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Noradrenaline and serotonin are known to control arginine-
vasopressin (AVP) and oxytocin (OT) secretion in the systemic
circulation. The aim of the current study was to investigate
whether these monoamines are also able to influence AVP and
OT expression in the paraventricular (PVN) and supraoptic
nuclei (SON). To test this hypothesis, we used the Tg8 trans-
genic mice KO for the monoamine oxidase-A gene, which
present high levels of noradrenaline and serotonin in the brain.
AVP and OT expression were evaluated at peptide and mRNA
levels by immunohistochemistry, enzyme immunoassay, and in
situ hybridization. Compared with wild type, the amounts of
AVP, OT, AVP mRNA, and OT mRNA were increased in the PVN
and SON in Tg8 mice. To distinguish the respective contribu-
tions of noradrenaline and serotonin to these modifications, we

treated Tg8 mice with a synthesis inhibitor of either cat-
echolamines [a-methylparatyrosine (a-MPT)] or serotonin
[parachlorophenylalanine (pCPA)]. Administration of a-MPT to
Tg8 mice induced a decline in the amounts of AVP, OT, and their
mRNA in the PVN and SON. The pCPA treatment in Tg8 mice
was also associated with a decrease in OT expression in the
PVN and SON and in AVP expression in the PVN, but not in the
SON. These results suggest that noradrenaline may activate
AVP and OT expression in the PVN and SON. Likewise, sero-
tonin is proposed to stimulate AVP and OT expression in the
PVN and only OT expression in the SON.
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The neurohypophyseal hormones arginine-vasopressin (AVP)
and oxytocin (OT) are synthesized primarily in magnocellular
perikarya of the paraventricular nucleus (PVN) and the supraop-
tic nucleus (SON) of the hypothalamus. AVP and OT are re-
leased from neurosecretory terminals to the systemic circulation
at the level of the neurohypophysis. Plasmatic AV P regulates the
extracellular fluid balance, and OT triggers both parturition and
suckling-induced milk ejection (Cunningham and Sawchenko,
1991). A more restrained synthesis of these peptides exists in the
parvocellular division of the PVN. In this region peptidergic
neurons either deliver their secretion products to the portal blood
system to stimulate adrenocorticotropic hormone (ACTH) secre-
tion in response to stressful stimuli (Plotsky, 1987) or emit pro-
jections to the caudal medulla and the spinal cord to modulate
multiple vegetative functions (Porter and Brody, 1986; Rogers
and Herman, 1986; Siaud et al., 1991; Malpas and Coote, 1994;
Hallbeck and Blomqvist, 1999; Giuliano and Rampin, 2000). The
synthesis and the release of AVP and OT by the PVN and SON
are stimulated by increased plasma osmolality (Sherman et al.,
1983; Van Tol et al., 1987; Meister et al., 1990; Tracer and Loh,
1993; Amaya et al., 1999), hypovolemia (Stricker and Verbalis,
1986; Huang et al., 2001), suckling stimuli (Grosvenor and Mena,
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1982; Zingg and Lefebvre, 1988), parturition (Douglas et al.,
1998), or stress (Plotsky, 1987).

Morphological data have shown that the PVN and the SON
represent the main hypothalamic targets for the noradrenergic
system arising from A1/A2 and A6 cell groups of the brainstem
(Sawchenko and Swanson, 1982; Cunningham and Sawchenko,
1988; Ginsberg et al., 1994). They also receive a moderate sero-
tonergic innervation from the B7, BS, and B9 raphe nuclei
(Sawchenko et al., 1983; Larsen et al., 1996). Electrophysiological
and pharmacological studies indicate that these monoaminergic
inputs play a critical excitatory role in the release of AVP and OT,
in particular when an increased hormone level is necessary (Wil-
loughby et al., 1987; Faull et al., 1993; Saydoff et al., 1996; Bealer
and Crowley, 1998).

Hence, because enhanced AVP and OT release in the case of
hormone demand is linked to increased peptide synthesis in the
magnocellular neurons and because noradrenaline (NA) and se-
rotonin (5-HT) stimulate AVP and OT release, we hypothesize
that these monoamines could also modulate AVP and OT expres-
sion in the PVN and SON.

To test this hypothesis, we used a transgenic mouse model
(Tg8), descending from C3H/HelJ, in which the inactivation of
the monoamine oxidase-A (MAO-A) gene results in increased
amounts of 5-HT and NA, but not of dopamine, in the brain
(Cases et al., 1995). We analyzed the effect of chronic increased
amounts of 5-HT and NA on AV P and OT expression in the PVN
and SON by comparing peptide and mRNA levels in C3H and
Tg8 adult mice, combining immunohistochemistry, enzyme im-
munoassays (EIA), and in situ hybridization. The respective
contribution of 5-HT and NA to AVP and OT expression was
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investigated in Tg8 mice by inhibiting catecholamine or 5-HT
synthesis with a-methylparatyrosine (e-MPT) or parachlorophe-
nylalanine (pCPA), respectively.

MATERIALS AND METHODS
Animals

All of the experiments were performed according to French and Euro-
pean legal requirements (Decree 87-848). Animals were killed at post-
natal day 90, when 5-HT and NA concentrations are, respectively, 1.5-
and twofold higher than in C3H mice (Cases et al., 1995). The 21
C3H/HeJ and 85 Tg8 mice used in this study were housed under a 12 hr
light/dark cycle (lights on at 7 A.M.) with access to food and water ad
libitum. They were always killed at the same time of the day (7-9 hr after
lights on).

Pharmacological treatments

Three-month-old Tg8 mice were injected intraperitoneally once daily at
11 A.M. on 3 successive days with a-MPT methyl ester or pCPA methyl
ester (300 mg/kg; concentration, 40 mg/ml in saline; Sigma, Lyon,
France) or vehicle. Control Tg8 mice received a similar volume (depend-
ing on the weight) of saline solution only, according to the same schedule.
C3H and Tg8 mice (control and treated) were killed between 3 and 5 hr
after the last injection.

