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We report changes in plasma arginine vasopressin (AVP) and oxytocin (OT) concentrations evoked by
the microinjection of L-glutamate (L-glu) into the hypothalamic supraoptic nucleus (SON) and para-
ventricular nucleus (PVN) of unanesthetized rats, as well as which local mechanisms are involved in their
mediation. .-Glu microinjection (10 nmol/100 nl) into the SON increased the circulating levels of both
AVP and OT. The AVP increases were blocked by local pretreatment with the selective non-N-methyl-
p-aspartate (NMDA) receptor antagonist 2,3-dioxo-6-nitro-1,2,3,4-tetrahydrobenzo[flquinoxaline-7-
sulfonamide (NBQX) (2 nmol/100 nl), but it was not affected by pretreatment with the NMDA-receptor
antagonist LY235959 (2 nmol/100 nl). The OT response to L-glu microinjection into the SON was blocked
by local pretreatment with either NBQX or LY235959. Furthermore, the administration of either the
non-NMDA receptor agonist (*)-a-amino-3-hydroxy-5-methylisoxazole-4-propionic acid hydrobro-
mide (AMPA) (5 nmol/100 nl) or NMDA receptor agonist NMDA (5 nmol/100 nl) into the SON had no
effect on OT baseline plasma levels, but when both agonists were microinjected together these levels
were increased. .-Glu microinjection into the PVN did not change circulating levels of either AVP or OT.
However, after local pretreatment with LY235959, the L-glu microinjection increased plasma levels of
the hormones. The L-glu microinjection into the PVN after the local treatment with NBQX did not affect
the circulating AVP and OT levels. Therefore, results suggest the AVP release from the SON is mediated
by activation of non-NMDA glutamate receptors, whereas the OT release from this nucleus is mediated
by aninteraction of NMDA and non-NMDA receptors. The present study also suggests an inhibitory role
for NMDA receptors in the PVN on the release of AVP and OT. (Endocrinology 153: 2323-2331, 2012)

rginine vasopressin (AVP), also known as antidiuretic

hormone, and oxytocin (OT) are peptides synthe-
sized by two different types of hypothalamic neurons:
magnocellular and parvocellular neurons. Magnocellular
neurosecretory cells are mainly located in the paraven-
tricular nucleus (PVN) and supraoptic nucleus (SON) of
the hypothalamus (1, 2). Each magnocellular neuron in
either the PVN or SON gives rise to a single axon into the
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neurohypophysis, where its neurosecretory endings re-
lease AVPand OT (2, 3). Because the capillaries within the
pituitary gland do not have a blood-brain barrier, the AVP
and OT that are released in close proximity to the capil-
laries easily enters the bloodstream (2, 3).

The classical actions of OT are the stimulation of uter-
ine smooth muscle contraction during labor and milk ejec-
tion during lactation (4-6). Other functions of oxytocin

Abbreviations: ACSF, Artificial cerebrospinal fluid; AMPA, (*)-a-amino-3-hydroxy-5-
methylisoxazole-4-propionic acid hydrobromide; AVP, arginine vasopressin; t-glu, L-glu-
tamate; NBQX, 2,3-dioxo-6-nitro-1,2,3,4-tetrahydrobenzol[flquinoxaline-7-sulfonamide;
NMDA, N-methyl-p-aspartate; OT, oxytocin; PVN, paraventricular nucleus; SON, supraoptic
nucleus.
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are not well established, but some evidence suggests that
this peptide is important for the control of gastrointesti-
nal, renal, and cardiovascular functions (4, 5, 7, 8). AVP
plays an important role in the control of extracellular flu-
ids and blood volume maintenance due to its action in the
kidney, promoting water retention, and in arterioles
where it acts as a potent vasoconstrictor agent (2, 3, 9).
Physiological stimuli such as hypotension, hypovolemia,
and increase in plasma osmolality promote the release of
AVP (2, 10).

The amino acid L-glutamate (L-glu) is the main excit-
atory neurotransmitter in the mammalian central nervous
system. Glutamate receptors are divided into ionotropic
and metabotropic receptor subfamilies (11). The iono-
tropic receptors are further classified as N-methyl-p-as-
partate (NMDA) and non-NMDA receptors, according to
agonist selectivity and amino acid homology. OT and AVP
neurosecretory cells located in the SON and PVN receive
a dense glutamatergic innervation, which accounts for ap-
proximately one fourth of the total number of synaptic
contacts to these neurons (12). Furthermore, it is well doc-
umented that magnocellular neurons in the hypothalamus
express glutamate receptors (13-17).

It has been demonstrated that the activation of either
NMDA or non-NMDA glutamate receptors promote AVP
and OT release from rat hypothalamo-neurohypophysial ex-
plants (18). Blockade of metabotropic glutamate receptor
did not alter AVP and OT release from hypothalamo-neu-
rohypophysial explants evoked by osmotic stimulation (19).
We have previously reported that 1-glu microinjection into
the SON and PVN of unanesthetized rats caused increase
arterial pressure, which was mediated by an acute vasopres-
sin release into the circulation (20, 21). However, electro-
physiological evidence has suggested that OT and AVP
neurons differ in their control by glutamate (22-25). For
example, iz vivo local application of NMDA agonists in
the SON strongly activated putative AVP but not OT neu-
rons (22, 26). Although these data indicate that glutamate
plays a key role in regulating the activity of magnocellular
neurosecretory cells and that the control of AVP and OT
cells by glutamate may differ, direct evidence of a gluta-
mate contribution in the control of AVP and OT release in
unanesthetized animals is sparse. Therefore, information
on the subtype of glutamate receptor involved in AVP and
OT release from magnocellular neurosecretory cells in ei-
ther the PVN or SON of unanesthetized rats has yet to be
addressed in a systematic fashion.

Thus, the aim of the present study was to evaluate the
effects of L-glu microinjection into either the SON or PVN
onthe plasma AVP and OT content in unanesthetized rats.
We also investigated which subtype of ionotropic gluta-
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mate receptor is involved in the mediation of AVP and OT
release.

