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Abstract
Tonic activation of neurokinin-3 (NK3) receptors in dopamine neurons of the ventral tegmental
area (VTA) has been implicated in the pathophysiology of schizophrenia. This psychiatric disorder
is associated with a dysfunctional activity in VTA projection neurons that can affect cognitive
function at the level of the medial prefrontal cortex (mPFC) as well as motor and motivational
states controlled in part by mesolimbic output to the nucleus accumbens (Acb). To determine the
relevant sites for NK3 receptor activation within this neuronal network, we used confocal and
electron microscopy to examine NK3 receptors (Cy5; immunogold) and retrograde labeling of
fluorogold (FG, FITC; immunoperoxidase) in the VTA of rats receiving either Acb or mPFC
injections of FG. Comparison was made with neurokinin-1 (NK1) receptors, which are also
present, but less abundant then NK3 receptors, in dopaminergic and GABAergic VTA neurons.
There were no observable differences between NK3 and NK1 receptors in their primary locations
in the cytoplasm and on the plasma membrane of VTA somata and dendrites with or without FG.
Dendrites labeled with FG retrogradely transported from mPFC, however, contained more NK3 or
less NK1 immunogold particles (plasmalemmal + cytoplasmic) then those retrogradely labeled
following FG injection in the Acb. Moreover, only the NK3 receptors were detected in neuronal
nuclei in the VTA and in the nuclei of human HEK-293T NK3-transfected cells. The enrichment
of NK3 receptors in mesocortical projection neurons and nuclear distribution of these receptors
may provide insight for understanding the selective antipsychotic effectiveness of NK3
antagonists.
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Endogenous tachykinins released into the ventral tegmental area (VTA) activate both the
neurokinin-1 (NK1) and neurokinin-3 (NK3) receptors, the latter of which is thought to be
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involved in the pathophysiology of schizophrenia (Spooren et al., 2005). This is suggested,
in part, by the clinical efficacy of two non-peptidic NK3 receptor antagonists (osanetant and
talnetant) on the positive symptoms in schizophrenic patients (Meltzer et al., 2004; Spooren
et al., 2005). The underlying mechanism for this antipsychotic effect is largely unknown, but
may reflect blockade of NK3 receptor-dependent activation of dopaminergic transmission in
either 1) the mesocortical pathway from the ventral tegmental area (VTA) to the medial
prefrontal cortex (mPFC), or, 2) the mesolimbic pathway from the VTA to the nucleus
accumbens (Acb) (Oades and Halliday, 1987; Gerfen and Wilson, 1996; Tzschentke, 2001).
Both the mPFC and Acb receive a major input from dopaminergic, and a more minor input
from GABAergic projection neurons in the VTA (Koob and Swerdlow, 1988; Carr and
Sesack, 2000a). A specific involvement of the mesocortical dopaminergic pathway is
suggested by the major role of the mPFC in normal cognitive functions and in the cognitive
abnormalities in schizophrenia (Bannon and Roth, 1983; Koob and Swerdlow, 1988; Abi-
Dargham and Moore, 2003). The mesolimbic dopaminergic pathway to the Acb, however,
potentially modulates corticostriatal transmission affected by the motivated behaviors that
are also impaired in schizophrenia (Wightman and Robinson, 2002; Wise, 2002).

NK3 receptors are present in VTA dopaminergic and non-dopaminergic neurons (Chen et
al., 1998; Lessard et al., 2007). Microinjection of the selective NK3 receptor agonist
senktide in the VTA also increases dopamine release locally and in both the Acb and mPFC
(Overton et al., 1992; Bannon et al., 1995; Marco et al., 1998; Seabrook et al., 1995). The
enhanced dopamine release is consistent with the coupling of NK3 receptors to stimulatory
Gq proteins, and with the abnormal activity of VTA dopaminergic neurons in schizophrenia
(Regoli et al., 1994; Farde, 1997). Presently however, the subcellular location and
comparative distribution of the NK1 or NK3 receptors in either the mPFC or Acb projection
neurons of the VTA is not known.

We have shown previously that dopaminergic and non-dopaminergic somatodendritic
profiles of the rat VTA contained twice as less NK1 immunogold particles, as compared to
NK3 immunogold particle density (Lessard and Pickel, 2005; Lessard et al., 2007). Despite
this sparse distribution, NK1 receptor activation in the VTA is known to evoke significant
cardiovascular and behavioral changes in awake rats (Deschamps and Couture, 2005) that
may be mediated, in part, through altered output of neurons that project to the mPFC or Acb.