Serotonin, arginine-vasopressin, and
oxytocin immunohistochemistry

Five C3H mice and 16 Tg8 mice (comprising 4 control, 4 saline-control,
4 a-MPT-treated, and 4 pCPA-treated Tg8 mice) were treated for
immunohistochemistry. Animals were anesthetized with sodium pento-
barbital (25 mg/kg) and perfused through the left ventricle with 50 ml of
saline, followed by 50 ml of 4% paraformaldehyde in 0.1 M phosphate
buffer, pH 7.4. Brains were removed, post-fixed in the same fixative for 4
hr at 4°C, and cryoprotected in 20% sucrose. Serial coronal 18-um-thick
sections were cut on a cryostat at —21°C. They were rinsed in 0.05 m PBS,
pH 7.4, containing 1% bovine serum albumin (BSA) and 0.1% Triton
X-100 for 2 hr at room temperature and were incubated overnight at 4°C
with rabbit antisera against AV P or OT (1:4000; gift from Dr. G. Alonso)
(Alonso, 1988) or 5-HT (1:2000; gift from Dr. Y. Tillet) (Tillet et al.,
1986). Then the sections were rinsed three times for 10 min in PBS/BSA
before detection of bound primary antibody via the avidin-biotin com-
plex (ABC) system (Vector Laboratories, Peterborough, UK). The sec-
tions were incubated first for 1 hr at room temperature with biotinylated
anti-rabbit IgG antibody (1:200 in PBS) and then for 1 hr at room
temperature with peroxidase-labeled ABC (1:100 avidin and 1:100 bi-
otin). After being rinsed in several baths of PBS, the peroxidase activity
was developed by incubating the sections in 0.05 m Tris, pH 7.5, contain-
ing 0.05% 3,3'-diaminobenzidine (Sigma) and 0.006% H,O, (Sigma).
Finally, the sections were mounted in Permount for observation under a
light microscope (Leitz, Wetzlar, Germany). Control experiments were
performed by omitting primary or secondary antibodies.

Noradrenaline immunohistochemistry

Three C3H mice and nine Tg8 mice (3 control, 3 saline-control, and 3
a-MPT-treated) were used for the immunohistochemical detection of
NA. After deep anesthesia with sodium pentobarbital (25 mg/kg), the
animals were perfused with 50 ml of saline containing 1% sodium
disulfite (SMD; Prolabo, Paris, France), followed by 80 ml of 2.5%
glutaraldehyde in 0.1 M phosphate buffer, pH 7.4, containing 1% SMD.
The brains were removed, post-fixed in the same fixative for 1 hr at 4°C,
and cut coronally with a vibratome (Leica, Nussloch, Germany). Sections
50 um thick were collected in 0.1 M PBS containing 1% SMD before
being rinsed for 10 min in 0.1 M PBS containing 1% H,0,. Then they
were washed for 5 min at room temperature in 0.1 M PBS containing
0.1% glycine and for 1 hr at room temperature in 0.1 M PBS containing
3% BSA, 1% SMD, and 0.2% saponin; finally, they were incubated
overnight at 4°C with rabbit anti-NA antiserum (1:2000; gift from Dr. Y.
Tillet) (Tillet et al., 1990). After a 30 min rinse in 0.1 M PBS containing
1.5% BSA, 1% SMD, and 0.2% saponin, bound primary antibody was
detected by using the ABC system and 3,3'-diaminobenzidine (see
above). Control experiments were performed as described above.

Arginine-vasopressin and oxytocin enzyme immunoassay

Peptide extraction. Nine C3H and 44 Tg8 mice (comprising 11 control, 11
saline-control, 11 a-MPT-treated, and 11 pCPA-treated Tg8 mice) were
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used for EIA. Immediately after decapitation the brains were removed,
frozen at —30°C in isopentane, and stored at —80°C. Thick sections (250
um) were prepared via a cryostat at —18°C. The bilateral PVN and SON
were punched out at —18°C under a magnifying glass by using a 200 um
internal diameter needle and stored at —80°C. For peptide extraction the
PV N and SON were immersed separately in 100 ul of 0.01 M phosphate
buffer, pH 7.4, and sonicated for 10 sec. Ten microliters were removed for
the protein assay. After the addition of 90 ul of 4 M acetate, the samples
were heated for 10 min at 95°C and centrifuged for 50 min at 13,000 rpm
at 4°C. The supernatants were dried in a speed vacuum, and the dry
residues were dissolved in EIA buffer (0.1 m potassium buffer, pH 7.4,
0.15 M NaCl, 0.1% BSA, and 0.01% sodium azide). AVP and OT were
assessed in the same bilateral PVN or SON, and the protein concentra-
tion of each sample was determined by using the Coomassie Plus Protein
Assay Reagent Kit (Pierce, Bezons, France).

Competitive enzyme immunoassay procedure. AVP and OT contents
were measured by enzymatic competitive immunoassays (Pradelles et al.,
1985). AVP and OT were obtained from Sigma. Enzymatic tracers were
prepared by covalently coupling the peptide to acetylcholinesterase
(AChE), using the heterobifunctional reagent N-succinimidyl-4 (N-
maleimidomethyl) cyclohexane 1-carboxylate (SMCC), as described pre-
viously (McLaughlin et al., 1987). This method involves the reaction of
thiol groups, previously introduced into peptides, with maleimido groups
incorporated into the enzyme.

