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Abstract
We studied the effects of water deprivation on the phosphorylation of TrkB and NMDA receptor
subunits in the supraoptic nucleus (SON) of the rat. Laser capture microdissection and qRT-PCR
was used to demonstrate BDNF and TrkB gene expression in vasopressin SON neurones.
Immunohistochemistry confirmed BDNF staining in vasopressin neurones, while staining for
phosphorylated TrkB was increased following water deprivation. Western Blot analysis of brain
punches containing the SON revealed that tyrosine phosphorylation of TrkB (pTrkBY515), serine
phosphorylation of NR1 (pNR1S866 or pNR1) and tyrosine phosphorylation of NR2B subunits
(pNR2BY1472 or pNR2B) were significantly increased in WD animals compared to control.
Access to water for 2 h reduced pTrkBY515 content to control levels without affecting pNR1 or
pNR2B. Four hours of rehydration was needed to reduce pNR1 and pNR2B to control. To test
whether increased phosphorylation of TrkB in this study is mediated by BDNF, a group of animals
were instrumented with right SON cannula coupled to mini-osmotic pumps filled with vehicle or
TrkB-Fc fusion protein which prevents BDNF binding to TrkB. In the left SON contralateral to
the cannula, TrkB phosphorylation was significantly enhanced following WD. Separate analysis of
the right SON, which received TrkB-Fc, showed that the TrkB receptor phosphorylation following
WD was significantly attenuated. While increased pNR1S866 following WD was not affected by
local infusion of TrkB-Fc, pNR2BY1472 was significantly reduced. Co-immunoprecipitation
revealed an increased physical interaction between Fyn kinase and NR2B and TrkB in the SON
following water deprivation. Thus, activation of TrkB in the SON following WD may affect
cellular excitability through the phosphorylation of NR2B subunits.
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INTRODUCTION
Brain-derived neurotrophic factor (BDNF), a member of the nerve growth factor family (1),
can modify the synaptic efficacy of neural circuitry in the adult brain (2-5). BDNF can affect
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synaptic inhibition by decreasing the surface stability and expression of γ-aminobutyric acid
type A (GABAA) (6-8). In glutamatergic synapses, BDNF has been shown to regulate α-
amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid (AMPA) and N-methyl-D-aspartate
(NMDA) receptor subunit phosphorylation, trafficking, and expression (9-11) through the
activation of tyrosine kinase B (TrkB) receptors.

BDNF and TrkB are both expressed in magnocellular neurosecretory cells (MNCs) in the
supraoptic nucleus (SON) of the adult rat (12-14). These cells synthesize and secrete either
oxytocin (OT) or arginine vasopressin (AVP) in to systemic circulation from axon terminals
located in the posterior pituitary (15-17). Plasma osmolality is one of the main factors
controlling the circulating levels of AVP, although increased plasma osmolality increases
the activity of both AVP and oxytocin neurones (17-20). In vitro studies have demonstrated
that MNCs are intrinsically osmosensitive (18, 21). In addition to intrinsic osmosensitivity,
GABA and glutamate synaptic inputs also contribute to the regulation of MNCs and
neurohypophyseal hormone release in response to osmotic stimulation (18, 19).

Following osmotic stress, BDNF mRNA is increased in SON peaking in advance of
increased AVP protein content in the SON and PVN (22). Moreover, BDNF is released into
the extracellular space of the SON after acute osmotic stimulation suggesting a putative
autocrine or paracrine action in these nuclei via activation of TrkB and downstream
signaling cascades (23). The physiologic significance of this signaling pathway has yet to be
determined.

In vitro, BDNF exposure decreases the inhibitory effects of GABA on parvocellular
neuroendocrine neurones from the paraventricular nucleus (PVN) of the hypothalamus (7).
This effect is mediated by a postsynaptic mechanism dependent on TrkB receptor activation.
In the SON, acute bath applications of BDNF decrease postsynaptic GABAergic activity
without affecting spontaneous excitatory postsynaptic currents (14). Thus, BDNF could play
a role in the synaptic activation of PVN and SON neurones by decreasing the membrane
expression of postsynaptic GABAA receptors and reduce the postsynaptic inhibitory effects
of GABA.

In addition to affecting GABA receptors, BDNF has been shown to enhance glutamatergic
synaptic transmission in several systems (5, 9-11, 24, 25). In vitro, BDNF has been shown to
enhance NMDA receptor-mediated postsynaptic responses in several different neural cells
types (9, 10) and produce phosphorylation of NR1 and NR2 subunits (9, 10).

Chronic osmotic stimulation causes reversible changes in glutamatergic metabotropic (26)
and ionotropic NMDA receptors in the SON (27, 28). Although the role of BDNF-TrkB
signaling is involved in activity-dependent neuronal plasticity (25, 29, 30), its effects upon
NMDA receptors in SON neurones have not yet been determined.