In the present study, we sought to compare cellular and subcellular distributions of NK3 and
NK1 receptors in neurons of the VTA that were identified by retrograde transport of
Fluorogold (FG) from either the Acb or mPFC of rat brain. Electron and confocal
microscopy showed pathway-specific differences in abundance of these neurokinin receptors
in mesolimbic and mesocortical projection neurons. Moreover, only the NK3 receptors were
targeted to the nucleus in neurons of the rat VTA or NK3-transfected human HEK-293T
cells. The cellular and subcellular location of NK3 and NK1 receptors within the
subpopulations of VTA neurons is critical for understanding their normal function and the
unique antipsychotic effect of NK3 receptor antagonists.

Material and Methods
Animal source and care

Male Sprague-Dawley rats (280-350 g, n=10; Taconic Farms, Germantown, NY) were
housed two per cage in a colony room under a 12h light/dark cycle. Food and water were
available ad libitum. Experiments were conducted in accordance with the NIH regulations of
animal care and were approved by the Institutional Animal Care and Use Committee of
Weill Medical College of Cornell University. Every effort was made to minimize the
number of animals used and their suffering.
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Surgery and retrograde transport
Animals were anesthetized by intraperitoneal (i.p.) injection of 65 mg/kg sodium
pentobarbital. The head of the anesthetized rat was mounted in a stereotaxic frame with the
incisor bar set at 3.3 mm below the interaural line. The skull was exposed, cleaned, and a
hole was drilled unilaterally above the Acb or mPFC area at coordinates: A.P. 1.7mm (Acb)
or 3.3 mm (mPFC) anterior to Bregma and, L. 1.5 mm (Acb) or 1.0 mm (mPFC) lateral to
midline (Paxinos and Watson, 1986). The retrograde tracer Fluorogold (FG: Fluorochrome,
Englewood, CO) was injected using a glass micropipette filled with 1% FG in 0.1 M sodium
acetate buffer. The tip of the FG filled micropipette ranged from 25-30 μm (Van Bockstaele
and Pickel, 1995). The pipette tip was lowered into the brain at V. 6.5 mm (Acb) or 2.00-4.0
mm (mPFC) below the pial surface. A metallic wire (tip: 10-15 μm) was inserted into the
glass pipette for iontophoretic infusion of FG. Injection of FG in Acb was achieved by
applying a 10-50 μA current pulse for 5 seconds on and off, for a total period of 20 minutes.
The mesocortical pathway is comprised of substantially fewer projection neurons, as
compared to the mesolimbic pathway (Swanson, 1982). Thus, two FG injections were
performed in the mPFC of five rats, in order to increase the number of retrogradely labeled
neurons in the VTA. Similar on and off currents were applied for two consecutive 10
minutes for microinjection of FG in the mPFC at V. 4.00 mm and 2.00 mm from the brain
surface. The micropipette was removed slowly, and the hole in the skull was filled with bone
wax (Ethicon, Somerville, NJ). The incisions were closed with sutures and covered with
Lidocaine ointment (5%; Fougera, Melville, NY). Recovery from anesthesia was closely
monitored while maintaining body temperature. The fully awake rats were housed
individually in polyethylene cages in the animal facility.

Tissue preparation
One week after surgery, the rats were deeply anesthetized by i.p. injection of 150 mg/kg
sodium pentobarbital, and then perfused through the aortic arch with 5-10 ml of heparin-
saline, 50 ml of 3.75% acrolein in 2% paraformaldehyde and 200 ml of 2%
paraformaldehyde in 0.1 M phosphate buffer (PB), pH 7.4. The brains were removed and
post-fixed in 2% paraformaldehyde for 30 minutes. Rostrocaudal brain sections (40 μm)
were prepared using a Vibratome (Leica Microsystems®, Bannockburn, IL) and then placed
in 1% sodium borohydride in PB for 30 minutes to neutralize reactive aldehydes as
described in prior studies using acrolein fixation (Leranth and Pickel, 1889). To minimize
penetration problems inherent to the pre-embedding methodology, sections used for light
and electron microscopy were cryoprotected in 25% sucrose and 3.5% glycerol in PB,
rapidly frozen in Freon followed by liquid nitrogen, and thawed in room temperature PB.
This rapid freeze-thaw method produces minute holes in the tissue allowing greater
penetration of immunoreagents. The sections were then rinsed in 0.1 M Tris-buffered saline
(TS). Prior to incubation in primary antisera, the free-floating sections were placed in 0.5%
bovine serum albumin (BSA) in 0.1 M TBS for 30 min to block non-specific binding of
antisera. Sections processed for confocal fluorescence were incubated in a solution of 0.1%
BSA in TBS including 0.25% of the detergent Triton X-100, without prior freeze-thaw
manipulation.