The rabbit anti-AVP and anti-OT antisera previously used in the
immunohistochemistry experiments were diluted 1:50,000 and 1:10,000,
respectively. A solid phase EIA was performed in 96-well microtiter
plates (Immunoplate Maxisorp; Nunc, Roskilde, Denmark) coated with
mouse monoclonal anti-rabbit IgG antibodies to ensure the separation of
bound and free moieties of the enzymatic tracer during the immunolog-
ical reaction. Fifty microliters of each of the fluid phase reactants peptide
standard or sample, enzymatic tracer, and diluted rabbit antiserum were
added to the plates, which then were incubated for 18 hr at 4°C and
washed with 0.01 m phosphate buffer, pH 7.4, containing 0.05% Tween
20; the enzymatic activity of the solid phase bound immunological
complex was revealed by the addition of Ellman’s medium. After a 1.5 hr
reaction at room temperature the absorbance of each well was measured
at 414 nm. The sensitivity of the assay, measured as the concentration of
unlabeled peptide inducing a 50% decrease in binding compared with
that in the absence of competitor (B/Bo, 50%), was 750 pg/ml for AVP
and 2 ng/ml for OT. The AVP and OT concentrations in the samples
were calculated from the standard curves and standardized to the amount
of protein.

In situ hybridization of arginine-vasopressin and
oxytocin mRNAs

Probes. The probe used for the detection of AVP mRNA was 5'-TAC
CAG CCT AAG CAG CAG CTC CCG GGC TGG CCC GTC CAG
C-3’, whereas that used for the detection of OT mRNA was 5'-CTC
GGA GAA GGC AGA CTC AGG GTC G-3'. These probes have been
used previously for the detection of AVP mRNA and OT mRNA in the
rat hypothalamus by Trembleau et al. (1993) and Kawata et al. (1988).
The specificity of both probes for the corresponding mouse mRNAs was
verified by checking the DNA Database of Japan.

Probe labeling. The probes were 3'-end labeled with [**S]dATP (>1000
Ci/mmol; Amersham, Bucks, UK), using terminal transferase (Boeh-
ringer Mannheim, Mannheim, Germany). Oligonucleotides (2 pmol)
were incubated for 45 min at 37°C in a total volume of 10 ul containing
20 uCi of [*>S]dATP, 25 U of terminal transferase, 1 ul of 25 mM CoCl,
(Boehringer Mannheim), 2 ul of 5X terminal transferase labeling buffer
(1 M potassium cacodylate, 125 mm Tris-HCI, 1.25 mg/ml BSA, pH 6.6;
Boehringer Mannheim), and 3 ul of sterile water; then the labeling
reaction was stopped by the addition of 1 ul of a solution containing 0.2
M EDTA and 5 ug/ul tRNA (Sigma). Finally, 75 ul of cold absolute
ethanol and 2.5 ul of 4 M LiCl were added, and the labeled probes were
precipitated by overnight incubation at —20°C, followed by centrifuga-
tion (13,000 rpm) for 30 min at 4°C. The pellet, dried in a speed vacuum,
was dissolved in 100 ul of 1 mM Tris base and 0.16 mm EDTA buffer, pH
8. The percentage of radioactivity that was incorporated, determined by
counting the radioactivity in 5 ul of the pellet and 5 ul of the supernatant,
was between 76 and 89%.

Hybridization procedures. Four C3H mice and 16 Tg8 mice (comprising
4 control, 4 saline-control, 4 a-MPT-treated, and 4 pCPA-treated Tg8
mice) were used for in situ hybridization. The tissues were prepared by
using the same procedure as for immunohistochemistry except that the
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fixative solution contained 1% paraformaldehyde, and sterile SuperFrost
slides (Menzel Glaser, Frankfort, Germany) were used instead of gelatin-
coated slides for mounting the brain sections. Brain sections were dehy-
drated in graded ethanol, delipidated in chloroform for 5 min, and
rehydrated in reverse ethanol. Sections were hybridized directly over-
night at 42°C with a 1 nm concentration of the radiolabeled AVP and OT
probes diluted in hybridization buffer (50% formamide, 600 mm NaCl, 80
mM Tris-HCl, pH 7.5, 4 mm EDTA, 0.05% disodium pyrophosphate,
0.05% tetrasodium pyrophosphate, 0.2% N-lauryl sarcosyl, and 10 mm
dithiothreitol; Sigma). Finally, the sections were washed four times for 15
min at 55°C in 1X SSC (0.15 M NaCl and 0.015 M trisodium citrate),
followed by a final wash for 1 hr at room temperature in 0.1X SSC.
Reaction specificity was confirmed by performing two kinds of control,
omitting the probe or using an excess of unlabeled probes.

Detection of the *°S-labeled oligonucleotides. The sections were dehy-
drated and placed in contact with Amersham-B-Max radiographic film
(Amersham, Les Ulis, France) for 6 d at 4°C. Then the films were
developed with Microdol X-Pro (Kodak, Rochester, NY), fixed in 25%
Max-Fix (Kodak), and processed for the semiquantitative analysis. The
slides were dipped in 50% Ilford nuclear emulsion (50% water) at 37°C,
air-dried overnight, and exposed in the dark for 3 weeks at 4°C; finally,
they were developed in Kodak D19 for 4 min at 18°C, rinsed in water,
fixed in 30% sodium thiosulfate containing 0.05% aluminum potassium
sulfate, washed in water, and mounted with Permount for light
microscopy.

Statistical analysis

Data for the quantification of enzyme immunoassays and radioautograms
are represented as the mean percentage of the control = SEM. Results
for different groups of mice were compared by one-way ANOVA, fol-
lowed by a Schefté’s test, and were considered significant if p < 0.05.

