IL-1f, and
IFN-y stimulated the in vitro apoptosis of chondro-
cytes, as evaluated by enhanced mRNA expression of
pS3,increased BAX/BCL-2 ratio, activated caspase-3,
and increased DNA fragmentation. Cyt concentra-
tions were similar to those (1-10 ng/ml) found in
synovial fluid of patients with RA with severe disease
activity (34, 35) or produced by activated chondrocytes (36). PRL
opposed the Cyt proapoptotic effect in a dose-dependent manner
at concentrations (0.2-2.3 ug/ml) higher than those reported in
RA synovial fluid (0.007-0.02 ug/ml) (14, 15) but similar to those
(0.2-0.3 ug/ml) circulating in pregnancy and lactation (37). Also,
PRL may be higher in cartilage than in synovial fluid due to its
local synthesis in chondrocytes (12). Previous findings showed
that PRL attenuates the stimulatory effect of Cyt on the expres-
sion of iNOS and the production of NO in cultured fibroblasts
(38) and NO is a major mediator of Cyt-induced chondrocyte
apoptosis (ref. 3 and present data). In chondrocytes, however, PRL
did not inhibit Cyt-induced iNOS protein expression/NO produc-
tion, indicating that its survival effect is independent of NO. On
the other hand, PRL activated JAK2 and STAT3, which signal to
inhibit chondrocyte apoptosis. STAT3 activation promotes the

Prir

survival of growth plate chondrocytes by inducing the transcrip-
tion of BCL-2 (21), and we found that the pharmacological inhi-
bition of STAT3 leads to the apoptosis of articular chondrocytes.
It is possible that STAT3-independent, JAK2-dependent mecha-
nisms also contribute to the antiapoptotic effect of PRL. Activa-
tion of JAK2 by PRL stimulates PI3K/Akt to promote the survival
of various cells (39-42), and activation of Akt inhibits the apop-
tosis of chondrocytes induced by endoplasmic reticulum stress or
the osteoarthritic condition (43, 44).

The fact that PRL activates molecular mechanisms in chon-
drocytes to counteract the proapoptotic effect of Cyt argues in
favor of its prosurvival effect on cartilage under inflammatory
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Figure 5

PRL and Hal prevent chondro-
cyte apoptosis in adjuvant-in-
duced arthritis. (A) Experimen-
tal design diagram: osmotic
* minipumps delivering PRL or
subcutaneous tablets releasing
Hal were placed 3 days before
injecting the rats with CFA, and

0O Control
ECFA

1204 Sk
*
100+
(] 804
60+
21 404
20+
oLl il
T o =
o o -
2

Days after CFA 0

(9]

Control

TUNEL

PRL+CFA Hal+CFA

TUNEL

Casp3

D
244 OControl
WCFA *kk
P © 201 i *kk
Z & 164 kkk  kkk
T o
E G 124
o E 8
= 1
é < ikl’
<= 4
0 r—‘ll"ll-l =
T g g g§ &%
o T l}. I o T D. I o T o T
Casp3 Bax p53

conditions. To investigate this concept, we extended the in vitro
observations to the articular cartilage in situ. To our knowledge,
this is the first report showing that the intra-articular delivery
of Cyt induces the apoptosis of chondrocytes. Cyt were used
at pharmacological concentrations, since, in contrast to cell-
culture conditions, their intra-articular delivery results in a much
shorter contact with chondrocytes (45). Apoptosis occurred at
the outer surface of articular cartilage, which is the most exposed
and susceptible area of the tissue. Superficial articular chondro-
cytes display higher numbers of IL-1 binding sites than cells in
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¥ the experiment ended on day 21
after CFA. (B) Serum PRL lev-
els on days 0 and 21 after CFA
in PRL-treated rats (n = 3-8)
and on days 0, 14, and 21 after
CFA in Hal-treated rats (n = 4-8).
(C) TUNEL and active caspase-3
staining of articular cartilage of
knees from rats treated or not
with PRL or Hal under control
and CFA-injected conditions on

O Control
WCFA

B

2

o 10 day 21 after CFA. Scale bar: 100
% 5 um. The graph shows the quan-
I—U o4 tification of TUNEL-positive cells
& in articular cartilage (n = 4-8).
(D) qRT-PCR-based quantifi-
cation of Casp3, Bax, and p53
mRNA levels in ankle joints from
PRL- and Hal-treated rats on day
21 after CFA (n = 5-14). Bars rep-
resent mean + SEM. *P < 0.05,
**P < 0.01, ***P < 0.001.

PRL
Hal
PRL
Hal

deep cartilage (46), and enhanced iNOS expression (47) and large
numbers of apoptotic chondrocytes have been reported in the
superficial and middle zones of osteoarthritic (48) and RA (8)
cartilage. Cotreatment with a pharmacological concentration
of PRL (60 ug/ml) or increasing serum PRL to levels similar to
those (0.03 ug/ml) found in the circulation of patients with RA
(49) blunted Cyt-induced chondrocyte apoptosis. These findings
demonstrate the survival effect of PRL on articular cartilage in
vivo and suggest that systemic PRL can enter the joint to protect
against chondrocyte apoptosis in RA.
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PRL is not essential for cartilage survival under normal condi-
tions. Targeted disruption of the PRL receptor gene has no pheno-
type in endochondral bone formation (50), a process involving the
apoptosis of growth plate chondrocytes, and it causes no appar-
ent alteration indicative of a defect in articular cartilage survival
(present study). However, Cyt-induced chondrocyte apoptosis was
enhanced in the absence of the PRL receptor, indicating that the
survival effect of PRL becomes apparent in the context of inflam-
mation. The fact that in Prlr7~ mice enhanced apoptosis was also
seen in the knee contralateral to the one injected with the Cyt, sug-
gests that the antiapoptotic effect of PRL depends on Cyt levels
and thus, that higher values of PRL are needed to promote carti-
lage survival under highly inflammatory conditions.

Here, we show that increasing systemic PRL levels prevents and
reduces chondrocyte apoptosis in CFA-induced arthritis. This
model is well documented for the induction of inflammation
within joint tissues and for having cartilage and bone destruction
similar to that in RA (26, 51). Consistent with a previous study
(52), we found that CFA-induced arthritis enhances the expression
of apoptotic mediators in joints and showed for the first time that
apoptosis occurs in large numbers of articular chondrocytes. Thus,
in CFA-induced arthritis as in other models of inflammatory
arthritis (53) and in RA (8), chondrocyte apoptosis is associated
3908
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Figure 6

PRL reduces chondrocyte apoptosis in already arthritic rats.
(A) Experimental design diagram: osmotic minipumps delivering
PRL were placed 15 days after the injection of CFA in rats, and the
experiment ended on day 21 after CFA. (B) Serum PRL levels on
day 21 after CFA in PRL-treated and nontreated rats (n = 4-8). (C)
TUNEL and active caspase-3 staining of articular cartilage of knees
from rats treated or not with PRL under control and CFA-injected
conditions on day 21 after CFA. Scale bar: 100 um. The graph shows
the quantification of TUNEL-positive cells in articular cartilage
(n = 5-8). (D) gRT-PCR-based quantification of Casp3, Bax, and
p53 mRNA levels in ankle joints from PRL-treated and nontreated
rats on day 21 after CFA (n = 3-8). Bars represent mean + SEM.
*P < 0.05, **P < 0.01, ***P < 0.001.

with joint destruction. Increasing prolactinemia, either by PRL
infusion or Hal treatment, before or after inducing arthritis,
reduced chondrocyte apoptosis and Cyt expression in joints.
Also, PRL and Hal ameliorated the severity of arthritis, as eval-
uated by joint swelling, pain, pannus formation, and bone ero-
sion. The effect of Hal on joint swelling and pain was stronger
than that of PRL but weaker on pannus formation and bone
erosion. These differences may reflect the fact that, in addition
to blocking D2 receptors on the AP, which causes the release
of PRL, Hal also blocks dopamine D2 receptors on immune
cells, thereby modifying both cytokine release and action (29,
54). Indeed, Cyt are key mediators of CFA-induced arthritis.
Their concentration and expression are significantly elevated
in serum (26) and joint tissues (present results) of CFA-injected
rats, respectively, and IL-1 antagonists and TNF-a-neutraliz-
ing antibodies reduce disease severity in these animals (51, 52).
We propose that PRL protects against CFA-induced inflam-
matory arthritis by reducing Cyt levels and counteracting their
proapoptotic and proinflammatory actions on synovial cells,
cartilage, and bone. However, contrary to these findings, PRL
enhances proliferation of cultured RA synovial cells and their
release of proinflammatory cytokines and MMP (16). While the
in vitro condition may contribute to this discrepancy, in vivo evi-
dence supporting our proposal shows that AP-induced hyperpro-
lactinemia ameliorates CFA-induced inflammation by increasing
the circulating levels of corticosterone (23, 27). Because glucocor-
ticoids and inhibitors of TNF-o and IL-1f are current treatments
for RA (55), sustained PRL administration offers promise for mit-
igating susceptibility to the onset or flare-up of RA and disease
severity, and current medications known to increase prolactinemia
constitute therapeutic options in RA, as indicated by clinical stud-
ies using Hal (28, 29).

The idea of inducing high prolactinemia to help control the pro-
gression of joint damage in RA is novel and unexpected. A large
body of literature has focused on PRL having a pathogenic role in
RA and also in other autoimmune diseases, like SLE, Sjégren’s syn-
drome, Hashimoto’s thyroiditis, celiac disease, MS, etc. Its patho-
genic role is largely based on the preponderance of autoimmune
diseases in women (56) and on PRL being a sex-linked hormone,
on the higher levels of circulating PRL detected in some patients
(6%-45%, depending on the disease and specific study), on the
therapeutic effects of the dopamine agonist bromocriptine, and on
the immunoenhancing properties of PRL (57-61). However, in RA,
as in the other autoimmune diseases, treatment with bromocrip-
tine is not always effective and the association between PRL levels
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PRL and Hal prevent joint inflammation in adjuvant-induced arthritis. (A) Experimental design diagram: osmotic minipumps delivering PRL or
subcutaneous tablets releasing Hal were implanted 3 days before the injection of CFA in rats. (B) Representative photographs of hind paws from
groups injected or not with CFA. (C and F) Time course of ankle circumference in groups infused with PRL (n = 10) or treated with Hal (n = 16)
under control and CFA-injected conditions. (C) Days 15, 18, and 21, P < 0.001, CFA vs. control. Days 18 and 21, P < 0.001, PRL vs. PRL plus
CFA. (F) Days 15 and 18, P < 0.001, CFA vs. control. Days 12, 15, 18, and 21, P < 0.001, CFA vs. Hal plus CFA. (D and G) Nociceptive threshold in
groups infused with PRL (n = 5-9) or treated with Hal (n = 5-9). (E and H) gqRT-PCR-based quantification of Infg, II6, iNos, II1b, and Tnfa mRNA
levels in ankle joints from rats treated with PRL (n = 3—10) or with Hal (n = 3—10) under control and CFA-injected conditions on day 21 after CFA.

Bars are mean + SEM. *P < 0.05, **P < 0.01, ***P < 0.001.

and disease activity has been inconsistent (58-62). Generalizations
are confounded by the contribution of PRL synthesized locally by
cells like chondrocytes (12), synoviocytes and immune cells (16),
and endothelial cells (63), which can potentiate the action of sys-
temic PRL. Moreover, PRL has the ability to exert immunostimu-
latory or immunosuppressive effects, depending on its level and
the pathophysiological conditions (17). For example, physiolog-
ical concentrations of PRL (<0.02 ug/ml) are more effective than
high PRL levels (0.1 ng/ml) in stimulating antibody production
by SLE lymphocytes (64), low PRL levels stimulate and high levels
inhibit NK cell proliferation (65), and hyperprolactinemic patients
(mean serum PRL of 0.98 ng/ml or 0.20 ug/ml) show reduced NK
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cell numbers (66) and function (67). Also, hyperprolactinemia
protects against inflammatory arthritis in rats (present study),
and treatment with a high, but not a low, dose of PRL exacerbates
experimental MS (61). In the latter, however, the low dose of PRL
is beneficial when combined with IFN-f, and Prlr7~ mice display a
significantly worse outcome than wild-type mice (61). The variabil-
ity of the relationship between PRL and autoimmune diseases is
further highlighted under physiological hyperprolactinemia. Dur-
ing pregnancy, when PRL levels are high, SLE flare-ups occur, but
RA and MS go into remission (59, 68). Breastfeeding, a stimulus
elevating circulating PRL, exacerbates SLE in humans (69), butitis
protective in the B/W mouse model of SLE (70). Breastfeeding also
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PRL reduces pannus formation and bone erosion in adjuvant-induced arthritis. Histological evaluation of (A) pannus formation and (B) bone
erosion in sections of knee joints stained by hematoxylin and eosin from nonimplanted rats (control) or rats implanted with osmotic minipumps
delivering PRL or with subcutaneous tablets releasing Hal 3 days before injecting or not injecting CFA; the histological evaluation was carried
out on day 21 after CFA (n = 3—-8). Pannus-associated regions in each group are indicated (arrows). c, cartilage; t, bone trabeculae; mc, bone
marrow cavity. Scale bar: 100 um. Graphs show histological scores for (A) pannus formation (synovial membrane hyperplasia and infiltration of
leukocytes) and (B) bone erosion (thinning and destruction of bone trabeculae). Values are mean + SEM. **P < 0.01.

worsens RA (71) but protects against postpartum MS relapse (72).
These contrasting observations indicate that PRL exerts opposing
influences on immune function that depend on complex immune
and hormonal interactions.

Although the role of endogenous PRL in autoimmune diseases
has generated controversies (57-62, 73), our study reveals that ele-
vating serum PRL levels significantly attenuates cartilage death and
joint inflammation in inflammatory arthritis. This strategy may be
comparable to the well-established use of glucocorticoids in patients
with RA, in which levels of the endogenous hormones appear insuf-
ficient to control the disease (74). While PRL is not essential for nor-
mal immune system development and function (75, 76), it is a major
stress-related hormone (77), balancing immune system homeostasis
in the context of stress, trauma, and inflammation (17, 78). Studies
clarifying how circulating and local PRL levels are being regulated
in the proinflammatory milieu of pathological situations will help
establish appropriate PRL levels for controlling ongoing inflamma-
tion and the better use of PRL for therapeutic purposes in RA and
other inflammatory-related disorders.

Methods

Reagents. Recombinant human TNF-a,, IL-1f, and IFN-y were purchased
from R&D Systems. Rat PRL and rat PRL radioimmunoassay reagents were
obtained from A.F. Parlow (National Hormone and Pituitary Program, Los

3910 The Journal of Clinical Investigation

heep://www.jci.org

Angeles, California, USA). Ovine PRL and L-NAME were purchased from
Sigma-Aldrich, and the STAT-3 inhibitor S31-201 and anti-BAX (Sc-493)
and anti-BCL-2 (Sc-492) antibodies from Santa Cruz Biotechnology Inc.
Antibodies anti-caspase-3 (9662) and anti-pJAK2 (Tyr1007/1008, 3771)
were from Cell Signaling Technology Inc., anti-iINOS (06-573) was from
Upstate, and CFA was from Difco.

Animals. Male Lewis and Sprague-Dawley rats (200-250 g), Wistar rats
(130-150 g), and Prir7/~ mice (6-8 months, 129Sv/J background) were
housed under standard laboratory conditions (22°C; 12-hour/12-hour
light/dark cycle, free access to food and water). Animals were anesthe-
tized with 70% ketamine and 30% xylazine (1 ul/g body weight, i.p.) for
surgeries and intra-articular injections, and all procedures were per-
formed between 9:00 and 12:00 AM. To avoid stress-induced alterations,
animals were handled daily for 7 days before euthanization by carbon
dioxide inhalation and decapitation.

Chondrocyte culture. Articular chondrocytes were isolated from femoral
epiphyseal cartilage of male Wistar rats as described previously (12). Cells
were seeded at 2 x 10° cells per cm? and incubated in DMEM containing
10% FBS and 1% penicillin/streptomycin at 37°C for 24 hours. Nonad-
herent cells were removed, and adherent cells were incubated for 24 hours
in either fresh medium or medium containing Cyt (25 ng/ml TNF-a,
10 ng/ml IL-1f, and 10 ng/ml IFN-y) combined or not with different con-
centrations of rat PRL or the NOS inhibitor L-NAME (1 mM). Other cell
cultures were incubated with 100 nM of the STAT3 inhibitor, S31-201. All
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PRL reduces joint inflammation in already arthritic rats. (A) Experimental design diagram: osmotic minipumps delivering PRL were placed
15 days after the injection of CFA in rats, and the experiment ended on day 21 after CFA. (B) Time course of ankle circumference (n = 10-15)
(days 18 and 21, P < 0.001, CFA vs. control), (C) evaluation of ankle joint nociceptive threshold (n = 5-8), and (D) qRT-PCR-based quantification
of Ifng, 116, iNos, II1b, and Tnfa mRNA levels (n = 5-8) in ankle joints under control and CFA-injected conditions on day 21 after CFA. Bars are

mean = SEM. *P < 0.05, **P < 0.01, ***P < 0.001.

experiments were performed in the first passage of culture. Both detached
and adherent chondrocytes were assayed for apoptosis by measuring frag-
mented nucleosomal DNA using the Cell Death Detection ELISA Kit
(Roche Diagnostics). To investigate PRL-induced nuclear translocation of
STATS3, chondrocytes were seeded on glass coverslips and treated with or
without Cyt in the presence or absence of PRL for 1 hour. Cells were then
fixed in 4% PFA at room temperature (RT) for 1 hour, washed, incubated
1 hour at RT with 5% normal goat serum in 0.05% Triton-PBS, and then
incubated overnight at 4°C with a 1:100 dilution of anti-total STAT3. Cells
were then washed and incubated at RT with the second antibody, Alexa
Fluor 546 (1:500; Invitrogen), for 2 hours, and their nuclei were counter-
stained with DAPI (1 ug/ml; Sigma-Aldrich).

Western blot. Chondrocytes incubated with or without Cyt in the absence
or presence of PRL were analyzed for JAK2 phosphorylation after 30 min-
utes, for BAX and BCL-2 after 4 hours, and for total caspase-3 (procaspase-3
and active caspase-3) and iNOS after 6 hours of treatment. Cells were resus-
pended in lysis buffer (0.5% Igepal, 0.1% SDS, 50 mM Tris, 150 mM NaCl,
1 ug/ml aprotinin, and 100 ug/ml PMSF, pH 7.0) and subjected to SDS/
PAGE, and total protein (40 ug) was blotted and probed overnight with a
1:1,000 dilution of anti-caspase-3, anti-iNOS, or anti-pJAK2; a 1:300 dilu-
tion of anti-BAX; or a 1:200 dilution of anti-BCL-2. Secondary antibodies
conjugated to alkaline phosphatase (Jackson ImmunoResearch Laborato-
ries Inc.) were used. Densitometric analysis was performed using the Quan-
tity One 1-D image analysis software (Bio-Rad Laboratories Inc.).

The Griess colorimetric assay was used to measure the NO,™ and NO3"
concentrations in conditioned media of chondrocytes treated or not with
Cyt with or without PRL for 24 hours.

Intra-articular injection of Cyt. Lewis rats and Prlr~/~ mice were injected in the
articular space of right knee joints with Cyt in a final volume of 60 ul (375 ng
TNF-a, 150 ng IL-1f, and 150 ng IFN-y) and 10 ul (62.5 ng TNF-a, 25 ng
IL-1p, and 25 ng IFN-y), respectively. A group of rats was coinjected with the
Cytand 8 ug rat PRL. As the estimated volume of rat synovial fluid is 130 ul,
the intra-articular concentration of PRL was 60 wg/ml. Thirteen days before
Cyt injection, other groups of rats were implanted with 2 AP grafts under
the kidney capsule in order to induce hyperprolactinemia (23), and half of
them were injected i.p. with 1.25 mg/d of CB154 (Parlodel, Novartis), start-
ing 5 days before Cyt injection. Endotoxin-free water (60 ul and 10 ul for
rats and mice, respectively) was used as a control vehicle. Forty-eight hours
after vehicle or Cyt injection, animals were euthanized to evaluate apoptosis
in knee cartilage and assess serum PRL levels by radioimmunoassay.
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Adjuvant-induced arthritis. Sprague-Dawley rats were immunized intrader-
mally at the base of the tail with 0.2 ml CFA (10 mg heat-killed Mycobacte-
rium tuberculosis H37Ra per 1 ml of Freund’s adjuvant). Three days before
CFA injection, some rats were rendered hyperprolactinemic by the subcuta-
neous implantation of a 28-day Alzet osmotic minipump (Alza) containing
1.6 mg ovine PRL or a tablet releasing 35 mg Hal over the 60 days of treat-
ment (Innovative Research of America). Other rats were implanted 15 days
after CFA injection with 14-day Alzet osmotic minipumps containing 0.8 mg
ovine PRL. Arthritis development was evaluated every 3 days by the hind
ankle circumference determined by measuring 2 perpendicular diame-
ters, the laterolateral diameter () and the anteroposterior diameter (b),
with a digital caliper and using the following formula: circumference =
2m(\(a2+b2)/2). On day 21 after CFA, hind paw pain was assessed using an
Analgesy-Meter (Ugo Basile S.R.L.), and knee joints and hind paws were
dissected to evaluate in situ apoptosis and expression of proapoptotic and
proinflammatory markers, respectively. In addition, adjuvant-induced
arthritis was evaluated histologically. Knee joints were fixed, decalcified,
and dehydrated for paraffin embedding. Knee sections (7 um) stained
by hematoxylin and eosin were scored as reported previously (79), with
the following modifications: 1 (no detectable change), 2 (slight change),
3 (moderate change), 4 (remarkable change), and 5 (severe change) for
pannus formation (synovial membrane hyperplasia and infiltration of
leukocytes) and bone erosion (thinning and destruction of bone trabec-
ulae). Histological parameters were scored by 4 single-blind, independent
observers (N. Addn, M.G. Ledesma-Colunga, S. Thebault, and C. Clapp).