Antisera
Detection of FG was achieved using a polyclonal antiserum against FG that was
commercially obtained from Protos Biotech Corp (New York, NY). This antiserum
previously showed selective labeling in retrogradely labeled neurons of the rat VTA (Van
Bockstaele et al., 1994a,b;Van Bockstaele and Pickel, 1995; Carr and Sesack, 2000a,b). This
marker provides a sensitivity/specificity suitable for electron microscopy using either
immunoperoxidase or immunogold labeling, as well as ultraviolet epi-fluorescent
illumination (Schmued et al., 1989;Van Bockstaele et al., 1994b;Van Bockstaele and Pickel,
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1995; Carr and Sesack, 2000). Fluorescence evoked by FG is highly correlated with the
presence of FG-labeled lysosomes within the same cell when examine by electron
microscopy (Schmued et al., 1989).

NK1 receptor localization was achieved by using a rabbit polyclonal antiserum (Novus
Biologicals®, Littleton, CO) against a peptide sequence at the carboxy C-terminus of rat
NK1 receptor (residues 393-407: KTMTESSSFYSNMLA). This antiserum was previously
tested for specificity by techniques of transfection and radioimmunoassay (Vigna et al.,
1994). In addition, the antiserum is selectively localized to neurons that express NK1
receptor binding in the dorsal horn of the rat spinal cord and in the myenteric plexus of the
rat ileum, two regions that are known to show high levels of autoradiographic binding sites
for the NK1 receptor (Bartho and Holzer, 1985; Burcher et al., 1986; Mantyh et al., 1989;
Helke et al., 1990). The specificity of the NK1 receptor antiserum was validated for
detecting the rat NK1 receptor by Western blotting, radioimmunoassay and
immunocytochemistry (Liu et al., 1994; Mantyh et al., 1995a; Mantyh et al., 1995b). The
antiserum recognizes a protein band of 80-90 kDa on Western blot in rat tissue, and the
immunostaining is absent in sections incubated with the immunogenic peptide (Liu et al.,
1994). The antiserum was also characterized in human brain tissue by Western blot (Mounir
and Parent, 2002), and showed no immunostaining in the dorsal mesencephalon in NK1
knock-out mice (Lacoste et al., 2006).

A polyclonal antiserum raised against a peptide sequence at the C-terminus of rat NK3
receptor (residues 438-452: SSFISSPYTSVDEYS) was commercially obtained from Novus
Biologicals® (Littleton, CO). This antiserum shows a light microscopic distribution
comparable to NK3 receptor binding in the human prefrontal cortex (Tooney et al., 2000),
and rat spinal cord (Seybold et al., 1997) as well as in myenteric and submucosal neurons of
the rat gastrointestinal tract (Grady et al., 1996). The NK3 immunoreactivity seen in sections
of spinal cord or in NK3 tranfected cells was absent when the antiserum was preadsorbed
with the antigenic peptide (Grady et al., 1996; Seybold et al., 1997; Oyamada et al., 1999).
The antiserum recognizes a protein band of 70-90 kDa in transfected CHO cells (Grady et
al., 1996) or 65-67 kDa in human and rat tissue (Mileusnic et al., 1999), and shows no cross-
reactivity with other neurokinin receptors (Grady et al., 1996).

Thus, the detected immunoreactivities are believed to be representative of FG as well as the
NK1 and NK3 receptors, although unknown homologous proteins might also be recognized.