RESULTS

Effects of monoamine oxidase-A gene inactivation on
arginine-vasopressin expression in the paraventricular
and supraoptic nuclei

Arginine-vasopressin expression

In C3H mice the AV P-immunoreactive (AV P-IR) neurons were
located primarily in the medial portion of the PVN (Fig. 14) and
occupied the major part of the SON (Fig. 1E). We could not
distinguish the parvocellular and the magnocellular portions of
the PVN. Numerous AV P-IR processes, identified as axons, left
the PVN and headed laterally and ventrally for the SON. In Tg8
mice the AVP-IR perikarya were stained more intensely in the
PVN (Fig. 1B) as well as in the SON (Fig. 1F) than in C3H mice
(Fig. 14,E). This increase in staining seemed to concern the
totality of AVP-IR neurons in the PVN. The axons leaving the
PV N were stained more strongly for AVP in Tg8 mice compared
with C3H mice. EIA of the paraventricular and supraoptic AVP
contents showed a significant 107% (p < 0.05) increase in the
PVN (see Fig. 74) and a significant but more moderate 33% (p <
0.05) increase in the SON of Tg8 mice compared with C3H mice
(see Fig. 7C).

In control C3H mice the hybridization signal of AVP mRNA
obtained on emulsion-coated sections was concentrated in the
medial PVN (Fig. 24) and in an extended ventral portion of the
SON (Fig. 2E). In Tg8 mice the distribution of silver grains on
emulsion-dipped sections was not more extended in the PVN
(Fig. 2B) nor in the SON (Fig. 2F). However, each stained cell
body presented an increased density of silver grains. This increase
concerned all of the perikarya and did not favor any subdivision
of the PVN. Quantitation by densitometry on films estimated the
enhanced hybridization signal for AVP mRNA in Tg8 mice as
98% (significant with p < 0.01; see Fig. 7B) in the PVN and as
130% (significant with p < 0.05; see Fig. 7D) in the SON of C3H
mice.
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Figure 1. Immunohistochemical detection of arginine-vasopressin in the
PVN (A-D) and in the SON (E-H) of C3H mice (4, E), Tg8 mice (B, F),
a-MPT-treated Tg8 mice (C, G), and pCPA-treated Tg8 mice (D, H).
The mutation is associated with an increase in AV P immunoreactivity in
the PVN (B vs 4) and in the SON (F vs E). No difference was observed
between Tg8 and saline-control Tg8 mice. The treatment by «-MPT in
Tg8 mice is correlated with a decline in AVP immunoreactivity in the
PVN (C) as well as in the SON (G) compared with saline-control Tg8
mice (the same as B, F). In pCPA-treated Tg8 mice the intensity of
labeling is also decreased in the PVN (D) and in the SON (H) compared
with saline-control Tg8 mice. /II, Third ventricle; OC, optic chiasma.
Scale bar, 50 wm.

Oxytocin expression

In C3H mice the OT-immunoreactive (OT-IR) cell bodies were
located primarily in the peripheral PVN (Fig. 34) and occupied
the dorsal portion of the SON (Fig. 3E). They were more scat-
tered than AVP-IR neurons in the PVN as well as in the SON.
Moreover, they were less numerous than AVP-IR in the SON
(~10 cell bodies per section). Two kinds of OT-IR fibers were
observed: long fibers emerging from the PVN and descending
toward the SON, and shorter processes limited to the PVN and
SON. The immunoperoxidase signal was increased in intensity
and in the number of OT-IR neurons both in the PVN and SON
in Tg8 mice (Fig. 3B,F, respectively, compared with 4,F) com-
pared with C3H mice. The augmentation of immunoreactivity
affected all of the OT-positive cells. Fibers were also stained more
intensely for OT in the PVN and SON of Tg8 mice compared
with C3H mice. Moreover, OT-immunopositive perikarya ap-
peared to be larger in Tg8 mice, particularly in the SON. Using
EIA to quantify OT, we estimated the augmentation of the OT
level as 66% (significant with p < 0.05) in the PVN (see Fig. 84)
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Figure 2. Dark-field microphotographs representing the in situ hybrid-
ization signal of AVP mRNA on emulsion-coated sections in C3H mice
(4, E), Tg8 mice (B, F), a-MPT-treated Tg8 mice (C, G), and pCPA-
treated Tg8 mice (D, H). Compared with C3H mice (4, E), the hybrid-
ization signal is increased but distributed similarly both in the PVN (B)
and the SON (F) in Tg8 mice. No difference was detected between Tg8
mice and saline-control Tg8 mice. In a-MPT-treated Tg8 mice the hy-
bridization signal is decreased in the PVN (C) as well as in the SON (G)
compared with saline-control Tg8 mice (the same as B, F'). In pCPA-
treated Tg8 mice the density of silver grains is decreased in the PVN (D)
compared with saline-control Tg8 mice. In contrast, no difference is
observed between pCPA-treated Tg8 mice and saline-control Tg8 in the
SON (G). 111, Third ventricle; OC, optic chiasma. Scale bars, 50 uwm.

and as 123% (significant with p < 0.05) in the SON (see Fig. 8C)
of Tg8 mice versus C3H mice.

In control C3H mice the distribution of the OT mRNA radio-
active signal on emulsion-coated sections corresponded to the
immunohistochemical signal both in the PVN (Fig. 44) and in the
SON (Fig. 4E). The cellular density of silver grains was greater in
Tg8 mice than in C3H mice in the PVN (Fig. 4B related to 4) and
in the SON (Fig. 4F vs E). This increase concerned the totality of
the stained cell bodies. Densitometry quantitation on radioauto-
grams revealed a significant 48% augmentation (p < 0.05) in the
PVN (see Fig. 8 B) and a significant 83% increase ( p < 0.05) in the
SON (see Fig. 8D) of the radioactive signal for OT mRNA in Tg8
mice compared with C3H ones.

