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Abstract
Tachykinin NK3 receptor (NK3R) is a g-protein coupled receptor that is heavily expressed by
magnocellular neurons of the paraventricular nucleus of the hypothalamus (PVN). Osmotic challenge
is reported to activate NK3R expressed by magnocellular neurons and cause the NK3R to be
internalized to the cytoplasm and perhaps the cell nucleus. In this study we show using immuno-
electron microscopy that isolated nuclei from neurons in the PVN of osmotic challenged animals
show a robust labeling for the NK3R. NK3R immunoreactivity was detected by Western blot in
isolated nuclei of PVN neurons following the 2 M NaCl injection. No nuclear NK3R
immunoreactivity was detected in control animals. NK3R antibody specificity was confirmed by
small interfering (SI) RNA technology. This study establishes that the NK3R is trafficked to the
nucleus of PVN neurons following a peripheral osmotic challenge.
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Magnocellular neurons of the hypothalamus synthesize and secrete two key hormones:
vasopressin (VP) and oxytocin (OT). The release of these hormones is influenced by a number
of transmitters and magnocellular neurons express a number of receptors. Noteworthy is the
tachykinin, NK3 receptor (NK3R) which is heavily expressed by magnocellular neurons of the
supraoptic (SON) and paraventricular nucleus (PVN) of the hypothalamus (Ding et al.,
1999). NK3R expressed by magnocellular neurons appears to have a functional role in the
release of vasopressin and oxytocin. Stimulation of NK3R results in an increase in Ca++

conductance (Buell et al., 1992), induction of c-Fos expression in magnocellular neurons, and
causes the systemic release of both hormones (Ding et al., 1999; Smith and Flynn, 2000; Bealer
and Flynn, 2003). Furthermore, the release of the endogenous ligand, presumably neurokinin
B (NKB), and binding to the NK3R results in the internalization of the peptide-receptor
complex (Chawala et al., 1997; Colin et al., 2002; Lessard et al., 2004; Johnson et al., 2004)
that can be tracked immunohistochemically. NK3R expressed by magnocellular neurons are
membrane bound in control (isotonic saline treated) animals. After hyperosmotic or
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hypotensive challenges, NKB is released locally because NK3R are internalized within
organelles in the soma and dendrites of VP magnocellular neurons (Howe et al., 2004; Haley
and Flynn, 2006). Interestingly, immunohistochemical results suggested that subsequent to the
cytoplasmic sequestration of the NK3R, NK3R immunoreactivity was detected in the nuclei
of magnocellular VP neurons in animals (Haley and Flynn, 2006); (Howe et al., 2004).

The conclusion that NK3R is trafficked to the cell nucleus is tempered by issues related to the
specificity of the antibody and the optical limits of confocal laser scanning microscopes. There
are established, alternative methods to quantify the nuclear accumulation of the receptor
(Pickard et al., 2007) and establish the specificity of the antibody. First, isolation of subcellular
fractions, particularly the nuclei of PVN neurons after the osmotic challenge, provides a precise
way to confirm that the NK3R is transported to the nucleus following an osmotic challenge.
Isolating the nuclei from these neurons assures that the NK3R that is detected is only from the
nucleoplasm and not from internalized cytoplasmic receptors. Second, immuno-transmission
electron microscopy provides the resolution necessary to determine if the NK3R enters the
nucleoplasm or if the receptor is only associating with the nuclear membrane. Third, small
interfering RNA (siRNA) technology is a means to validate or establish the specificity of the
antibody. siRNA provides for the suppression of specific proteins based on the unique mRNA
sequence. Although off target effects have been reported (Jackson et al., 2006), these effects
can be controlled for by measuring the expression of housekeeping genes, like actin, and the
use of control mismatched siRNA sequences. The following experiment details specificity of
the NK3R antibody and the accumulation of NK3R protein in nuclei of PVN neurons following
osmotic challenge in-vivo using immuno-electron microscopy and Western blot.