In situ apoptosis. Seven-um knee sections were deparaffinized, rehydrated,
and permeabilized with 0.1% Triton X-100 and 0.1% sodium citrate for
7 minutes followed by incubation in sodium citrate buffer (10 mM sodium
citrate, 0.5% Tween 20, pH 6.0) for 1 minute at 86°C. Apoptosis was
detected by the TUNEL method using the In Situ Cell Death Detection
Kit (Roche Diagnostics) and by immunohistochemistry using a polyclonal
antibody against active caspase-3 (1:25; Millipore) and Alexa Fluor 546 sec-
ondary antibody (1:500) as well as by staining the condensed/fragmented
DNA with DAPI (1 ug/ml, Sigma-Aldrich). Apoptotic signals were visu-
alized under fluorescence microscopy (Microscope BX60FS5, Olympus
Optical Co. LTD) and quantified by the image analysis system software
Pro-Plus (Media Cybernetics Inc.).

qRT-PCR. Frozen whole ankle joints were pulverized in liquid nitrogen
using a mortar and pestle. Total RNA was isolated using TRIZOL reagent
(Invitrogen) and reverse transcribed using the High-Capacity cDNA Reverse
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Transcription Kit (Applied Biosystems). PCR products were detected and
quantified with Maxima SYBR Green qPCR Master Mix (Thermo Scientific)
in a 10 pl final reaction volume containing template and 0.5 uM of each of
the primer pairs for Casp3, forward 5'-GAAAGCCGAAACTCTTCATCA-3',
reverse 5'-ATAGTAACCGGGTGCGGTAT-3'; Bax, forward 5'-ACTGGA-
CAACAACATGGTGC-3', reverse 5'-ATCAGCTCGGGCACTTTAGT-3';
pS3, forward 5'-AGAGACCCAGCAACTACCAACA-3', reverse 5'-CTCA-
GACTGACAGCCTCTGCAT-3'; Ifng, forward 5'-AGCACAAAGCT-
GTCAATGAA-3', reverse 5'-TTCTTCTTATTGGGCACACTC-3'; 16,
forward 5'-TCCAACTCATCTTGAAAGCA-3', reverse 5'-TTCATATTGC-
CAGTTCTTCG-3'; Tnfa, forward 5'-GGGCTTGTCACTCGAGTTTT-3/,
reverse S'-TGCCTCAGCCTCTTCTCATT-3'; iNos, forward 5'-TTTTAGA-
GACGCTTCTGAGG-3', reverse 5'-GTCCTTTTCCTCTTTCAGGT-3';
11D, forward 5'-AAAAGCGGTTTGTCTTCAAC-3', reverse 5'-GGAATA-
GTGCAGCCATCTTT-3'; and Ubc, forward 5'-CTGACAGGGTGCGGC-
CATCTT-3/, reverse 5'-ACTGCAGCCAACACCGCTGAC-3'. Amplification
performed in the CEX96 real-time PCR detection system (Bio-Rad) included
a denaturation step of 10 minutes at 95°C, followed by 40 cycles of ampli-
fication (10 seconds at 95°C, 30 seconds at the primer pair-specific anneal-
ing temperature, and 30 seconds at 72°C). The PCR data were analyzed by
the 2-44¢T method, and cycle thresholds normalized to the housekeeping
gene Ubc were used to calculate the mRNA levels of interest.

Serum PRL. Rat PRL was measured in serum by conventional radioim-
munoassay, and infused ovine PRL was measured by the Nb2 cell bioassay,
a standard procedure based on the proliferative response of the Nb2 lym-
phoma cells to PRL, carried out as described previously (80).

Statistics. All data were replicated in 3 or more independent experiments.
The statistical analyses were performed using the Sigma Stat 7.0 (Sigma
Stat 7.0, Systat Software Inc.) and the GraphPad Prism (GraphPad Soft-
ware Inc.) software. Data distribution and equality of variances were deter-
mined by D’Agostino-Pearson omnibus and Levene’s tests. In case of data
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with normal distribution and/or equal variances, statistical differences
between 2 and more than 3 groups were determined by 2-tailed Student’s
t test and 1-way ANOVA followed by Bonferroni’s post-hoc comparison
test, respectively. In case of data with nonparametric distribution, statis-
tical differences between 2 and more than 3 groups were determined by
Mann Whitney’s and Kruskal-Wallis followed by Dunn’s post-hoc compar-
ison tests, respectively. The threshold for significance was set at P < 0.05.

Study approval. All experiments were approved by the Bioethics Commit-
tee of the Institute of Neurobiology of the National University of Mexico
and comply with the US National Research Council’s Guide for the Care
and Use of Laboratory Animals (Eighth Edition, National Academy Press,
Washington, DC, USA).
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Moreno-Carranza B, Goya-Arce M, Vega C, Adan N, Triebel J,
Lépez-Barrera F, Quintanar-Stéphano A, Binart N, Martinez de
la Escalera G, Clapp C. Prolactin promotes normal liver growth,
survival, and regeneration in rodents: effects on hepatic IL-6, sup-
pressor of cytokine signaling-3, and angiogenesis. Am J Physiol Regul
Integr Comp Physiol 305: R720-R726, 2013. First published August
15, 2013; doi:10.1152/ajpregu.00282.2013.—Prolactin (PRL) is a
potent liver mitogen and proangiogenic hormone. Here, we used
hyperprolactinemic rats and PRL receptor-null mice (PRLR™/7) to
study the effect of PRL on liver growth and angiogenesis before and
after partial hepatectomy (PH). Liver-to-body weight ratio (LBW),
hepatocyte and sinusoidal endothelial cell (SEC) proliferation, and
hepatic expression of VEGF were measured before and after PH in
hyperprolactinemic rats, generated by placing two anterior pituitary
glands (AP) under the kidney capsule. Also, LBW and hepatic
expression of IL-6, as well as suppressor of cytokine signaling-3
(SOCS-3), were evaluated in wild-type and PRLR '~ mice before
and after PH. Hyperprolactinemia increased the LBW, the prolifera-
tion of hepatocytes and SECs, and VEGF hepatic expression. Also,
liver regeneration was increased in AP-grafted rats and was accom-
panied by elevated hepatocyte and SEC proliferation, and VEGF
expression compared with nongrafted controls. Lowering circulating
PRL levels with CB-154, an inhibitor of AP PRL secretion, prevented
AP-induced stimulation of liver growth. Relative to wild-type ani-
mals, PRLR™/~ mice had smaller livers, and soon after PH, they
displayed an approximately twofold increased mortality and elevated
and reduced hepatic IL-6 and SOCS-3 expression, respectively. How-
ever, liver regeneration was improved in surviving PRLR ™/~ mice.
PRL stimulates normal liver growth, promotes survival, and regulates
liver regeneration by mechanisms that may include hepatic downregu-
lation of IL-6 and upregulation of SOCS-3, increased hepatocyte
proliferation, and angiogenesis. PRL contributes to physiological liver
growth and has potential clinical utility for ensuring survival and
regulating liver mass in diseases, injuries, or surgery of the liver.

liver growth and regeneration; prolactin; vascular endothelial growth
factor; interleukin-6; suppressor of cytokine signaling-3; liver angio-
genesis

HEPATOCYTES ARE LONG-LIVED and rarely divide under normal
conditions except soon after birth and in association with
female reproductive events. In rodents, hepatocyte replication
peaks during the first 2 wk of age (18), doubles during
pregnancy (15), and continues to increase throughout lactation
(27). Pathological conditions such as toxic injury and infection
trigger hepatocyte proliferation to replace damaged tissue (17).

Address for reprint requests and other correspondence: C. Clapp, Instituto de
Neurobiologia, Universidad Nacional Auténoma de México (UNAM), Cam-
pus UNAM-Juriquilla, 76230 Querétaro, México (e-mail: clapp@unam.mx).
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Numerous growth factors and cytokines stimulate liver growth,
and cross-circulation experiments (32) and liver tissue trans-
plants into extrahepatic sites (25) indicate that triggering agents
are present in the circulation. Prolactin (PRL), the hormone
fundamental for lactation, may contribute to these triggering
mechanisms.

PRL increases in the circulation under conditions of physi-
ological and pathological liver growth. Its levels are high in
neonates (21), in pregnant and lactating females (3), in patients
with liver cirrhosis (33), and in rodents after partial hepatec-
tomy (PH) (9). Liver is the organ that expresses the highest
levels of PRL receptors (34), and injection of PRL increases
hepatic DNA synthesis, the liver-to-body weight ratio (LBW)
(10), and activity of transcription factors involved in hepatic
cell proliferation [activator protein-1 (AP-1), Jun, STAT-3]
(36). PRL triggers mitogenic signaling pathways in isolated
hepatocytes (4) and may also promote liver growth by inducing
angiogenesis. PRL stimulates endothelial cell proliferation in
various organs through direct stimulation of endothelial cells
(13) but also indirectly by inducing the synthesis of VEGF and
fibroblast growth factor-2 in nonendothelial cells (13), and it
promotes VEGF expression in regenerating livers (36).

Here, we tested the hypothesis that PRL contributes to
physiological liver growth and regeneration using hyperpro-
lactinemic rats and PRL receptor-null (PRLR™/7) mice that
were either intact or subjected to PH. The results support our
hypothesis and identify regulation of IL-6, suppressor of cyto-
kine signaling-3 (SOCS-3), sinusoidal endothelial cell (SEC)
proliferation, and VEGF expression as mechanisms mediating
the actions of PRL.

MATERIALS AND METHODS

Animal experimentation. Male Wistar rats (200-250 g) and
PRLR/~ and wild-type (PRLR"'") mice (16-wk-old males and
females of 7129SvJ background) were maintained and treated accord-
ing to local institutional guidelines and in compliance with the Guide
for the Care and Use of Laboratory Animals published by the U.S.
National Institutes of Health. The Bioethics Committee of the Institute
of Neurobiology of the National University of Mexico approved all
animal experiments. All surgical procedures were performed between
8:00 AM and 12:00 PM. To avoid stress-induced PRL release,
animals were handled daily for 7 days before death. Seventy or 60%
PH was carried out in rats and mice, respectively, according to the
method of Higgins and Anderson (22). Animals were weighed before
PH and at the time of death when resected liver and regenerating liver
remnants were weighed, formalin-fixed, or frozen; blood was then
collected for subsequent analysis. Fifteen days before PH, hyperpro-
lactinemia was induced in rats by implanting two anterior pituitary
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glands (AP) under the kidney capsule, as previously described (2).
Control rats were subjected to similar surgery without implantation.
Groups of AP-implanted and control rats received a daily, intraperi-
toneal injection of saline or CB-154 (5 mg/kg body wt) 4 or 7 days
before death.

Liver-to-body weight ratio. Liver growth was assessed by the
liver-to-body weight ratio (LBW), calculated as 100 times the weight
of the organ divided by the body weight of the animal at death. The
rate of recovery of liver mass after PH was evaluated by comparing
the LBW of the remnant liver immediately after (day 0) and at days
2, 4, and 6 after surgery.

Hepatocyte and SEC proliferation. Liver samples were fixed in
10% formalin, dehydrated in a graded alcohol series, and embedded in
paraffin. Eight-micrometer paraffin sections were incubated with a
1:500 dilution of anti-PCNA antibody (clone PC10; DakoCytomation,
Freiberg, Germany) overnight at 4°C. Immunoreactive cells were
detected using the avidin-biotin-peroxidase kit (Vectastain ABC Kit;
Vector Laboratories, Burlingame, CA). The slides were cover-slipped
with Permount, scanned, and analyzed using the ScanScope Digital
Scanner (Aperio Technologies, Vista, CA) and Pro-Plus software
(Media Cybernetics, Silver Spring, MD). Cell proliferation was eval-
uated by quantifying the number of PCNA-positive nuclei in hepato-
cytes or SEC per square millimeter The spindle-shaped sinusoid-
lining cells in the open sinusoids were considered to be SEC. Three
areas per section and three different sections were evaluated per rat.

Serum PRL. Serum PRL was measured in rats by RIA using
standard procedures and reagents provided by the National Hormone
and Pituitary Program and by Dr. A. F. Parlow (Harbor-University of
California, Los Angeles Medical Center, Los Angeles, CA).

Real-time quantitative RT-PCR. Total RNA was extracted from
liver tissue using TRIzol reagent (Invitrogen, Carlsbad, CA), cDNA
was synthesized using the high-capacity cDNA reverse transcription
kit (Applied Biosystems, Foster City, CA), and real-time quantitative
reverse-transcriptase PCR was performed using the Maxima SYBR
Green/ROX qPCR Master Mix (Fermentas, Hanover, MD) with a Bio-
Rad CFX96 PCR detection system (Bio-Rad Laboratories, Hercules,
CA). The sequences of primers used were as follows: VEGF: 5'-
TGCCAAGTGGTCCCAG-3' (forward) and 5'-GTGAGGTTTGATC-
CGC-3' (reverse); IL-6: 5'-GAGGATACCACTCCCAACAGACC-3’
(forward) and 5'-AAGTGCATCATCGTTGTTCATACA-3' (reverse);
SOCS-3: 5'-CCCGCGGGCACCTTTCTTAT-3’ (forward) and 5'-CAC-
TGGATGCGTAGGTTCTTGGTC-3'" (reverse); and ppia 5'-GGCG-
GCAGGTCCATCTACG-3" (forward) and 5'-CTTGCCATCCAGC-
CATTCAGTC-3' (reverse). All primers distinguished between genomic
and cDNA amplification. Results are expressed as fold induction com-
pared with baseline after normalization to ppia.

Serum IL-6. 1L-6 serum levels were determined using the BD
OptEIA Mouse IL-6 ELISA Set (BD Biosciences Pharmigen, San
Diego, CA) following the instructions of the manufacturer.

Statistics. Results are expressed as means * SE. Differences
between two groups at a single time point (Figs. 1 and 2) were
evaluated by unpaired Student’s #-test, whereas comparisons between
two and more than two groups at various time points were examined
by two-way ANOVA followed by Tukey’s post hoc test (Figs. 3 and
4). SigmaStat 7.0 software (Systat Software, San Jose, CA) was used.
Survival of PRLR™* vs. PRLR™/~ was analyzed by Cox’s F test
using Statistica software (StatSoft, Tulsa, OK). Differences in means
with P < 0.05 were considered statistically significant.

RESULTS

PRL promotes growth, hepatocyte and SEC proliferation,
and VEGF expression in intact livers. To determine the effect
of PRL on normal liver growth, we evaluated the LBW in rats
rendered hyperprolactinemic by placing two AP under the
kidney capsule for 15 days and in PRLR ™/~ mice. LBW was
elevated in AP-grafted rats, confirmed to be hyperprolactine-
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mic (P = 0.006, Fig. 1A). Hyperprolactinemia was responsible
for the increase in LBW, because the effect was abrogated by
lowering PRL levels with CB-154, a dopamine D, receptor
agonist that inhibits AP PRL release (38) (Fig. 1A). Liver
growth was then assessed by the immunohistochemical evalu-
ation of PCNA, a marker of cell proliferation (7). PCNA-
positive hepatocytes were detectable in the nongrafted rats, and
their number was significantly elevated in the AP-implanted
animals (P = 0.01, Fig. 2, A and B). PCNA-positive SEC were
identified by the immunoreactivity to PCNA located in elon-
gated nuclei of spindle-shaped sinusoid-lining cells, and their
number was found to be significantly higher in the AP-grafted
animals (P = 0.04, Fig. 2, A and C). Hyperprolactinemia-
induced liver angiogenesis was further suggested by the in-
creased hepatic expression of VEGF in AP-implanted vs.
nonimplanted rats (P < 0.01, Fig. 2D). Consistent with the
findings, LBW was reduced in PRLR™/~ mice relative to
wild-type mice (P < 0.001, Fig. 1B).

Effect of hyperprolactinemia on liver growth and angiogen-
esis after PH. Liver regeneration over time was then evaluated
in hyperprolactinemic rats subjected to PH 15 days after AP
implantation. Circulating PRL levels increase during the first
15 min after PH and return to control values thereafter (9).
Consistent with this report, no differences in PRL serum
concentrations were found in the nongrafted controls at 2, 4,
and 6 days after PH (Fig. 3A). AP-grafted rats showed a 7- to
12-fold increase in serum PRL levels over nongrafted controls
throughout the 6-day period following PH (P = 0.01, Fig. 3A).
LBW was higher at day 0 and continued to be elevated at days
2, 4, and 6 post-PH (P = 0.01 - 0.04 vs. control, nongrafted
rats, Fig. 3B). Because hyperprolactinemic rats start out with a
higher LBW value prior to PH, recovery of liver mass was
evaluated by plotting LBW levels after PH relative to estimated
whole LBW values immediately after surgery (day 0) (Fig.
3C). Two days after PH, hyperprolactinemic animals showed a
significantly higher recovery of liver mass that leveled out
thereafter, indicating a faster recovery of liver mass in hyper-
prolactinemic compared with normoprolactinemic rats. To as-
sess the causal relationship with hyperprolactinemia, AP-im-
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Fig. 1. Prolactin (PRL) promotes growth in intact livers. (A) Liver-to-body
weight ratio (LBW) and serum PRL levels in rats nontransplanted (control) or
transplanted with two anterior pituitary glands under the kidney capsule (AP)
and injected or not with the dopamine D> receptor antagonist, CB-154.
B: LBW in wild-type (PRLR*/*) and PRL receptor-deficient (PRLR ~/~) mice.
Bars represent means = SE. Numbers inside parentheses indicate n values.
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Fig. 2. PRL stimulates the proliferation of hepatocytes (Hep) and sinusoidal endothelial cells (SEC) and the expression of VEGF in intact livers. A: representative
photographs of hepatocytes and SEC immunostained for PCNA in liver sections from rats nontransplanted (control) or transplanted with two anterior pituitary
glands under the kidney capsule (AP). Arrows and arrowheads indicate some PCNA-positive Hep and SEC, respectively. Scale bar = 100 wm. Quantification
of hepatocytes (B) and SEC (C) positive for PCNA/mm? of liver tissue in Control and AP rats. D: quantitative RT-PCR-based evaluation of VEGF mRNA levels
in livers from control and AP-implanted rats. Bars represent means = SE. Numbers inside parentheses indicate n values.

planted and nonimplanted rats were injected with CB-154
before and after being subjected to PH and killed 2 days after
surgery. Treatment with CB-154 reduced circulating PRL to
basal levels and blunted the increase in LBW in AP-implanted
rats (Fig. 3, A and B), indicating that hyperprolactinemia is
responsible for this increase. Liver growth and angiogenesis
were then evaluated in hyperprolactinemic rats by measuring
the proliferation of hepatocytes and SEC after PH. Immuno-
histochemical analysis of PCNA staining in regenerating livers
of control rats showed higher numbers of proliferating hepa-
tocytes and SEC that peaked at 2 and 4 days after surgery (Fig.
3, D-F). Hepatocyte proliferation was significantly increased
on postoperative days 0, 2, and 4 in hyperprolactinemic Vvs.
control rats (P = 0.01-0.04, Fig. 3E). Also, hyperprolactine-
mic animals showed elevated SEC proliferation on days 0 and
4 post-PH (P = 0.01, Fig. 3F) and enhanced VEGF mRNA
levels on days 0 and 2 after surgery (P = 0.01-0.05, Fig. 3G).
These results confirm the mitogenic effect of PRL on hepato-
cytes and suggest that enhanced angiogenesis contributes to its
stimulatory effect on liver regeneration.

PRLR ™~ mice show increased mortality, elevated hepatic
expression, and serum levels of IL-6, reduced hepatic SOCS-3
expression, and reduced liver growth after PH. Mortality after
PH was higher [Cox’s F test: F(22,42) = 1.87, P = 0.038] in
PRLR /= mice (21 of 53, 40%) compared with wild-type
animals (11 of 47, 23%). PRLR-null mice died between 1 and
2 days post-PH, suggesting that mortality was not related to the
surgical procedure. IL-6 is a key cytokine produced and re-
leased into the circulation mainly by Kupffer cells during the
first hours of liver regeneration that promotes hepatoprotection
and mitogenesis (43). However, overproduction of IL-6 can
also inhibit hepatocyte growth and cause liver injury (47) and
mortality (28). Because PRL reduces LPS-induced IL-6 syn-
thesis in Kupffer cells (49), we tested whether PH-induced
production of IL-6 is altered in PRLR ™/~ mice and may, thus,
contribute to enhanced mortality. As expected (44), expression
and circulating levels of IL-6 were elevated at 3 and 6 h after
PH in wild-type mice (P < 0.01-0.001; Fig. 4, A and B). In
PRLR /" mice, hepatic IL-6 mRNA levels were 3- to 15-fold
higher throughout the first 24 h after PH (P < 0.01-0.001, Fig.
4A) and were associated with significantly higher levels of IL-6

in the circulation at 3 and 6 h post-PH (P = 0.02-0.047, Fig. 4B).
Because SOCS-3 is a negative regulator of IL-6 synthesis and
signaling that is transiently expressed during liver regeneration
(11) and is upregulated by PRL in the liver (37), we examined
whether deficiency of PRLR affected hepatic SOCS-3 expression
in the early phases of PH. PRLR-null mice showed significantly
lower levels of SOCS-3 mRNA at 3 and 6 h after PH compared
with wild-type mice (P < 0.001-0.006, Fig. 4C).