Effects of monoamine oxidase-A gene inactivation on

noradrenaline and serotonin immunoreactivities in the
paraventricular and supraoptic nuclei

Noradrenaline immunoreactivity

In control C3H mice the NA immunoreactivity was intense in the
PVN (Fig. 54). Numerous NA-IR fibers and varicosities were
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Figure 3. Immunohistochemical detection of oxytocin in the PVN
(A-D) and in the SON (E-H) of C3H mice (4, E), Tg8 mice (B, F),
a-MPT-treated Tg8 mice (C, G), and pCPA-treated Tg8 mice (D, H).
Compared with C3H mice, OT-immunostained neurons are stained more
strongly and are more numerous in Tg8 mice both in the PVN (B) and the
SON (E). In a-MPT-treated Tg8 mice the intensity of OT immunoreac-
tivity as well as the number of OT-immunopositive neurons declines in
the PVN (C) and in the SON ( G) compared with saline-control Tg8 mice
(the same as B, F). Likewise, the treatment by pCPA in Tg8 mice is
associated with a decrease in the number of OT-immunostained cell
bodies and in the intensity of OT labeling both in the PVN (D) and the
SON (H) compared with saline-control Tg8 mice. /I, Third ventricle;
OC, optic chiasma. Scale bar, 50 wm.

observed throughout the nucleus. Immunopositive varicosities
surrounded immunonegative cell bodies. Moreover, some pro-
cesses were detected laterally, outside the PVN. In Tg8 mice the
NA-IR varicosities were more abundant and labeled more in-
tensely, compared with C3H mice, throughout the brain and
notably in the PVN (compare Fig. 5B,A4). This increase in NA
immunoreactivity was pronounced particularly in the dorsolateral
portion of the nucleus. The considerable volume and density of
varicosities surrounding immunonegative perikarya resulted in an
opaque appearance of the cytoplasm in cell bodies.

For SON, in control C3H mice the NA-IR fibers and varicos-
ities surrounded immunonegative perikarya throughout the su-
praoptic mass without any regional differences (Fig. 5D). More-
over, some NA-immunostained fibers were also detected
immediately above the SON. Immunonegative cell bodies were
surrounded by varicosities (arrow). In Tg8 mice the NA-
immunostained processes and varicosities were more abundant
and stained more intensely than in C3H mice (compare Fig.
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Figure 4. Dark-field microphotographs representing the in situ hybrid-
ization signal of OT mRNA on emulsion-coated sections in C3H mice (4,
E), Tg8 mice (B, F), a-MPT-treated Tg8 mice (C, G), and pCPA-treated
Tg8 mice (D, H). The hybridization signal is enhanced in Tg8 mice both
in the PVN (B) and the SON (F) compared with C3H mice (4, E). In
a-MPT-treated Tg8 mice the hybridization signal is reduced in the PVN
(C) aswell as in the SON (G) compared with saline-control Tg8 mice (the
same as B, F). In pCPA-treated Tg8 mice the density of silver grains is
also decreased in the PVN (D) and in the SON (G) compared with
saline-control Tg8 mice. /11, Third ventricle; OC, optic chiasma. Scale bar,
50 wm.

5E,D). The high density of stained varicosities surrounding the
unstained cell bodies (arrow) rendered the entire SON opaque to
photons.

Serotonin immunoreactivity

5-HT immunoreactivity was weak in the PVN compared with the
other brain regions. In wild-type mice the scarce fibers presented
varicosities surrounding immunonegative cell bodies (Fig. 6A4,
arrow). They were distributed homogeneously throughout the
PVN. In Tg8 mice the 5-HT-IR fibers and varicosities were more
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abundant in the PVN (Fig. 6B) as well as in the whole brain,
compared with C3H mice (Fig. 64). Moreover, varicosities sur-
rounding unstained perikarya (arrow) appeared to be larger and
more intensely stained.

In C3H mice the 5-HT-IR fibers and varicosities were quite
rare in the SON (Fig. 6D). 5-HT-immunostained fibers were
distributed preferentially around the SON. In the SON of Tg8
mice the 5-HT-IR processes and varicosities were more numer-
ous and surrounded unstained perikarya (Fig. 6 E, arrow), pre-
dominantly in the ventral portion of the nucleus.

Pharmacology: Respective involvement of serotonin
and noradrenaline in arginine-vasopressin and
oxytocin expression

All of the morphological and semiquantitative data obtained for
Tg8 mice (NA, 5-HT, AVP, and OT) were unchanged with
intraperitoneal injections of an NaCl solution. Consequently,
microphotographs and quantitations corresponding to the non-
injected Tg8 phenotype are taken as references to compare
treated Tg8 mice with saline-control Tg8 ones.

Effect of a-methylparatyrosine administration

The intensity of AVP immunoreactivity was depressed strongly
within all of the cell bodies, but not in fibers in a-MPT-treated
Tg8 mice compared with saline-control Tg8 ones both in the PVN
(Fig. 1C vs B) and in the SON (Fig. 1G related to F'). Moreover,
the size of perikarya seemed to be decreased. EIA evaluated the
decrease in AVP content in a-MPT-treated Tg8 mice as 52%
(p < 0.05) in the PVN (Fig. 74) and as 77% (p < 0.001) in the
SON (Fig. 7C) in comparison with saline-control Tg8 mice. In
a-MPT-treated Tg8 mice the AVP mRNA radioactive signal was
decreased compared with that in saline-control Tg8 mice both in
the PVN (compare Fig. 2C,B) and in the SON (Fig. 2G vs F).
After administration of a-MPT the silver grains on emulsion-
dipped sections corresponded to a similar region in saline-control
Tg8 mice, but their density was greatly reduced. Levels of radio-
activity quantified on films were reduced by 41% (p < 0.05)
compared with saline-control Tg8 mice in the PVN (Fig. 7B) and
by 58% (p < 0.05) compared with saline-control Tg8 mice in the
SON (Fig. 7D).