Materials and Methods

Animal care

Male Wistar rats weighing 250-270 g were used. Animals
were kept in the Animal Care Unit of the Department of Phar-
macology of the School of Medicine of Ribeirdo Preto, University
of Sdo Paulo. Rats were kept under a 12-h light, 12-h dark cycle
(lights on between 0600 and 1800 h) and had free access to water
and standard laboratory food, except during the experimental
period. Housing conditions and experimental procedures were
approved by the University of Sao Paulo Animal Ethical Com-
mittee, which complies with the Guiding Principles for Research
Involving Animals and Human Beings of the American Physio-
logical Society.

Surgical preparation

Rats were anesthetized with tribromoethanol (Aldrich Chem-
ical Co. Inc., Milwaukee, Wi) (250 mg/kg, ip). After local anes-
thesia with 2% lydocaine, the skull was surgically exposed and
a stainless steel guide cannula (0.6 mm outer diameter, 23 gauge)
was implanted 1 mm above the injection site using a stereotaxic
apparatus (Stoelting, Wood Dale, IL). Stereotaxic coordinates
for cannula implantation into the SON or PVN areas were se-
lected from rat brain atlas (27). Stereotaxic coordinates for can-
nula implantation into the SON and PVN were as follows: SON,
anteroposterior = +6.9 mm ahead from the interaural line, lat-
eral = +1.8 mm from the medial suture, and ventral = —8.1 mm
deep from the skull; PVN, anteroposterior = +7.2 mm ahead
from the interaural line, lateral = +0.6 mm from the medial
suture, and ventral = —6.8 mm deep from the skull at an angle
of 12° (20, 21, 28). Cannulas were fixed to the skull with dental
cement and one metal screw. A tight-fitting mandrel was kept
inside the guide cannula to avoid its occlusion. After surgery, the
animals received 100,000 U im polyantibiotic (Pentabiotic;
Fontoura-Wyeth, Sao Paulo, Brazil; 80,000 IU im), with strep-
tomycin and penicillin, to prevent infection and a nonsteroidal
antiinflammatory flunixin meglumine (2.5 mg/kg, sc) (Bana-
mine; Schering Plough, Sdo Paulo, Brazil) for postoperative
analgesia.

Drug microinjection into the central nervous
system

Needles (33 gauge; Small Parts, Miami Lakes, FL) were used
for microinjection of drugs into the PVN or SON and were 1 mm
longer than the guide cannulas. The injection needle was con-
nected to a 1-ul syringe (7001KH; Hamilton, Reno, NV)
through PE-10 tubing, and bolus injections of 100 nl were made
into the SON or PVN (20, 21, 28). Microinjections were per-
formed within a 5-sec period. After microinjection, the needle
was left within the guide cannula for 1 min before being removed.
Drugs were prepared before the experiments and stored at —20
C. On the day of the experiment, the drugs were thawed and kept
at 0 C during experiments.
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After decapitation, trunk blood was collected in chilled plas-
tic tubes containing heparin (10 ul heparin per milliliter of col-
lected blood). Samples were centrifuged at 4 C and 3000 rpm for
20 min, and plasma was stored at —70 Cuntil OT and AVP levels
were determined. Plasma AVP and OT levels were measured by
specific RIA after previous extraction from plasma using acetone
and petroleum ether (29, 30). The recovery rates were greater
than 87%. The assay sensitivity and intra- and interassay coef-
ficients of variation were 0.9 pg/ml and 7.7 and 11.9% for AVP
and 0.9 pg/mland 12.6 and 7% for OT, respectively. All samples
from a single experiment were assayed in duplicate in the same
assay.

Experimental procedure

Three days after the stereotactic surgery, animals were trans-
ported to the experimental room in their own home cage and
were allowed 60 min to adapt to the conditions of the room, such
as sound and illumination, before starting experiments. The ex-
perimental room had temperature control (25 C) through an air
conditioning unit and was acoustically isolated from other
rooms. An air exhauster was used to generate a constant back-
ground noise to minimize external sound interference within the
experimental room.

Plasma AVP and OT levels after t-glu microinjection
into the SON of unanesthetized rats

These experiments aimed to study local mechanisms involved
in plasma OT and AVP level changes induced by L-glu microin-
jection into the SON. Animals were divided into four experi-
mental groups: 1) vehicle (100 nl) microinjected into the SON
[artificial cerebrospinal fluid (ACSF) group, n = 6] (31, 32); 2)
L-glu (10 nmol/100 nl) microinjected into the SON (L-glu group,
n = 6) (20); 3) L-glu microinjection into the SON 10 min after
local treatment with the selective NMDA glutamate receptor
antagonist LY235959 (LY +L-glu group, 2 nmol/100 nl, n = 6)
(20); and 4) L-glu microinjection into the SON 10 min after local
treatment with the selective non-NMDA glutamate receptor an-
tagonist 2,3-dioxo-6-nitro-1,2,3,4-tetrahydrobenzo[f]quinoxa-
line-7-sulfonamide (NBQX) (NBQX+L-glu group, 2 nmol/100
nl, n = 6) (20). A last experiment was performed to verify
whether the microinjection of each selective non-NMDA or
NMDA receptor agonist into the SON increases OT plasma lev-
els alone or whether they need to be combined. For this, animals
were divided into four additional groups: 5) vehicle (100 nl) mi-
croinjected into the SON (ACSF group, n = 5); 6) selective non-
NMDA glutamate receptor agonist (=*)-a-amino-3-hydroxy-5-
methylisoxazole-4-propionic acid hydrobromide (AMPA) (5 nmol/
100 nl) microinjected into the SON (AMPA group, n = 5) (33); 7)
selective NMDA glutamate receptor agonist NMDA microinjected
into the SON (NMDA group, n = 5) (33); and 8) microinjection of
both AMPA and NMDA into the SON (AMPA+NMDA group,
n = 35). Animals were decapitated and blood samples were collected
1 min after the last microinjection into the SON (20).