To further evaluate the involvement of PRL in the control of
liver regeneration, we compared the LBW values after PH
between control and PRLR ™/~ mice (Fig. 4D). Consistent with
the reduced LBW found in intact PRLR ™/~ mice (Fig. 1B),
LBW was significantly lower immediately after PH (day 0)
(P = 0.029 PRLR** vs. PRLR /", Fig. 4D). The LBW
continued to be reduced in PRLR ™/~ mice 2 days after PH
(P = 0.043 PRLR™" vs. PRLR /") but was similar to the
LBW of control mice at days 4 and 6 after PH (Fig. 4D).
Because PRLR ™/~ mice start out with a lower LBW prior to
PH, recovery of liver mass was evaluated by plotting LBW
levels after PH relative to estimated whole LBW values im-
mediately after surgery (day 0) (Fig. 4E). A similar recovery of
liver mass was found between PRLR /= and PRLR ™" mice 2
days after PH (P = 0.47 PRLR™'* vs. PRLR™/", Fig. 4E),
indicating that the reduction in LBW found in PRLR ™/~ mice
at this time (Fig. 4D) is due not to decreased liver regeneration
but to the fact that these mice have lower LBW values prior to
PH. Moreover, PRLR '~ mice showed a higher liver mass
recovery 4 and 6 days after PH (P < 0.02-0.03, Fig. 4E),
indicating that the absence of PRL signaling enhances the final
phases of liver regeneration.

DISCUSSION

The central role of endocrine factors in physiological liver
growth and hepatic regeneration has been known for decades
(6, 25, 27, 32), but the contribution of specific hormones is still
unclear. The present study demonstrates that PRL can act both
on the normal and regenerating liver to stimulate their growth
and angiogenesis. Moreover, we show that PRL promotes
animal survival after PH by mechanisms that may involve the
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Fig. 3. PRL stimulates liver growth, hepatocyte (Hep), and SEC proliferation, and expression of VEGF after PH. Serum PRL levels (A) and LBW (B) in rats
nontransplanted (control) or transplanted with two anterior pituitary glands under the kidney capsule (AP) immediately (day 0), and 2, 4, and 6 days after partial
hepatectomy (PH). Some control and AP-transplanted animals were injected with CB-154 and evaluated 2 days after PH. C: percentage of recovery of LBW in
control and AP rats 2, 4, and 6 days after PH. D: representative photographs of Hep and SEC immunostained for PCNA in liver sections from rats nontransplanted
(control) or transplanted with two anterior pituitary glands under the kidney capsule (AP) and evaluated 4 days after PH. Arrows and arrowheads indicate some
PCNA-positive Hep and SEC, respectively. Scale bar = 100 pwm. Quantification of hepatocytes (E) and SEC (F) positive for PCNA/mm? of liver tissue in control
and AP rats immediately (day 0), and 2, 4, and 6 days after PH. G: qRT-PCR-based evaluation of VEGF mRNA levels in livers from control and AP rats on
days 0, 2, 4, and 6 after PH. Bars represent means = SE. Numbers inside parentheses indicate n values. *P = 0.01.

downregulation and upregulation of hepatic IL-6 and SOCS-3,
respectively.

PRL is a versatile hormone that acts on a wide variety of
target tissues to regulate reproduction, osmoregulation, energy
metabolism, brain function, immune response, growth, and
angiogenesis (3, 6, 13). The liver is the organ with the largest
number of PRL receptors (34), and PRL regulates liver func-
tion and growth, yet these actions are poorly understood. PRL
acts on fetal liver to promote the differentiation of red blood
progenitor cells (40) and stimulate lipid metabolism (30). It
induces adult liver to produce Hageman factor (20) and may
contribute to bile secretion by promoting the proliferation of
cholangiocytes under normal and diseased conditions (41).

PRL was reported to be a mitogen for normal liver nearly 30
years ago, when repeated injections of pharmacological doses
of the hormone stimulated hepatic DNA synthesis and the
mitotic index, caused hepatomegaly, and promoted the expres-
sion of preneoplastic lesions when given after a hepatocarcino-
gen (10).

Here, we have used mice carrying a homozygous deletion of
the PRLR gene to investigate the role of PRL in normal liver
growth. We found that absence of the PRLR confers reduced
liver mass. It is possible that nonspecific effects of PRL during
development contribute to this phenotype. Placental lactogens
and pituitary PRL lead to metabolic adaptations in the mother,
such as increased food intake, (3-cell expansion, and insulin
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production (35), which may promote fetal and neonatal liver
development. However, the facts that fetal liver expresses the
PRLR (19) and that PRL stimulates the proliferation of cul-
tured hepatocytes isolated from 20-day-old rats (45) suggest
that PRL can signal directly to stimulate liver growth during
development and that this action is required to achieve normal
liver size. Consistent with this finding, we also showed that
inducing persistent hyperprolactinemia, to levels similar to
those (50-250 ng/ml) circulating in pregnancy and lactation
(3), stimulates liver mass, and that this effect disappears when
PRL levels are lowered to basal with CB-154.
Hyperprolactinemia-induced liver growth entailed the en-
hanced proliferation of hepatocytes. Adult hepatocytes express
the PRLR (39), and PRL acts on cultured hepatocytes to
stimulate expression of the growth-related genes Fos, Jun, and
Src (4) and to promote proliferation (45). In addition, hyperp-
rolactinemia stimulated SEC proliferation and hepatic VEGF
expression, indicating that PRL promotes angiogenesis in in-

4
Days after PH

tact livers. Because liver growth requires angiogenesis (5, 42)
and SEC proliferation strongly depends on VEGF (48), angio-
genesis may be an important component of the PRL effect on
liver growth. While PRL may be acting through VEGF to
stimulate SEC proliferation, a direct effect of PRL on SEC is
suggested by the detection of the PRLR on hepatic sinusoidal
membranes (39), and by the mitogenic action of PRL on
cultured endothelial cells (12).

The facts that deletion of the PRL receptor reduces liver
mass and that hyperprolactinemia makes normally quiescent
hepatocytes and SEC become proliferating cells, suggest
that PRL has an effect on physiological liver growth. In-
deed, studies in rats show that LBW is high in nursing pups
during lactation (18) when they are being exposed to high
levels of PRL in milk (46). Moreover, the PRLR is upregu-
lated in the pregnant liver (23), and hyperprolactinemia
associates with liver enlargement during pregnancy and
lactation (3, 15, 27).
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PRL also influences early events of liver regeneration lead-
ing to animal survival and hepatic growth. Circulating PRL
levels increase shortly after PH (9), and PRL administration
stimulates the binding activity of AP-1, JUN, and STAT-3
within the first 5 to 12 h following PH (36). Activation of these
transcriptional factors is part of the signaling cascade elicited
by important cytokines, including IL-6, to promote hepatopro-
tection and mitogenesis (14, 43). Here, we found that the
elimination of PRL signaling in PRLR™/~ mice results in
increased mortality, indicating that PRL stimulates the adap-
tive response to PH required for animal survival.

IL-6 is a key cytokine mediating homeostatic adaptations
involved in animal survival and liver growth after resection.
IL-6 deficiency increases mortality and reduces hepatocyte
proliferation after PH (14, 43). However, the levels of IL-6
must be carefully adjusted since exposure to higher levels of
IL-6 causes liver failure, increased mortality, and reduced
regenerative capacity (24, 28, 47). Because, the hepatic expres-
sion and serum levels of IL-6 are elevated in PRLR ™/~ mice
throughout the first 24 h of liver regeneration, PRL may signal
to adjust IL-6 levels after PH. Although a nonhepatic source of
serum IL-6 in PRLR™™ mice cannot be excluded, hepatic
Kupffer cells are the primary source of serum IL-6 after liver
resection (1), and PRL may, thus, reduce IL-6 levels by
upregulating the production of SOCS-3 in the remnant liver.
SOCS-3 is an important negative regulator of IL-6 production
and signaling, and it acts by preventing the activity of NF-kB
(8) and the tyrosine phosphorylation/activation of STAT-3
(11). PRL induces SOCS-3 expression in liver (37), and, thus,
deletion of the PRLR reduces mRNA levels of SOCS-3 during
the first 24 h after PH (present study).

Consistent with PRL playing a role in liver regeneration,
LBW after PH was increased in hyperprolactinemic rats. These
findings agree with previous reports showing that the injection
of PRL before PH stimulates the early proliferation of hepa-
tocytes and the activity of factors promoting growth, differen-
tiation, and energy metabolism in the liver (36). Contrary to
our observations, an earlier study failed to show enhanced
LBW in hyperprolactinemic, AP-grafted rats 2 days after PH
(26). The reason for this discrepancy is unclear, but the lack of
a significant difference may relate to a small number of
animals.

The stimulatory effect of hyperprolactinemia on liver regen-
eration correlates with enhanced hepatocyte proliferation and
angiogenesis. As expected from the proliferation dynamics of
hepatic cells following PH (43), the mitogenic effect of PRL
occurred earlier in hepatocytes than in SEC, and this effect
could be functionally linked to VEGF. VEGF stimulates the
proliferation of hepatocytes and SEC during regeneration (5,
29, 42), PRL treatment induces the early expression of VEGF
in regenerating livers (36), and VEGF expression is elevated in
hyperprolactinemic animals 2 days after PH (present study).
However, in contrast to the stimulatory effects of hyperpro-
lactinemia, deletion of the PRLR did not modify liver regen-
eration 2 days after PH but enhanced it thereafter. The reason
for this discrepancy is unclear, but it is possible that compen-
satory mechanisms able to subserve the stimulatory role of
PRL are activated in PRLR ™/~ mice and result not only in no
reduction, but in enhancement of liver regeneration. Because
this enhancement occurred late in the regeneration process, it
may involve the overactivation of compensatory mechanisms
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promoting angiogenesis, which would warrant further investi-
gation. Thus, in spite of PRLR™/~ mice having a nearly
twofold higher mortality after PH relative to wild-type mice,
the surviving animals display an improved liver regeneration.
Recovery after higher (4-fold) mortality occurs in surviving
IL-6"'~ mice (14), illustrating the functional redundancy of the
liver regeneration process.

Perspectives and Significance

The present study shows that PRL is required for normal
liver growth and that it regulates animal survival and liver
regeneration after resection. It provides insights into the action
of this hormone during early events leading to body homeo-
stasis, hepatocyte proliferation, and liver angiogenesis. How-
ever, further investigation is needed to help establish causative
links between these events and hormone action and to evaluate
the cellular and molecular mechanisms activated by PRL that
result in hepatoprotection, liver growth, function, and regener-
ation both in the absence and presence of the PRLR. Interest-
ingly, hyperprolactinemia accompanies liver growth under nor-
mal and pathological conditions. Liver cirrhosis is commonly
associated with elevated levels of PRL and with gynecomastia
(16, 33). Because, hyperprolactinemia may help preserve he-
patic cell function and growth in the advanced disease, efforts
to correct PRL levels may be disadvantageous. Moreover, the
use of current medications known to increase prolactinemia
(31) constitutes potential therapeutic options in liver diseases,
liver injuries, or after liver surgery and warrants further inves-
tigation.
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of cleavage of PRL to this vasoinhibin as shown by the incubation of recombinant PRL with
hypothalamic extracts from stressed rats. These results suggest that vasoinhibins are potent
anxiogenic and depressive factors and that stress increases PRL levels in the hypothalamus partly
by reducing its conversion to vasoinhibins. The reciprocal interplay between PRL and vasoinhibins
may represent an effective mechanism to regulate anxiety and depression.

© 2014 Elsevier Ltd. All rights reserved.

1. Introduction

Prolactin (PRL) regulates a wide range of biological effects in
and beyond reproduction (Ben-Jonathan et al., 1996). Some
of these effects occur in the brain, where PRL promotes
maternal and feeding behaviors (Grattan and Kokay, 2008),
suppresses fertility (Sonigo et al., 2012), stimulates neuro-
genesis and neuronal survival (Shingo et al., 2003), regulates
neurotransmitter and neuropeptide release (Grattan and
Kokay, 2008; Vega et al., 2010), and attenuates stress-
induced neuroendocrine and anxiety responses (Torner
et al., 2001; Torner and Neumann, 2002).

PRL is often referred to as ‘“‘stress hormone’ because a
number of physical and emotional forms of stressors stimu-
late its secretion from the adenohypophysis into the circula-
tion (Reichlin, 1988). The increase in circulating PRL is
considered to be an adaptation to ensure competence of
the immune system (Dorshkind and Horseman, 2000; Yu-Lee,
2002) and proper physiological and behavioral responses to
stress (Torner et al., 2001; Torner and Neumann, 2002). The
PRL receptor is expressed in several immune cells, in which
this hormone regulates proliferation, survival, and the
release of inflammatory mediators (Yu-Lee, 2002). PRL inhi-
bits stress-induced production of immunosuppressive ster-
oids (Cook, 1997) and the stress-induced increase of
corticotropin secretion (Torner et al., 2001). Also, PRL
reduces anxiety behavior, and blocking PRL receptors in
the brain prevents both PRL inhibition of the hypothala-
mic—pituitary—adrenal (HPA) axis activation and its anxioly-
tic effect (Torner et al., 2001). These central actions may be
mediated by circulating PRL accessing the brain after enter-
ing the cerebrospinal fluid via its receptors in the choroid
plexus (Walsh et al., 1987; Mangurian et al., 1992). In addi-
tion, PRL mRNA is expressed in hypothalamic tissue (Clapp
et al., 1994; Ben-Jonathan et al., 1996; Torner et al., 2004;
Grattan and Kokay, 2008) and, although its neuronal localiza-
tion has not been demonstrated, PRL may act as a neuropep-
tide to regulate stress-related responses.

Adding complexity to PRL actions is its structural poly-
morphism. In the hypothalamus, PRL is proteolytically
cleaved to vasoinhibins (Clapp et al., 1994), a family of N-
terminal PRL fragments with molecular masses ranging from
14 to 18 kDa that signal through receptors distinct from PRL
receptors (Clapp and Weiner, 1992) to exert effects opposite
to those of the full-length hormone on blood vessels. PRL
stimulates blood vessel growth (angiogenesis), whereas
vasoinhibins inhibit angiogenesis (Clapp et al., 2009). The
structural diversity of vasoinhibins derives from the fact
that different proteases generate the various fragments by

cleaving near or within various sites of the large disulfide loop
linking alpha helixes 3 and 4 of the PRL molecule (for reviews
see Clapp et al., 2006, 2009). Vasoinhibins not only share
blood vessel inhibitory properties but also non-vascular
actions. 14 kDa Human and 16 kDa rat vasoinhibins act as
proinflammatory cytokines upregulating inducible nitric
oxide synthase (iNOS) in pulmonary fibroblasts (Corbacho
et al., 2000), whereas PRL functions to attenuate proinflam-
matory cytokine-induced iNOS expression in these cells (Cor-
bacho et al., 2003). On the other hand, both PRL and
vasoinhibins stimulate the release of vasopressin by the
hypothalamo-neurohypophyseal system (Mejia et al., 2003).

Since vasoinhibins are found in the hypothalamus and have
actions that may or may not differ from those of PRL, here we
investigated the hypothesis that vasoinhibins affect anxiety
behavior and that their generation is modified under condi-
tions of stress.

2. Methods
2.1. Reagents

A recombinant 14 kDa vasoinhibin containing the first 123
amino acids of the human PRL sequence and a tail of 7
histidines generated as described (Galfione et al., 2003)
was used in behavioral tests. Recombinant rat PRL used in
cleavage assays and as standard in Western blots was pur-
chased from the National Hormone and Pituitary Program
(NHPP) and Dr. A.F. Parlow (Harbor-University of California,
Los Angeles Medical Center, Los Angeles, CA). PRL having a
cleavage in the large disulfide loop and a 16 kDa vasoinhibin
containing the first 145 amino acids of PRL were used as
standards in Western blots and were generated by enzymatic
proteolysis of rat PRL with a mammary gland extract enriched
with cathepsin D, as reported (Clapp, 1987).

2.2. Animals

Virgin, female Wistar rats (230—250¢g body weight) were
maintained and treated according to local institutional
guidelines and in compliance with the Guide for the Care
and Use of Laboratory Animals published by the U.S. National
Institutes of Health. The Bioethics Committee of the Institute
of Neurobiology of the National University of Mexico (UNAM)
approved all animal experiments. Rats were handled daily for
five to seven days before the experiment. All experiments
were performed between 0900 h and 1200 h. Behavioral tests
were carried out on diestrous day. In non-behavioral studies,
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the stage of estrous cycle was determined after completing
the respective experiment. Because results of the latter
studies showed no difference within the same experimental
group, data were compiled and analyzed without regard to
the estrous cycle. Rats were anesthetized in a CO,-saturated
chamber and euthanized by decapitation.

2.3. Acute intracerebroventricular
administration

A guide cannula was stereotaxically cemented above the
right lateral ventricle (Paxinos and Watson, 1986) under
70% ketamine and 30% xylazine anesthesia (1.0 wl/g body
weight) injected intraperitoneally. Five days later, an infu-
sion cannula was inserted into the guide cannula of con-
scious, freely moving rats. After 1 h, an injection delivered
vasoinhibin (1.0 g in 4 wl) or 4 pl of vehicle (25 mM HEPES,
0.01% Triton, 0.1% glycerol, pH 7.4) over a 2-mininterval. The
infusion system was left in place for two additional min and
rats were then subjected to the elevated plus-maze, the
open-field, or the forced swim tests.

2.4. Elevated plus-maze (EPM)

The EPM was performed during 5 min as described (Torner
et al., 2001). A camera above the EPM apparatus connected
to a computer set-up allowed assessment of behavior. An
observer blind to the treatment determined the percentage
of time spent on the open arms as an indicator of anxiety. The
number of closed arm entries was used as an indicator of
locomotor activity.

2.5. Open-field test (OF)

The OF was performed as described (Carola et al., 2002) using
a square box (90 cm x 90 cm x 40 cm), with a 9-square grid
floor (3 x 3 squares, 30cm/side) and an overhead light
illuminating the central square. The number of entries into
the central and peripheral squares and the number of fecal
boli laid during a 5-min test was assessed on-line via a video
camera located above the box and scored by an observer
blind to the treatment.

2.6. Forced swim test (FS)

The FS test was videotaped for 10 min to evaluate depressive
behavior as reported and defined (Marti and Armario, 1993).
An observer blind to treatment scored: (1) time spent strug-
gling; (2) time spent swimming; (3) time spent floating; and
(4) latency until first floating.

2.7. Physical restraint procedure

The animals were immobilized for 30 min by placing them
into tapered plastic film tubes (DecapiCones, Braintree
Scientific, Inc., Braintree, MA) with a front breathing hole.
Some rats were euthanized immediately after termination of
the stress exposure, and others were returned to their home
cage to be killed 60 or 360 min after initiating stress. The
control group was killed without prior stress exposure.
Other rats were injected intraperitoneally with 5 mg/kg of

bromocriptine (Parlodel, Novartis Pharmaceuticals Inc.,
Basel, Switzerland), the day before and 1 h prior to initiating
or not stress. Blood was collected by decapitation and serum
was kept at —70°C until assayed. The hypothalamus was
isolated by cutting rostral to the optic chiasm, lateral to
either side of the median eminence, and caudal to the
mammillary bodies, undercutting at a depth of 2 mm. Each
hypothalamus was immediately placed on dry ice and stored
at —70 °C for no more than two days, after which the frozen
tissue was pulverized in liquid nitrogen and divided frozen
into two aliquots, one for quantitative RT-PCR (qRT-PCR) and
the other for Western blot analysis. qRT-PCR was carried out
immediately, whereas the aliquot for Western blot analysis
was kept at —70 °C until assayed.

2.8. Radioimmunoassay (RIA)

The RIA was carried out using standard procedures and
reagents provided by the NHPP and Dr. A.F. Parlow, with
rat PRL antigen (rPRL-1-6) and rat PRL reference (rPRL-RP-
3) preparations.

2.9. Western blot

Pulverized frozen hypothalami were homogenized in lysis
buffer (0.5% Igepal, 0.1% SDS, 50 mM Tris, 150 mM NaCl,
1 pg/mlaprotinin, and 100 pg/ml PMSF, pH 7.4) and analyzed
for PRL by RIA and for PRL and vasoinhibins by Western blot.
Sixty ng of protein was resolved by 15% SDS-PAGE, blotted,
and probed overnight with C-1 anti-PRL antiserum (a-PRL;
1:250 dilution) or with monoclonal antibody INN-1 directed
against the N-terminal end of PRL (N-Term; 1:100 dilution) as
described (Duenas et al., 1999; Aranda et al., 2005). Sec-
ondary antibodies conjugated to alkaline phosphatase were
used (Bio-Rad Laboratories, Hercules, CA) and optical density
values determined using Quantity One, 1-D analysis software
(Bio-Rad).