In the present studies, 48 hours water deprivation was used as a progressive homeostatic
challenge to physiologically stimulate the SON (31, 32). We tested the effects of water
deprivation alone or followed by 2 or 4 hours access to water (rehydration) on TrkB
phosphorylation in the SON. To determine whether these effects could be BDNF-mediated
pre-administration of the TrkB-Fc fusion protein in SON were conducted to prevent binding
between BDNF and the TrkB (33-36). In addition, we investigated the effects of dehydration
and BDNF-TrkB signaling on NR1 and NR2B expression and phosphorylation.
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MATERIALS AND METHODS
Animals

Experiments were conducted on adult male Sprague–Dawley rats that weighed 250–350 g
(Charles Rivers). Rats were individually housed and maintained in a temperature-controlled
environment on a 14:10 h light–dark cycle. Experimental protocols were approved by the
IACUC in accordance with the guidelines of the Public Health Service, the American
Physiological Society, and the Society for Neuroscience. All rats had ad libitum access to
food throughout the experiments unless otherwise indicated. The control group was allowed
ad libitum access to water and food while water deprived animals had no access to water for
48 h. Two other groups of animals were water deprived for 46 hours followed by 2 or 4 h
access to water prior to sacrifice (rehydration studies). During water access, the food was
not available.

Micropunch dissection
Each rat was anesthetized with inactin (100 mg/Kg i.p.) and decapitated. The brain was
removed from the skull and placed in a commercially available brain matrix (Stoelting). The
matrix was used to cut the brain into 1 mm coronal slabs with doubled edges razor blades.
Punches containing the SON were then collected from the slabs using 1 ml syringes
equipped with blunt 23 gauge needles. The samples were placed in microcentrifuge tubes
and rapidly frozen (37). Punches were sonicated in 35μl of modified RIPA-buffer
supplemented with protease and phosphatase inhibitors followed by 30 min incubation on
ice. The total homogenates were centrifuged 14,000 rpm, 30 min at 4°C to clear the lysate.

SON cannulation and osmotic minipump implantation
Alzet osmotic pumps (model 2004; 0.25 μl/h) were filled with sterile 0.9% saline (vehicle)
or recombinant human TrkB-Fc Chimera (TrkB-Fc; Lot BUX0409011, R&D Systems;
Minneapolis, MN) at a concentration of 200ng/ μl in 0.9% saline. The dosage of TrkB-Fc
was chosen according to previous in vivo studies (33-36). Pumps were then attached to a
catheter coupled to a cannula (38). The entire apparatus was primed overnight in sterile
saline at 37°C. Rats were initially anesthetized with brevital (10 mg/kg ip) and, then
positioned in a stereotaxic apparatus (Kopf Instruments, Tujunga, CA). Anesthesia was
maintained with isofluorane (2%) delivered by a nose cone attached to the stereotaxic frame
(Kopf Instruments, Tujunga, CA). The cannula (Plastics One, Roanoke, VA) was
stereotaxically positioned in the right SON (1.2 mm caudal and 1.4 mm lateral from bregma,
8.8 mm ventral) and chronically fixed in place using two jeweler’s screws and dental
acrylic. Stereotaxic coordinates were determined from the rat brain atlas of Paxinos and
Watson (39). The rats were allowed to recover for 3-4 days after surgery before being used
in water deprivation experiments. After terminal experiments, rats were anesthetized (inactin
100 mg/kg ip), and decapitated. Punches were collected as described above. Brain punches
containing the right (cannulated) and left (uncannulated) SON were placed in separate
microcentrifuge tubes and rapidly frozen for analysis.

Western Blot analysis
Protein concentration of each sample was determined by Bradford method (40). Next, 10-40
ug of the total lysate were loaded onto a 7.5% or 10% acrylamide SDS gel, separated by
electrophoresis in Tris-glycine buffer with denaturing conditions and transferred to
nitrocellulose membrane (BioRad) in Tris-glycine buffer (25mM Tris, 250mM Glycine,
0.1% SDS; pH 8.3) with 20% methanol. Membranes were blocked with 5% nonfat milk in
Tris-buffered saline-Tween 20 (TBS-Tween; 25mM Tris base, 125 mM NaCl, 0.1% Tween
20) for 1 hour at room temperature. Next, they were incubated overnight at 4°C in 1%
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nonfat milk in Tris-buffered saline with primary antibodies. The primary antibodies used in
this study were: TrkB receptor (Neuromics; GT15080; lot#400622); NMDA receptor
subunits: NR1 (Millipore; 07-362-MN; Lot# DAM1597365); NR2B (Millipore; 05-920;
Lot# DAM1585439); Fyn kinase (Chemicon; MAB8900; Lot# LV1362411), GAPDH
(Millipore; AB9132; Lot# LV1542016); phosphorylated TrkB (TrkBY515; Abcam; ab51187;
Lot# 547336); phosphorylated NR1 subunit (pNR1S866; Millipore; 06-640-MN; Lot#
DAM1597359); phosphorylated NR2B subunit (pNR2BY1472; PhosphoSolutions®;
p1516-1472). Membranes were rinsed three times for ten minutes with TBS-Tween then
incubated for 2 hours at room temperature with a horseradish peroxidase conjugated
secondary antibody against the primary antibody host species (anti-goat, anti-rabbit and anti-
chicken; all from SIGMA). The membranes were washed three times for ten minutes in
TBS- Tween. Proteins were detected by enhanced chemiluminescence (ECL reagents,
Amersham) and exposed to radiographic film (Hyperfilm ECL, Amersham). Digital images
of the film were acquired (Adobe Photoshop CS3 Extend v10.0.1, Adobe Systems
Incorporated, San Jose, CA) and densitometry of the bands was performed (Scion Image for
Windows v4.0.3.2, Scion Corporation, Frederick, MD). Densitometric measurements of the
immunoreactive bands were normalized using GAPDH.