Plasma AVP and OT levels after L-glu microinjection
into the PVN of unanesthetized rats

This protocol aimed to investigate local mechanisms involved
in plasma OT and AVP level changes induced by the L-glu mi-
croinjection into the PVN. Animals were divided into four ex-
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perimental groups: 1) vehicle (100 nl) microinjected into the
PVN (ACSF group, n = 6) (21, 28); 2) L-glu (10 nmol/100 nl)
microinjected into the PVN (L-glu group, n = 6) (21,28); 3) L-glu
microinjection into the PVN 10 min after local treatment with
the selective NMDA glutamate receptor antagonist LY235959
(LY +L-glu group, 2 nmol/100 nl, n = 6) (21, 28); and 4) L-glu
microinjection into the PVN 10 min after local treatment with
the selective non-NMDA glutamate receptor antagonist NBQX
(NBQX+1-glu group, 2 nmol/100 nl, n = 6) (21). One minute
after the last microinjection into the PVN, animals were decap-
itated and blood samples were collected (20).

Histological procedure

After decapitation, 100 nl filtered 1% Evan’s blue dye was
injected into the brain as a marker of the injection site. The brains
were postfixed for 48 h at 4 C, and 40-um sections were cut with
a cryostat (CM1900; Leica, Wetzlar, Germany). Brain sections
were stained with 0.5% cresyl. The actual placement of the in-
jection needles was verified in serial sections. Placements of the
injection needles were verified in serial sections using the rat
brain atlas of Paxinos and Watson (27) as reference.

Drugs

L-Glutamic acid monosodium salt (L-glu; Sigma, St. Louis,
MO), LY235959 ([3S-(3a,4aa,6b,8aa)]decahydro-6-(phospho-
nomethyl)-3-is oquinolinecarboxylic acid) (Tocris, Ellisville,
MO),NBQX (Tocris), AMPA (Sigma) and NMDA (Sigma) were
dissolved in ACSF, which had the following composition: 100
mM NaCl, 2 mM Na;PO,, 2.5 mm KCl, 1.0 mm MgCl,, 27 mm
NaHCOj;, and 2.5 mm CaCl, (pH 7.4).

Tribomoethanol (Sigma) and urethane (Sigma) were dis-
solved in saline (0.9% NacCl). Flunixin meglumine (Banamine;
Schering Plough) and polyantibiotic preparation of streptomycin
and penicillin (Pentabiotic; Fontoura-Wyeth) were used as
provided.

Statistical analysis

The statistical analysis was performed using commercial soft-
ware (Prism version 3.0; GraphPad, San Diego, CA). Data are
represented as mean * SEM. One-way ANOVA was used to com-
pare effects of the PVN or SON treatments on plasma AVP and
OT levels. The Newman-Keuls post hoc test was used for mul-
tiple comparisons. Significance level was set at P < 0.05.

Results

Plasma AVP and OT levels after L-glu
microinjection into the SON of unanesthetized rats

Vasopressin

Microinjection of L-glu (10 nmol/100 nl, n = 6) into the
SON increased plasma AVP concentration [ACSF 3.6 *
0.2 pg/mlwvs.1-glu 8.0 = 0.8 pg/ml, F 5 5, =9.3,P <0.05]
when compared with vehicle-treated animals (100 nl, n =
6) (Fig. 1). SON pretreatment with the selective NMDA
glutamate receptor antagonist LY235959 (2 nmol/100 nl,
n = 6) did not affect the increase in plasma AVP content
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FIG. 1. Plasma AVP or OT concentration in response to the
microinjection into the SON of ACSF (100 nl, n = 6), t-glu (10 nmol/
100 nl, n = 6), L-glu after local pretreatment with the selective NMDA
glutamate receptor antagonist LY235959 (LY +L-glu, n = 6), or L-glu
after local pretreatment with the selective non-NMDA glutamate
receptor antagonist NBQX (NBQX+L-glu, n = 6). Columns represent
the mean and bars the sem. *, P < 0.05 when compared with ACSF
group; +, P < 0.05 when compared with L-glu group.

evoked by local L-glu microinjection (L-glu 8.0 * 0.8 pg/ml
vs. LY +1-glu 7.0 = 1.1 pg/ml, P > 0.05) (Fig. 1). How-
ever, SON treatment with the selective non-NMDA glu-
tamate receptor antagonist NBQX (2 nmol/100 nl, n = 6)
inhibited the increase in plasma AVP levels induced by
local 1-glu microinjection [L-glu 8.0 = 0.8 pg/ml wvs.
NBQX+1-glu 3.1 = 0.5 pg/ml, F35 ,,=9.3, P < 0.05]
(Fig. 1). Circulating AVP content was not statistically dif-
ferent in animals treated in the SON with ACSF or
NBQX+1-glu (ACSF 3.6 = 0.2 pg/ml vs. NBQX+1-glu
3.1 % 0.5 pg/ml, P > 0.05) (Fig. 1).

Oxytocin

Microinjection of L-glu (10 nmol/100 nl, n = 6) into the
SON increased plasma OT concentration [ACSF 1.7 + 0.3
pg/mlvs. 1-glu27 + 1.6 pg/ml, F 5,4 = 158.1, P <0.0001]
when compared with vehicle-treated animals (100 nl, n = 6)
(Fig. 1). SON pretreatment with LY235959 (2 nmol/100 nl,
n = 6) inhibited the increase in plasma OT content evoked by
local L-glu microinjection [L-glu27 *+ 1.6 pg/mlvs. LY +1-glu
1.4 = 0.1 pg/ml, F3 50, = 158.1, P < 0.05] (Fig. 1). SON
pretreatment with NBQX (2 nmol/100 nl, n = 6) also inhib-
ited the increase in plasma OT content evoked by local 1-glu
microinjection [L-glu27 *+ 1.6 pg/mlvs. NBQX+1-glu 3.5 =
1.1 pg/ml, F 5 50, = 158.1, P < 0.05] (Fig. 1). Plasma OT
content was not statistically different in animals treated into
the SON with ACSF, LY+glu, or NBQX+1-glu (ACSF
1.7 = 0.3 pg/ml, LY +1-glu 1.4 = 0.1 pg/ml, NBQX+1-glu
3.5 £ 1.1 pg/ml, P > 0.05) (Fig. 1).