2.10. qRT-PCR

Total RNA was isolated from frozen, pulverized hypothalamic
samples by placing them in TRIzol reagent (Invitrogen, Carls-
bad, CA) followed by homogenization for 10 s. Reverse tran-
scription was then performed using 1 png total RNA and the
High Capacity cDNA Reverse Transcription Kit (Applied Bio-
systems, Foster City, CA). PCR products were detected and
quantified with Maxima SYBR Green gPCR Master Mix (Thermo
Scientific, Waltham, MA) in a 10 pl final reaction volume
containing template and 0.5 uM of each of the primer pairs
for Prl: forward 5 -TTATTGCCAAGGCCATCAAT-3, reverse 5'-
TGAAACAGAGGGTCATTCCA-3' and for Gapdh: forward 5'-
GTCCACTGGCGTCTTCACCA-3, reverse 5'-GTGGCAGTCATGG-
CATGGAC-3'. Amplification performed in the CFX96™ ther-
mocycler (Bio-Rad) included a denaturation step of 10 min at
95 °C, followed by 35 cycles of amplification (10 s at 95 °C,
30s at the primer pair-specific annealing temperature and
30s at 72 °C). The PCR data were analyzed by the 27247
method, and cycle thresholds normalized to the housekeep-
ing gene Gapdh allowed the mRNA levels of interest to be
calculated. PRL transcripts were amplified at 24—28 cycles,
and they displayed a single melting peak at 80.5 °C indicative
of a single amplicon.
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2.11. PRL cleavage analyses

The activity of PRL cleaving proteases was assessed by
incubating 200 ng of recombinant PRL in 5 pl of incubation
buffer (0.05M Tris-HCL, 0.15 M NaCl, and 0.01 M CaCl,, pH
7.0) with different amounts of hypothalamic lysate protein
from stressed and non-stressed rats in a final volume of 20 pl
for 24 h at 37 °C.

2.12. Statistical analysis

Statistics was performed using the Sigma Stat 7.0 (Systat
Software Inc., San Jose, CA). Differences between two or
more groups were evaluated by the two-tailed Student’ t-test
and one-way ANOVA followed by Tukey or the Holm—Sidak
post hoc comparison test, respectively. Differences in means
with p < 0.05 were considered statistically significant.

3. Results

3.1. Vasoinhibins stimulate anxiety and
depressive-like behaviors

Compared to vehicle-treated controls, intracerebroventricu-
lar (icv) injection of a recombinant vasoinhibin containing
the first 123 amino acids of human PRL increased anxiety-
related behavior in the EPM (Fig. 1A), as indicated by a
reduced percentage of time spent on the open arms
(p =0.003). This effect was not due to decreased locomotor
activity, since the number of entries into closed arms was
similar between vehicle- and vasoinhibin-treated rats
(p =0.143). Moreover, treatment with the vasoinhibin was
also associated with increased anxiety behavior in the OF test
reflected by a significant reduction in the number of entries
into the central square (p = 0.001) and a significant increase
in the number of fecal boli (p < 0.001) of the rats receiving
the vasoinhibin compared with vehicle-treated rats (Fig. 1B).
No differences were noted between the two groups in the
number of entries into the peripheral squares (84 &5 vs.
89 + 7, for vasoinhibin and vehicle, respectively; p = 0.729),

further evidence that locomotor activity was not modified by
icv administration of the vasoinhibin.

The recombinant vasoinhibin also increased depressive-
related behavior in the FS test, where rats given the vasoin-
hibin displayed a shorter latency to floating (p < 0.001) and
spent more time floating (p = 0.001) compared with control
rats (Fig. 1C). The time spent struggling (107 +19 vs.
111 £9s for the vasoinhibin and vehicle, respectively;
p =0.836) and swimming (477 +19 vs. 480 + 10s, for the
vasoinhibin and vehicle, respectively; p = 0.202) was similar.

3.2. Physical restraint increases systemic PRL
levels and hypothalamic levels of PRL mRNA and
protein but not the levels of hypothalamic
vasoinhibins

To investigate the stress-induced increase in hypothalamic
levels of PRL and vasoinhibins, we exposed animals to 30 min
of physical restraint and measured the circulating PRL levels
(Fig. 2A). Consistent with previous reports (Moore et al.,
1987; Reichlin, 1988), 30 min of physical restraint caused a
transient, 6-fold increase in serum PRL levels (p < 0.001)
that declined to control values by 60 min after the onset of
stress. Treatment with the dopamine D2 receptor agonist
bromocriptine, an inhibitor of PRL secretion by the adeno-
hypophysis, prevented such increase and lowered the sys-
temic levels of PRL throughout the experiment (Fig. 2A).

Because circulating PRL can enter the brain (Walsh et al.,
1987), we analyzed by RIA whether the stress-induced
increase in systemic PRL correlated with higher hypothalamic
levels of PRL (Fig. 2B). In contrast to serum PRL, the levels of
PRL in the hypothalamus were unchanged at the end of the
30-min immobilization period, but they were elevated at
60 min (p <0.001) and 360 min (p < 0.02). This rise in
hypothalamic PRL was not prevented by treatment with
bromocriptine.

Consistent with a previous report (Torner et al., 2004),
hypothalamic PRL mRNA was elevated 10-fold at 60 min post-
stress (p = 0.021) and returned to the basal levels at 360 min
(Fig. 2C).
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Figure 1  Vasoinhibins stimulate anxiety- and depressive-like behaviors. Intracerebroventricular administration of a vasoinhibin (Vi)

or vehicle (Veh) 10 min before exposure to the elevated plus-maze (EPM) (A), open field (OF) (B), and forced swim (FS) tests (C). Bars

are means + SE. Numbers inside parentheses indicate n values.
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adenohypophysis. Quantitative RT-PCR-based evaluation of PRL mRNA in the hypothalamus of control and stressed rats (C). Bars are
means + SE. Numbers inside parentheses indicate n values. N.S., non-significant.

To discriminate between PRL and vasoinhibins, the
hypothalamic levels of these proteins were evaluated by
Western blot using polyclonal antibodies that target the
entire PRL molecule (a-PRL) and the monoclonal INN-1
anti-PRL antibody that reacts with the N-terminal end of
PRL (N-Term), which is the part of the PRL molecule present
in vasoinhibins. The specificity of the N-Term antibody is
illustrated by its reaction with rat PRL cleaved by cathepsin D
in the large disulfide loop (cleaved PRL), which upon dis-
ulfide-bond reduction yields an N-terminal 16 kDa fragment
(vasoinhibin) and a C-terminal 7 kDa fragment (Fig. 3A).
Western blot analysis under reducing conditions of a combi-
nation of standards of rat PRL and of rat PRL cleaved by a
mammary gland extract enriched with cathepsin D showed
that «-PRL and N-Term antibodies react with PRL; however,
while a-PRL reacts with both the 16 and the 7 kDa fragments
of PRL, the N-Term antibody only reacted with the 16 kDa PRL
fragment (Fig. 3B).

Hypothalamic lysates contained 23 kDa and 17 kDa PRL-
like proteins that likely correspond to PRL and a vasoinhibin,
respectively, as they are both detected by a-PRL antibodies
(Fig. 3C) and the N-Term antibody (Fig. 3D). PRL and the
vasoinhibin were quantified in blots probed with the a-PRL
antibodies after normalization for the amount of B-tubulin
(Fig. 3E). Consistent with the RIA data (Fig. 2A), Western
blots showed that hypothalamic PRL was elevated at 60 min
and declined thereafter (Fig. 3E). In contrast, levels of the
vasoinhibin were similar in the hypothalamus of non-stressed
and stressed animals (Fig. 3E).

3.3. Physical restraint downregulates the
activity of PRL-cleaving enzymes in the
hypothalamus

To understand why the stress-induced increase in hypotha-
lamic PRL did not result in higher levels of the vasoinhibin, we
investigated whether the activity of PRL cleaving enzymes is

downregulated under stress. Recombinant PRL was incubated
with three different protein concentrations of hypothalamic
extracts harvested from either non-stressed or stressed rats
at 60 and 360 min after stress onset (Fig. 4). Western blot
revealed that incubation of PRL with hypothalamic extracts
resulted in its partial conversion to a 17 kDa vasoinhibin in an
extract-protein concentration-dependent manner. Incuba-
tion of PRL with hypothalamic extracts sampled from
stressed rats at 60 min resulted in a significant reduction
in vasoinhibin generation (p =0.025), and this effect was
reversed at 360 min (Fig. 4B).

4. Discussion

It is increasingly apparent that the PRL effects on blood
vessels are influenced by its proteolytic cleavage to vasoin-
hibins, a family of peptides exerting effects opposite to those
of PRL on blood vessels and inflammatory reactions (Clapp
et al., 2009). Here, we extend these observations to PRL
inhibition of stress-induced emotional responses. We show
for the first time that the icv delivery of vasoinhibins
increases anxiety- and depression-related behaviors, and
that exposure to an acute stressor can downregulate the
cleavage of PRL to vasoinhibins in the hypothalamus.

The acute icv infusion of a recombinant vasoinhibin
increased stress-related behaviors on the EPM, the OF, and
the FS tests, which are standard tests used to detect emo-
tional responses to anxiogenic and depressive substances in
rodents (Marti and Armario, 1993; Carola et al., 2002). As
expected for an anxiogenic agent, the vasoinhibin reduced
the time spent on the open arms of the EPM and the number
of entries into the brightly lit central square of the OF,
indicating enhanced aversion to unprotected elevated and
open areas, respectively. These behavioral changes are not
influenced by altered locomotion since parameters measur-
ing locomotor activity (number of entries to closed arms and
to peripheral squares) were not modified by the vasoinhibin.
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Figure 3  Stress increases hypothalamic levels of PRL but not of vasoinhibins. Rats were exposed (Stress) or not (Control) to a 30 min
period of restrain stress and killed at 60 or 360 min after stress initiation. (A) Linear representation of rat PRL cleaved by cathepsin D in
the large disulfide loop (cPRL), which upon B-mercaptoethanol (8-ME) reduction yields an N-terminal 16 kDa fragment (vasoinhibin)
and a C-terminal 7 kDa fragment. (B) Reducing Western blot analysis of a combination of standards of rat PRL and of rat PRL cleaved by a
mammary gland extract enriched with cathepsin D (cPRL) probed with anti-PRL antiserum («-PRL) or with a monoclonal antibody
directed against the N-terminal region of PRL (N-Term). MWM, molecular weight markers; Vi, vasoinhibin. Numbers on the left side
show the molecular weights of PRL isoforms. Representative Western blot analysis of hypothalamic extracts as revealed by «-PRL (A) or
N-Term (B) antibodies. Migration positions of PRL and Vi standards are indicated (Std), and numbers on the left side show their
molecular weights. (C) Densitometric quantification of PRL and Vi in hypothalamic extracts as revealed by «-PRL antibodies and after
normalization for B-tubulin used as loading control. Bars are means 4 SE. Numbers inside parentheses indicate n values. N.S., non
significant.

likely a pharmacological dose, raising the possibility that
vasoinhibins are acting as PRL antagonists. Vasoinhibins lack

Moreover, vasoinhibin-treated rats displayed a shorter
latency to floating and longer immobility in the FS, which

is commonly linked to a depressive phenotype.

The dose of the vasoinhibin (1.0 pg) was similar to the one
causing PRL anxiolytic effects (Torner et al., 2001) and was
selected to compare relative potencies. However, this is

helix 4, which comprises several residues of the PRL binding
site 1 required for the dimerization and activation of PRL
receptors (Bole-Feysot et al., 1998). Moreover, there is
evidence that vasoinhibins bind only weakly to PRL receptors
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Figure 4 Stress downregulates the activity of PRL-cleaving
enzymes in the hypothalamus. (A) Western blot analysis of the
vasoinhibin generated when 200 ng of recombinant PRL was
incubated at pH 7.0 with the indicated amounts of hypothalamic
extract protein (HE) obtained from rats exposed or not (Control)
to a 30 min period of restrain stress and killed 60 or 360 min after
stress initiation. (B) The vasoinhibin (Vi) bands generated when
200 ng of recombinant PRL was incubated at pH 7.0 with 20 pg of
HE protein from stressed rats were evaluated densitometrically
and the results were expressed as a percentage of the Vi band
evaluated after incubation with the same amount of HE protein
from control rats. Bars are means + SE. Numbers inside paren-
theses indicate n values.

(Clapp et al., 1989) and can act as partial agonists in PRL
bioassays (Clapp et al., 1988). On the other hand, single,
saturable, high-affinity (K4 of 1—10 nM) vasoinhibin binding
sites that are distinct from the PRL receptor were reported in
endothelial cell membranes (Clapp and Weiner, 1992), but
these putative vasoinhibin receptors have not been identi-
fied. Specific vasoinhibin binding sites were also reported in
brain membranes (Clapp et al., 1989). Whether these binding
sites correspond to receptors mediating vasoinhibins’ anxio-
genic and depressive effects and are different from those in
endothelial cells is unknown. It is possible that the central
effects of vasoinhibins involve their vascular actions. Vasoin-
hibins act on endothelial cells to inhibit vasodilation (Gon-
zalez et al., 2004), and several studies have correlated
anxiety and depression with an attenuated cerebral blood
flow (Rauch et al., 2006; Giardino et al., 2007) that reflects
endothelial cell dysfunction (Park and Pepine, 2010).

The fact that vasoinhibins can exert effects opposite to
the anxiolytic and antidepressive effects of PRL (Torner
et al., 2001) indicates that the PRL molecule contains the
potential to both inhibit and stimulate stress-induced

emotional responses and thus, that specific proteolytic clea-
vage can modify its action. Accordingly, conversion of PRL to
vasoinhibins may provide an explanation for controversial
findings associating elevated circulating PRL levels with high
innate anxiety in rats (Torner and Neumann, 2002) or with
increased anxiety in patients bearing prolactinomas (Reavley
et al., 1997).

To establish a possible link between PRL cleavage and
stress responses, we investigated whether immobilization
stress regulates the hypothalamic levels of PRL and vasoin-
hibins. We found that physical restraint raises the levels of
both systemic and hypothalamic PRL as measured by RIA, but
with different temporal dynamics. The early and delayed
elevation of systemic and hypothalamic PRL levels, respec-
tively, may reflect the time required for the transport of PRL
from blood. The dopamine antagonist, domperidone, induces
an increase in circulating PRL that is followed 30—40 min
later by a rise in the cerebrospinal fluid levels of the hormone
(Felicio and Bridges, 1992). In addition, hypothalamic PRL
may be partly independent of systemic PRL under conditions
of stress. We found that blockage of the physical restraint-
induced elevation of systemic PRL with bromocriptine failed
to modify the hypothalamic levels of PRL. Also, it has been
shown that ether stress, causing a pattern of PRL in blood
similar to restraint stress (Reichlin, 1988), does not modify
the levels of PRL in cerebrospinal fluid (Barbanel et al.,
1986). Along this line, our findings confirmed a previous
report (Torner et al., 2004) showing that physical restraint
stimulates the expression of PRL mRNA in the hypothalamus,
and suggest that local synthesis may contribute to the
delayed elevation of hypothalamic PRL following stress.

However, it should be noted that the neuronal expression
of PRL is under debate. There is no in situ hybridization study
in rodents showing the expression of PRL mRNA in neurons or
other brain cells. A report in adult and fetal sheep brain did
visualize PRL mRNA by in situ hybridization in the hypotha-
lamic paraventricular nucleus and other brain sites (Roselli
et al., 2008), but provided no proof of neuronal identity. We
do not know the nature of the cells expressing the PRL
transcript in our study (neurons, glia, vascular endothelium,
and/or circulating cells), nor can we eliminate the contribu-
tion of pituitary contaminants.

The RIA employed here essentially measures PRL and not
vasoinhibins, as vasoinhibins have low RIA activity (2%) (Clapp
et al., 1988). In the absence of a quantitative assay, the
hypothalamic levels of vasoinhibins could only be determined
semi-quantitatively by Western blotting combined with opti-
cal densitometry. This is a limitation of the study since small
differences hypothalamic levels of vasoinhibins could have
escaped detection. However, Western blot analysis con-
firmed the stress-induced increase in hypothalamic PRL mea-
sured by RIA, and support the use of this technique for
studying stress-mediated changes of hypothalamic PRL iso-
forms.

In contrast to PRL, the hypothalamic levels of vasoinhibins
appeared not to be modified by stress. Elevation of PRL levels
leads to the accumulation of vasoinhibins in the retina
(Arnold et al., 2010); however, the stress-induced increase
in PRL levels was not followed by an elevation in hypotha-
lamic vasoinhibins, which could imply that stress down-
regulates the activity of PRL-cleaving enzymes in the
hypothalamus. Indeed, we found that the activity of
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PRL-cleaving proteases is reduced at 60 min post-stress onset
and recovers thereafter. The presence of acidic proteases
able to cleave PRL to vasoinhibins has been previously
reported in the hypothalamus (DeVito et al., 1992), but this
is the first demonstration of hypothalamic PRL-cleaving
activity at a neutral pH. The nature of these neutral pro-
teases is unknown, but they may include matrix metallopro-
teases (MMP), as various MMP cleave PRL to vasoinhibins
(Macotela et al., 2006), and restraint stress can downregu-
late MMP in the brain (Lee et al., 2009). In summary, we
suggest that stress increases PRL levels in the hypothalamus
both by stimulating PRL expression and by reducing its con-
version to vasoinhibins.

The distribution of PRL and vasoinhibins in the hypotha-
lamus includes the hypothalamo-neurohypophyseal system,
the medial preoptic area, and the periventricular, and arc-
uate nuclei (Clapp et al., 1994; Ben-Jonathan et al., 1996;
Grattan and Kokay, 2008). Subcellularly, PRL isoforms are
localized in secretory granules within neuronal structures
that might include dendrites, perikarya, or axon terminals,
and a depolarizing stimulus (56 mM K") triggers their secre-
tion by exocytosis (Torner et al., 1995, 2004; Mejia et al.,
1997). Moreover, restraint stress elicits the release of PRL
within both the paraventricular (PVN) and medial preoptic
nuclei (Torner et al., 2004), which are important areas
regulating the activation of the HPA axis, possibly via inhibi-
tion of corticotropin-releasing hormone secretion (Torner
et al., 2001, 2002). However, to what extent PRL and vasoin-
hibins in the hypothalamus contribute to the regulation of
stress-induced emotional responses remains unknown.

The central nucleus of the amygdala (CeA) plays a key role
in generating anxiety, depression, and fear through its pro-
jections to the brain stem and hypothalamic structures
(Debiec, 2005; Schulkin, 2006; Walker and Davis, 2008).
Long-range axon collaterals originating from magnocellular
PVN and supraoptic (SON) neurons release the neuropeptide
oxytocin (OXT) in the CeA to suppress fear (Knobloch et al.,
2012). It is possible that a similar hypothalamic connection
leads to the release of PRL and vasoinhibins into the CeA. PRL
and vasoinhibins are found in the magnocellular PVN and SON
(Clapp et al., 1994); PRL-immunoreactive fibers have been
reported in the CeA, and colchicine treatment indicates that
some of these fibers originate in the hypothalamus (Siaud
et al., 1989). Outside of the choroid plexus, however, most of
the PRL receptors are located in the hypothalamus including
the magnocellular neurons of the PVN and SON (Ben-
Jonathan et al., 1996; Mejia et al., 2003; Grattan and Kokay,
2008). Therefore, it is also possible that PRL and vasoinhibins
regulate anxiety by stimulating the magnocellular OXT and
arginine vasopressin (AVP) system to release both peptides in
the CeA, and also in the PVN, where they are known to
regulate anxiety in an opposite manner (Debiec, 2005; Blume
et al., 2008; Viviani and Stoop, 2008). Supporting this notion,
PRL stimulates neuronal nitric oxide synthase activity in
magnocellular PVN and SON neurons to release OXT and
AVP (Vega et al., 2010), and vasoinhibins stimulate AVP
release by hypothalamo-neurohypophyseal explants (Mejia
et al., 2003).

The effects of the PRL-vasoinhibin system on stress
responses may be particularly relevant during pregnancy
and lactation, when there is an attenuation of physiological
and behavioral stress responses (Torner and Neumann, 2002).

The anti-stress effects of PRL, together with those of oxyto-
cin (Neumann et al., 2000), have been viewed as an adapta-
tion of the maternal brain to ensure maternal care under
aversive situations (Torner and Neumann, 2002; Schulkin,
2006; Grattan and Kokay, 2008), albeit a reduced reaction
to stress can be detrimental for parent survival. In this
regard, the ability of PRL to both inhibit and stimulate
anxiety and depression upon conversion to vasoinhibin repre-
sents an efficient mechanism for adjusting stress responses
and maximizing reproduction and survival. However, PRL also
counteracts stress responses in males (Torner et al., 2001),
and the facts that our behavioral study was carried out on
diestrous rats and that the stage of the estrous cycle showed
no apparent correlation with stress-induced changes in
hypothalamic PRL and vasoinhibins, imply that the PRL—
vasoinhibin system regulates stress responses beyond female
reproduction. Understanding the regulation of the pro-
tease(s) responsible for specific PRL cleavage under different
physiological states and pathological conditions should help
define the influence of PRL on stress-related responses.

Taken together, our findings demonstrate that PRL, an
anxiolytic and anti-depressive hormone, acquires anxiogenic
and depressive properties after undergoing proteolytic clea-
vage to vasoinhibins in the hypothalamus, and that such
conversion can be downregulated by exposure to an acute
stressor. This represents an efficient mechanism for the fine-
tuning of stress-related emotional responses. Further
research is needed to understand how PRL and vasoinhibin
are mechanistically related and interact to affect specific
behavioral and physiological components associated with
stress.
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Arthritic disorders are family of diseases that have existed since vertebrate life began. Their etiology is
multifactorial with genetic, environmental, and gender factors driving chronic joint inflammation. Prolac-
tin is a sexually dimorphic hormone in mammals that can act to both promote and ameliorate rheumatic
diseases. It is found in all vertebrate groups where it exerts a wide diversity of actions. This review briefly
addresses the presence and features of arthritic diseases in vertebrates, the effects of PRL on joint tissues
and immune cells, and whether PRL actions could have contributed to the ubiquity of arthritis in nature.
This comparative approach highlights the value of PRL as a biologically conserved factor influencing the
development and progression of arthritis.