Experimental Procedures
Subjects and procedure

All animal experiments were carried out in accordance with the National Institute of Health
guidelines for the care and use of laboratory animals and were approved by the University of
Wyoming Animal Care and Use Committee. Male Charles River rats (300 g) were housed in
individual hanging stainless steel cages and kept on a 12 hour light/dark cycle (N=67; n=45
for siRNA, n=12 for Nuclear Western blot, n=10 for TEM). Animals were given access to
water and rat chow ad libitum. Animals were adapted to the intragastric tubing procedure on
several days. On the test day, animals were removed from their cages and an infant feeding
tube guided into their stomach. Animals were administered intragastric loads (IG) of either 2
M NaCl (6 ml) or a sham load delivered in about 1 minute. The feeding tube was then withdrawn
and the animals returned to their home cages. At 40 minutes (n = 8) or 2 hours (n = 4) following
the IG loading the animals were administered a lethal dose of pentobarbital sodium,
decapitated, and the brains excised without PBS perfusion in under 3 minutes per brain. The
brain was then rinsed with ice cold PBS and using a surgical microscope the brain was sectioned
at the bifurcation of the optic tract and again 2 mm posterior to the first cut. The PVN was
dissected free of the surrounding tissue providing a tissue block that contained both the
parvocellular and magnocellular divisions of the PVN. In addition, the tissue contained portions
of the anterior and medial preoptic nucleus; areas that are either devoid of the NK3R or only
weakly label for NK3R (Ding et al., 1996). The tissue block contained Within the sample,
NK3R are largely confined to magnocellular neurons, with limited expression of NK3R in the
parvocellular PVN (Ding et al., 1996; Ding et al., 1999). The PVN tissue block was then
homogenized using a Dounce homogenizer with 15–20 strokes of both the loose and tight
pestles in 0.75 ml of homogenization buffer (0.32 M sucrose, 3 mM CaCl2, 2 mM MgCl2, 0.1
mM EDTA, 0.1% Triton X-100, 1 mM DTT, 10 mM Tris-HCl, pH 8.0) with Halt protease
inhibitor (Pierce). The homogenate was transferred to a chilled microfuge tube and centrifuged
at 1,000 × g for 15 minutes at 4° C. The supernatant was discarded and the pellet was
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resuspended in 1 ml of homogenization buffer and centrifuged a second time at 1,000 × g for
15 minutes at 4° C. The supernatant was again discarded and the pellet was resuspended in
0.75 ml of homogenization buffer. Next, 0.75 ml of sucrose buffer was added (1.8 M sucrose,
5 mM MgCl2, 0.1 mM EDTA, 1 mM DTT, 10 mM Tris-HCl, pH 8.0) and vortexed 15 seconds.
The resulting mixture was overlaid on 1.0 ml of sucrose buffer in a pre chilled clean centrifuge
tube. The nuclei were pelleted through the sucrose buffer cushion at 30,000 × g for 1 hour at
4° C in a swinging bucket rotor. The supernatant was carefully removed to avoid contamination
of the nuclear pellet, and then discarded. The isolated nuclei were either fixed for transmission
electron microscopy or lysed with 40 µl of 8 M urea and 40 µl of SDS sample buffer (3% SDS,
10 mM Tris, 1 mM EDTA, and 2% non-reducing lane marker sample buffer [Pierce Rockford,
IL]).

Transmission Electron Microscopy
In the experiment NK3R immunogold labeling was quantified in isolated nuclei from the PVN
tissue. Nuclei, rather than whole tissue, were used for several reasons. First, a number of studies
have characterized the cytoplasmic transport of NK3R (Colin et al., 2002; Schmidlin et al.,
2003; Howe et al., 2004; Haley and Flynn, 2006). Second, the scientific focus of the experiment
was to provide detailed, new information on the nuclear transport of NK3R. Third, the nuclear
fraction provided a greater number of nuclei per grid that can be quantified. This enables a
greater sampling of nuclei from each PVN tissue block. Finally, the purity of the nuclear
fractions (not contaminated by other cytoplasmic organelles) is essential for the interpretation
of Western data. As shown below, the nuclear fractions contained nuclei and were free of other
structural artifacts.