The microinjection of the selective non-NMDA gluta-
mate receptor agonist AMPA (5 nmol/100 nl, n = 5) or the
selective NMDA glutamate receptor agonist NMDA (5
nmol/100 nl, n = 5) alone into the SON did not change the
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FIG. 2. Plasma OT concentration in response to the microinjection of
ACSF (n = 5), selective non-NMDA glutamate receptor agonist AMPA
(n = 6), selective NMDA glutamate receptor agonist NMDA (n = 5), or
both AMPA and NMDA (n = 5) into the SON. Columns represent the
mean and bars the sem. *, P < 0.05 when compared with ACSF group.

baseline plasma OT levels (ACSF 3.5 = 1.0 pg/ml vs.
AMPA 6.9 *+ 1.9 pg/ml vs. NMDA 6.0 * 1.5 pg/ml, P >
0.05) (Fig. 2). However, when the agonists were micro-
injected together into the SON, they caused a significant
increase in plasma OT levels [ACSF 3.5 * 1.0 pg/ml vs.
AMPA+NMDA 27 + 1.0 pg/ml, F 5.1, = 84.6, P <0.05]
(Fig. 2).

A photomicrograph of a coronal brain section depict-
ing the microinjection site in the SON of one representa-
tive animal is presented in Fig. 3. A diagrammatic repre-
sentation showing microinjection sites in the SON of all
animals used in this study is also presented in Fig. 3.

Plasma AVP and OT levels after L-glu
microinjection into the PVN of unanesthetized rats

Vasopressin

Microinjection of L-glu (10 nmol/100 nl, n = 6) into the
PVN did not change plasma AVP concentration (ACSF
3.2+ 0.1 pg/mlvs. 1-glu 3.0 = 0.2 pg/ml, P > 0.05), when
compared with vehicle-treated animals (100 nl, n = 6)
(Fig. 4). The pretreatment with 2 nmol/100 nl LY235959
(n = 5) into the PVN had no effect on baseline plasma
levels of AVP (ACSF 1.2 = 03 pg/ml vs. LY 1.7 £ 0.3
pg/ml, P > 0.05). However, L-glu microinjection into the
PVN after local pretreatment with LY235959 (2 nmol/
100 nl,n = 6) increased circulating AVP level [ACSF 3.2 =
0.1 pg/mlws. LY +1-glu 9.0 = 1.9 pg/ml, F 5 55, =9.1,P <
0.05] when compared with vehicle-treated animals (Fig.
4). L-Glu microinjection into the PVN after local pretreat-
ment with NBQX (2 nmol/100 nl, n = 6) did not affect
plasma AVPlevel (ACSF 3.2 = 0.1 pg/mlvs. NBQX+1-glu
3.0 = 0.2 pg/ml, P > 0.05) (Fig. 4).

Oxytocin
Microinjection of L-glu (10 nmol/100 nl, n = 6) into the
PVN did not change plasma OT concentration (ACSF
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FIG. 3. Diagrammatic representation based on the rat brain atlas of
Paxinos and Watson (27), showing the microinjection sites into the
SON and photomicrography of a rat brain coronal section depicting
the site of microinjection into the SON of one representative animal.
The arrow indicates the center of the microinjection. IA, Interaural; LH,
lateral hypothalamus; ox, optic chiasm.

1.7 £ 0.3 pg/mlvs. L-glu 1.7 = 0.2 pg/ml, P > 0.05) when
compared with vehicle-treated animals (100 nl, n = 6)
(Fig. 4). The pretreatment with 2 nmol/100 nl of
LY235959 (n = 5) into the PVN had no effect on baseline
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FIG. 4. Plasma AVP or OT concentration in response to the
microinjection into the PVN of ACSF (100 nl, n = 6), t-glu (10 nmol/
100 nl, n = 6), L-glu after local pretreatment with the selective NMDA
glutamate receptor antagonist LY235959 (LY +(-glu, n = 6) or L-glu
after local pretreatment with the selective non-NMDA glutamate
receptor antagonist NBQX (NBQX+L-glu, n = 6). Columns represent
the mean and bars the sem. *, P < 0.05 when compared with ACSF
group; +, P < 0.05 when compared with t-glu group.
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plasma levels of OT (ACSF 4.9 * 1.4 pg/ml vs. LY 6.3 =
1.4 pg/ml, P > 0.05). However, L-glu microinjection into
the PVN after local pretreatment with LY235959 (2 nmol/
100 nl, n = 6) increased plasma OT level [ACSF 1.7 = 0.2
pg/mlvs. LY +1-glu4.2 + 0.4 pg/ml, F 5 54 =10P < 0.05]
when compared with vehicle-treated animals (Fig. 4). L-
Glu microinjection into the PVN after local pretreatment
with NBQX (2 nmol/100 nl, n = 6) did not affect plasma
OT level (ACSF 1.7 = 0.2 pg/ml vs. NBQX+1-glu 2.3 =
0.5 pg/ml, P > 0.05) (Fig. 4).

A photomicrograph of a coronal brain section depict-
ing the microinjection site in the PVN of one representative
animal is presented in Fig. 5. A diagrammatic representa-
tion showing microinjection sites into the PVN of all an-
imals used in this study is also presented in Fig. 5.