© 2014 Elsevier Inc. All rights reserved.

1. Introduction

The joint is made of cartilage, bone, tendon, and muscle and is
essential for mechanical support and mobility. The articular joint
functions to transmit force from one bone to another with the car-
tilage providing a resistant, elastic, and smooth surface distributing
load while allowing movement. Joint inflammation (arthritis)
causes pain, swelling, and dysfunction, and it is a major cause of
impaired movement and disability. Attesting to the influence of
the terrestrial environment, arthritis has never been reported in
fish, but various forms of arthritis have been documented in con-
temporary amphibians, reptiles, birds, and mammals and in their
ancestral past. Cases of arthritis have been identified in fossil re-
cords of Triassic dinosaurs (Cisneros et al., 2010), Pleistocene mam-
mals (Rothschild et al., 2013, 2001b), and thousands of years ago in
neolithic man (Rothschild et al., 1988), indicating that inflamma-
tory arthropathies are ancient diseases. Because in humans the
age of onset of many of the most common inflammatory arthritides
is in the twenties (Braun and Sieper, 2007; Warrell et al., 2010),
these diseases were likely to be experienced well before reproduc-
tive senescence, and natural selection should have had the oppor-
tunity to select against them. However, in spite of evolutionary
pressures, inflammatory arthritides stand as prevalent disorders
across taxa. A plausible explanation for this inconsistency proposes
that the painful and limiting characteristics of arthritis represent a
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thrifty adaptation selected to compel organisms to slow down and
refrain from physically demanding activities in order to minimize
voluntary energy expenditure (Reser and Reser, 2010). Such a
strategy would be particularly relevant for vertebrates experienc-
ing adversity hardship such as the starving, the stressed, the preg-
nant or lactating, and the elderly. The close association between
arthritis, stress, gender, and reproductive states (Golding et al.,
2007; Huyser and Parker, 1998; van Vollenhoven, 2009; Warrell
et al.,, 2010) points to a contribution of chemical mediators that
are upregulated in these conditions. One such mediator is prolactin
(PRL), a stress-related (Gala, 1990; Reichlin, 1988) and reproduc-
tive hormone that is essential for lactation in mammals and con-
trols a wide variety of other actions (Ben-Jonathan et al., 2008;
Bole-Feysot et al., 1998) including effects on joint tissues and im-
mune cells. PRL regulates cartilage survival (Adan et al., 2013),
bone development and growth (Clement-Lacroix et al., 1999),
and the proliferation, apoptosis, and release of proinflammatory
mediators by immune cells (Yu-Lee, 2002), and it can both pro-
mote and mitigate rheumatic diseases (Adan et al., 2013). In this
review we briefly summarize known and speculative issues under-
lying the presence of arthritis in different vertebrate groups and
discuss the possibility that PRL regulation of joint tissues and
inflammation early in vertebrate phylogeny could have influenced
arthritis development and progression.

2. Inflammatory arthritides: features and etiology

Inflammatory arthritides define a group of acute and chronic ar-
thritic conditions that involve the articular joints, the spine, and
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other organ systems. In humans, they include rheumatoid arthritis,
spondyloarthritis (comprising different diseases: ankylosing spon-
dylitis, reactive arthritis, psoriatic arthritis, arthritis conditions
associated with inflammatory bowel disease), septic arthritis, and
gout. Osteoarthritis may also be included as it has an inflammatory
component in its advanced stages (Berenbaum, 2013). The clinical
features differ among these diseases and can include deforming
and destructive monoarthritis or polyarthritis (symmetric or asym-
metric), cartilage degradation, bone erosion or overgrowth, syno-
vial hyperplasia, and various degrees of extra-articular
manifestations (subcutaneous nodule formation, uveitis, skin rash,
vasculitis, serositis, amyloidosis, fibrosing alveolitis), systemic
features of inflammation (fatigue, anaemia, weight loss), and
comorbidities (cardiovascular disease, infections, and B-cell lym-
phomas) (Dougados and Baeten, 2011; Scott et al., 2010; Warrell
et al., 2010).

The etiology is known for gout (monosodium urate crystals
inducing inflammation and joint destruction) and septic arthritis
(infection of a joint by Gram-positive or negative pathogens,
viruses, mycobacteria, and fungi), but it remains unclear for spond-
yloarthritis, rheumatoid arthritis, and osteoarthritis. The latter
three are multifactorial, with genetic factors (such as mutations
in human leukocyte antigens and type 2 procollagen genes), envi-
ronmental conditions (infectious agents, diet, physical activity,
trauma) and host aspects (body size, metabolism, age, gender,
reproductive state) playing a role (Dougados and Baeten, 2011;
Haseeb and Haqqi, 2013; Scott et al., 2010; Sharkey et al., 2007;
Warrell et al., 2010). In spondyloarthritis and rheumatoid arthritis,
a complex interaction among the various contributing factors and
an unidentified trigger initiates a biological response that results
in the recruitment of immune cells into the joints and other sites
of disease. Autoimmunity and inflammatory reactions then lead
to structural joint damage and failure. In osteoarthritis, increased
catabolic reactions result in cartilage damage and loss, local pro-
duction of proinflammatory cytokines, and reactive bone forma-
tion (Dougados and Baeten, 2011; Berenbaum, 2013).

3. Arthritis in vertebrates

Spondyloarthritis is the most common form of arthritis in ver-
tebrates (Rothschild, 2010; Rothschild et al., 2001b). Cases have
been reported in amphibians (toads) (Brown et al., 2007), reptiles
(lizards and crocodilians) (Rothschild, 2010), non-passerine birds
(Rothschild and Panza, 2005), and mammals (primates, cetaceans,
rhinoceros, bears, canids, and felids) (Kolmstetter et al., 2000;
Kompanje, 1999; Nunn et al., 2007; Rothschild, 2005, 2001a, b).
Gout and osteoarthritis have also been reported in the various ver-
tebrates, but are rare in the wild and increase under captivity (Deg-
ernes et al., 2011; Greer et al., 2003; Rothschild, 2003, 2010;
Warrell et al., 2010; Wobeser and Runge, 1975). In contrast, rheu-
matoid arthritis is limited to humans (Firestein, 2009), where it
was first identified 5000 years ago (Rothschild, 2001) and is re-
ported to have originated from the parent disease spondyloarthri-
tis (Klepinger, 1978).

Prolonged locomotion and larger body size have been proposed
as causative links for arthritis in vertebrates (Brown et al., 2007;
Nunn et al., 2007), and joint infections increase with body size.
The association of spondyloarthritis with pathogens (Dougados
and Baeten, 2011; Rothschild, 2005; Shilton et al., 2008) suggests
that molecular mimicry shared between micro-organisms and self
antigens could help trigger an autoimmune response in susceptible
individuals (Dougados and Baeten, 2011; Nunn et al., 2007). More-
over, sustained locomotion, infection, and other life-threatening
scenarios (trauma, prolonged starvation, etc.) create high levels
of stress, an internal condition that can precede and modify arthri-

tis progression, given the ability of stress hormones to dampen or
enhance immune function (Martin, 2009; McCray and Agarwal,
2011).

Other host factors influencing arthritis are age and gender.
Spondyloarthritis and rheumatoid arthritis have a young adult on-
set (Dougados and Baeten, 2011; Warrell et al., 2010), whereas the
incidence of osteoarthritis and gout rise with age (Haseeb and
Haqqi, 2013; Saag and Choi, 2006; Warrell et al., 2010). Spondyl-
oarthritis has no apparent gender specificity in non-human verte-
brates (Rothschild et al., 2001a), albeit ankylosing spondylitis
occurs preferentially in men (Dougados and Baeten, 2011), and
rheumatoid arthritis and osteoarthritis are more frequent in
women (Haseeb and Haqqi, 2013; Scott et al., 2010; Warrell
et al., 2010). Gender correlations point to the influence of repro-
ductive hormones in human arthritis, a conclusion supported by
the amelioration of rheumatoid arthritis and psoriatic arthritis dur-
ing pregnancy (Da Silva and Spector, 1992; Ostensen, 1992), and
the exacerbation of rheumatoid arthritis in lactation (Barrett
et al., 2000) and at menopause (Kuiper et al., 2001). A similar influ-
ence of pregnancy and lactation has been reported in rodents with
induced inflammatory arthritis (Ratkay et al., 2000; Waites and
Whyte, 1987), but to our knowledge there is no information con-
cerning the influence of these reproductive states on arthritis
development in wild non-mammalian and mammalian species,
respectively.

PRL is a sexually dimorphic hormone in mammals that could
play a role in arthritis development. Its levels are higher in mam-
malian females than in males, and pregnancy and lactation are
states of physiological hyperprolactinemia (Ben-Jonathan et al.,
2008). A number of physical and emotional forms of stress stimu-
late the secretion of pituitary PRL into the circulation (Gala, 1990;
Reichlin, 1988), which may be an adaptation to ensure competence
of the immune system (Dorshkind and Horseman, 2001; Yu-Lee,
2002), and proper physiological and behavioral responses to stress
(Torner et al., 2001). Importantly, PRL promotes the growth and
survival of joint tissues and protects against joint damage and
inflammation in inflammatory arthritis (Adan et al., 2013).

4. PRL and arthritis

The PRL receptor is expressed in murine and human joint tis-
sues including cartilage chondrocytes (Zermeno et al., 2006), oste-
oblasts (Clement-Lacroix et al., 1999), synovial cells (Nagafuchi
et al, 1999), and immune cells (Yu-Lee, 2002). The human synovial
fluid contains PRL (Ogueta et al., 2002) that may derive from the
circulation or may be produced locally, since synovial cells
(Nagafuchi et al., 1999), chondrocytes (Zermeno et al., 2006), im-
mune cells (Montgomery, 2001), and endothelial cells (Corbacho
et al., 2000) express PRL. In growing rats, treatment with PRL in-
creases bone formation (Krishnamra and Seemoung, 1996), which
slows down during embryonic development in the absence of the
PRL receptor (Clement-Lacroix et al., 1999). However, targeted dis-
ruption of the PRL receptor has no articular cartilage phenotype
(Adan et al., 2013), unless animals are subjected to an inflamma-
tory challenge. Proinflammatory cytokines (cyt), including tumor
necrosis factor o, interleukin 1, and interferon 7y, are major
inflammatory mediators that destroy articular cartilage by induc-
ing chondrocyte apoptosis and releasing matrix-degrading prote-
ases (Mclnnes and Schett, 2007). Stimulation of chondrocyte
apoptosis following the intraarticular injection of cyt is enhanced
in PRL receptor null mice and reduced after inducing hyperprolac-
tinemia in rats (Adan et al., 2013). Also, treatment with PRL inhibits
the cyt-induced apoptosis of cultured chondrocytes by preventing
the induction of p53 and decreasing the BAX/BCL-2 ratio through a
NO-independent, JAK2/STAT3-dependent pathway (Adan et al,
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2013). Finally, eliciting hyperprolactinemia in the rat adjuvant
model of inflammatory arthritis reduces chondrocyte apoptosis,
proinflammatory cytokine expression, pannus formation, bone
erosion, joint swelling, and pain (Adan et al., 2013). Therefore, high
levels of circulating PRL protect against permanent joint damage
and inflammation in experimental arthritis.

Nevertheless, the above findings are in contrast with clinical
studies showing that PRL may exacerbate rheumatoid arthritis
and other autoimmune diseases (systemic lupus erythematosus,
Sjogren’s syndrome, Hashimoto’s thyroiditis, celiac disease, multi-
ple sclerosis) (Chuang and Molitch, 2007; Jara et al., 2011; Orbach
and Shoenfeld, 2007; Shelly et al., 2012). Evidence for this patho-
genic action is largely circumstantial: the preponderance of these
diseases in women, the higher levels of circulating PRL found in
some patients, the therapeutic value of blocking PRL release with
dopamine agonists, and the immunoenhancing properties of PRL
(Chuang and Molitch, 2007; Jara et al., 2011; Orbach and Shoen-
feld, 2007; Shelly et al., 2012). However, treatment with a dopa-
mine agonist is not always effective, and the association between
PRL levels and disease activity is inconsistent (Chuang and Molitch,
2007; Jara et al,, 2011; Orbach and Shoenfeld, 2007; Shelly et al.,
2012). Conclusions are confounded by locally produced PRL able
to potentiate the actions of the systemic hormone, and by the abil-
ity of PRL to both stimulate or inhibit the immune system, depend-
ing on its level and the pathophysiological condition. Under stress
conditions, higher levels of circulating PRL can be anti-inflamma-
tory (Dugan et al., 2002; Oberbeck et al., 2003; Vidaller et al.,
1992), whereas lower PRL levels, such as those in the non-stressed
animal, are pro-inflammatory (Jacobi et al., 2001; Matera et al,,
1992). When combined with interferon B, a low dose of PRL re-
duces inflammation in experimental multiple sclerosis and PRL
receptor null mice display a significantly worse outcome than wild
type mice (Zhornitsky et al., 2013). During pregnancy, when PRL
levels are high, rheumatoid arthritis and multiple sclerosis go into
remission (Langer-Gould and Beaber, 2013; Ostensen and Villiger,
2007) but systemic lupus erythematosus flares up (Jara et al,,
2011). Also, breastfeeding, a stimulus that elevates circulating lev-
els of PRL, exacerbates rheumatoid arthritis and systemic lupus
erythematosus (Barrett et al., 2000; Mok et al., 1998), but reduces
the risk of rheumatoid arthritis (Karlson et al., 2004) and protects

against multiple sclerosis relapse (Langer-Gould et al., 2009). These
observations indicate the ability of PRL to influence immune
system homeostasis in the context of stress, inflammation, and
reproduction, and support the possibility that PRL affects the
development and progression of arthritis and other rheumatic
diseases in mammals (Fig. 1).

5. Does PRL influence arthritis prevalence in non-mammalian
vertebrates?

PRL is a multifunctional hormone with an ancient past. It is
found in invertebrates (Hull et al., 1998; Quintanar et al., 2007)
and thought to have evolved 400-800 million years ago to regulate
water and electrolyte balance, growth and development, reproduc-
tion, endocrinology and metabolism, brain and behavior, the im-
mune system, and angiogenesis in the various vertebrate groups
(Bole-Feysot et al., 1998; Clapp et al., 2012). PRL gene sequences
have been identified in all bony fish and tetrapods analyzed, they
exhibit significant divergence, and their evolution may be
branched into two lineages, the tetrapod lineage and the teleost
lineage (Forsyth and Wallis, 2002; Huang et al., 2009). Recently,
a new PRL-like gene was found in cartilaginous fish and in almost
all the non-mammalian vertebrate classes but not in mammals
(Huang et al., 2009). The protein encoded by this novel gene is
homologous to PRL and can transactivate the PRL receptor (Huang
et al., 2009).

While it is clear that PRL could play a role in regulating arthritis
development in mammals, studies are incomplete or non-existent
in non-mammalian species. There is evidence for the presence of
PRL receptors in bone, muscle, and immune cells in fish (Manzon,
2002; Whittington and Wilson, 2013) and birds (Bu et al., 2013;
Zhou et al., 1996), but no studies have addressed the presence of
PRL receptor in other joint tissues of these vertebrates or in the
joint tissues and immune cells of amphibians and reptiles. Notably,
an energy-demanding condition that may have influenced the
prevalence of arthritis in nature is that of providing nutrients to
the young, the best-known effect of PRL. PRL promotes milk pro-
duction in mammals, but also in fish and birds. It stimulates the
surface of the skin of parent fish to produce a mucous (“discus
milk”) that is used to feed the developing young (Whittington

INFLAMMATORY ARTHRITIDES

| Spondyloarthritis, Osteoarthritis, Gout I

c I Reptiles

Amphibians Birds

>

Mammals
/'"b‘;_

Slsz-

-~

, Rheumatoid Arthritis
Humans

q

1
REPRODUCTION

Fig. 1. Schematic representation illustrating the hypothesis that PRL levels influence the development and progression of inflammatory arthritides under conditions of stress,
inflammation, and reproduction. Evidence supports these effects of PRL on rheumatoid arthritis in humans and other inflammatory arthritides in mammals, while its role

remains speculative in non-mammalian vertebrates.
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and Wilson, 2013). Likewise, PRL induces the growth of the
mucosal epithelium lining the crop-sac (a pouch in the esophagus
of birds) and clumps of cells are then shed into the lumen to feed
the squabs as crop milk (Angelier and Chastel, 2009; Clapp et al.,
2012). No form of lactation has been reported in contemporary
reptiles, but it may have existed in their ancestral past (Else,
2013). Another phylogenetically conserved, reproductive effect of
PRL is the stimulation of parental behavior, an action found in fish,
birds, and mammals (Angelier and Chastel, 2009; Bole-Feysot et al.,
1998; Whittington and Wilson, 2013).

Due to the increased metabolic demand related to feeding and
tending the young, wild animals are especially susceptible to aver-
sive situations (deleterious climatic events, starvation, predator at-
tack) during the parental phase of the breeding cycle. Stressors and
energetic constraints threaten parental survival, and diverse pro-
tective responses to stress have evolved. A well-known effect of
stressors on parental birds is the interference with parental behav-
ior, an effect that involves the stress-mediated downregulation of
PRL levels (Angelier and Chastel, 2009). In mammals, however,
there is an attenuation of neuroendocrine and emotional stress re-
sponses during pregnancy and lactation that may be an adaption
that ensures maintenance of parental care although it is detrimen-
tal for parent survival (Torner and Neumann, 2002). Such attenua-
tion can be counteracted by inhibiting the expression of PRL
receptors in brain (Torner and Neumann, 2002; Torner et al.,
2001). Thus, PRL has the ability to modify stress-related events
either to the detriment or benefit of parental survival.

It has been proposed that arthritis developed as a survival adap-
tation for parents to conserve energy in conditions of severe environ-
mental stressful conditions (Reser and Reser, 2010). Although
insufficient information exists in non-mammalian species, the facts
that reproductive effects of PRL and PRL stress-related interactions
are phylogenetically conserved, and that PRL receptors are present
in immune, bone, and muscle cells of fish and birds, prompt the spec-
ulation that PRL may act on non-mammalian vertebrates as an epige-
netic, adaptive regulator of arthritis development, similar to its role
in mammals (Fig. 1). Moreover, in these non-mammalian species PRL
influence may extend to males and non-breeding females.

6. Concluding remarks

PRL is a regulatory hormone that can mediate stress-immune
interactions in arthritic joints under reproductive and non-reproduc-
tive conditions. Arthritis and PRL have coexisted for millions of years,
in a world populated by fish, amphibians, reptiles, birds, and only a
few small mammals. Several functions of PRL have been conserved
phylogenetically, including regulation of the stress and immune re-
sponses and parental care. The conservation of similar PRL effects
throughout evolution reflects their high value and suggests they play
arole in health and disease, warranting further investigation.
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Chapter 4
Regulation of Blood Vessels by Prolactin
and Vasoinhibins

Carmen Clapp, Stéphanie Thebault, Yazmin Macotela, Bibiana Moreno-
Carranza, Jakob Triebel and Gonzalo Martinez de la Escalera

Abstract Prolactin (PRL) stimulates the growth of new blood vessels (angiogenesis)
either directly through actions on endothelial cells or indirectly by upregulating pro-
angiogenic factors like vascular endothelial growth factor (VEGF). Moreover, PRL
acquires antiangiogenic properties after undergoing proteolytic cleavage to vasoin-
hibins, a family of PRL fragments (including 16 kDa PRL) with potent antiangio-
genic, vasoconstrictive, and antivasopermeability effects. In view of the opposing
actions of PRL and vasoinhibins, the regulation of the proteases responsible for spe-
cific PRL cleavage represents an efficient mechanism for controlling blood vessel
growth and function. This review briefly describes the vascular actions of PRL and
vasoinhibins, and addresses how their interplay could help drive biological effects
of PRL in the context of health and disease.

4.1 Introduction

Prolactin (PRL) is remarkably versatile, as it regulates various events in reproduc-
tion, osmoregulation, growth, energy metabolism, immune response, brain func-
tion, and behavior [1-3]. Blood vessels are emerging as PRL targets contributing
to these actions [4]. By transporting fluid, nutrients, oxygen, hormones, growth
factors, cytokines, immune cells, and waste material, the vascular system helps
regulate most if not all body functions including growth, energy homeostasis, in-
flammation, and brain activity. PRL stimulates or inhibits the proliferation, dilation,
permeability, and regression of blood vessels. These opposing effects reside within
the PRL molecule as the full-length protein promotes angiogenesis, but after pro-
teolytic processing the resulting PRL fragments, vasoinhibins, exert antiangiogenic,
vasoconstrictive, and antivasopermeability effects (Fig. 4.1). The combination of
these stimulatory and inhibitory properties can lead to differences in the perfusion
of target tissues, thereby influencing their growth and function. In this review, we
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Fig. 4.1 PRL stimulates blood vessel growth and function and acquires vascular inhibitory proper-
ties after undergoing specific proteolytic cleavage to vasoinhibins by cathepsin D, matrix metal-
loproteases (MMP), and bone morphogenetic protein-1 (BMP-1)

clarify the advantage of the vasoinhibin nomenclature, and concisely address the
generation of vasoinhibins, the effects of PRL and vasoinhibins on blood vessels,
and how these vascular actions could affect tissue growth, function, and involution
under normal and pathological conditions.