In comparison with saline-control Tg8 mice, a-MPT-treated
Tg8 mice presented a decrease in the number of OT-stained
perikarya both in the PVN and SON. Some neurons were as
immunopositive as in saline-control Tg8 mice, whereas others,
particularly in the central portion of the PVN, exhibited a pro-
found depression in OT immunoreactivity (compare Fig. 3C,B).
The appearance of the fibers remained unchanged in the PVN of
a-MPT-treated Tg8 mice compared with saline-control Tg8 mice.
In the SON «-MPT treatment was associated with a decline in the
number of strongly stained OT-IR neurons (Fig. 3G related to F).
Both neurons and fibers were less stained after the treatment.
Moreover, OT-immunopositive perikarya appeared to be smaller
in a-MPT-treated Tg8 compared with saline-control Tg8 mice in
the SON. In the a-MPT-treated group OT amounts determined
by EIA were reduced by 33% (p < 0.05) in the PVN (Fig. 84)
and by 67% (p < 0.001) in the SON (Fig. 8C) compared with
saline-control Tg8 mice. The administration of a-MPT to Tg8
mice was also associated with a decrease in the intensity of the
OT mRNA hybridization signal compared with saline-control
Tg8 mice both in the PVN and the SON. On emulsion-coated
sections the distribution of silver grains in the PVN in
catecholamine-depleted Tg8 mice was similar to that in saline-
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Figure 5.

control Tg8 mice, but radioautographic labeling was less intense
(compare Fig. 4C,B). In the SON, cell bodies that were over-
lapped by the hybridization signal were less numerous and less
stained in the a-MPT-treated Tg8 mice compared with saline-
control Tg8 mice (Fig. 4G vs F). Quantitation by densitometry on
films showed a significant decline in radioactivity of 42% (p <
0.001) in the PVN (Fig. 8B) and of 50% (p < 0.01) in the SON
(Fig. 8D) in comparison with saline-control Tg8 mice.

Administration of -MPT to Tg8 mice was associated with a
decline in the intensity of NA immunostaining in the PVN and
the SON of Tg8 mice compared with saline-control Tg8 mice. In
the PVN the NA-IR fibers and varicosities were stained less
intensely in a-MPT-treated Tg8 mice (Fig. 5C) compared with
saline-control Tg8 mice (Fig. 5B), but their number seemed to be
unchanged after the treatment. In the SON of a-MPT-treated
Tg8 mice the NA-IR fibers and varicosities were stained less
intensely compared with saline-control Tg8 mice (data not
shown). The size of varicosities appeared to be reduced with the
treatment.

Effect of parachlorophenylalanine administration

The treatment by pCPA was associated with a decline in intensity
for the AVP immunostaining, but not in the number of AVP-IR
neurons in the PVN (Fig. 1D related to B) or in the SON (Fig. 1H
vs F). However, AV P immunoreactivity in fibers was not different

Immunohistochemical detection of noradrenaline in the PVN (A-C) and in the SON (D, E) of C3H mice (4, D), Tg8 mice (B, E), and
a-MPT-treated Tg8 mice (C). Compared with C3H mice (A), both the density of immunostained fibers and the staining intensity are increased in the
PVN in Tg8 mice (B). Likewise, the labeling intensity of varicosities surrounding unstained cell bodies is enhanced in the SON of Tg8 mice (arrow, E)
compared with C3H mice (D). With the treatment of Tg8 mice by a-MPT, the intensity of NA immunostaining declined in the PVN (C) in comparison
with saline-control Tg8 mice (the same as B). III, Third ventricle; OC, optic chiasma. Scale bars, 50 um.

in 5-HT-depleted mice compared with saline-control Tg8 mice.
EIA of AVP contents in pCPA-treated Tg8 mice revealed a
significant decrease of 57% (p < 0.01) in the PVN (Fig. 74) and
of 63% (p < 0.001) in the SON (Fig. 7C) in comparison with
saline-control Tg8 mice. In the PVN the AVP mRNA hybridiza-
tion signal was less intense in pCPA-treated Tg8 mice (Fig. 2D)
in comparison with saline-control Tg8 mice (Fig. 2B). On
emulsion-dipped sections the silver grains seemed to be less
abundant per cell body with pCPA-treatment, but the number of
perikarya exhibiting a radioactive signal remained the same com-
pared with saline-control Tg8 mice. Nevertheless, the radioactive
signal of AVP mRNA in the SON was similar in pCPA-treated
Tg8 mice and in saline-control Tg8 mice (Fig. 2H vs F). Quanti-
tation by densitometry on films showed a significant reduction in
radioactivity in the PV N of pCPA-treated Tg8 mice of 34% (p <
0.05) compared with saline-control Tg8 ones (Fig. 7B), whereas
no significant difference was evaluated in the SON between
pCPA-treated and saline-control Tg8 mice (Fig. 7D).
Administration of pCPA was associated with a decrease in the
intensity of OT immunoreactivity and in the number of OT-IR
neurons compared with saline-control Tg8 mice in the PVN (Fig.
3D related to B). In the SON the intensity of staining and the size
of OT-IR perikarya were decreased, whereas the number of
OT-immunostained neurons remained unchanged in pCPA-
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Figure 6. Immunohistochemical detection of serotonin in the PVN
(A-C) and in the SON (D, E) of C3H mice (4, D), Tg8 mice (B, E), and
pCPA-treated Tg8 mice (C). In Tg8 mice the density of 5-HT-positive
varicosities surrounding unstained cell bodies and the labeling intensity
are increased in the PVN (4, B, E, arrow) compared with C3H mice (A4).
In the SON of Tg8 mice the number of 5-HT-immunopositive fibers
increases, particularly in the ventral portion of the nucleus (E), compared
with C3H mice (D). Treatment by pCPA in Tg8 mice induces a decrease
in the density of 5-HT-immunostained varicosities in the PVN (C)
compared with saline-control Tg8 mice (the same as B). /11, Third ven-
tricle; OC, optic chiasma. Scale bars, 50 um.