Co-immunoprecipitation and immunoblotting
To study physical interaction between TrkB, Fyn and NR2B, co-immunoprecipitation assays
were performed (41). Four punches containing the SONs from two rats of the same
treatment group were pooled and lysed in ice-cold NP-40 buffer (1% Igepal, 0.15M NaCl,
0.01 M sodium phosphate, 0.002M EDTA pH 7.2) supplemented with protease and
phosphatase inhibitors. The protein concentration of each homogenate was determined using
the BCA method (Pierce). The total lysate (80-100 ug of protein) was incubated with anti-
TrkB receptor antibody (4ug; (Neuromics; GT15080; lot#400622) at 4°C for 1h followed by
precipitation with protein G-Sepharose beads (50ul) for 30 min at 4°C. The
immunocomplexes were then washed and resuspended in sample buffer. Samples were
boiled for 5 min, subjected to SDS-PAGE and immunoblotted using anti-Fyn (Chemicon;
MAB8900; Lot# LV1362411) and anti-NR2B antibodies (Millipore; 05-920; Lot#
DAM1585439). HRP conjugated anti-rabbit or anti-mouse secondary antibody (1:5000,
Sigma) were used. Immunoreactive bands were detected by enhanced chemiluminescence
(ECL reagents, Amersham) and exposed to radiographic film (Hyperfilm ECL, Amersham).
Digital images of the film were acquired (Adobe Photoshop CS3 Extend v10.0.1, Adobe
Systems Incorporated, San Jose, CA) and densitometry of the bands was performed (Scion
Image for Windows v4.0.3.2, Scion Corporation, Frederick, MD).

Immunohistochemistry
Rats were anesthetized with inactin (100 mg/kg ip) and perfused transcardially with PBS
followed by 4% paraformaldehyde. Each brain was prepared for immunohistochemistry as
previously described (32). Separate sets of forebrain sections containing the SON were
processed for either BDNF or pTrkBY515 immunofluorescence. For BDNF staining, a
chicken anti-BDNF polyclonal antibody (Abcam; 1:500) and a Cy3 conjugated donkey anti-
chicken secondary antibody (Jackson ImmunoResearch; 1:250) were used. Separate sections
were processed with a rabbit anti-pTrkBY515 (Abcam; ab51187; 1:1000) and a biotinylated
donkey anti-rabbit secondary antibody (Vector Labs, 1:250) and streptavidin Dylight 594
(Jackson ImmunoResearch; 1:250). Each set of sections also were processed for vasopressin
immunofluorescence using a Guinea pig anti-(Arg8) Vasopressin primary antibody
(Peninsula Laboratories, 1:10,000) and a Cy2 conjugated donkey anti-Guinea pig secondary
antibody (1:250, Jackson ImmunoResearch, West Grove, PA). Sections were incubated in
both primary antibodies for 2 days and 4°C. Sections were mounted on gelatin coated slides
and cover slipped with hard set Vectashield (Vector Labs) mounting media.
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Sections containing the supraoptic nucleus were analyzed for BDNF or pTrkBY515 and AVP
co-localization using a Qimaging camera attached to an IX50 Olympus converted to a DSU
confocal microscope with an attached mercury lamp for fluorescence. Images were adjusted
for uniform brightness and contrast, pseudocolored and merged using ImageJ software.
Regions of interest were identified using the rat brain stereotaxic atlas of Paxinos and
Watson (51).

Laser Capture Microdissection (LCM) of magnocellular vasopressinergic neurones
Rapid immunostaining of AVP neurones—Rats were anesthetized with inactin (100
mg/kg ip) and decapitated. Brains were frozen in cooled isopentane kept on dry ice, and
10μm thick serial frozen sections were cut through the hypothalamus at the level of the SON
using a cryostat. The sections were mounted onto PEN membrane coated slides (Catalogue#
LCM0522-Arcturus Bioscience). After the sections thawed for 30 s, they were fixed in ice-
cold 100% methanol for 3 min followed by washing in cold DEPC-PBS for 3 times.
Blocking was done in DEPC-PBS diluent for 5 min. This was followed by incubation in an
Guinea pig anti-vasopressin antibody diluted 1:50 (Peninsula Laboratories) in DEPC-PBS
diluent for 3 min and incubation in 1:50 donkey anti-guinea pig -Cy3 secondary antibody
(Jackson ImmunoResearch) diluted in DEPC-PBS for 3 min.