4.2 The Vasoinhibin Term

PRL fragments with inhibitory effects on blood vessels were originally termed
“16 kDa PRL.” The initial paper by Ferrara et al. [5] used a purified fraction of
enzymatically cleaved rat PRL (having 145 amino acids and 16.3 kDa) that showed
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an inhibitory effect on endothelial cell proliferation. However, follow-up studies,
confirming and extending these vascular actions, used recombinant PRL fragments
of different sizes that were still named 16 kDa PRL in an attempt to maintain the
connection to the original preparation. Indeed, various laboratories used a recombi-
nant fragment of 14 kDa containing the first 123 amino acids of human PRL [6-8],
the same fragment but coupled to a polyhistidine tail [9, 10], a 15.6 kDa fragment
containing the first 139 amino acids of human PRL [11-13], or a 17.2 kDa fragment
containing the first 150 amino acids of human PRL [14]. The term 16 kDa PRL
became even less accurate when studying the endogenous peptides generated by
specific proteases. It then became evident that PRL fragments with inhibitory ef-
fects on blood vessels are not a single 16 kDa species, but rather a family of peptides
with different molecular masses so far ranging from 14 to 18 kDa and all sharing the
N-terminal region of PRL.

Different proteases generate the various fragments by cleaving at different sites
near or within the long loop connecting the third and fourth a-helices of the PRL
molecule (Fig. 4.1). Cathepsin D cleaves rat PRL and mouse PRL into a 16 kDa
N-terminal fragment [15, 16], bovine PRL into 14 and 16 kDa N-terminal frag-
ments [17], buffalo PRL into 11, 14, and 18 kDa antiangiogenic fragments [18],
and human PRL into 11, 15, 16.5, and 17 kDa N-terminal fragments [19]. Matrix
metalloproteases (MMP) predominantly cleave human and rat PRL at amino acids
155 and 153, respectively, to generate 17 kDa N-terminal fragments [20], and bone
morphogenetic protein-1 (BMP-1) cleaves after the first 159 amino acids of human
and mouse PRL, generating an 18 kDa fragment [21]. Since these peptides share
blood vessel inhibitory properties, in 2006 we proposed the term “vasoinhibins”
[20, 22] to refer to the whole family of PRL-derived N-terminal fragments that have
inhibitory vascular effects. All PRL N-terminal fragments of 14 to 18 kDa that have
been tested to date demonstrate blood vessel inhibitory properties, reinforcing the
concept that this structure is responsible for the vasoinhibin identity.

4.3 Generation of Endogenous Vasoinhibins

The fact that vasoinhibins are produced by different proteases implies that their gen-
eration can occur under different conditions and tissue microenvironments. Cathep-
sin D is catalytically active at acidic pH (pH<5.5), and recent findings showed that
it is the main vasoinhibin-generating enzyme in anterior pituitary lactotrophs [23].
Cathepsin D is located in PRL secretory granules, which are acidic, and cathepsin-D
null mice are devoid of vasoinhibins in the anterior pituitary gland [23]. According-
ly, vasoinhibins can be generated by cathepsin D during the pituitary PRL secretory
process and thus, subjected to regulated release. Along this line, estradiol increases
the synthesis and activity of cathepsin D [24], and the production of anterior pitu-
itary vasoinhibins is higher in females [23], increases at proestrus with respect to
diestrus, and estrogens stimulate their release [25].
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Cathepsin D may also be released from secretory granules or lysosomes at an-
terior pituitary or extrapituitary locations to generate vasoinhibins outside cells.
Cathepsin D cleaves PRL in the extracellular milieu of regressing corpus luteum
[17] and mammary gland [16], and in cardiomyocytes under oxidative stress [13],
conditions in which tissue remodelling and altered metabolic activity can acidify
the pericellular pH. Cultured GH4C1 pituitary adenoma cells also secrete cathepsin
D, and mimicking the tumor microenvironment by exposure to hypoxia reduces its
release [26], suggesting that extracellular production of vasoinhibins could be de-
creased and favor the proangiogenic condition necessary for prolactinoma growth.

On the other hand, PRL may be physiologically cleaved outside cells by the
extracellular matrix-degrading enzymes, MMP and BMP-1, which act at neutral pH
and are secreted or anchored to the external cell surface. MMP and BMP-1 released
by chondrocytes [20] and embryonic fibroblasts [21], respectively, generate vaso-
inhibins from PRL, a mechanism that may serve to maintain cartilage avascular-
ity and to limit developmental angiogenesis. MMP and BMP-1 also produce other
antiangiogenic factors by proteolytic processing [27, 28]; however, both types of
proteases are upregulated in diseased states characterized by blood vessel growth
and invasion [29, 30]. As high concentrations of MMP also lead to the degradation
of both PRL and vasoinhibin [20], in some cases MMP upregulation may down-
regulate vasoinhibins to favor pathological angiogenesis.

Consistent with the ubiquitous nature of PRL-cleaving enzymes, endogenous
vasoinhibins have been identified in the anterior [23] and posterior pituitary gland
[31], hypothalamus [32], cartilage [20], retina [33], cardiomyocytes [13], corpus
luteum [17], mammary gland [16], and in biological fluids (serum, amniotic fluid,
and urine) [34, 35].

4.4 Vascular Effects of PRL and Vasoinhibins

The effects and signaling mechanisms of PRL and vasoinhibins on blood vessels
have been extensively reviewed [4, 22, 36]. Here, we will briefly summarize previ-
ous findings with a focus on recent advances. PRL stimulates angiogenesis during
development (chick chorioallantoic membrane, CAM) and in adult tissues (corpus
luteum, testis, and heart). These observations were recently extended to include the
angiogenesis of transplanted pancreatic islets [37] and the neovascularization associ-
ated with normal and regenerative liver growth, where inducing hyperprolactinemia
increased hepatic endothelial cell proliferation and vascular endothelial growth fac-
tor (VEGF) expression [38, 39]. Moreover, in addition to the known effects of PRL
on endothelial cell proliferation and VEGF expression, PRL was recently shown to
stimulate the migration and tube formation of endothelial cells [40, 41], to reduce
vasopermeability by upregulating the expression of tight-junction proteins between
endothelial cells [42], and to promote intussusceptive angiogenesis in the CAM
[40]. The latter differs from sprouting angiogenesis in that new blood vessels are
formed by the splitting of an existing blood vessel in two, which is essentially inde-
pendent of endothelial cell proliferation and thereby, less energy demanding [43].
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PRL can promote angiogenesis by direct actions on endothelial cells. However,
the effects of PRL on cultured endothelial cells are modest and not always ob-
served [40, 41, 36]. PRL actions may be limited by underexpressed PRL receptors
in endothelial cells. Exposure to ovarian follicular fluid stimulates the expression
of the long and short PRL receptor isoforms in bovine umbilical vein endothelial
cells (BUVEC), and PRL does not stimulate BUVEC proliferation unless the cells
are pretreated with ovarian follicular fluid [44]. In addition, vascular endothelial
cells produce and release PRL, so the locally produced hormone may limit the ef-
fects of exogenous PRL by occupying its receptors in endothelial cells. Yang and
colleagues recently highlighted the role of PRL as an autocrine regulator of an-
giogenesis. They showed that PRL produced by endothelial cells is a downstream
mediator of STATS5-induced endothelial cell migration, invasion, tube formation,
and VEGF expression [41]. The fact that STATS mediates these angiogenesis events
in response to fibroblast growth factor-2 (FGF-2) [45] places PRL in the signaling
cascade of potent angiogenesis stimulators. Also, PRL itself activates STATS in en-
dothelial cells [40, 41] and stimulates the expression of FGF-2 and VEGF by vari-
ous nonendothelial cell types [4], suggesting that PRL acts as a positive autocrine
and paracrine feedback regulator of angiogenesis.

The complexity of the vascular effects of PRL is further illustrated by conflicting
data showing that PRL is unable to stimulate angiogenesis in the mouse cornea, that
siRNA-targeting PRL results in angiogenesis in the rat retina, and that disruption of
the PRL gene is associated with highly vascularized pituitary tumors in aged mice
[4, 36]. Moreover, PRL has opposing effects on vascular resistance, blood volume,
and blood flow that depend on the experimental model and conditions [36]. These
inconsistencies may involve the proteolytic conversion of PRL to vasoinhibins.

Vasoinhibins inhibit angiogenesis, vasodilation, and vasopermeability, and pro-
mote vascular regression in the cornea, retina, heart, and xenografted tumors. They
act directly on endothelial cells to inhibit the action of several vasoactive substances
including: VEGF, FGF-2, interleukin 1-f, bradykinin, and acetylcholine. Vasoin-
hibins signal through a still-unidentified receptor distinct from the PRL receptor: (1)
to cause cell cycle arrest by blocking activation of the MAPK pathway at the level
of Ras, decreasing cyclin D1, and upregulating p21; (2) to inhibit endothelial cell
migration by increasing type-1 plasminogen activator inhibitor and thus reducing
urokinase activity, and by downregulating the Ras-Tiam1-Rac1-Pakl pathway; and
(3) to induce endothelial cell apoptosis by promoting NFkB-mediated caspase-8
and 9 activation, which in turn stimulate caspase-3 and DNA fragmentation. In
addition, vasoinhibins were recently shown to induce the expression of microRNA-
146a (miR-146a) in endothelial cells in an NFkB-dependent manner [46]. Silencing
miR-146a expression prevented the inhibitory effects of vasoinhibins on endothelial
cell proliferation and survival, but not on endothelial cell migration, revealing miR-
146a as a mediator of a large fraction of vasoinhibins antiangiogenic effects.

Another key mechanism by which vasoinhibins regulate endothelial cell func-
tion, specifically causing vasoconstriction and reduced vasopermeability, is by
blocking the activation of endothelial nitric oxide synthase (eNOS). They do so by
promoting protein phosphatase 2 A-induced dephosphorylation and inactivation of
eNOS, by blocking the activation of phospholipase C and the formation of inositol
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1,4,5-triphosphate leading to a reduced release of Ca?* from intracellular stores, and
by interfering the expression of transient receptor potential canonical (TRPC) chan-
nels [47, 4]. Also, dephosphorylation-mediated inactivation of eNOS can contribute
to vasoinhibin inhibition of endothelial cell proliferation and migration. Vasoinhib-
ins block the increase in eNOS activity, migration, and proliferation of endothelial
cells overexpressing wild type eNOS but did not affect these responses in cells
overexpressing phosphomimetic or nonphosphorylatable eNOS mutants [48].

Besides inhibiting eNOS-mediated vasodilation, vasoinhibins can lower blood
flow in developing blood vessels by reducing pericyte coverage of capillaries [49].
Vasoinhibins interfere with pericyte recruitment by disrupting the Notch signaling
pathway in endothelial cells, and this action can lead to a dysfunctional vasculature
in a murine melanoma tumor model [49]. Finally, vasoinhibins exert proinflam-
matory actions on blood vessels; they stimulate leukocyte adhesion to endothelial
cells and leukocyte infiltration into tumors by activating NFkB and increasing the
expression of adhesion molecules in endothelial cells [50]. These actions may also
involve vasoinhibin-induced downregulation of eNOS, since VEGF stimulation of
eNOS-mediated NO production promotes endothelial cell anergy [51].

In spite of the abundance of data concerning the vascular actions and signaling
mechanisms of vasoinhibins, the nature of the vasoinhibin receptor remains unre-
solved. More than two decades ago, vasoinhibins were shown to bind to a single
class of sites on endothelial cell membranes (Kd of 1-10 nM), associating with
proteins of 52 and 32 kDa that were distinct from the PRL receptor [52]. Whether
these represented receptors or regulatory binding proteins important for vasoinhibin
functions is unknown. Difficulties in identifying the vasoinhibin receptor(s) may lie
in that they could be forming a complex with other receptors and binding proteins.
Similar receptor complexes have been proposed for angiostatin and endostatin, that
are also families of antiangiogenic peptides derived by proteolysis from precursor
proteins [53, 54].

4.5 Contribution of Blood Vessel Regulation
to PRL Biological Effects

The influence of the vascular actions of PRL and vasoinhibins on the regulation
of PRL target organs (crop-sac, mammary gland, corpus luteum, retina, cartilage,
and heart) has been previously reviewed in a physiopathological [4, 36, 55, 56] and
evolutionary [57] context. Here, we extend this discussion by addressing recent
findings and promising new avenues.

4.5.1 Mammary Gland

The mammary gland stands as a major PRL target organ. PRL stimulates the
growth, differentiation, milk production, and survival of mammary epithelium.
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These events are dependent on the expansion and regression of the mammary gland
vasculature [58], which may be influenced by PRL and vasoinhibins. PRL promotes
the expression of VEGF in mammary epithelial cells [36], and weaning upregulates
the expression and activity of the vasoinhibin-generating proteases, MMP, and ca-
thepsin D [59]. Vasoinhibins were recently detected in mouse mammary glands, and
their levels increased during involution together with those of the mature cathepsin
D isoform [16]. Moreover, PRL stimulates the activation and polarized secretion of
cathepsin D by mammary tissue [60]. This mechanism may help attenuate vascular
expansion during lactation and promote blood vessel regression during involution
since PRL expression and cathepsin D-mediated PRL cleavage increase in the lac-
tating and regressing mammary gland [16, 36].

However, the mechanisms regulating the antiangiogenic effects of vasoinhibins
may be altered in the malignant state. Neoplastic breast tissue shows diminished
vasoinhibin-generating activity [61] and higher levels of PRL receptors in cells
[62], including those of the microvasculature [40]. In contrast to the reduced growth
observed in prostate, colon, and melanoma tumors expressing vasoinhibins, tumors
derived from breast cancer cells induced to produce vasoinhibins exhibit decreased
vascularization but no effect on tumor size [14]. This is surprising as vasoinhibins
have the ability to inhibit and promote the growth [14] and apoptosis [ 16] of breast
cancer cells, respectively.

4.5.2 Corpus Luteum

Similar to the mammary gland, the corpus luteum undergoes dramatic expansion
and involution at the expense of the vasculature. In rodents, PRL is luteotrophic
in pregnancy but luteolytic during nonfertile cycles. These opposing effects may
reflect in part the vascular interplay between PRL and vasoinhibins. PRL stimulates
the proliferation of endothelial cells in the corpus luteum, and lowering systemic
PRL or disrupting the PRL receptor interferes with corpus luteum neovasculariza-
tion. By using transgenic mice expressing only the long form of the PRL receptor,
PRL-induced stimulation of VEGF production and neovascularization of the corpus
luteum was specifically linked to the short form of the PRL receptor [63], which is
the predominant form found in corpus luteum endothelial cells [64].

4.5.3 Retina

In contrast to reproductive organs, the vasculature is dormant throughout life in
most adult tissues and is highly restricted in cases such as the retina. Vasoinhibins
help maintain the quiescent state of retinal blood vessels and protect against aber-
rant vasopermeability and angiogenesis in retinopathy of prematurity and diabetic
retinopathy. Retinal vasoinhibins may derive from PRL synthesized in the retina
and from systemic PRL accessing the eye via its receptors in the ciliary body [65].
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Hyperprolactinemia increases the levels of retinal vasoinhibins, which in turn reduce
VEGF and diabetes-induced retinal vasopermeability [65]. Similarly, the transfer to
the retina of the vasoinhibin gene via adenoassociated virus type 2 vectors prevents
vascular alterations associated with nonproliferative diabetic retinopathy [66].

4.5.4 Heart

Accumulating evidence has linked vasoinhibin overproduction to the pathophysiol-
ogy of peripartum cardiomyopathy. Increased oxidative stress causes cathepsin D-
mediated PRL cleavage to vasoinhibins, which in turn interfere with the growth and
function of coronary vasculature required for adequate performance of the maternal
heart during pregnancy and lactation. MiR-146a, discovered as a major mediator of
vasoinhibin antiangiogenic actions, is also responsible for vasoinhibin effects caus-
ing myocardial metabolic dysfunction [46]. Vasoinhibins stimulate the shedding
from endothelial cells of exosomes loaded with mirR-146a that, when absorbed by
cardiomyocytes, impairs their metabolic activity [46]. Altogether, these concepts
have led to the development of promising combination therapies employing bro-
mocriptine and to the evaluation of markers (cathepsin D activity and miR-146a
serum levels) for diagnosis and disease monitoring [67].

4.5.5 Other

Other promising research directions relate to the liver, pancreas, and brain. Liver
growth is angiogenesis-dependent and coincides with the hyperprolactinemia ocur-
ring during pregnancy and lactation, cirrhosis [68], and after partial hepatectomy
[69]. Absence of the PRL receptor confers reduced liver mass, and elevating sys-
temic PRL promotes growth and neovascularization of the normal and regenerating
adult liver [38]. During pregnancy, the need for insulin action results in pancre-
atic islet growth, which is angiogenesis dependent. PRL and placental lactogens
stimulate the proliferation, survival, and insulin production by pancreatic -cells
[70], and PRL stimulates vascular density and downregulates the expression of the
angiogenesis inhibitor thrombospondin-1 (TSP-1) in transplanted pancreatic islets
[37]. Moreover, chronic exposure of isolated human islets to high glucose concen-
trations impairs angiogenesis, reduces PRL and MMP-9 expression, and increases
TSP-1 synthesis [71]. These findings suggest that PRL mediates pancreatic islet
neovascularization and growth during pregnancy, and that an altered production
of PRL and vasoinhibins may impact abnormal islet angiogenesis in diabetes. PRL
acts in the brain to stimulate neurogenesis and neuronal survival [3], which are ef-
fects frequently elicited by proangiogenic substances [72]. PRL also reduces the
permeability of brain capillary endothelial cells in a NO-independent manner [42],
and vasoinhibins inhibit NO-dependent vasopermeability in the retina, thus sug-
gesting that the PRL-vasoinhibin system helps maintain the brain- and retinal-blood
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barriers. Finally, exposure to stress reduces the conversion of PRL to vasoinhibins
in the hypothalamus, and the intracerebroventricular administration of PRL and va-
soinhibins attenuates and enhances stress-related behaviors (anxiety and depres-
sion) [32], respectively; these behaviors associate with altered cerebral blood flow
and endothelial cell dysfunction [73].

Concluding Remarks

The vascular effects of PRL and vasoinhibins are emerging as novel mechanisms
balancing growth, function, and involution. Further research is needed to clarify the
regulation of the specific proteases, the receptors, and signaling pathways involved,
and how PRL and vasoinhibins interact to affect blood vessel and organ function
under health and disease.
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Diabetes enhances the efficacy of AAV2 vectors in the
retina: therapeutic effect of AAV2 encoding vasoinhibin
and soluble VEGF receptor 1

Nundehui Dfaz-Lezama', Zhijian Wu?, Elva Adan-Castro', Edith Arnold', Miguel Vazquez-Membirillo',
David Arredondo-Zamarripa', Maria G Ledesma-Colunga', Bibiana Moreno-Carranza’,
Gonzalo Martinez de la Escalera’, Peter Colosi® and Carmen Clapp'

Adeno-associated virus (AAV) vector-mediated delivery of inhibitors of blood-retinal barrier breakdown (BRBB) offers
promise for the treatment of diabetic macular edema. Here, we demonstrated a reversal of blood-retinal barrier pathology
mediated by AAV type 2 (AAV2) vectors encoding vasoinhibin or soluble VEGF receptor 1 (sFlt-1) when administered
intravitreally to diabetic rats. Efficacy and safety of the AAV2 vasoinhibin vector were tested by monitoring its effect on
diabetes-induced changes in the retinal vascular bed and thickness, and in the electroretinogram (ERG). Also, the
transduction of AAV2 vectors and expression of AAV2 receptors and co-receptors were compared between the diabetic
and the non-diabetic rat retinas. AAV2 vasoinhibin or AAV2 sFlt-1 vectors were injected intravitreally before or after
enhanced BRBB due to diabetes induced by streptozotocin. The BRBB was examined by the Evans blue method, the
vascular bed by fluorescein angiography, expression of the AAV2 EGFP reporter vector by confocal microscopy, and the
AAV2 genome, expression of transgenes, receptors, and co-receptors by quantitative PCR. AAV2 vasoinhibin and sFlt-1
vectors inhibited the diabetes-mediated increase in BRBB when injected after, but not before, diabetes was induced. The
AAV2 vasoinhibin vector decreased retinal microvascular abnormalities and the diabetes-induced reduction of the B-wave
of the ERG, but it had no effect in non-diabetic controls. Also, retinal thickness was not altered by diabetes or by the AAV2
vasoinhibin vector. The AAV2 genome, vasoinhibin and sFlt-1 transgenes, and EGFP levels were higher in the retinas from
diabetic rats and were associated with an elevated expression of AAV2 receptors (syndecan, glypican, and perlecan) and
co-receptors (fibroblast growth factor receptor 1, av5 integrin, and hepatocyte growth factor receptor). We conclude that
retinal transduction and efficacy of AAV2 vectors are enhanced in diabetes, possibly due to their elevated cell entry. AAV2
vectors encoding vasoinhibin and sFlt-1 may be desirable gene therapeutics to target diabetic retinopathy and
macular edema.