The isolated nuclei were re-suspended by drop-wise addition of PBS. The nuclei were then
pelleted by centrifugation and the PBS was decanted. The nuclei were then fixed using 4%
para-formaldehyde and 0.25% glutaraldehyde mixed in PBS for one hour at room temperature.
The nuclear fractions were then washed and went to two different procedures. Nuclear fractions
from non-challenged animals (n = 2) were used for nuclear ultrastructure and were additionally
fixed in 2% osmium tetroxide for 30 min. The use of osmium tetroxide preserves the lipids in
the membrane but destroys the antigenicity of the sample. Nuclear fractions used for the
immunogold labeling (n = 8) of NK3R were fixed with 4% para-formaldehyde and 0.25%
glutaraldehyde only. The lack of osmium tetroxide allows the samples to retain the antigenicity
but the preservation of the membranes is not as complete. Following fixation, the nuclei were
washed in dH2O and were then dehydrated by using a graded ethanol wash (50% x1, 70% x1,
85% x1, 95% x1, 100% x3), 5 min. each. The nuclei were embedded in LR White resin (London
Resin Company, Berkshire, UK) and allowed to polymerize at 60° C for 24 hours. The resin
blocks containing the nuclei were prepared and 50 nm sections were cut using the ultra
microtome. The 50 nm sections containing nuclei were placed onto formvar coated nickel mesh
grids (Electron Microscopy Sciences, Hatfield, PA) for support. Tissue sections were processed
for the presence of the NK3R in the nucleus by immunogold staining. Grids containing the
sectioned nuclei were first treated with 0.1 M glycine in PBS to inactivate residual aldehydes.
The grids were then washed in PBS containing 0.1% Triton X-100 for 5 minutes. Grids then
were floated on blocking solution consisting of PBS with 0.2% Tween-20, 0.2% BSA-C and
5% normal goat serum for 40 minutes. Following the blocking step the grids were floated on
incubation buffer (PBS pH 7.4, 0.2% Tween-20, 0.2% BSA-C) containing the K7 (1:25)
antibody for 2 hours. The grids were washed twice in pure incubation buffer for 5 minutes and
then in placed in blocking solution for another 20 minutes. Next, the grids were floated on
incubation buffer containing the goat anti rabbit secondary 12 nm gold conjugated goat anti
rabbit secondary antibody (1:30, Jackson ImmunoResearch Laboratories, West Grove, PA) for
2 hours. The grids were washed with pure incubation buffer for 5 minutes and twice more in
PBS for 5 minutes each. The grids were fixed for one hour with 8% glutaraldehyde and then
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washed 3 times in double distilled H2O for 5 minutes each. Each grid was then stained for 30
minutes in 2% uranyl acetate, washed, and then stained again for 15 seconds in lead citrate.
The grids were washed, allowed to dry, and then viewed on a Hitachi H-7000 Electron
Microscope (Pleasanton, CA). To assure an accurate sampling of the isolated nuclei, 5 nuclei
per grid, and 5 grids per animal, for a total of 25 nuclei per animal and 4 animals per group
where imaged. Electron micrographs were taken with a Gatan high resolution 4 k × 4 k digital
camera and Gatan DigitalMicrograph software (Pleasanton, CA). The nuclear micrographs
were stitched together with Adobe Photoshop version Cs2 (San Jose, CA) to provide a high
resolution image of the entire nucleus. Nuclear gold beads were counted two ways. ImageJ
(NIH) was calibrated to detect the 12 nm gold beads and used to quantify number of beads
present in a nucleus. Lab technicians blind to the experimental manipulation also counted the
numbers of gold beads present in the isolated nuclei. The number of gold beads counted within
a nucleus never varied by more than ±3 gold beads between methods. ImageJ software (NIH)
was also used to determine the surface area of the nuclei. Quantification of the nuclear
immunoreactivity of the NK3R was determined by dividing the number of gold beads by the
area of the nucleus (Beads/µm2). Background immunogold labeling was determined by
counting the number of gold beads in areas of nuclei-free resin that was comparable in size to
the nuclei (n = 95 for hypertonic saline animals, n = 53 for control) and then dividing that
number of beads by the area of nuclei free resin (Beads/µm2).

siRNA
siRNA was used to confirm that the NK3R antibody was recognizing NK3R protein. siRNA
provides high specificity of target suppression; suppression of protein translation is highly
selective for the target protein with minimal nonspecific suppression of other proteins (Hamada
et al., 2002; Schwarz et al., 2006). The siRNA construct was designed by MolelculA research
Laboratories (Columbia MD). The sequence was also a top scoring sequence generated by the
Sfold siRNA design software (Ding and Lawrence, 2005) and had no homology to any other
eukaryotic RNA sequence (siRNA sequence 5′- C-GAU-CUA-CCA-ACA-GUU-A:AA-
TTX-3′; 5’–UUU-AAC-UGU-UGG-UAG-AUC-GTT-3’). The siRNA sequence targets
amino acids 310–316, located on the third extracellular loop of the receptor. A mismatched
siRNA sequence was developed that contained the same GC% as the experimental siRNA
construct but was not homologous to any known eukaryotic RNA sequence (Mismatched
siRNA 5′-CUA-CUA-CUA-CUA-CAG-AGA-ATTX-3′; 5’-UUC-UCU-GUA-GUA-GUA-
GUA-GTT-3’).