NK3 receptor location in HEK-293T transfected cell lines
To test the specificity of the NK3 antisera and confirm nuclear localization of the NK3
receptor, HEK-293T cells were transfected with cDNA encoding NK3 receptor sequence.
HEK 293T cells were seeded on day one in 6-wells culture plates (3 × 105 cells / well) and
cultured in DMEM medium supplemented with 10% FBS (2ml / well). On day two, cells
were transfected or not (NT) with 3 μg by well of the pcDNA3.1-based NK3R expression
vector (UMR cDNA Resource center, Rolla, MO) or the control vector pcDNA3.1
(Invitrogen, Carlsbad, CA) using the Exgen 500 tranfection reagent (MBI Fermantas,
Burlington, ON) according to the manufacturer protocol. HEK were cultured at 37°C for an
additional 48 hours, washed with PBS and scraped in 100μl of RIPA buffer + protease
inhibitor cocktail (Roche). Proteins were quantified using the BCA protein assay reagent
(Pierces, Pittsburg, PA). For Western blot analysis, 10 μg of proteins resuspended in 1X
Laemmli buffer were loaded without boiling on a 12% SDS-PAGE and transblotted onto
PVDF membranes. The membranes were blocked 1 hour at room temperature in TBST +
5% dry milk. These were then incubated overnight at 4°C with either a 1) rabbit anti-NK3
receptor polyclonal antiserum (Novus Biological, Littleton, CO) at dilution 1:1000 in TBST
+ 5% dry milk, or 2) a mouse anti-β-actin monoclonal antibody (Sigma) at a dilution of
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1:10,000 in TBST + 5% dry milk. Subsequently the membranes were incubated with HRP-
conjugated secondary antibodies (1:15,000 in TBST + 5% dry milk, Amersham), and the
proteins were visualized using the Western lightning chemiluminescence plus reagent
(Perkin Elmer).

HEK-293T cells transfected or not with the NK3 receptor expression vector or the control
plasmid pcDNA3.1 were processed for confocal immunofluorescence forty-eight hours post-
transfection. For this, the cells were washed twice with PBS (3ml), fixed with 4%
paraformaldehyde/PBS 10 minutes at room temperature and rinsed several times with PBS.
Cells were blocked and permeabilized in PBS containing 0.1% (w/v) saponin and 5% fetal
bovine serum for 30 minutes at room temperature, then successively incubated 2 hours at
room temperature with a rabbit polyclonal anti-NK3 receptor antiserum (Novus; 1:500)
diluted in blocking solution, washed 3 times with PBS (3ml), and further incubated for an
additional hour at room temperature with a goat anti-rabbit Alexa Fluor568-conjugated IgG
(1:500). Nuclear labeling was achieved with Hoechst 33342 (30μg/ml; Molecular Probe)
added in conjunction with the secondary antibody. As a negative control, the primary
antibody was omitted. Afterwards, coverslipped cells were washed in PBS and flat-mounted
on microscope slides using Gel/Mount medium containing anti-fading agents (Biomeda
corp). Samples were examined with a Bio-Rad confocal krypton/argon and UV laser system.
For all experiments, the settings of the confocal microscope were the same and kept
constant. Images were collected by using the same Z values and analyzed using a Silicone
Graphic (SGI) software. The image size was 512 × 512 pixels with a pixel size of 0.34 μm
(Gobeil et al., 2006b).

Single and dual immunolabeling
Sections for single immunoperoxidase, dual fluorescence and dual electron microscopic
labeling were incubated in the primary antisera for 24 hours at room temperature. For
electron microscopic dual labeling, sections were incubated in these antisera at 4°C for
another 12 hours. The incubation solution contained guinea pig anti-FG antiserum (single
and dual labeling; 1:5000) and rabbit anti-NK1 antiserum (single labeling 1:1000;
fluorescence labeling 1:1000; dual labeling 1:400) or rabbit anti-NK3 receptor antiserum
(single labeling 1:5000; fluorescence labeling 1:5000; dual labeling; 1:400).

Controls for cross-reactivity of FG with NK1 or NK3 antiserum were performed by
immunoperoxidase and immunofluorescence microscopy (n= 1 rat). For this, the sections
were processed either 1) without primary antiserum (including all secondary antibodies); 2)
FG only (including anti-rabbit only or all secondary antibodies; 3) NK1 only (including anti-
guinea pig only or all secondary antibodies), or 4) NK3 primary antiserum only (including
anti-guinea pig only or all secondary antibodies). Additional sections were processed for
immunolabeling of antiserum raised against either NK1 or NK3 alone or combination with 1
μgr/ml of the respective angiogenic peptides.