Laser capture microdissection of the AVP neurones—An Arcturus Veritas
Microdissection instrument, which utilizes the IR capture laser with a UV cutting laser, was
used to laser capture AVP labeled neurones. Only neurones that exhibited a visible and
complete staining of the cytoplasmic compartment was selected for harvesting. After
dissociation of individual immunoreactive neurones from surrounding tissue, each cell was
captured into an Arcturus Adhesive Cap. After capture, the cap was immediately transferred
to a 0.5ml tube containing 30 μl of ArrayPure Nano-Scale Lysis Solution with 5.0 μg of
proteinase K (prod. no. MPS04050; Epicentre Biotechnol Inc. Madison, WI, USA).

Single-neurone RNA extraction and amplification—Total RNA was isolated from
each of 9-12 neurones collected per animal with ArrayPure Nano-Scale RNA Purification
Kit reagents (Epicentre Biotechnol Inc.), in accordance with the manufacturer’s instructions
as previously described (42). The cells were incubated in Lysis Solution for 15 min at 65–70
°C, and protein was precipitated by addition of 18 μl of MPC Protein Precipitation, followed
by vortexing and centrifugation at 10, 000 g for 7 min at 4 °C. Fifty microlitres of
isopropanol was added to the supernatant, followed by centrifugation at 10, 000 g for 5 min
at 4 °C. Contaminating DNA was removed from preparations: pellets were air-dried for 5
min, resuspended in 20 μl of DNase I solution containing 1 μl of RNase- Free DNase I and
40μl of 1X DNase buffer, and then incubated for 10 min. After addition of 20 μl each of 2X
Nano-Scale Lysis Solution and MPC Protein Precipitation Reagent, the mixture was
vortexed and centrifuged at 10, 000 g for 5 min at 4 °C. After the addition of 50 ul
isopropanol, the supernatants were centrifuged at 10,000 g for 5 min at 4 °C to pellet
purified RNA. Final rinsing was carried out with 70% ethanol. Resulting pellets were air-
dried for 5 min, and resuspended in 5 μl of RNase-Free water supplemented with 1μl of
ScriptGuard RNase inhibitor (Epicentre Biotechnol Inc.). All RNA samples were stored at −
80° C. The RNA content of each sample was evaluated using a Nanodrop
Spectrophotometer. An 2 μl aliquot of cellular RNA sample was amplified with Target A m
p 2-Round Aminoallyl-aRNA Amplification Kit materials (Epicentre Biotechnol Inc.), in
accordance with the manufacturer’s instructions to produce aminoallyl-aRNA, with partial
substitution of the canonical UTP nucleotide by aminoallyl-UTP (42).

Single Cell qRT-PCR—Aminoallyl-aRNA (< 50 ng) from each laser-micro dissected
neurone was reverse-transcribed to cDNA with Sensiscript RT Kit reagents (prod. no.
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205213; Qiagen Inc., Valencia, CA, USA) as previously described (42). Each RT reaction
mixture consisted of 2μl of 10X RT buffer, 2μl of dNTP mix (final concentration: 5 mM),
2μl of oligo-dT primer solution (final concentration: 10 μm), 1 μl of RNase inhibitor (final
concentration: 10 U / μl), 1μl of Sensiscript reverse transcriptase solution, and aRNA
dissolved in sufficient RNase-free water to yield a total volume of 20 μl. Forward and
reverse primers for target genes (Table 1) were based on published sequences (42-44) and
were obtained from Genemed Synthesis, Inc. (San Francisco, CA, USA). PCR samples
consisted of 2μl of cDNA, 10.3μl of RNase / DNase-free water, 0.2μl of each primer, and
12.5μl of iQ SYBR Green Supermix (prod. no. 170-8880; Bio-Rad). PCR reactions were
performed in a Bio-Rad iQTM5 iCycler system, with different cyclic parameters for each
target. For TrkB, the initial denaturation was 95 °C for 5 min, followed by 40 cycles of 1
min 15 s each (15 s at 54°C followed by 1 min at 60 °C). For BDNF, the initial denaturation
was 95 °C for 3 min followed by 50 cycles of 40 s (10 s at 95° C and 30 s at 59° C). The
housekeeping gene, GAPDH, was used to normalize mRNA expression in each neurone. In
each real-time RT-PCR analysis, no-template and -RT controls were performed. Melt curves
generated were analyzed to identify nonspecific products and primer-dimers. The data were
analyzed by the 2−ΔCT method (45). The threshold cycle value (CT) is the number of PCR
cycles required for the fluorescence signal to exceed the detection threshold and was set to
the log-linear range of the amplification curve. A smaller delta CT value represents higher
mRNA expression. 2-ΔCT is determined by subtracting the individual CT value of
housekeeping gene (GAPDH) from the corresponding CT value of genes of interest (BDNF
and TrkB) and normalized to an internal control.