To transfect the PVN with the siRNA, male, Charles River rats (250–350 g, N=45; n = 6 siRNA
and n=3 mismatched siRNA animals per time point) were anesthetized with ketamine (0.7 ml/
kg) and placed in a stereotaxic instrument. The skull was exposed and a hole was drilled in to
the skull 1.6 mm posterior to Bregma and 0.2 mm lateral to the midline. A glass micropipette
was lowered 8.5 mm ventral to the skull to access the right PVN region. These coordinates
were established by pilot studies and previous experiments, and these coordinates yield
consistent injection results. The pipette was left in place for 15 minutes. Following the 15
minutes 250 nl (3.45 µg) of the siRNA construct or the mismatched control siRNA in sterile
RNase free water was injected over 2 minutes. The pipette was left alone for 10 minutes and
then removed. The wound was sutured and the animals were allowed to recover from the
surgery. Animals were sacrificed at different time points to determine the time course for the
knockdown and recovery of the NK3R. At the assigned time animas were given a lethal dose
of pentobarbital sodium and decapitated. The brains were removed and rinsed in ice cold PBS.
The PVN area was blocked using the procedure previously described. The tissue was then
divided by cutting down the third ventricle to separate the noninjected PVN from the transfected
PVN. The PVN rich tissue block was homogenized in RIPA buffer (Pierce, Rockford, IL) and
the protein concentration was determined by photo-absorbance. Western blot analysis was used
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to determine knockdown of the NK3R. Each animal yielded ample protein for western blot
analysis of both the transfected and noninjected PVN.

Western Blot Assay
Nuclear fractions from the IG loaded animals (n = 4 per group per treatment) and the siRNA
transfected animals were run under the same western blot protocols. Isolated nuclei from
hypertonic saline IG loaded animals were run next to the control isolated nuclei. For the siRNA
experiment samples from the transfected PVN were ran next to samples from the contralateral
noninjected PVN. Samples (40 µg/lane) were loaded on a 4–15% SDS polyacrylamide gel
along with TriChromeRanger Marker (Pierce, Rockford, IL) and electrophoresed at a constant
200 volts. The samples were then transferred to PVDF membrane for 60 minutes at a constant
100 volts. Subsequently, the membrane was washed in TBST (Tris buffered saline, 0.05%
Tween 20) and blocked for 1 hour in blocking buffer (TBST, 5% Blotto [BioRad, Hercules,
CA]). The membrane was then incubated with primary antibody in blocking buffer for 1 hr at
room temperature. Samples probed for the NK3R protein used an antibody (K7) directed
against COOH terminus, amino acids 434–452 (kindly provided by Dr. James Krause;
(Mileusnic et al., 1999)). The K7 antibody was used at a 1:4000 dilution for the immunoblot
staining. The K7 antibody was pre-absorbed to show specificity for the amino acid sequence
of the C-terminus of the NK3R peptide (Figure 1-D). The membrane was then washed 4 × 4
minutes at room temperature in TBST. Next the membrane was incubated with secondary
antibody (Pierce stabilized goat anti-rabbit HRP at 1:5000) for 1 hour and subsequently washed
5 × 4 minutes at RT in TBST. The protein band was visualized using either the SuperSignal
West Femto kit or SuperSignal West Pico kit (Pierce, Rockford, IL) depending on the target
protein. Images were optically scanned (Hewlitt-Packard 5200C with HP PrecisionScan
software v2.02, Palo Alto, CA) and digitized. Antigen signal was quantified by pixel density
using arbitrary pixel units (Un Scan It gel v5.1; Silk Scientific, Orem, UT).

As a control for protein loads in the nuclear isolations each western blot was probed with an
antibody for the nuclear histone H1 (0.4 µg/ml, Santa Cruz). The density of this histone band
was used to normalize the amount of protein present in the different western blots and to
compare control animals to salt challenged animals.

The purity of the nuclear preparation was evaluated (Figure 2) by probing the samples for the
presence of two cytoplasmic proteins: SCAMP-5 (Hubbard et al., 2000) and CaMK1 (Naruse
et al., 1985;Saavedra et al., 1986). Affinity purified antibodies against SCAMP5 and CaMK1
(Affinity Bioreagents, Golden, CO) were diluted to a working concentration of 2 µg/ml. The
secondary antibody (chicken anti-rabbit) was diluted to 1:5000. Any nuclear samples that were
contaminated by cytoplasmic proteins were discarded.