Discussion

AVP and OT release from magnocellular neurosecretory
cells in the hypothalamus is controlled by a large number
of synaptic inputs involving a wide variety of neurotrans-
mitters. L-Glu is the main excitatory transmitter involved

FIG. 5. Diagrammatic representation based on the rat brain atlas of
Paxinos and Watson (27), showing the microinjection sites into the
PVN and photomicrography of a rat brain coronal section depicting the
site of microinjection into the PVN of one representative animal. The
arrow indicates the center of the microinjection. f, Fornix; IA,
interaural; ox, optic chiasm.
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in the control of magnocellular cells in the hypothalamus,
as demonstrated by extensive morphological, electrophys-
iological, and pharmacological studies (12, 17, 20, 21,
34). L-Glu acts via two major classes of receptors, namely
ionotropic and metabotropic (11). Tonotropic glutamate
receptors are coupled to ion channels, which allow the
flow of Na®, K*, and Ca** through membrane (35).
These receptors are classified according to their selectivity
to agonist and the amino acid homology into NMDA and
non-NMDA glutamate receptors (35, 36). The latter
group is further subdivided into AMPA and kainite recep-
tor subtypes (36).

We report in the present study that L-glu microinjection
into the SON increased circulating AVP and OT levels in
unanesthetized rats. The OT response to L-glu was mark-
edly reduced after SON pretreatment with either the se-
lective non-NMDA glutamate receptor antagonist NBQX
or the selective NMDA receptor antagonist LY235959.
Moreover, plasma OT levels were increased only after
combined administration of NMDA and the non-NMDA
glutamate receptor agonist AMPA into the SON. These
results suggest that both subtypes of ionotropic glutamate
receptors modulate OT release from SON magnocellular
neurons. Electrophysiological studies have suggested the
presence of functional NMDA as well as non-NMDA re-
ceptors in SON OT neurons (22-24, 37, 38). Also, it was
shown that OT release from explants of the hypothalamo-
neurohypophysial system is stimulated by activation of
both NMDA and non-NMDA glutamate receptors (18).
Activation of either NMDA or non-NMDA receptors in
the SON also evoked OT release in lactating rats (39).
However, it has been suggested that OT release does not
require coactivation of these receptors but may result from
a synergistic interaction between NMDA and non-
NMDA glutamate receptors (18, 39), because individual
activation of either the NMDA or non-NMDA glutamate
receptor evoked OT release from SON magnocellular neu-
rons (18, 39, 40). We observed that the blockade of only
NMDA or non-NMDA receptors in the SON abolished
plasma OT release evoked by local L-glu microinjection.
Also, administration of AMPA or NMDA alone was not
able to change plasma OT levels. Therefore, in contrast to
previous studies, our results suggest that the modulation
of OT release by glutamate terminals in the SON require
a coactivation of NMDA and non-NMDA glutamate
receptors.

The AVP response to L-glu microinjection into the SON
was blocked after the local pretreatment with NBQX but
was not affected by local pretreatment with LY235959,
thus suggesting that glutamate terminals in the SON mod-
ulate AVP release through the activation of non-NMDA
glutamate receptors. These results led to the interesting
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observation that AVP and OT release are modulated by
different glutamatergic mechanisms in the SON. Present
results corroborate with previous data suggesting that the
excitatory amino acid regulates SON cells activity by act-
ing primarily on non-NMDA glutamate receptors (12).
Moreover, it has been reported that L-glu microinjection
into the SON increases arterial pressure in unanesthetized
rats through an acute AVP release into the circulation (20),
and the response is markedly reduced after the SON pre-
treatment with NBQX but not after a local treatment with
LY235959 (20). However, our results contrast with those
from in vitro studies showing that AVP release from ex-
plants of the hypothalamo-neurohypophysial system is
stimulated by activation of both NMDA and non-NMDA
glutamate receptors (18, 41). In addition to the magno-
cellular neurons SON, these explants also included the
organum vasculosum of the lamina terminalis, the supra-
chiasmatic nucleus, and the arcuate nucleus (18, 41).
Therefore, differences between results obtained from ex-
plants and those presently reported may result from a
broad pharmacological stimulation when using explant
preparations.

Another goal of the present study was to evaluate the
involvement of glutamate in the control of AVP and OT
release from the PVN. The microinjection of L-glu into the
PVN did not change plasma AVP levels. However, 1-glu
microinjection into the PVN after local pretreatment with
the selective NMDA glutamate receptor antagonist
LY235959 caused an increase in circulating AVP levels.
L-glu did not change plasma AVP content after the PVN
pretreatment with NBQX. Busnardo et al. (21) have re-
ported that the microinjection of r-glu into the PVN
caused arterial pressure and heart rate increases, which
were mediated by changes in autonomic activity. In the
same study, it was observed that a local treatment with
LY235959 did not affect the 1-glu pressor response but
changed the tachycardiac response into a bradycardiac
one. The pressor and bradycardiac responses observed af-
ter the microinjection of LY235959 into the PVN were
blocked when the local treatment with LY235959 was
associated with the systemic treatment with a V,-vaso-
pressin receptor antagonist or the local treatment with the
selective non-NMDA receptor antagonist NBQX into the
PVN. Together, these results suggested the existence of
two glutamatergic mechanisms involved in the cardiovas-
cular modulation within the PVN: one autonomic mech-
anism that is mediated by NMDA receptors and a vaso-
pressinergic mechanism that is mediated by non-NMDA
receptors (21). Present data corroborate these results.
Moreover, this previous evidence suggests that an increase
in plasma AVP levels evoked by 1-glu microinjection into
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the PVN after local treatment with LY235959 is mediated
by activation of non-NMDA glutamate receptors.