For confocal immunofluorescence, the free-floating Vibratome sections were rinsed several
times in TS after the incubation with primary antisera. These sections were then incubated 1
hour in a solution containing fluorescein-conjugated (FITC) donkey anti-guinea pig (FG)
and Cy5-conjugated donkey anti-rabbit (NK1 and NK3; Jackson Immunoresearch
laboratories Inc., Baltimore, PA) secondary antiserum at dilution 1:200 in 0.1% BSA in TS
that also contained Triton (0.25%). After washes in TS and PB, the sections were mounted
in 0.05 M PB onto superfrost VWR microslides (VWR International, West Chester, PA),
coverslipped in mounting fluid (Light Diagnostics, Temecula, CA), and sealed with nail
polish to prevent dehydration. These sections were then observed on a confocal microscope
(Leica TCS SP5; Mannheim, Germany) using sequential laser analysis with emission
intensities of 488 nm (Argon, FITC) and 633 nm (Helium, Cy5). Images were produced by
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LAS AF software (Leica; Mannheim, Germany), imported to Photoshop software (version
4.0, Adobe System, Mountain View, CA) and adjusted for brightness and contrast.

For immunoperoxidase labeling, sections were rinsed in TS after the incubation with the
primary antiserum, and then incubated for 30 minutes in biotinylated secondary donkey anti-
guinea pig IgG (1:400, Incstar) or goat anti-rabbit (1:400, Incstar) followed by the ABC
complex (ABC; Vector, Burlingame, CA) for detection of FG, NK1- or NK3-receptor
antisera. The bound peroxidase was identified by reaction of the sections for 6 minutes in
3,3′-diaminobenzidine (Aldrich Chemicals, Milwaukee, WI) and hydrogen peroxide.

Sections incubated with two antisera including FG, which was detected by the peroxidase
reaction product, were rinsed in Tris buffer (0.1 M, pH 7.6) and placed for two hours in a
1:50 dilution of donkey anti-rabbit IgG with bound 1 nm colloidal gold (Amersham,
Arlington, IL) for immunogold detection of the rabbit NK1 or NK3 receptor antiserum. The
gold particles were fixed to the tissue by incubation of the sections in 2% glutaraldehyde in
0.01 M phosphate buffered saline for ten minutes. The particles were enlarged for
microscopic examination by reaction in a silver solution from the IntenS-EM kit
(Amersham) for seven minutes at room temperature (Chan et al., 1990). The sections were
then postfixed in 2% osmium tetroxide in 0.1 M phosphate buffer, dehydrated and flat-
embedded in epon (19% EM Bed-812; 36% DDSA; 44% NMA; 1% BDMA; Electron
Microscopy Sciences, Fort Washington, PA) between two pieces of Aclar plastic (Allied
Signal, Pottsville, PA).

Ultrathin sections from the outer surface of each Vibratome section in the region of the
paranigral and parabrachial portions of the VTA, at 5.2 mm posterior to the bregma,
(Paxinos and Watson, 1986) were collected onto grids by using an ultramicrotome (Nova,
Bromma, Sweden). The sections on grids were counterstained with Reynold’s lead citrate
and uranyl acetate. The thin sections were examined by using a Philips CM-10 electron
microscope. Images were captured using an AMT digital camera, imported to Photoshop
software (version 4.0, Adobe Systems, Mountain View, CA), adjusted for sharpness, and
then imported to Power Point software (Microsoft Windows ® 2000) for assembly and
labeling composite figures.

For light microscopy, immunoperoxidase-labeled sections were mounted onto gelatin-coated
slides, air dried, dehydrated through alcohols and xylenes, and coverslipped with DPX
mounting medium (Aldrich; Milwaukee, WI). VTA sections were examined using a Nikon
light microscope (Tokyo, Japan).

Electron microscopic analysis
To assess the distribution of NK1 and NK3 receptor immunogold particles, data analysis was
performed on ultra-thin sections exclusively obtained from the outer surface (0.1-2 μm) of
the flat-embedded tissue, where there was optimal penetration of immunoreagents. The
profiles containing FG and/or NK1 and NK3 immunoreactivity were classified as either
neuronal (somata, dendrites, axon terminals) or glial based on criteria from Peters et.al.
(1991). Peroxidase immunoreactive profiles had an electron density considerably greater
than that seen in comparable structures in the surrounding neuropil that were considered
unlabeled.