Results
siRNA

siRNA is a effective tool in inhibiting the production of proteins in-vivo. The western blots of
the siRNA injected PVN and the contralateral noninjected PVN were compared to see if the
siRNA was effective in inhibiting the translation of NK3R. NK3R was readily detected by
western blot analysis. The size of the immunoreactive band for the NK3R is larger than the
weight predicted based on the amino acid sequence of the receptor. This larger band can be
explained by the fact that GPCRs are known to form functional dimers that are resistant to
denaturing in SDS PAGE gels (Overton and Blumer, 2000; Thevenin et al., 2005). A reduction
in immunoreactive band density for NK3R was not seen 6 hours following the injection of
siRNA, there was however a virtual elimination of the protein within the PVN 24–48 hours
after the injection of the siRNA construct (Figure 1-A, B) as compared to the contralateral
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noninjected PVN of the same animal. During this time frame, the siRNA effectively inhibited
the expression of NK3R and kept protein levels below the detectable limits of the assay. As
shown (Figure 1-A) no bands were detected by the NK3R antibody. The expression of NK3R
gradually recovered until it reached normal expression levels seven days following the siRNA
injection. Injections of a mismatched siRNA construct failed to show any decrease in the
expression of the NK3R at any of the time points during the experiment (Figure 1-C). At 6
hours following the mismatched siRNA injection there was 103% expression of NK3R as
compared to the contralateral noninjected PVN. There was 109% and 101% expression of
NK3R at 24 and 48 hours following the mismatched siRNA injection respectively. These values
do not represent a significant change in the expression of NK3R due to the mismatched siRNA.
β-actin was used as a control protein to normalize protein loads in the westerns and to better
identify possible nonselective protein inhibition due to the siRNA injections. β-actin also
provided a control to test for possible cytotoxicity effects of the siRNA transfection. There was
no effect of siRNA on actin; throughout the experiment the β-actin levels did not change in
any of the groups. The β-actin data along with the mismatched siRNA data demonstrate that
the knockdown of the NK3R was due to direct effects of the siRNA blocking the production
of NK3R and not due to some nonspecific affect of the siRNA construct. These results show
that the protein detected by the K7 antibody is the same protein that is inhibited by our siRNA
which is the NK3R.

Nuclear accumulation of NK3R
Electron micrographs of isolated nuclei that received the full fixation from the osmium
tetroxide provide detail of the nuclear ultrastructure (Figure 3). Nuclear organelles, including
the nuclear membrane and the nucleolus are identifiable in the micrographs. These micrographs
show that the nucleus is intact and that there are not any perinuclear organelles, (i.e. Golgi or
endoplasmic reticulum) attached to the isolated nuclei. This evidence is important for
interpreting the Western analyses because it shows that any NK3R band is protein that has
been trafficked to the nucleus and not protein associated with perinuclear organelles.

The immunogold-electron micrographs of the isolated nuclei show a robust labeling of NK3R
in the nuclei isolated from osmotic-challenged animals as compared to control animals (Figure
4 and Figure 5). The number of immunogold beads in nuclei and background areas were
compared in control and animals treated with 2 M NaCl using a 2 way (treatment group, area)
ANOVA. In control animals, there was a similar, low number of immunogold beads in nuclei
and background areas, p=0.3. The main effect of group and group × area interaction reflected
that there were significantly more gold beads in nuclei of animals treated with 2 M NaCl than
in control nuclei or in background areas, P’s<0.0001. Quantification (Figure 6) of the
immunogold labeling shows that, labeling of the NK3R increases from 0.7 beads/µm2 (SEM
± 0.14) in control animals and to 12.15 beads/µm2 (SEM ± 3.40) following the osmotic
challenge. The TEM provides the resolution to determine the sub-nuclear distribution of the
NK3R. Immunogold labeling for NK3R was present throughout the nucleus and presented in
clusters. This grouping of the receptor in the nucleus is of interest and might suggest
aggregations with other nuclear proteins. NK3R immunogold labeling was also present within
the nucleolus. This observation requires further study as there was a small number of nucleoli
imaged in the nuclear micrographs. Collectively, the micrographs establish that NK3R has
been transported to, and internalized within the nucleoplasm.