Effects of PVN pharmacological treatments on plasma
OT levels were similar to those observed on circulating
AVP levels. The microinjection of L-glu into the PVN did
not change circulating OT levels. These results contrast
with those reported by Hattori ez al. (42), which indicated
that a perfusion of the PVN with 1-glu using a dialysis
probe increased plasma OT levels with no effect on dia-
lysate peptide levels. However, concentrations of 1-glu
(0.2 and 0.5 m) that evoked OT response were higher than
that used in the present study (0.1 M) (42), whereas PVN
perfusion with the same concentration used in the present
study did not affect circulating OT levels (42). However,
the difference among data could not be due to the use of
an insufficient dose of L-glu in the present study, because
we have observed that the microinjection of L-glu into the
PVN increased circulating OT levels after local pretreat-
ment with LY235959. The injection of higher doses of
L-glu may evoke OT release though the activation of other
signaling mechanisms in the PVN. For example, with the
use of the push-pull technique, it has been reported that a
perfusion of either glutamate or NMDA into the PVN
induced an increase in the local nitric oxide (NO) release
(43). It has been suggested that NO formation mediates, at
least in part, the 1-glu actions into the PVN (44). Interac-
tion between glutamatergic and endocannabinoid system
in control of magnocellular neurons of the SON and PVN
has also been reported (45). Therefore, differences in ex-
perimental procedure can also explain the opposite re-
sults. It has been previously reported that the injection of
kainic acid activates OT neurons in the PVN, and this
activation is blocked by local treatment with a selective
non-NMDA glutamate receptor antagonist (46). There-
fore, similar to glutamatergic mechanisms involved in
AVP release from PVN, OT release evoked by the L-glu
microinjection into the PVN after the local treatment with
LY235959 may be mediated by the activation of non-
NMDA glutamate receptors.

Interestingly, NMDA glutamate receptor blockade was
necessary to unveil the excitatory effect of L-glu on AVP
and OT release from PVN magnocellular neurons. This
result suggests an inhibitory influence of the activation of
NMDA receptors in PVN magnocellular cell activity. The
mechanism of inhibitory action of NMDA glutamate re-
ceptor is not totally understood. Microinjection of
LY235959 into the PVN had no effect on the baseline
values of AVP and OT plasma levels, thus suggesting that
NMDA glutamate receptors have no tonic inhibitory in-
fluence in PVN magnocellular neurons. However, elec-
trophysiological studies have suggested that r-glu may
elicit hyperpolarizing postsynaptic potentials through ac-
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tivation of local GABAergic inputs to PVN neurons (47,
48). Therefore, the excitatory effect of L-glu in the PVN
may be the result of action in multiple cells.

It has been reported that the dose of LY235959 (2 nmol)
used in the present study effectively inhibited cardiovascular
responses evoked by 1-glu microinjection into the lateral hy-
pothalamus (49), whereas the same dose of NBQX (2 nmol)
was shown to block the response to L-glutamate microinjec-
tion into the SON (20). In addition, microinjection of
equimolar doses of NBQX into the lateral hypothalamus and
LY235959 into the SON had no effect on cardiovascular
responses to L-glu microinjection into those areas (20, 49).
These observations indicate that the doses of LY235959 and
NBQX used in the present study are effective and selective
enough to evidence the predominance of either NMDA or
non-NMDA glutamate receptors in responses involving a
glutamatergic neurotransmission.

The AVP has been shown to play an important role
during the decompensatory phase of hemorrhage and in-
crease in plasma osmolality through its action in the kid-
ney, promoting water retention, and in arterioles where it
acts as a potent vasoconstrictor agent (2, 10, 50, 51). Be-
sides, it has been demonstrated that an increase in circu-
lating vasopressin content may mediate the hypertension
observed in ethanol-treated rats (52). Therefore, it is pos-
sible that r-glu-mediated vasopressin release from SON
and PVN magnocellular neurons may be relevant during
hemorrhage, changes in plasma osmolality, and hyperten-
sion. OT is released in response to suckling during lacta-
tion (4). Although the central pathway involved in this
reflex is not totally understood, the present results suggest
that glutamate receptors in the PVN and SON may be
involved. Also, the neuroendocrine system could be a
marker of stress (53, 54). The AVP and OT have been
associated with stressful situations (54 -56). Thus, the glu-
tamate receptors activation in AVP and OT magnocellular
neurons could stimulate the release of both hormones dur-
ing stressful situations. Despite the above evidence, addi-
tional studies are necessary to elucidate the physiological
role of the control of AVP and OT release by glutamate
receptors within the PVN and SON.

In summary, our findings provide evidence on the sub-
type of glutamate receptors involved in AVP and OT re-
lease by magnocellular neurons of the SON and PVN. The
present results led to the interesting observation that AVP
and OT secretion from SON differ in their control by glu-
tamate. OT release from the SON requires coactivation of
NMDA and non-NMDA glutamate receptors, whereas
AVP secretion is mediated by activation of non-NMDA
glutamate receptors. In the PVN, the present results sug-
gest an inhibitory influence of the NMDA glutamate re-
ceptor on AVP and OT release. AVP and OT responses
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were unveiled only after the blockade of local NMDA
receptors and are possibly mediated by the activation of
non-NMDA glutamate receptors.

Acknowledgments

We acknowledge Ms. I. A. C. Fortunato, L. I. B. Aguiar, S. S.
Guilhaume, and Milene Mantovani Lopes for technical
assistance.

Address all correspondence and requests for reprints to: Dr.
Fernando M. A. Corréa, Department of Pharmacology, School
of Medicine of Ribeirio Preto, University of Sdo Paulo, Avenida
Bandeirantes 3900, 14049-900 Ribeirio Preto, Sio Paulo,
Brazil. E-mail: fmdacorr@fmrp.usp.br.

This work was supported by Foundations of Support Reearch
of State of Sao Paulo (FAPESP) (2009/05308-8) and National
Counsel of Technological and Scientific Development (CNPq)
(505394/2003-0, 305996/2008-8, 480550/2007-7, and
305996/2008-8). R.F.T. and C.B. (FAPESP 2009/05308-8) are
postdoctoral fellows in the Department of Pharmacology of the
School of Medicine of Ribeirdao Preto, University of Sao Paulo.

Disclosure Summary: The authors have nothing to declare.