treated Tg8 in comparison with saline-control Tg8 mice (compare
Fig. 3H,F). In pCPA-treated Tg8 mice the OT amounts deter-
mined by ETA decreased by 38% (p < 0.05) in the PV N (Fig. 84)
and by 55% (p < 0.05) in the SON (Fig. 8C) compared with
saline-control Tg8 mice. In pCPA-treated Tg8 mice the OT
mRNA hybridization signal on emulsion-coated sections was less
intense but equally extended as in saline-control Tg8 mice in the
PVN (Fig. 4D vs B). In contrast, in the SON the administration
of pCPA was associated with a decrease in the number of stained
perikarya as well as in the staining intensity (compare Fig. 4H,F).
In the quantification of optical density on radioautograms, the
hybridization signal was decreased significantly by 44% (p <
0.05) in the PVN (Fig. 8B) and by 43% (p < 0.05) in the SON
(Fig. 8D) compared with saline-control Tg8 mice.
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In pCPA-treated Tg8 mice the 5-HT immunoreactivity was
decreased both in the PVN and SON compared with saline-
control Tg8 mice. In the PVN (Fig. 6C) the density of immuno-
labeled fibers and varicosities, as well as the staining intensity,
appeared to be lower after the pCPA treatment compared with
saline-control Tg8 mice (Fig. 6 B). However, the size of varicosi-
ties in pCPA-treated Tg8 mice looked higher than in C3H mice.
In the SON of pCPA-treated Tg8 mice the 5-HT-IR fibers and
varicosities seemed to be stained less intensely, but were not less
numerous, than in saline-control Tg8 mice (data not shown).

DISCUSSION

In our study we demonstrate that the lack of MAO-A is associ-
ated with an increase in AVP and OT peptides and mRNA both
in the PVN and SON. Peptide contents determined by immuno-
histochemistry and EIA reflect the difference between the ex-
pression of the peptide and its axonal exportation for secretion.
By coupling these methods with an analysis of mRNA levels by in
situ hybridization, we can evaluate the expression parameter and
so discriminate the effect of a factor on expression or on secre-
tion. Considering (1) that magnocellular paraventricular and su-
praoptic neurons respond to several stimuli, such as osmotic ones,
by increasing synthesis and release of AVP and OT and (2) that
NA and 5-HT are to date only known to increase AVP and OT
release in the systemic circulation, the aim of the present study
was to inquire whether NA and 5-HT could also enhance AVP
and OT expression in the PVN and SON. To test this hypothesis,
we used a transgenic mouse model in which the inactivation of the
gene encoding the MAO-A is responsible for specific increased
amounts of NA and 5-HT, but not of dopamine, in the brain.
AVP and OT expression was explored at the peptide and mRNA
levels by coupling a qualitative analysis to a semiquantitative one.

In comparison with nontransgenic mice (C3H strain), the de-
ficiency in MAO-A in Tg8 mice was correlated with an increase
in brain NA-immunostaining intensity, which was marked partic-
ularly in the PVN and SON. This observation is in accordance
with HPLC assays performed by Cases et al. (1995) on the whole
brain. Several studies indicate that NA participates in the control
of neuronal activity in the PVN and SON. For instance, the
activation of magnocellular neurons in the PVN and SON after
the stimulation of the A1/A2 cell groups is abolished by the
destruction of noradrenergic inputs to the hypothalamus with
6-hydroxydopamine injection (Day and Renaud, 1984; Day et al.,
1984; Tanaka et al., 1985; Kim et al., 1989). Consequently, we
hypothesized that NA could be implicated in the modifications of
AVP and OT expression in Tg8 mice. To test this hypothesis, we
treated Tg8 mice with a catecholamine synthesis inhibitor,
a-MPT. This treatment was associated with decreases in AVP
and OT levels and in their mRNA in the PVN and SON. These
results suggest a positive effect of NA on AVP and OT expression
in the mouse PVN and SON. The discrepancy between our
results and those of Itoi et al. (1999) showing that a local and
acute NA injection into the PVN does not modify AVP mRNA
levels significantly in the magnocellular portion of the nucleus
could be related to the different experimental schedule. Indeed, in
our transgenic model the levels of 5-HT and NA are elevated
throughout the whole life of the animals, resulting in stable
developmental modifications of the brain as suggested by Cases et
al. (1996) and Beltramo et al. (1997). Moreover, the noradrener-
gic control on AVP and OT neurons is strongly dependent on the
delivery schedule of NA that is used, because NA dose-
dependently stimulates different subtypes of adrenergic recep-
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Figure 7. Enzyme immunoassay of AVP (4, C) and in situ hybridization of AVP mRNA (B, D) in the PVN (4, B) and the SON (C, D). Data are
expressed as picograms of peptide/micrograms of protein (AVP level) or as optical density X surface (cm?) (AVP mRNA) = SEM; *p < 0.05 and **p <
0.01 compared with C3H mouse value with one-way ANOVA. *p < 0.05; #p < 0.01; **p < 0.001; ns*, nonsignificant compared with saline-control Tg8

mouse value (which was equivalent to that of control Tg8 mice).

OowT
OKo
- Ea-MPT KO
£ B pCPA KO
g
=
&
£
[
(5}
A
=
&
g
=
ks
g
-
(=)

C

[

th

=]
l_l-i-x-

££ ££E

[

PVN

OT RNA (OD*surface (cm?))

80
70

60

50 -
40 -
30 4
20 -
10 4

SON

-

OT RNA (OD*surface (cm?))