Western blot staining was used to quantify the change in nuclear accumulation of the NK3R
protein following the osmotic challenge. Western blot staining of NK3R protein extracted from
the isolated nuclei of the PVN was undetectable in control samples. However a robust staining
of nuclear NK3R (Figure 7-A) was detected 40 minutes following the acute hyperosmotic
challenge. To normalize the protein loads in both control and experimental samples each
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sample was probed for the presence of the histone H1. The detected levels of NK3R were
normalized against the levels of H1 for every sample. This provides a method for the
quantification of NK3R across the different experimental states. Quantification of the band
intensity from the Western blots demonstrated a 10 fold increase (Figure 7-C) in the labeling
density for NK3R 40 minutes after the administration of the osmotic challenge (p< 0.004).
This nuclear immunoreactivity returned to undetectable levels 2 hours following the IG
hypertonic saline load (Figure 7-B).

To confirm that the NK3R expression was due to the receptor being translocated into the
nucleus and not from cytoplasmic contamination each sample was stained for CaMK1, and
SCAMP5. Nuclear samples were devoid of any CaMK1 and SCAMP5 staining. These controls
show that the accumulation of nuclear NK3R protein was due to the active transport of the
receptor to the nucleus and not from cytoplasmic contamination of the nuclear isolations.

Discussion
Nuclear Transport

The NK3R is distinct in the tachykinin family of G-protein coupled receptors (GPCRs) in that
it is the only one that is reported to contain a nuclear localization sequence (Lee et al., 2004).
Also, immunohistochemical results suggest that NK3R was detected in the nucleus of
magnocellular neurons after activation by osmotic and hypotensive stimuli (Howe et al.,
2004; Haley and Flynn, 2006); no such trafficking has been described for other tachykinin
receptors (Mantyh et al., 1995).

As pointed out earlier, immunohistochemical detection of nuclear NK3R is open to alternative
interpretations. Here we have confirmed these previous results using specific methods to better
characterize and quantify the sub-nuclear localization of the NK3R. One of the issues is the
specificity of the antibody. The K7 antibody used in the quantification of the nuclear NK3R is
specific for the receptor as determined by the siRNA. The K7 antibody and siRNA target two
different regions along the receptor that are both specific to the NK3R. The ability of the siRNA
to inhibit the expression of the same protein targeted by the antibody (Figure 1-A) provides
strong evidence that the antibody is specific for the NK3R, and that the signal we see in western
blots and in the TEM micrographs from the isolated nuclei is, in fact, the NK3R. If the antibody
was detecting some other nuclear protein the siRNA would not have been able to interfere with
the labeling of that secondary protein. The K7 antibody was also pre-absorbed with the peptide.
This is a classical method to demonstrate antibody specificity, but it has its limitations (Swaab
et al., 1977; Burry, 2000).

TEM provides the resolution not afforded by other techniques. The nuclear micrographs
demonstrate that the isolated nuclei are free from other cytoplasmic contaminants that might
result in a false positive signal. Immunogold labeling of the NK3R established that the NK3R
is present within the nucleoplasm and not just associating with the external surface of the
nuclear membrane. The movement of proteins into, and throughout the nucleus is an important
factor in regulating gene expression and RNA splicing (Phair and Misteli, 2000; Sacco-
Bubulya and Spector, 2002). As stated earlier the receptor immunoreactivity tended to cluster
together in the nucleoplasm. The grouped labeling of the NK3R within the nucleus suggests
the association of the receptor with other intranuclear proteins and organelles. The punctate,
grouped pattern of NK3R labeling has a similar appearance to that of the nuclear paraspeckles
(Fox et al., 2002). These paraspeckle proteins have been identified within various regions of
the nucleus, including the nucleolus of cells (Fox et al., 2002). This adds to the idea of a possible
interaction of NK3R with paraspeckle proteins because the NK3R was also detected within
the nucleolus of these neurons. Interestingly, several studies show that osmotic challenge
dramatically affects the morphology of the nucleolus (Armstrong et al., 1977) and that this
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change is related to ribosome biogenesis to support the synthesis of new hormone peptides
(Berciano et al., 2002). The association of the NK3R with these nuclear organelles strengthens
the hypothesis that the receptor is playing an active role in gene expression within the nucleus
of neurons after it has been activated and internalized.