References

1. Leng G, Brown CH, Russell JA 1999 Physiological pathways reg-
ulating the activity of magnocellular neurosecretory cells. Prog Neu-
robiol 57:625-655

2. Treschan TA, Peters ] 2006 The vasopressin system: physiology and
clinical strategies. Anesthesiology 105:599-612; quiz 639-540

3. Holmes CL, Landry DW, Granton JT 2003 Science review: Vaso-
pressin and the cardiovascular system part 1-receptor physiology.
Crit Care 7:427-434

4. Cunningham Jr ET, Sawchenko PE 1991 Reflex control of magno-
cellular vasopressin and oxytocin secretion. Trends Neurosci 14:
406-411

5. Gimpl G, Fahrenholz F 2001 The oxytocin receptor system: struc-
ture, function, and regulation. Physiol Rev 81:629-683

6. Tom N, Assinder S] 2010 Oxytocin in health and disease. Int
J Biochem Cell Biol 42:202-205

7. Plotsky PM 1987 Regulation of hypophysiotropic factors mediating
ACTH secretion. Ann NY Acad Sci 512:205-217

8. Van Tol HH, Voorhuis DT, Burbach JP 1987 Oxytocin gene ex-
pression in discrete hypothalamic magnocellular cell groups is stim-
ulated by prolonged salt loading. Endocrinology 120:71-76

9. Bisset GW, Chowdrey HS 1988 Control of release of vasopressin by
neuroendocrine reflexes. Q J Exp Physiol 73:811-872

10. Cunningham JT, Penny ML, Murphy D 2004 Cardiovascular reg-
ulation of supraoptic neurons in the rat: synaptic inputs and cellular
signals. Prog Biophys Mol Biol 84:183-196

11. Mayer ML, Armstrong N 2004 Structure and function of glutamate
receptor ion channels. Annu Rev Physiol 66:161-181

12. van den Pol AN, Wuarin JP, Dudek FE 1990 Glutamate, the dom-
inant excitatory transmitter in neuroendocrine regulation. Science
250:1276-1278

13. Meeker RB, Greenwood RS, Hayward JN 1994 Glutamate recep-
tors in the rat hypothalamus and pituitary. Endocrinology 134:621—
629

L-Glu Receptors Mediate AVP and OT Release

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

Endocrinology, May 2012, 153(5):2323-2331

Singewald N, Philippu A 1996 Involvement of biogenic amines and
amino acids in the central regulation of cardiovascular homeostasis.
Trends Pharmacol Sci 17:356-363

Al-Ghoul WM, Meeker RB, Greenwood RS 1997 Differential ex-
pression of five N-methyl-D-aspartate receptor subunit mRNAs in
vasopressin and oxytocin neuroendocrine cells. Brain Res Mol Brain
Res 44:262-272

Herman JP, Eyigor O, Ziegler DR, Jennes L 2000 Expression of
ionotropic glutamate receptor subunit mRNAs in the hypothalamic
paraventricular nucleus of the rat. ] Comp Neurol 422:352-362
Meeker RB, Swanson DJ, Greenwood RS, Hayward JN 1993 Quan-
titative mapping of glutamate presynaptic terminals in the supraop-
tic nucleus and surrounding hypothalamus. Brain Res 600:112-122
Morsette DJ, Sidorowicz H, Sladek CD 2001 Role of non-NMDA
receptors in vasopressin and oxytocin release from rat hypo-
thalamo-neurohypophysial explants. Am ] Physiol Regul Integr
Comp Physiol 280:R313-R322

Morsette D], Sidorowicz H, Sladek CD 2001 Role of metabotropic
glutamate receptors in vasopressin and oxytocin release. Am J
Physiol Regul Integr Comp Physiol 281:R452-R458

Busnardo C, Tavares RF, Antunes-Rodrigues J, Corréa FM 2007
Cardiovascular effects of L-glutamate microinjection in the supraop-
tic nucleus of unanaesthetized rats. Neuropharmacology 52:1378 -
1384

Busnardo C, Tavares RF, Correa FMA 2009 Role of N-methyl-D-
aspartate and non-N-methyl-D-aspartate receptors in the cardiovas-
cular effects of L-glutamate microinjection into the hypothalamic
paraventricular nucleus of unanesthetized rats. ] Neurosci Res 87:
2066-2077

Nissen R, Hu B, Renaud LP 1994 N-Methyl-D-aspartate receptor
antagonist ketamine selectively attenuates spontaneous phasic ac-
tivity of supraoptic vasopressin neurons in vivo. Neuroscience 59:
115-120

Richardson CM, Wakerley JB 1997 Glutamate excitation of oxy-
tocin neurones in vitro involves predominantly non-NMDA recep-
tors. Brain Res 767:158-161

Stern JE, Galarreta M, Foehring RC, Hestrin S, Armstrong WE 1999
Differences in the properties of ionotropic glutamate synaptic cur-
rents in oxytocin and vasopressin neuroendocrine neurons. J Neu-
rosci 19:3367-3375

Yang CR, Senatorov VV, Renaud LP 1994 Organum vasculosum
lamina terminalis-evoked postsynaptic responses in rat supraoptic
neurones in vitro. ] Physiol 477(Pt 1):59-74

Nissen R, Hu B, Renaud LP 1995 Regulation of spontaneous phasic
firing of rat supraoptic vasopressin neurones in vivo by glutamate
receptors. ] Physiol 484 (Pt 2):415-424

Paxinos G, Watson C 1986 The rat brain in stereotaxic coordinates.
2nd ed. Sidney: Harcourt Brace Jovanovich

Crestani CC, Alves FH, Busnardo C, Resstel LB, Correa FM 2010
N-Methyl-D-aspartate glutamate receptors in the hypothalamic
paraventricular nucleus modulate cardiac component of the baro-
reflex in unanesthetized rats. Neurosci Res 67:317-326

Glick S, Kagan A 1979 Vasopressin. In: Jaffe BM, Behrman HR, eds.
Methods of hormone radioimmunoassay. 2nd ed. New York: Ac-
ademic Press; 341-351

Elias LL, Antunes-Rodrigues J, Elias PC, Moreira AC 1997 Effect of
plasma osmolality on pituitary-adrenal responses to corticotropin-
releasing hormone and atrial natriuretic peptide changes in central
diabetes insipidus. J Clin Endocrinol Metab 82:1243-1247
Busnardo C, Tavares RF, Corréa FM 2009 Mechanisms involved in
the pressor response to noradrenaline microinjection into the su-
praoptic nucleus of unanesthetized rats. Auton Neurosci 145:63-70
Crestani CC, Busnardo C, Tavares RF, Alves FH, Correa FM 2009
Involvement of hypothalamic paraventricular nucleus non-N-meth-
yl-D-aspartate receptors in the pressor response to noradrenaline
microinjected into the bed nucleus of the stria terminalis of unanes-
thetized rats. Eur ] Neurosci 29:2166-2176