D
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that of control Tg8 mice).

tors. Indeed, numerous studies indicate that NA stimulates AVP
release via ol receptors but inhibits AVP secretion via o2 and 8
receptors in the case of high NA doses (Day et al., 1985; Arm-
strong et al., 1986; Benetos et al., 1986; Brooks et al., 1986;
Randle et al., 1986; Willoughby et al., 1987; Yamashita et al.,
1987; Leibovitz et al., 1990; Shioda et al., 1997). Likewise, NA is
suggested to mediate OT release during the reflex of suckling-

induced milk ejection and parturition but also to inhibit OT
release, depending on the activated subtype of adrenergic recep-
tor (Tribollet et al., 1978; Moos and Richard, 1979; Crowley et al.,
1987; Song et al., 1988; Bealer and Crowley, 1998, 1999). In Tg8
mice, unpublished data of our laboratory indicate that the plasma
concentration of AVP is increased because the hematocrit and
water intake are decreased significantly compared with C3H
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mice. Consequently, the fact that the augmentations of peptide
contents followed those of mRNA in the PV N suggests either that
NA could stimulate peptide expression rather than peptide secre-
tion or that the hypervolemia revealed by the decreased hemat-
ocrit in Tg8 mice could weaken peptide release by the paraven-
tricular neurons. In the SON the AVP level increased less than
the AVP mRNA level. This could indicate either an action of NA
on both the expression and the release of AVP or a limited
retrocontrol of the AV P-induced hypervolemia on AVP release
by the supraoptic neurons.

The 5-HT immunostaining in the PVN and SON of Tg8 mice
indicates that the inactivation of MAO-A in Tg8 mice was asso-
ciated with an increased amount of 5-HT in the brain (in accor-
dance with the report of Cases et al, 1995). To clarify the
possibility that 5-HT could, as well as NA, be partly responsible
for increased expression of AVP and OT in the PVN and SON,
we treated Tg8 mice with pCPA, a 5-HT synthesis inhibitor. This
treatment induced in Tg8 mice a decrease in AVP and OT levels
in the PVN and SON, which became similar to those in C3H
mice. Moreover, compared with saline-control Tg8 mice, AVP
and OT mRNA levels were also decreased in pCPA-treated Tg8
mice and restored to C3H levels in the PVN. However, in the
SON the OT mRNA declined after pCPA treatment, whereas
AVP mRNA remained similar in pCPA-treated Tg8 mice and in
saline-control Tg8 mice. Consequently, it seems that 5-HT does
not regulate AVP mRNA levels in the SON. Although the sero-
tonergic input is moderate in the PVN and SON, several studies
have demonstrated that 5-HT is able to modulate the activity of
magnocellular AVP and OT neurons in these nuclei. The admin-
istration of p-fenfluramine, a 5-HT releaser and reuptake inhib-
itor, or fluoxetine, a 5-HT reuptake inhibitor, induces an increase
in plasma AVP and OT levels (Saydoff et al., 1991; Faull et al.,
1993), and this effect can be abolished by treating rats with pCPA
(Tovino and Steardo, 1985). Nevertheless, the analysis of c-fos
activation by p-fenfluramine injection indicates that the seroto-
nergic input induces a c-fos transcription primarily in OT-
containing neurons and quite moderately in AV P-ergic neurons
in the PVN and SON, suggesting the existence of different
regulation mechanisms by 5-HT in OT and AVP neurons
(Mikkelsen et al., 1999), which is in accordance with our data.

Because variations in the paraventricular levels of AVP and OT
were similar to those observed for mRNA in 5-HT-depletion
conditions, we hypothesize that 5-HT could stimulate peptide
expression without any noticeable effect on peptide release in this
nucleus. However, the treatment with pCPA did not modify the
AVP mRNA level in the SON of Tg8 mice although the AVP
content was greatly reduced. These data could reveal an AVP
translation positively regulated and/or an AV P release negatively
regulated by 5-HT. The underlying mechanisms must be defined
further, and multiple subtype receptors mediating these differen-
tial effects of 5-HT on AVP and OT contents in the PVN and
SON could be suggested: 5-HT1A, 5-HT2A, and/or 5-HT2C
(Bagdy, 1996; Saydoff et al., 1996; Vicentic et al., 1998).

Because we could not discriminate the parvocellular compo-
nent in the PVN and because the modifications of AVP and OT
levels, as well as of their mRNAs, seemed to concern the entire
PVN, we suggest that NA and 5-HT also could activate AVP and
OT expression in the parvocellular portion of the PVN. The
stimulation of OT neurons in the parvocellular PVN by 5-HT has
been suggested by a pharmacological study (Javed et al., 1999). In
contrast, the implication of NA in such regulation is still debated
(Alonso et al., 1986; Itoi et al., 1999) and is dependent on the
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experimental schedule. However, we can hypothesize that, in our
model, 5-HT and NA could participate in the regulation of the
antehypophyseal release of ACTH concomitant with the increase
in AVP and OT expression in parvocellular neurons observed
after stressful stimuli (Plotsky, 1987) or during cardiac activity
(Dreifuss et al., 1988) and penile erection (Giuliano and Rampin,
2000).

In conclusion, the current study demonstrates that NA and
5-HT, two monoamines known to control AVP and OT secretion
from the neurohypophysis, are also involved in the regulation of
these peptide expressions in the PVN and SON of the hypothal-
amus. We suggest that these regulations implicate complex mech-
anisms acting at the mRNA and/or peptide levels. These regula-
tions taken as a whole may be involved in the restocking of
hormones in the hypothalamus, offsetting their massive secretion,
playing an important role in multiple functions such as extracel-
lular fluid balance regulation, lactation, and parturition. Likewise,
our study indicates that NA and 5-HT could also stimulate AVP
and OT expression in the parvocellular PV N, suggesting a puta-
tive involvement of these monoamines in the triggering of ACTH
secretion in response to stress and in the regulation of multiple
vegetative functions such as penile erection and the modulation
of cardiac frequency.
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