The profiles classified as immunogold-labeled contained two or more gold-silver deposits.
The validity of the approach depends on a minimal number of spurious deposits seen on
portions of tissue not known to express neurokinin receptors (eg myelin). In our study,
myelin rarely showed even one gold particle, representative of non-specific background
labeling. In 11,429 μm2 of paranigral and parabrachial VTA examined, there were 1299
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myelinated axons, of which only 5 had a single NK1 (n=2) or NK3 (n=3) immunogold
particle on the myelin. In comparison, this indicates a 0.4% false-positive labeling with
immunogold on identified structures.

At least 50 electron micrographs (magnifications from 13,500X to 34,000X) were obtained
from each animal (one or two vibratome sections from each of the nine rats), in one of the
two regions (paranigral VTA for Acb-injected rats; parabrachial VTA for mPFC-injected
rats at Bregma -5.2 mm). A total area of 6,876 μm2 was examined in the paranigral and
7,489 μm2 in the parabrachial VTA. The profile diameter, area and perimeter were measured
by using the Microcomputer Imaging Device software (MCID; Imaging Research, St.
Catharines, Ontario, Canada). Parameters used for statistical comparisons were: 1) the
number of gold particles on the plasma membrane/perimeter of individual profiles and, 2)
the total number (plasmalemmal + non-plasmalemmal) gold particles/ profile area. Results
are expressed as means ± s.e. mean of (n) rats. Results were analyzed for statistical
significance by unpaired Student t-test (between group comparisons) and one-way ANOVA
(within group comparisons) using SPSS for Windows ® Lead Technologies Inc (Chicago,
IL).

To determine whether immunogold particles which contacted the plasma membrane were
selectively associated with the membrane, the percentage of particles that would contact the
membrane if the particles were randomly distributed within the neuronal profile was first
calculated, and these values were then statistically compared to actual observed values. The
probability that an immunogold particle would randomly contact the plasma membrane of a
neuronal profile depends on factors such as the membrane length, profile area, and average
immunogold particle size. If particles were distributed randomly within a given profile, then
the percentage that would contact the membrane, on average, would equal the percentage of
the total profile area occupied by a ‘ring’ of area along the inner surface of the membrane,
with a width equal to the radius of the average particle, since the frequency of membrane
contact would equal the frequency with which the center of a particle fell within that ring
area. Thus, the predicted percentage of random contact (%RC) of NK1 and NK3 receptor
immunogold particles for each FG-labeled dendrite can be calculated using the equation:
%RC = [(profile perimeter × average immunogold particle radius)/ profile area] × 100.
These calculated values were then statistically compared (paired Student t-test, SPSS for
Windows ® Lead Technologies Inc) with the actual percentages of contact observed for
NK1 and NK3 receptors. Only probability values (P) less than 0.05 were considered to be
statistically significant.

All comparisons were performed using FG immunoperoxidase and NK1 or NK3 receptor
immunogold labeling. Additional sections were examined using a reversal of secondary
immunomarkers (immunogold for FG and immunoperoxidase for the NK1 or NK3
receptors) and confirmed that the distributions of FG and NK receptors are similar with each
protocol. Absence of non-specific cross-reactions of secondary immunoreagents with rat
brain is shown in the present study by absence of labeling when each primary antiserum was
omitted from the labeling protocol.

Results
Iontophoretic injection of FG in Acb and mPFC

Iontophoretic injections of FG in either the Acb or mPFC resulted in successful FG labeling
in the paranigral and parabrachial subdivisions of the VTA. Light microscopy showed that
the microinjection sites in the Acb were mainly located in the dorsomedial Acb core, but the
Acb shell and the ventromedial caudate-putamen nucleus were also within the sphere of the
FG injection (Fig 1A). Consistent with this, FG retrogradely labeled neurons were
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prominently observed throughout the ipsilateral paranigral VTA; and some were located in
the lateral portion of the substantia nigra (Fig 1A). A few retrogradely labeled neurons also
were seen in the parabrachial VTA. A similar distribution has been previously described,
also using iontophoretic application of FG in the Acb (Van Bockstaele et al., 1994b;Van
Bockstaele and Pickel, 1995). The area sampled for electron microscopy (shown by the
trapezoid, Fig 1A) comprised the paranigral portion of the VTA; which contains the greatest
number of mesolimbic projection neurons (Swanson, 1982).