Endocrinology, May 2012, 153(5):2323-2331

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

Almado CE, Machado BH 2005 Respiratory and autonomic re-
sponses to microinjection of NMDA and AMPA into the commis-
sural subnucleus of the NTS of awake rats. Brain Res 1063:59-68
Meeker RB, Swanson DJ, Hayward JN 1989 Light and electron
microscopic localization of glutamate immunoreactivity in the su-
praoptic nucleus of the rat hypothalamus. Neuroscience 33:157-
167

Dingledine R, Borges K, Bowie D, Traynelis SF 1999 The glutamate
receptor ion channels. Pharmacol Rev 51:7-61

Hollmann M, Heinemann S 1994 Cloned glutamate receptors.
Annu Rev Neurosci 17:31-108

Hattori Y, Shibuya I, Tanaka K, Kabashima N, Ueta Y, Yamashita
H 1998 Ionotropic and metabotropic glutamate receptor agonist-
induced [Ca®" ], increase in isolated rat supraoptic neurons. ] Neu-
roendocrinol 10:383-389

Pak CW, Curras-Collazo MC 2002 Expression and plasticity of
glutamate receptors in the supraoptic nucleus of the hypothalamus.
Microsc Res Tech 56:92-100

Parker SL, Crowley WR 1995 Central stimulation of oxytocin re-
lease in the lactating rat by N-methyl-D-aspartate: requirement for
coactivation through non-NMDA glutamate receptors or the gly-
cine coagonist site. Neuroendocrinology 62:467-478

Parker SL, Crowley WR 1993 Stimulation of oxytocin release in the
lactating rat by central excitatory amino acid mechanisms: evidence
for specific involvement of R,S-a-amino-3-hydroxy-5-methylisox-
azole-4-propionic acid-sensitive glutamate receptors. Endocrinol-
ogy 133:2847-2854

Sladek CD, Badre SE, Morsette D], Sidorowicz HE 1998 Role of
non-NMDA receptors in osmotic and glutamate stimulation of va-
sopressin release: effect of rapid receptor desensitization. ]| Neu-
roendocrinol 10:897-903

Hattori T, Sundberg DK, Morris M 1992 Central and systemic oxy-
tocin release: a study of the paraventricular nucleus by in vivo mi-
crodialysis. Brain Res Bull 28:257-263

Li YF, Mayhan WG, Patel KP 2001 NMDA-mediated increase in
renal sympathetic nerve discharge within the PVN: role of nitric
oxide. Am ] Physiol Heart Circ Physiol 281:H2328-H2336
Busnardo C, Crestani CC, Tavares RF, Resstel LB, Correa FM 2010
Cardiovascular responses to L-glutamate microinjection into the hy-
pothalamic paraventricular nucleus are mediated by a local nitric
oxide-guanylate cyclase mechanism. Brain Res 1344:87-95

45.

46.

47.

48.

49.

50.

51,

52.

53.

54.

55.

56.

endo.endojournals.org 2331

Di S, Malcher-Lopes R, Marcheselli VL, Bazan NG, Tasker JG 2005
Rapid glucocorticoid-mediated endocannabinoid release and op-
posing regulation of glutamate and y-aminobutyric acid inputs to
hypothalamic magnocellular neurons. Endocrinology 146:4292—
4301

Zehra Minbay F, Eyigor O, Cavusoglu I 2006 Kainic acid activates
oxytocinergic neurons through non-NMDA glutamate receptors.
Int ] Neurosci 116:587-600

Boudaba C, Szabo K, Tasker JG 1996 Physiological mapping of
local inhibitory inputs to the hypothalamic paraventricular nucleus.
J Neurosci 16:7151-7160

Tasker JG, Dudek FE 1993 Local inhibitory synaptic inputs to neu-
rones of the paraventricular nucleus in slices of rat hypothalamus.
J Physiol 469:179-192

Pajolla GP, Pelosi GG, Corréa FM 2005 Involvement of NMDA
receptors in the hypotensive response to the injection of L-glutamate
into the lateral hypothalamus of unanesthetized rats. Brain Res
1053:19-26

Imai Y, Kim CY, Hashimoto J, Minami N, Munakata M, Abe K
1996 Role of vasopressin in neurocardiogenic responses to hemor-
rhage in conscious rats. Hypertension 27:136-143

Jochem J 2004 Involvement of arginine vasopressin in endogenous
central histamine-induced reversal of critical haemorrhagic hypo-
tension in rats. Inflamm Res 53:269-276

Resstel LB, Scopinho AA, Lopes da Silva A, Antunes-Rodrigues ],
Rodrigues JA, Corréa FM 2008 Increased circulating vasopressin
may account for ethanol-induced hypertension in rats. Am J Hy-
pertens 21:930-935

Bao AM, Meynen G, Swaab DF 2008 The stress system in depression
and neurodegeneration: focus on the human hypothalamus. Brain
Res Rev §7:531-553

Smith RF, Dobson H 2002 Hormonal interactions within the hy-
pothalamus and pituitary with respect to stress and reproduction in
sheep. Domest Anim Endocrinol 23:75-85

Wotjak CT, Kubota M, Liebsch G, Montkowski A, Holsboer F,
Neumann I, Landgraf R 1996 Release of vasopressin within the rat
paraventricular nucleus in response to emotional stress: a novel
mechanism of regulating adrenocorticotropic hormone secretion?
J Neurosci 16:7725-7732

Zhao DQ, Ai HB 2011 Oxytocin and vasopressin involved in re-
straint water-immersion stress mediated by oxytocin receptor and
vasopressin 1b receptor in rat brain. PLoS One 6:¢23362