Plasma measurements
Trunk blood was collected into two centrifuge tubes containing EDTA (Sigma, St Louis, and
MO) and centrifuged for 7 min (at 10,000×g) at 4°C. The plasma was removed from each
sample, placed into screw top vials and stored at −80°C until it was sent to the University of
Iowa RIA Core to be assayed for PRA (plasma rennin activity) and vasopressin (32, 46). A
separate sample of whole blood from each rat was collected into a 1.5 ml microcentrifuge
tube that did not contain EDTA. Two heparin-containing capillary tubes were filled with
blood from this sample for measuring hematocrit. The rest of the sample was centrifuged (5
min; 10,000×g) and a 200 μl sample of plasma was collected for measuring osmolality using
a vapor pressure osmometer (Wescor Inc. Logan, UT).

Statistics
Data are presented as group means ± one SEM. The data was analyzed by one-way analysis
of variance with Student Newman–Keuls t-test for post hoc analysis of significant main
effects (GraphPad PRISM v5.0, GraphPad Software Inc., La Jolla, CA). Significance was
set at P < 0.05.

RESULTS
Water deprivation increases TrkB and NMDA receptor phosphorylation

Forty-eight hour water deprivation resulted in a marked increase in plasma AVP (Table 1) as
well as significant increases in plasma osmolality and hematocrit (Table 2). These data are
in agreement with the progressive AVP release into the general circulation from the
neurohypophysis during hyperosmolality and hypovolemia related to water deprivation (31,
32). During the rehydration period, animals were given access to water only, not food, for 2
or 4 hours. Rats given 2h access to water drank an average of 28.13 ± 1.06 ml (n=8) and the
rats given 4h access to water drank 38.20 ± 2.26 ml (n=5). This difference was statistically
significant (P= 0.0008). Access to water for 2 h or 4 h caused hypoosmolality and reduced
plasma AVP to control levels without effecting blood volume (Table 3).
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LCM was used to harvest RNA from AVP positive neurones from the SON (Figure 1).
Subsequent qRT-PCR analysis confirmed the expression of both BDNF (2-ΔCT = 0.00625 ±
0.00132) and TrkB (0.0043 ± 0.00115) in AVP SON neurones. BDNF staining was
observed in both vasopressin and non-vasopressin cells in the SON (Figure 2) as previous
reported. In euhydrated controls, pTrkBY515 staining was not evident in cells in the SON
(Figure 3, top middle) and there was no co-localization with AVP (Figure 3, bottom right).
After water deprivation, pTrkBY515 staining was observed in cell bodies (Figure 3, bottom
middle) and co-localized with AVP in the SON (Figure 3, bottom right).

Brain punches containing the SON were subjected to Western Blot analysis to evaluate the
effects of dehydration and rehydration for 2 or 4 hours on TrkB and NMDA receptor
subunits NR1 and NR2B. Water deprivation and rehydration were not associated with
significant changes in the content of TrkB in the SON (Figure 4A) However, water
deprivation increased TrkB phosphorylation (Figure 4A). Access to water for either 2 h or 4
h reduced pTrkBY515 to control levels (Figure 4A). These results indicate that water
deprivation significantly increased the phosphorylation status but not the abundance of TrkB
in the SON and that this effect was reversed by water intake.

Similar results were observed for NR1 and NR2B. Water deprivation did not affect NR2B
expression (Figure 4B) but was associated with a significant increase in tyrosine
phosphorylation of NR2B (pNR2B, Figure 4B) in the SON. Also, 4 h rehydration but not 2 h
rehydration decreased pNR2B (Figure 4B) to control levels. While water deprivation and
subsequent rehydration did not influence the expression of NR1 (Figure 5), it did increase
serine phosphorylation of NR1 (pNR1S866, Figure 5). This effect was still observed after 2 h
of rehydration but was reversed after 4 h of water intake (Figure 5). These data suggest that
water deprivation significantly changes the phosphorylation status of TrkB, NR1 and NR2B
in the SON and that these effects are reversed by rehydration. The time course of the effects
of rehydration suggests that TrkB activation (as indicated by its phosphorylation) may
contribute to the phosphorylation of NR1 and NR2B.