Laboratory Investigation (2016) 96, 283-295; doi:10.1038/labinvest.2015.135; published online 16 November 2015

Blood-retinal barrier breakdown (BRBB) occurs in The most promising ocular gene therapy for DR is based on

diabetic macular edema (DME), a complication of diabetic
retinopathy (DR) where swelling of the central retina causes
visual impairment.! The intravitreal delivery of anti-
angiogenic and anti-vasopermeability factors can be an
effective therapy to control DR and DME but often requires
repeated treatments, which raise the risk of infection or other
ocular complications.! By producing a more sustained
therapy, viral vector-mediated gene transfer could avoid
repeated intraocular administration and provide a permanent
solution.

the intravitreal delivery of recombinant adeno-associated
virus (AAV) vectors. They are generally safe, and the best
characterized type 2 serotype (AAV2) produces long-term
transgene expression in retinal ganglion cells after intravitreal
delivery.? AAV2 vectors encoding inhibitors of vasoperme-
ability such as soluble VEGF receptor 1 (sFlt-1),}
vasoinhibin,® angiostatin,¥ and angiotensin-(1-7)°> reduce
retinal vascular leakage in diabetic rats after intravitreal
injection. In these studies the vectors were supplied before,
not after, inducing diabetes. However, testing the efficacy of
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AAV2 vectors reverse diabetic retinal alterations
N Diaz-Lezama et al

gene therapeutics after diabetes is well-established seems
more medically relevant than developing prophylactic strate-
gies. Recent studies have also emphasized the risk of systemic
vector dissemination and immune activation following high
doses of intravitreally delivered vectors,” so enhancing
transduction efficiency is a primary goal.

In this study, we evaluated the inhibitory effect of AAV2
vectors encoding vasoinhibins and sFlt-1 on diabetes-induced
BRBB when injected after BRBB is well-established. We found
that the AAV2 vectors reverse BRB pathology and protect
against retinal microvascular abnormalities and electrophy-
siological dysfunction; moreover, their retinal transduction is
enhanced in the diabetic state by mechanisms that may
include the upregulation of AAV2 primary receptors and
co-receptors.

MATERIALS AND METHODS

Production of AAV2 Vectors

c¢DNAs encoding vasoinhibins (codons 1-142 of human
prolactin), sFlt-1, and enhanced green fluorescent protein
(EGFP) were obtained and cloned into AAV2 vectors
downstream of a cytomegalovirus (CMV) immediate early
promoter as previously described.> AAV2 preparations were
produced using a three-plasmid cotransfection system and
purified by polyethylene glycol precipitation and cesium
chloride density gradient fractionation using a previously
described method.® The purified vectors were formulated in
10 mM Tris-HCI and 180 mM NaCl (pH 7.4) and stored at
—70°C before use. Quantification of vectors was done by
real-time PCR using linearized plasmid standards. The titers
of the vector preparations were 1.4 x 10'* vector genomes (vg)
per ml for AAV2 vasoinhibin and AAV2 sFlt-1, and 1.4 X 107
vg per ml for AAV2 EGFP. Two microliters of vector or
vehicle was injected into the vitreous.

Animals

Male Wistar rats (250 to 300g) were cared for in
accordance with the US National Research Council’s Guide
for the Care and Use of Laboratory Animals (8th edn,
National Academy Press, Washington, DC, USA). The
Bioethics Committee of the Institute of Neurobiology of the
National University of Mexico (UNAM) approved all animal
experiments.

Groups without gene therapy

Animals were injected with a single intraperitoneal (i.p.)
dose of streptozotocin (STZ; 60mg/kg in 10mM
citrate buffer, pH 4.5) (Sigma-Aldrich, St Louis, MO) or
vehicle after overnight fasting. Rats with a blood glucose
concentration >250 mg/dl  at 48h  were considered
diabetic. Two, 4, and 6 weeks after STZ, rats were
anesthetized with 70% ketamine and 30% xylazine (1 ul/g
body weight, i.p.), and the BRBB was examined by the Evans
blue method.

284

Groups with gene therapy after diabetes

Animals were injected with STZ or vehicle following the
above procedures; 2 weeks later the diabetic and non-diabetic
rats were anesthetized, and AAV2 vector (2.8 x 10° vg per eye)
or vehicle was injected into the vitreous as previously
described.” Four weeks after vector administration, some of
the animals were anesthetized as above, and the BRBB was
examined by the Evans blue method; other animals were
subjected to fluorescein angiography, or to electroretinogram
(ERG) examination and killed by decapitation to analyze
retinal thickness. In addition, other rats were exposed to a
CO,-saturated inhalation chamber and killed by decapitation;
their retinas were analyzed by quantitative PCR (qPCR) or
flat-mounted for confocal microscopy evaluation.

Groups with gene therapy before diabetes

Animals were injected intravitreally with AAV2 vector
(2.8x 10” vg per eye) or vehicle, and 4 weeks later diabetes
was induced with STZ. Four weeks post-STZ, retinas were
evaluated by the Evans blue method.

In other experiments, retinas from non-diabetic and
six-week diabetic rats were processed for qPCR, immuno-
histochemistry, or dissected, weighed, and homogenized
in 150 ul lysis buffer (0.5% Igepal, 0.1% SDS, 50 mM
Tris, 150 mM NaCl, 1pg/ml aprotinin, and 100 pg/ml PMSF,
pH 7.4). Retinal homogenates were centrifuged (13 000 r.p.m.
for 5 min), and the protein in the supernatant was evaluated
by the Bradford method.?

Evans Blue Method

The BRBB was evaluated by the Evans blue method, as
previously reported.” Briefly, anesthetized rats were injected
(intrajugularly) with the Evans blue tracer (45 mg/kg, Sigma-
Aldrich). Two hours later, 1 ml of blood was drawn from the
heart to measure the Evans blue concentration in plasma, and
the rats were perfused for 2 min via the left ventricle with PBS
(pH 3.5 at 37°C) at a pressure that allowed a flow rate
of 70 ml/min before insertion of catheter and start of
perfusion. The retina was dissected and vacuum-dried
(SPD 1010 SpeedVac System, ThermoSavant, USA) for 5h.
After weighing the tissue, the Evans blue tracer was extracted
by incubating each retina in 100 yl formamide (Mallinckrodt
Baker, Phillipsburg, NJ) for 18h at 72°C. The extract
was centrifuged at 300 000 g for 60 min at 4 °C. Absorbance
was measured in the supernatant at 620nm using the
NanoDrop 1000 spectrophotometer (Thermo Fisher Scientific,
Wilmington, DE). The tracer concentration in the extracts was
calculated from a standard curve of Evans blue in formamide
and normalized to the retina and body weight and to the Evans
blue concentration in plasma.

Fluorescein Angiography

Anesthetized rats were injected intrajugularly with 100 mg/kg
of fluorescein isothiocyanate-labeled dextran (50 mg/ml,
FITC-dextran: MW 2 x 10° Da; Sigma-Aldrich). One hour
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later, the rats were killed, and their retinas were flat-mounted,
fixed for 4h in freshly prepared 4% paraformaldehyde in
0.1 M PBS at room temperature, washed with PBS, mounted
on glass slides with Vectashield (Vector Laboratories
(Burlingame, CA), and coverslipped. Retinal flat-mounts
were observed and digitalized with a x4 objective under a
fluorescence microscope (Olympus BX60 with a DP70
Olympus camera). Images were tiled to create a picture of
the entire retina. The density of the capillary network was
analyzed using the AngioTool image analysis sofware!'? having
fixed settings for vessel diameter (1-5) and intensity (15-22).

Electroretinogram

Rats were anesthetized after dark adaptation overnight, and
pupils were fully dilated with a 0.5% tropicamide and 0.5%
phenylephrin solution. Flash ERG responses were recorded
from both eyes by a silver chloride ring electrode placed on
the cornea. Two reference electrodes were positioned
subcutaneously near the eyes. The light stimulation included
a 1-ms flash with an intensity of 0.9 log cd.s/m* (PS33 Plus
PhotoStimulator, GRASS Technologies, Warwick, RI). The
bandpass was set at 3Hz to 0.3kHz (P511AC Amplifier,
GRASS Technologies). Sixteen responses were averaged. The
A-wave amplitude was measured from baseline to the trough
of the A-wave, and the B-wave amplitude from the trough of
the A-wave to the peak of the B-wave.

Retinal Thickness

Eyes fixed in 4% paraformaldehyde for 24h at room
temperature were then dehydrated and embedded in paraffin.
Orientation of the serial sections (8 um) was assured by
controlling that the cuttings passed through the optic nerve
head and the cutting marker. Sections were stained with
hematoxilin and eosin, and the total thickness of the retina
and of both the inner and outer nuclear layers were measured
at X 20 magnification using the ScanScope Digital Scanner
and the Image Scope software (Aperio Technologies, Vista,
CA). Images were taken at equivalent retinal eccentricities
from the optic nerve head, and three measurements were
taken on each retina within 1 mm of the optic nerve.

Quantitative PCR

AAV transgene expression

Total RNA was isolated from frozen retinas using TRIzol
reagent (Life Technologies, Carlsbad, CA), and cDNA was
synthesized with the High-Capacity cDNA Reverse Transcrip-
tion Kit (Applied Biosystems, Warrington, UK). PCR
products were separated on a 1.2% agarose gel and visualized
using ethidium bromide, or detected and quantified with
Maxima SYBR Green/ROX qPCR Master Mix (Thermo
Scientific, Auburn, AL) in a 10-gl final reaction volume
containing template and 0.5mM of each of the following
primer pairs for human vasoinhibin: 5-CTGCCCGATGC
CAGGTGA-3" (sense) and 5'-GAAAGTCTTTTTGATTC
ATCTGT-3" (antisense); human sFlt-1: 5-GACCTGGAGT
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TACCCTGATGA-3' (sense) and 5'-ATGGTCCACTCCTTAC
ACGAC-3’ (antisense); glypican 1: 5'-TGGCGCCTACGGTG
GAAATGATGT-3’ (sense) and 5'-GAGTGGCGGCCGAGG
TCTTCTGTC-3’" (antisense); syndecan 4: 5'-GAACCATGG
CGCCTGTCTGC-3" (sense) and 5-CCTGGGCTCCTCCGT
GTCATCT-3" (antisense); perlecan 1: 5'-CTGCCACCTGA
CAGTCGC-3' (sense) and 5-GCTCTGGCACCTGCAG-3’
(antisense);  hepatocyte  growth  factor receptor —c-Met
(hgfr c-Met): 5'-TCGTTCCTTGGGATTATTGC-3" (sense)
and 5-TGTTTTGTTTTGGCACAGGA-3’ (antisense); avf5
integrin:  5'-CACCTGAATGAAGCCAATGA-3'(sense) and
5'-TCCATGCAAAATCTCCACAG-3’ (antisense); fibroblast
growth factor receptor 1 (fgfr 1): 5'-CAACACCAAACCAA
ACCGTA-3" (sense) and 5-GTTTTTCAACCAGCGCAAAG
-3’ (antisense) and hypoxanthine-guanine phosphoribosyltrans-
ferase (hprt): 5'-GACCGGTTCTGTCATGTCG-3’ (sense) and
5'-ACCTGGTTCATCATCACTAATCAC-3" (antisense). The
amplification conditions were 10s at 95°C, 30s at each
primer pair-specific annealing temperature, and 30 s at 72 °C
for 40 cycles. The PCR data were analyzed by the 2-AACT
method, and cycle thresholds were normalized to the
housekeeping gene hprt to calculate mRNA expression levels.

AAV genome copy number

Total genomic DNA was isolated from frozen, AAV2-injected
control and diabetic rat retinas. A 100-ng sample of genomic
DNA was tested for the presence of AAV2 DNA by qPCR
using primers binding to the CMV promoter. qPCR for the
28S ribosomal DNA was used as loading control for
normalization purposes. PCR products were detected and
quantified with Maxima SYBR Green /ROX qPCR Master
Mix using the following primer pairs for CMV: 5-TGCC
CAGTACATGACCTTAT-3' (sense) and 5-AATGGGGCGG
AGTTGTTAC-3’ (antisense); and rat 28S ribosomal DNA:
5'-CAGTACGAATACAGACCG-3’ (sense) and 5-GGCAAC
AACACATCATCAG-3’ (antisense). The amplification con-
ditions for the CMV were 30s at 94 °C, 30s at 60.5°C, and
30s at 72°C for 40 cycles, whereas for 28S ribosomal DNA
the annealing temperature was 56.5 °C. For absolute quanti-
fication, standard curves for the two plasmids were performed
using concentrations ranging from 10’—10 molecules per yl as
determined by spectrophotometry.

Histological Evaluation of EGFP

Eyes, without the lens, were fixed in 4% paraformaldehyde for
30 min at room temperature and washed with PBS. The entire
retinas were carefully dissected from the eyecups, flat-
mounted on glass slides by making four radial cuts from
the edges to the equator, and coverslipped with mounting
media (Vectashield) to directly detect EGFP fluorescence by
confocal microscopy (LSM 780, Carl Zeiss Microlmaging
GmbH, Géttingen, Germany). An observer blind to the
experiment captured and evaluated serial optical z-sections
from three different areas throughout the retinal ganglion cell
layer neighboring the optic nerve. EGFP fluorescence per area
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Figure 1 Verification of AAV2-mediated retinal transgene expression. (a) RT-PCR analysis of vasoinhibin (Vi) and sFIt-1 mRNA in retinas obtained from
rats 4 and 8 weeks after they had been intravitreally injected with vehicle (Veh), AAV2 Vi, or AAV2 sFit-1 vectors. The sizes of RT-PCR products are given
in bp. Amplification of hypoxanthine-guanine phosphoribosyl transferase (Hprt) was used as an internal standard. (b) gRT-PCR-based quantification of Vi
and sFIt-1 mRNA levels in retinas from rats 4 and 8 weeks after they had been intravitreally injected with Veh, AAV2 Vi, or AAV2 sFlt-1 vectors. Bars
represent mean +s.e.m. Numbers inside bars indicate the number of retinas evaluated. AAV2, adeno-associated virus type 2; qRT-PCR, quantitative

reverse transcription PCR.

was quantified using the Pro-Plus image analysis software
(Media Cybernetics, Silver Spring, MD).

Immunohistochemistry for FGFR1

Eyes were fixed in 4% paraformaldehyde for 4h at room
temperature and then cryo-protected with 15% sucrose for
1 day. Subsequently, eyes were frozen in optimal cutting
temperature (OCT) compound (Tissue-Tek; Sakura Finetech
Torrance, CA), and 12-um-thick cryostat sections were
mounted on gelatin-coated slides. Sections were washed with
PBS to remove OCT, blocked with PBS containing 3% bovine
serum albumin, 5% normal goat serum, and 0.1% Triton
X-100 for 2h at room temperature, and immunostained
overnight at 4°C with a 1:50 dilution of the anti-FGFR1
monoclonal antibody (ab823 from Abcam PLC, Cambridge,
UK). After incubation, samples were washed three times with
PBS for 15 min, labeled for 4 h with a 1:500 dilution of Alexa
Fluor 488 goat anti-mouse secondary antibody (Invitrogen,
Thermo Fisher Scientific, Waltham, MA), washed three times
with PBS, coverslipped using DAPI Vectashield, and imaged
by confocal microscopy.

Statistical Analysis

The statistical analyses were performed using the Sigma Stat
7.0 software (Systat Software, San Jose, CA). Statistical
differences between two and more than three groups were
determined by the unpaired two-tailed Student’s t-test and
one-way ANOVA followed by Bonferroni’s or Tukey’s
post hoc comparison tests, respectively. The threshold for
significance was set at P<0.05.
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RESULTS

Verification of Vasoinhibin and sFlIt-1 Transgene
Expression in the Retina

Total retinal RNA from eyes injected with vehicle or with each
one of the AAV2 vectors was treated with DNase to eliminate
genomic DNA contamination. Amplification of DNase-
treated RNA without reverse transcriptase generated no
products for vasoinhibin or sFlt-1 (not shown). No human
vasoinhibin or human sFlt-1 transcript was present in
normal, vehicle-injected eyes (Figure la), confirming that
the primers do not amplify endogenous vasoinhibin or sFlt-1
in the rat. Products of the expected size for human
vasoinhibin and sFlt-1 were amplified in normal retinas 4
and 8 weeks after being transduced with the respective vectors
(Figure 1la), and the expression of both transgenes was
significantly higher at 8 weeks post transduction (Figure 1b).

The AAV2 Vasoinhibin and AAV2 sFlt-1 Vectors Reverse
Diabetes-Induced Blood-Retinal Barrier Pathology
Table 1 shows the body weight and blood glucose levels for
diabetic rats and their matched non-diabetic controls.
Diabetic rats showed a reduced weight from 4 to 8 weeks
post-STZ treatment, and their blood glucose levels were
significantly higher compared with non-diabetic controls at
all times.

The STZ rat model of diabetes mimics some of the early
changes of human DR, including BRBB. When evaluated
using the retinal accumulation of Evans blue or other plasma
tracers, BRBB was reported as early as 5 days and up to
10 weeks post-STZ treatment.>**!1~14 Here, we confirmed
the early and sustained damage of the BRB in this diabetes
model by showing that a significant increase in the retinal
accumulation of Evans blue-stained albumin occurs at 2 weeks
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Table 1 Body weight and blood glucose concentrations of
non-diabetic and diabetic rats

Duration of Treatment n Weight (g) Blood glucose
diabetes (week) (mg/dl)
2 ND (NI) 4 3345+89 1000£33
D (NI) 4 3259+69 4786+ 30.8*
4 ND (NI) 20 363.1+£63 98.6+25
D (NI) 20 2744 +9.6* 469.7 +17.9*
ND (Veh) 28 3416+58 1039+28
D (Veh) 20 2635 +4.5% 486.6+153%
ND (Vi) 9 3489+7.7 1006+5.12
D (Vi) 3 2759+6.8% 496.0 +8.5*
ND (sFlt-1) 3 3594+59 99.0+4.8
D (sFlt-1) 4 2858+7.2% 491.3+19.5%
6 ND (NI) 5 4429+63 105.1£4.81
D (NI) 4 3452+104* 4644 +16.3*
ND (Veh) 16 4499+69 103.8+35
D (Veh) 14 3270+£106* 4633+ 11.7%
ND (Vi) 25 46324129 101.8+£33
D (Vi) 25 3411 +£11.2% 505.5+104*
ND (sFlt-1) 6 4306+ 146 102.3+35
D (sFlt-1) 6 3194+134*% 469.2+185%
ND (EGFP) 10 460.7 £9.7 1105+45
D (EGFP) 1 321.0£21.2% 468.1 +24.9*
8 ND (Vi) 7 5072+88 1089+49
D (Vi) 8 370.1+7.8* 4822+16.7%

Rats treated (D) or not (ND) with streptozotocin (STZ), were non-injected (NI)
or injected intravitreally with vehicle (Veh), AAV2 vasoinhibin (Vi), AAV2
sFIt-1 (sFlt-1), or AAV2 EGFP (EGFP) and evaluated at 2, 4, 6, and 8 weeks
after STZ. *P<0.001 vs respective ND controls. Body weight and blood
glucose values were similar within all ND and D groups at the same week
period. Values represent mean + s.e.m. Number of rats (n).

after STZ injection and is maintained at a similar level during
the following 4 and 6 weeks (Figure 2a). To investigate the
restoration of the BRB function, vehicle or 2.8 x 10° vg of the
AAV?2 vasoinhibin vector or the AAV2 sFlt-1 vector was
injected intravitreally into non-diabetic or diabetic rats
2 weeks after treatment with STZ, and the BRBB
was quantified 4 weeks after vector administration by the
retinal accumulation of Evans blue. As expected, diabetes
induced a significant increase in tracer accumulation in
vehicle-injected rats (Figure 2b). Treatment with either the
AAV?2 vasoinhibin vector or the AAV2 sFlt-1 vector reversed
the diabetes-induced increase in BRBB. Evans blue accumula-
tion was significantly lower in the diabetic rat retinas
transduced with the AAV2 vasoinhibin vector or the AAV2
sFlt-1 vector than in vehicle-injected diabetic rat retinas
(Figure 2b). Moreover, diabetic rat retinas transduced with
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either one of these two vectors showed a level of Evans blue
leakage similar to that in vehicle-injected, non-diabetic rats
(Figure 2b). The reversal effect is specific to the vasoinhibin
and the sFlt-1 transgenes, because the AAV2 EGFP vector
had no effect, and none of the vectors modified Evans
blue-stained albumin accumulation in non-diabetic rats
(Figure 2b). These findings support the therapeutic potential
of the AAV2 vasoinhibin and sFlt-1 vectors.

The AAV2 Vasoinhibin Vector Reduces Diabetes-Induced
Retinal Microvessel Abnormalities and
Electrophysiological Dysfunction

The therapeutic and safety properties of the AAV2 vasoinhibin
vector were further investigated by evaluating the retinal
vascular bed, electrophysiological function, and thickness of
the retina in rats that had been diabetic for 6 weeks and
injected with the vector or with vehicle 2 weeks after
diabetes onset (as indicated in Figure 2b). Figure 3a shows
representative images of the retinal vasculature of
non-diabetic and diabetic rats obtained by fluorescein
angiography. Consistent with previous findings using this
technique,'!® the retinas of STZ-treated rats showed an
intact vascular bed. However, the intensity of the fluorescein
signal within the capillary vessels (arrow heads) was
reduced in the vehicle-injected diabetic rat compared with
the vehicle-injected non-diabetic control (Figure 3a). The
fainter capillary vessels in the diabetic condition allowed
better visualization of the short vertical capillary segments
(indicated by arrows) connecting the superficial and the deep
microvascular layers of the inner retina.!” Accordingly, the
microvessel fluorescein signal per area was significantly
reduced in the diabetic rat compared with the non-diabetic
control injected with vehicle (Figure 3b). No significant
differences were observed in non-diabetic and diabetic rats
injected with the AAV2 vasoinhibin vector with respect to the
vehicle-injected non-diabetic control.