Western data show a large change in the accumulation of NK3R within the isolated nuclei
following the osmotic challenge. This is consistent with previous confocal microscopy data
that showed no nuclear NK3R under basal conditions and significant nuclear labeling under
the challenged conditions (Howe et al., 2004; Haley and Flynn, 2006) and also with the present
immunogold electron microscopy data. The westerns also demonstrate that this accumulation
of NK3R immunoreactivity within the nuclei is time dependent as the immunoreactivity for
NK3R returns to control levels 2 hours following the hypertonic saline load. This is consistent
with other reports on the nuclear export of receptors (Savory et al., 1999). The lack of labeling
for SCAMP5 and CaMK1 confirm that the nuclei isolated are free from any cytoplasmic
contamination and that the detected NK3R is from within the nuclei. The data presented show
that the NK3R is a dynamic receptor that upon activation by an osmotic stimulus in-vivo, is
transported to the nucleus of magnocellular neurons in the PVN. To our knowledge this is the
only study using techniques that provide the resolution to quantify the accumulation of the
NK3R in the nucleoplasm in an in-vivo model following an osmotic challenge. The significance
of this translocation to the nucleus is still being investigated, but it opens many avenues for
how these magnocellular neurons respond to receptor activation and as to what role the receptor
plays in the intracellular signaling cascade that it activates.

As stated above the NK3R has a putative NLS (amino acids 348–351) on the cytoplasmic tail
of the receptor (Lee et al., 2004). Through this NLS the NK3R can associate with importins
and then be actively transported from the cytoplasm into the nucleus through the nuclear pore
complex. This is a known mechanism for energy dependent transport into the nucleus
(Moroianu, 1999; Johnson et al., 2004). It is suggested that the association of the receptor with
the importins is the rate limiting step in the nuclear transport process (Jans et al., 2000) and
that there needs to be a sufficient concentration of the receptor available inside the cell to bind
with the importins. It is also suggested that the types of importins present in the cell and their
affinity for the NLS present on the target molecule can greatly affect the rate of transport into
the nucleus (Nigg, 1997; Jans et al., 2000). Earlier reports have shown high levels of membrane
bound NK3R with corresponding low levels of internalized NK3R in the cytoplasm before
receptor activation (Haley and Flynn, 2006). It is only after activation that the receptor is
internalized and we see the nuclear presence of the receptor. This nuclear transport may be due
to the increased availability of the receptor within the cell. As the receptor is internalized in
greater numbers it is then more likely to associate with the importins and be taken into the
nucleus. Also, the activation and internalization of the receptor may be a necessary step in
unmasking the NLS so that it can associate with importins and be taken into the nucleus
(Henkel et al., 1992; Nigg, 1997; Briggs et al., 1998; Jans et al., 2000). Taken together these
data suggest that the receptor that is present in the nucleus after activation is coming from the
membrane and not from an intracellular pool of NK3R.

The nuclear targeting of the NK3R may alter the gene expression of these magnocellular
neurons and thereby change the manner in which these neurons respond to osmotic stimuli.
Hyperosmotic stimuli alters levels of mRNA, and protein in the magnocellular neurons
(Meister et al., 1990). Microarray studies have shown that RNA expression in the SON changes
because of dehydration (Ghorbel et al., 2006). Acute osmotic challenges have been shown to
increase the expression of many immediate early genes like c-fos, junB, NGFI-A, and NGFI-
B in both the PVN and the SON (Kawasaki et al., 2005). It has also been shown that blocking
the activation and trafficking of the NK3R with an antagonist, prevents the up-regulation of c-
Fos in these magnocellular neurons (Haley, unpublished observations). In situ hybridization
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studies of the SON demonstrate that different genes are up-regulated in animals in chronic
hyperosmotic versus hypoosmotic states (Glasgow et al., 2000). While this study was done in
the SON, both the SON and PVN express the NK3R and both are important in the release of
OT and VP. In both nuclei, nuclear translocation of the NK3R has been reported (Howe et al.,
2004; Haley and Flynn, 2006). Here we propose that the nuclear transport of the NK3R after
activation is an important step in the signaling cascade of the receptor and in the regulation of
genes in these magnocellular neurons. The transport of the activated membrane receptor to the
nucleus provides a second level of control to the receptor’s activation and helps to refine the
signal and the response at the level of the nucleus (Jans and Hassan, 1998; Subramaniam et
al., 2001; Johnson et al., 2004) Nuclear transport of membrane receptors has been shown to
play a significant role in cell signaling at the nuclear level (Jans and Hassan, 1998; Bkaily et
al., 2003). Based on this evidence it is reasonable to hypothesize that the NK3R also has an
important role in cell signaling at the nuclear level.