Effects of local infusion of TrkB-Fc
Phosphorylation of TrkB receptor can be achieved by means of BDNF binding or
transactivation (5, 47). To test whether increased phosphorylation of TrkB associated with
water deprivation is mediated by BDNF, a group of animals were instrumented with right
SON cannula coupled to mini-osmotic pumps (Alzet model 2004) prefilled with vehicle
(0.9% saline) or TrkB-Fc fusion protein (200ng/ul). TrkB-Fc is a fusion protein that consists
of an extracellular domain of the TrkB receptor and and Fc domain of IgG. TrkB-Fc binds to
BDNF with high affinity and prevents BDNF binding to its receptor. Brain punches that
contained the right (cannulated) and left (uncannulated) SON were collected separately from
controls and 48hWD rats. In the left SON contralateral to the cannula, TrkB phosphorylation
was increased following 48hWD (Figure 6A). The right SON receiving TrkB-Fc showed
that the TrkB receptor phosphorylation following 48hWD was significantly attenuated
(Figure 6B). These results indicate that TrkB phosphorylation in the SON associated with
water deprivation is likely BDNF-mediated.

Similar experiments were conducted to determine if treating the SON with TrkB-Fc would
also affect NR1 and NR2B phosphorylation associated with water deprivation. Analysis of
the right SON receiving TrkB-Fc showed that the pNR1 receptor phosphorylation following
48hWD was not affected (Figure 6C), while pNR2B was significantly attenuated (Figure
6D). These results suggest that dehydration-induced NR2B phosphorylation in the SON may
be BDNF-TrkB mediated.
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Possible role of Fyn kinase in BDNF-TrkB regulation of NR2B
Since treating the SON with TrkB-Fc blocked phosphorylation of both TrkB and NR2B, we
conducted additional experiments to determine the possible pathway mediating NR2B
phosphorylation by TrkB downstream signaling. Therefore, we tested the hypothesis that
TrkB receptor-Fyn kinase physical interaction may be affected following dehydration in the
SON. Following immunopreciptation of TrkB, membranes were probed with anti-Fyn
kinase antibody, stripped and reprobed for NR2B. Immunoblot analysis indicated a physical
interaction between Fyn kinase and NR2B and TrkB in the SON of water deprived rats
(Figure 7). To check the total amount of TrkB in the assay, 10% of the original lysate were
run in parallel for normalization. These results are consistent with the data presented in 1A
indicating that TrkB content in the SON is not affected by 48hWD. In a control experiment
(data not shown), we obtained similar results for Fyn using 10% total lysate. These data
suggest that increased NR2B tyrosine phosphorylation in the SON following dehydration
may be due to TrkB-dependent Fyn activation.

DISCUSSION
In order to better understand the possible role of BDNF in the function of SON
neurosecretory cells, we examined the effects of 48 h water deprivation on the
phosphorylation state of the BDNF receptor TrkB. Our results indicate that water
deprivation is associated with a significant increase in TrkB phosphorylation in the SON
without changes in TrkB expression. This effect was reversed following 2 h of rehydration
with water and blocked by local infusion of TrkB-Fc into the SON. Thus, the present study
provides the first evidence that activation of TrkB receptor in the SON following 48 h water
deprivation is, at least in part, dependent on BDNF.

Results from our immunohistochemistry and LCM experiments indicate the BDNF and
TrkB are expressed in vasopressin MNCs and that water deprivation is associated with
increased staining for pTrkBY515 in vasopressin neurones in the SON. This is consistent
with the hypothesis that water deprivation can lead to increased BDNF-TrkB signaling in
vasopressin MNCs but our results also indicate that this interaction could occur in oxytocin
MNCs as well.

Since the BDNF-TrkB system has been shown to play a significant role in the function of
NMDA receptors in other neural systems, we tested the role of water deprivation and local
TrkB-Fc infusion on the phosphorylation status of NR1 and NR2B which have previously
been shown to be expressed in the SON (27, 48-50). Water deprivation was associated with
a significant increase in the serine phosphorylation of NR1 and tyrosine phosphorylation of
NR2B without affecting the expression of either subunit. These effects were both reversed
by 4 h of rehydration of water. Based on the time course of the rehydration effects on TrkB
and NR1/NR2B phosphorylation, we speculated that TrkB activation could be related to the
effects of water deprivation on both NR1 and NR2B. However, local TrkB-Fc infusion
significantly attenuated only dehydration-induced NR2B phosphorylation. Experiments on
cortical and hippocampal homogenates have shown that BDNF exposure increases the
amount of Fyn kinase that co-precipitates with TrkB (51). We observed a similar change in
the SON following water deprivation. The results of co-immunoprecipitation experiments
suggest that TrkB phosphorylation results in phosphorylation of NR2B via Fyn kinase.
Although recent evidence supports this pathway (reviewed in (52)), Fyn may also be
involved in trafficking TrkB to lipid rafts (51). Therefore, additional experiments will be
required to determine the relationship between Fyn kinase and TrkB in the SON. Together
these findings support a role for BDNF-TrkB in the phosphorylation of NR2B associated
with water deprivation.
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BDNF-TrkB signaling in the SON
Phosphorylation of TrkB can result from the binding of either BDNF or neurotrophin 4
(NT-4) or through transactivation (5, 47). In the current study the BDNF scavenger, TrkB-
Fc, was infused into the SON to determine TrkB phosphorylation was due to transactivation.
Local administration of the TrkB-Fc significantly decreased phosphorylation of TrkB
without affecting the contralateral SON. These results suggest a role for BDNF in the
phosphorylation of the TrkB in the SON associated with dehydration. The source of BDNF
and the possible role of NT4 in the activation of TrkB in the SON remain to be determined.