Next, we used the ERG to evaluate the functional status of
the retina. Figure 4a shows representative ERG recordings
under scotopic conditions of non-diabetic and diabetic rats
injected with vehicle or with the AAV2 vasoinhibin vector.
Quantitative analysis showed that the amplitude of the
A-wave was similar among all groups (Figure 4b). However,
the amplitude of the B-wave decreased significantly in
vehicle-injected diabetic rats compared with the vehicle-
injected non-diabetic controls (Figure 4c). The reduction of
the B-wave was not statistically significant in diabetic rats
treated with the AAV2 vasoinhibin vector, and this vector did
not modify the B-wave amplitude of non-injected diabetic
animals.

Finally, morphological examination of hematoxylin
and eosin-stained retinal paraffin sections showed no
difference in the thickness of the total retina, the inner
nuclear layer, or the outer nuclear layer among groups (Figure
4d and e).
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Figure 2 The AAV2 vasoinhibin and AAV2 sFIt-1 vectors reverse diabetes-induced blood-retinal barrier pathology. (a) BRBB evaluated by the retinal
accumulation of Evans blue-stained albumin in non-diabetic (ND) control rats and in diabetic (D) rats 2, 4, and 6 weeks after treatment with STZ.

(b) Post-diabetes design diagram: vehicle (Veh), or AAV2 vasoinhibin (Vi), AAV2 sFlt-1, or AAV2-enhanced green fluorescent protein (EGFP) vectors were
injected intravitreally into ND or into D rats 2 weeks after treatment with STZ, and BRBB was evaluated 4 weeks after vector administration. Values
represent mean *s.e.m. Numbers inside bars indicate the number of retinas evaluated. AAV2, adeno-associated virus type 2; BRBB, blood-retinal barrier
breakdown; STZ, streptozotocin.
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Figure 3 The AAV2 vasoinhibin vector reduces diabetes-induced microvessel abnormalities. (a) Representative images of fluorescein-labeled retinas from
non-diabetic (ND) control rats and diabetic (D) rats injected intravitreally with vehicle (Veh) or the AAV2 vasoinhibin (Vi) vector 2 weeks after treatment
with STZ and subjected to fluorescein angiography 4 weeks after vector administration. Arrow heads indicate microvessels. Arrows indicate the short
vertical capillary segments that connect the superficial and deep microvascular layers of the inner retina. Scale bar, 200 um. (b) Quantification of
microvessel fluorescein signal per retinal area. Values represent mean + s.e.m. Numbers inside bars indicate the number of retinas evaluated. AAV2,
adeno-associated virus type 2; STZ, streptozotocin.
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Figure 4 The AAV2 vasoinhibin vector reduces diabetes-induced retinal electrophysiological dysfunction. (a) Representative ERG responses under
scotopic conditions of non-diabetic (ND) control rats and diabetic (D) rats injected intravitreally with vehicle (Veh) or the AAV2 vasoinhibin (Vi) vector

2 weeks after treatment with STZ and subjected to ERG evaluation 4 weeks after vector administration. Average amplitudes of A-wave (b) and B-wave
(). (d) Representative paraffin retinal cross-sections stained with hematoxilin and eosin subjected to morphogenic examination of the thickness of total
retina and of both the inner nuclear layer (INL) and outer nuclear layer (ONL) (e) of retinas from ND and D rats injected intravitreally with the Veh or
the AAV2 Vi 2 weeks after treatment with STZ and subjected to morphometric evaluation 4 weeks after vector administration. Values represent

mean = s.e.m. Numbers inside bars indicate the number of retinas evaluated. AAV2, adeno-associated virus type 2; ERG, electroretinogram; STZ,

streptozotocin.

Diabetes Enhances the Efficacy, Transgene Expression,
and Transduction of AAV2 Vectors in the Retina
The protection against BRBB was reduced or absent when
either vector were injected prior to inducing diabetes
(Figure 5). In this experiment, vectors were injected
intravitreally 4 weeks before inducing diabetes, and BRBB
was evaluated 4 weeks thereafter. The increase in BRBB due to
diabetes was no longer significant in retinas transduced with
the AAV2 vasoinhibin vector, suggesting that vasoinhibins
may have a small protective effect. However, the AAV2 sFlt-1
vector did not inhibit diabetes-induced BRBB, and the level of
tracer in the vasoinhibin and the sFlt-1-transduced retinas
was similar to that observed in the diabetic, vehicle-injected
control (Figure 5).

Differences in the experimental design between the before-
and after-diabetes groups do not interfere with the proper
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evaluation of vector efficacy. The dissimilar times (6 and
4 weeks) following STZ injection result in BRBB of similar
magnitudes (Figure 2a). Also, the shorter time post-AAV2
delivery (4 vs 8 weeks) in the after-diabetes group resulted in
higher vector efficacy (Figure 2c) even though transgene
expression increases over time (Figure 1b). These findings
suggest that the diabetic state enhances the efficacy of AAV2
vasoinhibin and AAV2 sFlt-1 vectors to reduce blood-retinal
barrier leakage.

To investigate whether increased AAV2 vector efficacy
could be due to enhanced transgene expression in the retina
of diabetic rats, we compared the expression levels of the
vasoinhibin and sFlt-1 mRNAs encoded by the AAV2 vectors,
4 weeks after they had been injected intravitreally into non-
diabetic and diabetic rats (Figure 6a). qQPCR showed that the
retinal expression of the vasoinhibin and sFlt-1 transgenes
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Figure 5 The AAV2 vasoinhibin and AAV2 sFIt-1 vectors fail to reduce
diabetes-induced blood-retinal barrier pathology when injected prior to
inducing diabetes. Pre-diabetes design diagram: vehicle (Veh), or AAV2 Vi,
or AAV2 sFlt-1 vectors were injected intravitreally in non-diabetic rats
(ND) or into rats (D) 4 weeks before treatment with STZ, and the retinal
permeation of Evans blue-stained albumin was evaluated 8 weeks after
vector administration. Values represent mean +s.e.m. Numbers inside bars
indicate the number of retinas evaluated. AAV2, adeno-associated virus
type 2; STZ, streptozotocin.

was nearly fourfold greater in the retinas from diabetic rats
than from the non-diabetic controls (Figure 6b). Transgene
expression was further investigated by using an AAV2 EGFP
reporter vector. The AAV2 EGFP vector was injected
intravitreally into non-diabetic rats or into diabetic rats
2 weeks after treatment with STZ, and the levels of EGFP were
evaluated by direct fluorescence on flat-mounted retinas
4 weeks after vector delivery. Scattered positive cells and cell
fibers were visualized throughout the ganglion cell layer of
retinas from non-diabetic rats (Figure 6¢). In the diabetic rat
retina there was a fivefold enhancement of EGFP fluorescence
associated with both somas and projections, and many of the
latter corresponded to fibers that make up the optic nerve
(Figure 6c).

To investigate whether increased transgene expression
involved an enhanced transduction of AAV2 vectors in the
retina, we quantified the viral genome copy number by qPCR
at 4 weeks after vectors had been injected intravitreally in
non-diabetic and diabetic rats (Figure 6d). The AAV2 genome
levels increased significantly in the retina of diabetic rats
compared with the non-diabetic controls.
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The Expression of Primary Receptors and Co-Receptors
of AAV2 Is Elevated in the Retinas from Diabetic Rats
Transduction efficiency is influenced by receptor- and
co-receptor-mediated AAV2 attachment.!® To investigate
whether a different abundance of AAV2 receptors and
co-receptors between the normal and diabetic rat retina
might account for the greater recruitment of viral particles in
the diabetic state, we evaluated the mRNA levels of AAV2
primary receptors (glypican, syndecan, and perlecan)?® and
co-receptors (FGFR1,2! avPs integrin,22 and HGFR?) by
qPCR in retinas from non-diabetic and 4-week diabetic rats.
The expression of all three primary receptors (Figure 7a) and
all three co-receptors (Figure 7b) was significantly enhanced
in the diabetic rat retina compared with non-diabetic
controls. Consistent with these findings, FGFR1 immuno-
reactivity was faint and diffuse in the photoreceptors outer
segments of the retina of non-diabetic rats, whereas it
increased dramatically throughout the retina of diabetic rats
(Figure 7c). Anti-FGFR1 staining was intense throughout the
inner retina (inner nuclear layer, inner plexiform layer, and
ganglion cell layer), and less intense and discrete in the outer
retina (outer nuclear layer and outer segments) and choroid
of diabetic rats. Omission of the primary antibody resulted in
no labeling (not shown). Enhanced expression of AAV2
receptors and co-receptors does not reflect a general increase
in protein synthesis, since total protein levels were similar in
the retinas from diabetic and non-diabetic rats (Figure 7d).

DISCUSSION

Increased transport through the BRB occurs in DR and DME
and is responsible for much of the vision loss due to diabetes.!
By producing a sustained expression of antiangiogenic
molecules, the AAV vectors eliminate the risks associated
with repeated intraocular pharmacotherapy and offer
considerable promise for the treatment of DR and DME.
Here, we show that diabetes-induced BRB pathology is
reversed by the intravitreal delivery of AAV2 vectors encoding
the antiangiogenic and anti-vasopermeability factors sFlt-1
and vasoinhibin, and that the AAV2 vasoinhibin vector is a
safe procedure for reducing retinal microvessel abnormalities
and electrophysiological dysfunction due to diabetes.
Moreover, we found that the diabetic state substantially
enhances the retinal transduction, transgene expression, and
efficacy of AAV2 vectors.

VEGEF is a major promoter of BRBB in DR and DME. The
levels of VEGF increase in the vitreous of patients with DR
and DME?**»?° and the clinical use of anti-VEGF molecules
improves DME.?®?” One such anti-VEGF agent is sFlt-1,
which corresponds to the secreted extracellular domain of
VEGF receptor 1 and blocks VEGF action by sequestering
VEGF.?8 Vasoinhibins comprise a family of peptides that are
generated by the specific proteolytic cleavage of prolactin and
they exert potent antiangiogenic and anti-vasopermeability
effects.?” Vasoinhibins are found in the retina,” and their
systemic concentration is reduced in patients with DR.*"
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Figure 6 Diabetes enhances the retinal transgene expression and transduction of AAV2 vectors. (a) Post-diabetes design diagram: AAV2 vasoinhibin (Vi),
AAV?2 sFlt-1, or AAV2 EGFP vectors were injected intravitreally into non-diabetic (ND) or into diabetic (D) rats 2 weeks after treatment with STZ, and the
expression of Vi and sFlt-1 mRNA and the levels of the EGFP were evaluated by gPCR and direct fluorescence on flat-mounted retinas, respectively.

(b) gRT-PCR-based quantification of Vi and sFIt-1 mRNA levels in retinas from ND and D rats transduced with the AAV2 Vi and AAV2 sFit-1 vectors.

(c) Representative confocal microscope visualization of direct EGFP fluorescence in the ganglion cell layer of a flat-mounted retinal preparation from

ND and D rats transduced with the AAV2 EGFP vector. Scale bar, 100 um. (d) qPCR-based quantification of AAV genome copy number in retinas from
ND and D rats transduced with AAV2 vectors. Values represent mean +s.e.m. Numbers inside bars indicate the number of retinas evaluated. AAV2,
adeno-associated virus type 2; ON, optic nerve; qRT-PCR, quantitative reverse transcription PCR; STZ, streptozotocin.

Vasoinhibins inhibit ischemia-induced retinal angiogenesis®!
and reduce diabetes-induced BRBB by targeting both
the inner (vascular endothelial cells) and the outer
(retinal pigment epithelium) components of the BRB.3>3
The effects of vasoinhibins®32*3 and sFlt-1°*3> against BRBB
have been well-documented using Evans blue and a variety of
other in vivo and in vitro techniques that have revealed
signaling mechanisms mediating their action. For example,
VEGF antagonists and vasoinhibins block calcium influx
through transient receptor potential channels; they also
inhibit the activation of phospholipase C gamma and
phosphatidylinositol-3-kinase-Akt mechanisms, thereby lead-
ing to downstream blockage of eNOS activation and the
reinforcement of junctional proteins linked to the actin
cytoskeleton,3%33:36-38

| Laboratory Investigation | Volume 96 March 2016

AAV-mediated gene transfer of sFlt-1 successfully reduces
BRBB when the vector is delivered before diabetes manifests
in the spontaneously diabetic Torii rat.>* AAV2 vectors
encoding sFlt-1 or vasoinhibin also reduce BRBB in rats when
injected before inducing diabetes with STZ.> While these
findings demonstrate the preventive effect of these vectors
against diabetes-mediated BRBB, the important question of
whether BRBB can be reversed by AAV2 vectors had not been
addressed. Here, we show that the AAV2 vasoinhibin and
sFlt-1 vectors restored the BRB when injected after BRB
damage is fully manifest. These findings demonstrate that
both vectors reverse a retinal alteration that causes visual
impairment in DR and DME.

Furthermore, the AAV2 vasoinhibin vector reduced other
aspects of the retinal disease occurring in STZ-treated

291


http://www.laboratoryinvestigation.org

AAV2 vectors reverse diabetic retinal alterations
N Diaz-Lezama et al

P=0.01

L

16 -
— Y

=,
n
1

10 <

P=0.002
P=0.003

n
1

—t

mRNA expression (fold change

9 11 9 11 9

syndecan perlecan

glypican
ND

CIND
HD

o
0
i
o
o
o
©

5 -
o)
2
S 4 -
G P= 0.005
o
L 34 P=0.01
c
ke
w
o 2
o
>
@
<C 1 s nd =
zZ
%
£
8 8 8
0
HGFR FGFR avp5
d
80 A
@
£
©
6 60 .
=
—“—
o
g 40 -
=
2
o
S 204
(o]
=2
0 =

Figure 7 The expression of primary receptors and co-receptors of AAV2 is elevated in the retina from diabetic rats. qRT-PCR-based quantification

of AAV2 receptors (glypican, syndecan, and perlecan) (a) and co-receptors (fibroblast growth factor receptor 1 (FGFR), avB5 integrin, and hepatocyte
growth factor receptor (HGFR)) (b) in retinas from non-diabetic (ND) and 6-week diabetic (D) rats. (c) Immunolocalization and comparison of FGFR1
immunoreactivity between retinal sections of ND and six-week D rats. Scale bar, 50 um. (d) Total protein levels in retinas from ND and six-week D rats.
Values represent mean +s.e.m. Numbers inside bars indicate the number of retinas evaluated. AAV2, adeno-associated virus type 2; GCL, ganglion cell
layer; IPL, inner plexiform layer; ONL, outer nuclear layer; OS, outer segments; qRT-PCR, quantitative reverse transcription PCR.

rodents. It inhibited the reduction in fluorescein intensity
within capillary vessels that may be caused by factors
associated with perfusion abnormalities, such as decreased
retinal blood flow,!> subnormal retinal oxygenation,® and
disruption of the BRB!® (present results). Also, the amplitude
of the B-wave, but not that of the A-wave of the ERG,
commonly reduced in the STZ rodent model of DR,!®40:41
was ameliorated by the AAV2 vasoinhibin vector. Supporting
its safety, the vector did not modify the retinal vascular bed
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and the ERG in non-diabetic rats. Finally, we explored the
thinning of the retina which, owing to the neurodegeneration
of the inner retina, occurs in diabetic humans,*>** and in
some,*4 but not all,’® diabetic rodent studies. We
confirmed that retinal thinning does not occur at 6 weeks
post-STZ-treatment,*”*° and showed that the AAV2 vaso-
inhibin vector did not modify it. These observations suggest
that the expression of vasoinhibins by AAV2 vectors, as
reported for sFlt-1,°1°2 is a safe procedure, causing no gross
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retinal changes and protecting against retinal microvascular
alterations and loss of retinal electrophysiological function in
diabetes.

Reversal of BRB damage by the AAV2 vasoinhibin and
sFlt-1 vectors occurred at a dose 10 times smaller than the one
used in our previous study (2.8x10° vg vs 2.8 x 10" vg).3
However, using this smaller dose and the same experimental
parameters of our previous report,® neither of the two vectors
clearly prevented BRBB. The absence of effect may relate to
the lower dose and/or to the smaller number of animals in
our current study. Nonetheless, the vasoinhibin and the sFlt-1
vectors totally reversed the BRBB when delivered after
inducing diabetes. Thus, it seemed likely that the efficacy of
AAV?2 vectors was being potentiated by the diabetic state.

Indeed, transgene expression is enhanced in the diabetic rat
retina. The mRNA levels of the vasoinhibin and sFlt-1
transgenes were fourfold higher and the EGFP levels increased
fivefold in the retinas from diabetic vs non-diabetic rats.
Consistent with the reported tropism of intravitreally
delivered AAV2 vectors,”® the elevated AAV2 transgene
expression occurred in the inner retina, particularly in
ganglion cell somas and in their projections that make up
the optic nerve. These findings suggest that the diabetic
condition potentiates the action of AAV2 vectors by
increasing their transduction in permissive cells. Supporting
this possibility, we found that AAV2 genome levels were
enhanced in the diabetic rat retina compared with the non-
diabetic control. Transduction may be facilitated by a higher
abundance of AAV2 receptors and co-receptors favoring
cell entry.

Heparan sulfate proteoglycans (HSPG) are glycoproteins
containing one or more HS chains, and structural determi-
nants of HS interact with AAV2 capsid proteins.>* HSPG
associated with cell membranes (syndecans and glypicans)
serve as primary receptors, enabling vector docking and the
subsequent interactions with AAV2 co-receptors (FGFRI,
avp5, and HGFR) required for endosomal entry. Also, HSPG
associated with the extracellular matrix (perlecans) help store
and concentrate AAV2, thus enabling their presentation to
attachment and entry receptors.”> We found that the mRNA
levels of the core proteins in syndecan 4, glypican 1, and
perlecan 1, and of all three co-receptors (FGFR1, avf}5, and
HGFR) increased in the diabetic rat retina. Furthermore,
FGFR1 immunoreactivity, normally concentrated in photo-
receptor cell bodies,”® dramatically increased throughout the
retina of diabetic rats, mainly in the inner retina, a
localization pattern consistent with its reported presence in
activated Miiller cells.”’

Increased levels of HSPG and of AAV2 co-receptors are not
unexpected in DR and may contribute to its progression.
High glucose levels upregulate cell-associated proteoglycans in
retinal pericytes®® and promote the secretion of HS chains by
endothelial cells,’ and VEGF increases the retinal expression
of the HS side chains of HSPGs.%® Perlecan binds FGFs,%1¢2
and the intraretinal stores of immunoreactive bFGF and

www.laboratoryinvestigation.org | Laboratory Investigation | Volume 96 March 2016

AAV2 vectors reverse diabetic retinal alterations
N Diaz-Lezama et al

HSPG increase in patients with DR.%? Of note, abnormal
HSPG expression and structure can contribute to vascular
leakage and to the release of pro-angiogenic factors in DR,%*
whereas bFGF, avf5 integrin, and HGF can signal to promote
angiogenesis in DR.%> However, contrary to what is expected
from our findings using rats after 6 weeks of STZ, the mRNA
levels of perlecan, the [*°S] sulfate incorporation into
HSPG,%® and the immunolocalization of HSPG®’ decrease
in the retina of diabetic rats at 5 and 11 months after STZ
treatment, respectively. These findings suggest that the
synthesis of HSPG may change as diabetes progresses and
emphasize the need to examine the long-term differential
efficacy of AAV2 vectors.

Although the abundance of AAV2 receptors and
co-receptors directly correlates with the efficacy of AAV2
vectors,®70 other major events can favor vector entry and
transduction in diabetes. Diabetes alters the function and
structure of all retinal cell types,”! and loss of integrity and
changes in retinal architecture are known to increase AAV
vector transduction. Disruption of the inner limiting
membrane caused by mild proteolytic digestion,”> by
structural changes of the Miiller cell endfeet,”> by laser
pretreatment,”* or by retinal degeneration’? allow for
enhanced AAV transduction of outer retinal cells after their
intravitreal delivery. Moreover, nuclear uptake, capsid
uncoating, and second-strand DNA synthesis following
receptor binding are major rate-limiting steps in AAV
transduction’>~7® that need to be investigated.

In conclusion, we have demonstrated the therapeutic
potential of two AAV2 vectors encoding anti-
vasopermeability and anti-angiogenic factors in DR and
DME by delivering them after BRBB is well-established.
While intravitreal delivery is a safe treatment, the transduc-
tion efficiency of AAV2 vectors can fall short of requirements
for adequate retinal transgene expression,®® and higher vector
doses increase the risk of systemic dissemination and immune
activation.” Our demonstration that vector efficacy and
transduction after intravitreal delivery are enhanced by the
diabetic state provides a way to conquer these problems and
emphasizes the advantages of the AAV2 gene transfer
approach to treat DR and DME. Non-invasive techniques
such as fluorescein angiography, ocular coherence tomogra-
phy, and magnetic resonance imaging are used increasingly to
evaluate BRBB in a wide range of species including mice and
rats.”” These techniques will help stage AAV2 therapy and
follow its efficacy, additional treatment benefits, and side
effects over the time period relevant for translational research.
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