Identifying the role that NK3R has upon entering the nucleus is an important step in
understanding the response of magnocellular neurons after an osmotic challenge. NK3R
signaling is essential for the systemic release of VP and OT in response to hyperosmolarity
and hypotension (Haley and Flynn, 2007) and it is very likely that NK3R plays a role in gene
expression and long term modifications of the cellular response. This seemingly important role
of NK3R in the cell nucleus may have larger significance than osmoregulation within the brain.
The NK3R is not only expressed in the PVN and SON, but is widely expressed throughout the
brain. Furthermore, a number of neurological disorders like epilepsy, long term hyperalgesia
following peripheral inflammation (Ackley et al., 2001), anxiety, and depression (Panocka et
al., 2001; Salome et al., 2006), have all been linked to the dysregulation of NK3R. Studies that
seek to understand the role of NK3R within the nucleus may help in our understanding of the
role that NK3R has in these neurological disorders. These studies will also serve as a model
for the in-vivo study of the nuclear transport and the genomic regulation of other GPCRs, such
as angiotensin (Yang et al., 1997; Bkaily et al., 2003; Morinelli et al., 2007) and bradykinin
(Lee et al., 2004) which have been studied in cell cultures.
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Figure 1.
(A) Western blot for NK3R showing a reduction of the receptor 24 hours following the injection
of the siRNA. Levels of actin were not affected by the transfection with siRNA. (B)
Quantification of western blot labeling for the NK3R following the injection of the siRNA as
compared to the noninjected, contralateral PVN (Control). The siRNA caused a remarkable
decrease in the expression of NK3R in the injected PVN as compared to the contralateral
noninjected PVN in the same animals. The expression of NK3R gradually recovered until it
reached normal expression levels seven days after the injection. Western blots showing the
levels of NK3R at the different time points of the experiment. Note the boxed images is the
same image seen in (A). (n= 6 per group, * P’s < 0.0001, one-way ANOVA) Error bars indicate
SEM. (C) Western blots showing that the immunoreactivity for the NK3R was not affected by
the mismatched siRNA. In the image (m) marks the transfected PVN and (c) marks the
noninjected contralateral PVN for the animal. (D) The immuno-labeling of the NK3R was
blocked by the pre-absorption of the K7 antibody with the antigenic peptide.
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Figure 2.
Western blots showing the purity of the isolated nuclear sample. (A) Detection of the
cytoplasmic protein CaMK1 in the cytoplasm and not within the nuclear sample. (B) Detection
of the cytoplasmic protein SCAMP5 in the cytoplasm but not in the nuclear samples. (C, D)
preabsorption of the CaMK1 and SCAMP5 antibodies.
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Figure 3.
Isolated nuclei that were fixed with osmium tetroxide show an intact nuclear membrane. These
nuclei also demonstrate that there are no organelles attached to the membrane and that the
nuclear sample is free from contamination.
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Figure 4.
(A) An isolated nucleus from that shows immunogold labeling for the NK3R. An electron
micrograph of an isolated nucleus from a salt challenged animal. The high density of
immunogold labeling within the nucleus demonstrate that the receptor is taken into the nucleus
after activation. (C) Shows the clustered labeling of the NK3R within the nucleus. These
clusters are found throughout the nucleus. (B) We detect a small amount of labeling within the
nucleolus. This labeling suggests the association of the NK3R with sub-nuclear organelles.
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Figure 5.
(A) This is an isolated nucleus from a control animal. This nucleus lacks immunogold labeling
of the NK3R showing that the receptor is not in the nucleus before activation. (B, C) There is
virtually no immunogold labeling of the NK3R within the control nuclei with the exception of
one gold bead found by the nuclear membrane in B.
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Figure 6.
Quantification of the immunogold bead labeling of the NK3R per µm2 within isolated nuclei
from the PVN. Osmotic challenged animals showed a great increase in the number of
immunogold beads labeling the NK3R. NS = no significance, # shows significant difference
between control and background immunogold labeling (P’s < 0.0001). Error bars indicate
SEM.
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Figure 7.
Quantification of NK3R labeling from protein extracted from the isolated nuclei of the PVN.
(A) Western blot for NK3R of proteins extracted from isolated nuclei from control and salt
challenged animals. Receptor levels are undetectable in the control animals but are easily seen
in the salt challenged animals. Samples are also devoid of CaMK1 labeling. (B) Western blot
for NK3R from isolated nuclei of an animal sacrificed 2 hours following the hypertonic saline
IG load. This demonstrates that the NK3R is only present in the nucleus for a short time
following the salt challenge. (C) Quantification of labeling for the NK3R from western blots
of control and salt challenged animals at both 40 minutes and 2 hours. (n=4 per group, ** p <
0.004, one-way ANOVA). Error bars indicate SEM.
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