TrkB-Fc infusion into the SON also attenuate the phosphorylation of NR2B following water
deprivation. This suggests that TrkB phosphorylation is necessary for NR2B
phosphorylation in the SON related to dehydration. Following activation by BDNF, TrkB
dimerizes and activates its internal kinase domain, which then autophosphorylates several
specific tyrosine residues, such as the phospholipase C -gamma (PLCγ) site (Y816), the shc
site (Y515), and activates Fyn kinases (52, 53). Studies in other systems have demonstrated
that Fyn kinase is activated by TrkB (54), it phosphorylates NR2B (55), and contributes to
BDNF-induced increases in synaptic transmission (56, 57). These results suggest a similar
role for Fyn kinase in the SON although additional studies will be needed to further address
this hypothesis.

NMDA receptor internalization is mediated by the tyrosine-based internalization motifs in
the C-terminus of NR2 subunits, and NR2B shows stronger internalization and sorting to
recycling endosomes. Phosphorylation of this internalization motif in NR2B by Fyn
suppresses internalization of NMDA receptors (55). This suggests that phosphorylation of
NR2B related to water deprivation could also affect the trafficking of NMDA receptors.
Earlier work demonstrated that water deprivation is associated with increased NMDA
receptor binding in the SON (58). Additional studies are needed to determine whether or not
BDNF-TrkB activation influences NMDA receptor trafficking.

Gene expression studies have shown that NR1 is the most abundant NMDA receptor subunit
in the adult SON followed by NR2B, NR2C and NR2D (59), and, it has been reported that
in rat SON and PVN NR2B subunit expression is exclusive to MNCs (49). Results from
studies using chronic osmotic stimulation show NR1 up-regulation and NR2B down-
regulation in homogenates obtained from SON and PVN (27, 60), suggesting that NR2B and
NR1-containing NMDA receptors are involved in the osmoregulatory functions of MNCs.
No changes in the abundance of NR1 and NR2B were found in the present study or in
another recent study that examined changes in NMDA receptor subunits after three days of
salt loading (61). These differences could be related to the longer duration of the osmotic
stimulation used in the earlier work (7-10 days), the additional physiological changes
associated with water deprivation or the antibodies used in the separate studies.

Osmotic stimulation is associated with increases in extracellular glutamate and GABA in the
SON (62). Importance of synaptic glutamate receptors in hormone release from the SON
was shown by Sladek and colleagues (63) who demonstrated that generalized glutamate
receptor blockade with kynurenic acid inhibits vasopressin release during hyperosmotic
stimulation. Similarly, Dyball et al. (64) demonstrated that i.c.v. injections of kynurenate
decreased the activity of SON neurones subjected to osmotic stimulation. In the SON,
NMDA receptors have been shown to affect spike clustering (65) and mediate slow EPSP in
putative vasopressin MNCs in response to stimulation of the OVLT (66). Panatier et al. (67)
demonstrated that stimulation of the OVLT produces a form of LTP in MNCs that requires
NMDA receptor activation. Recent reviews have described several mechanisms that
contribute to neuroplasticity of MNCs during physiological challenges such as dehydration
and blood loss (68, 69). Phosphorylation of NR2B has been shown to increase time that the
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NMDA receptor spends in its active conformation (70). BDNF-TrkB signaling could alter
the activity of MNCs in the SON during water deprivation by increasing the postsynaptic
effects of NMDA receptors activation and decreasing GABAA receptor function (7, 14)
contributing to plasticity during physiological challenges along with dendritically released
peptides and glia associated mechanisms (68, 69). Finally, understanding how osmotically
activated TrkB signaling pathways modulate and/or mediate plasticity within the SON and
especially for vasopressin neurones may provide new avenues for pharmacological
interventions in disease states such as heart or liver failure that are associated with
hyponatremia due to inappropriate vasopressin release.
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Figure 1.
Top row: Digital images of vasopressin neurones in the SON identified by quick
immunostaining (A), dissected by laser capture (B), and captured for later qRT-PCR
analysis (C). Bottom row: Relative fluorescence (RFU) amplification curves for BDNF,
TrkB, and GAPDH.
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Figure 2.
Pseudocolored digital images depicting immunofluorescence for vasopressin (A, top),
BDNF (B, middle), and merged to illustrate vasopressin and BDNF co-localization (C,
bottom). Scale bar is 10 μm.
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Figure 3.
Digital images demonstrating vasopressin staining (AVP, left column, psuedocollored
green), pTrkBY515 staining (pTrkB, middle column, psuedocolored red), and merged images
to illustrate co-localization (Merge, right column) in the SON from a control (CT, top row)
and after 48 h water deprivation (WD, bottom row). Scale bar is 20 μm.
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Figure 4.
Tyrosine phosphorylation of TrkB (pTrkBY515) and NR2B (pNR2BY1472) in the SON
following water deprivation and rehydration with water. (A) Digital images of representative
Western blot analysis for TrkB, pTrkBY515, and GAPDH from brain punches containing the
SON from euhydrated control (control), water deprived rats (48hWD) rats, and rats given
access to 2h (2hR) or 4h (4hR) water after water deprivation. Graphs represent densitometric
analysis of TrkB and pTrkBY515 normalized to GAPDH. (B) Digital images of
representative Western blots for NR2B, pNR2B and GAPDH from SON samples and graphs
of the densitometry for NR2B and pNR2B normalized with GAPDH. *** Statistically
significant, P<0.001. Parenthesis indicates number of animals.
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Figure 5.
Serine phosphorylation of NR1 (pNR1S866) in the SON from control, water deprivation
(48hWD) and rehydration with water for 2 (2R) and 4 (4R) hours. * Statistically significant,
P<0.05.
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Figure 6.
Effects of chronic, unilateral SON infusion of vehicle (vh) or TrkB-Fc (Fc) on TrkB (A &
B), NR1 (C) and NR2B (D) phosphorylation in the SON of euhydrated, controls (controls)
water deprived rats (48hWD). Digital images of representative Western blot analysis for
pTrkB and GAPDH from the left SON contralateral to the vehicle or TrkB-Fc infusions are
in A, while data from the cannulated right SON receiving vehicle or TrkB-Fc are in B. NR1
(C) and NR2B (D) are from the SON ipsilateral to the vehicle or TrkB-Fc infusions. ***
Statistically significant, P<0.001, * statistically significant, P<0.05.
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Figure 7.
Co-immunoprecipitation of TrkB and NR2B and Fyn kinase in the SON following 48hWD.
(A) Digital images of representative western blot analysis for Fyn kinase, NR2B and TrkB
from brain punches containing the SON subjected to co-IP. (B) Graph represents
densitometry analysis of physical interaction between Fyn and TrkB in SON subjected to co-
IP. Bands of interest were quantified by densitometry using the Scion program. (C) Graph
represents densitometric analysis of physical interaction between NR2B and TrkB in SON
subjected to co-IP. Bands of interest were quantified by densitometry using the Scion
program. *** Statistically significant, P<0.001, * statistically significant, P<0.05.
Parenthesis indicates number of samples (each sample represents a pool from two animals of
the same treatment group).
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Table 1

Forward and reverse primers for qRT-PCR.

TrkB forward primer: 5′-AGCCTTCTCCAGGCATCGT-3′

TrkB reverse primer: 5′-CGGGTCAACGCTGTTAGGTT-3′

BDNF forward primer: 5′-ATGACCATCCTTTTCCTTACTATGGT-3′

BDNF reverse primer: 5′-TCTTCCCCTTTTAATGGTCAGTGTAC-3′

GAPDH forward primer: 5′- ACAGCCGCATCTTCTTGTGC -3′

GAPDH reverse primer: 5′- GCCTCACCCCATTTGATG TT -3

J Neuroendocrinol. Author manuscript; available in PMC 2012 October 1.



N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

Carreño et al. Page 22

Table 2

Plasma measurements and body weight among groups.

Group Body weight
(g)

Osmolality
(mmol/kg)

Hematocrit
(%)

AVP
(pg/ml)

control 364 ± 7.9 (10) 290 ± 1.2 (10) 43 ± 0.6 (10) 3.6 ± 1.8 (7)

48hWD 304 ± 6.5a (11) 301 ± 0.6a (11) 49 ± 0.4a (11) 58 ± 15 a (8)

2h Rehydrated 319 ± 13a (9) 283 ± 1.5a,b (9) 47 ± 0.6b (9) 13 ± 7.3b (6)

4h Rehydrated 322 ± 13a (8) 287 ± 1.3a,b(8) 47 ± 0.58b (8) 18 ± 10.6b (4)

Data are mean ± SEM.

a
significantly different from control

b
significantly different from 48hWD.
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Table 3

Plasma measurements and body weight in groups that were instrumented with right SON cannula.

Group Body weight
(g)

Osmolality
(mmol/kg)

Hematocrit
(%)

Control_vehicle 341 ± 9.7 (7) 293 ± 3.2 (7) 44 ± 1.0 (7)

Control_TrkB-Fc 332 ± 3.8 (7) 291 ± 1.2 (7) 43 ± 1.4 (7)

48hWD_vehicle 307 ± 8.6a (7) 307 ± 1.2a (7) 48 ± 0.5a (5)

48hWD_TrkB-Fc 306 ± 3..8b (7) 310 ± 3.2b (7) 47 ± 0.8b (5)

Data are mean ± SEM.

a
significantly different from control_vehicle

b
significantly different from control_TrkB-Fc.
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