The cortical FG microinjection sites were centered in deep cortical layers (V, VI), but also
included all layers of the mPFC. Following the mPFC injection, retrogradely transported FG
was mainly observed in the ipsilateral parabrachial VTA (Fig 1B), which is consistent with
previous tract tracing studies (Swanson, 1982;Carr and Sesack, 2000a;Svingos et al., 2001).
The area sampled for electron microscopy comprised the parabrachial portion of the VTA
(shown by the trapezoid, Fig 1B), a region that generally contained more retrogradely
labeled neurons than the paranigral VTA of rats receiving FG injection in the mPFC.

Following either Acb or mPFC injection of FG, the immunoperoxidase reaction product
identifying retrogradely transported FG was seen in soma as well as large (cross-sectional
diameter >2 μm) or small (cross-sectional diameter <1 μm) dendrites. The somatodendritic
distribution of FG was confirmed by confocal and electron microscopy. Ultrastructural
analysis revealed cytoplasmic and plasmalemmal NK1 and NK3 labeling in FG-containing
profiles. Control studies showed absence of cross-reactivity between antisera raised against
FG and NK1 or NK3 receptors as seen by either fluorescence or immunoperoxidase labeling
(data not shown). Consistently with previous characterization studies (Vigna et al., 1994;
Grady et al., 1996; Seybold et al., 1997; Oyamada et al., 1999), omission of the NK1 or the
NK3 receptor primary antisera, as well as adsorption of the NK1 and NK3 antiserum with
their respective angiogenic peptide result in absence of immunoreactivity (data not shown).

Confocal localization of NK1 and NK3 receptors in VTA projection neurons
Following microinjection of FG in the Acb, retrogradely transported FG fluorescence
labeling was seen in somata and in thick, branched processes presumed to be dendrites of
the paranigral VTA (Fig 2A,D). In contrast, rats receiving mPFC-injection of FG showed
more diffuse, but recognizable retrograde labeling for FG in neuronal somata located in the
parabrachial VTA (Fig 2G). Immunofluorescence detection of NK1 receptors was
substantially less abundant then FG labeling in either the paranigral or parabrachial VTA
(Fig 2 B,E,H), however, the NK1-labeled neurons were clearly recognized in both area. The
merged images confirmed the presence of NK1 receptors in VTA neurons retrogradely
labeled with FG following either the mPFC or Acb injections (Fig 2 C,F,I). In addition, FG
and NK1 labeling were seen in pairs of somata (Fig 2 D,E,F) resembling those of
dopaminergic neurons in the VTA (Bayer and Pickel, 1990).

Immunofluorescence labeling of retrogradely transported FG was evident in both somata
and putative dendrites of the paranigral (Fig 3 A,D) and parabrachial (Fig 3G) portions of
the VTA. Immunolabeling for the NK3 receptor was markedly greater then that of the NK1
receptor (Fig 3 B,E,H). Neurons immunoreactive for either FG or NK3 receptor are observed
in the paranigral (Fig 3 A-C, yellow arrows) or parabrachial VTA (data not shown),
however merged images also revealed colocalization of the NK3 immunolabeling and the
retrogradely transported FG (white arrows) from the Acb (Fig 3 C,F) or mPFC (Fig 3, I).
While FG, NK1 and NK3 immunolabeling were observed in cytoplasmic compartments of
somatodendritic profiles, only NK3 immunoreactivity was seen inside the nucleus in
projection or non-projection neurons of both paranigral and parabrachial VTA. The nuclear
NK3 labeling was usually seen in aggregates, and seems to be located at a distance from the
nuclear membrane (Fig 3).
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Nuclear localization of NK3 receptors in human HEK-293T NK3 transfected cells and VTA
neurons

To test the specificity of the NK3 antisera and confirm nuclear localization of the NK3
receptor, HEK-293T cells were transfected with cDNA encoding NK3 receptor sequence.
The immunoblot of the NK3 antiserum revealed a specific band, correlating to a molecular
mass around 70 kDa (Fig 4). This band was absent in non-transfected cells or cells
transfected with the empty vector DNA (Fig 4). This result is consistent with previous
characterization studies showing a similar-ranged single band by Western blot in transfected
CHO cells (Grady et al., 1996) or in rat and human tissue (Mileusnic et al., 1999). The
positive control, β—actin, confirms the uniformity of protein load in all columns (Fig 4).
Moreover, transfected HEK-293T cells were used in live cell confocal microscopy, where
the nuclear labeling was achieved with Hoechst 33342 (Fig 5A,D), and detection of NK3
antiserum revealed by using an antiserum in combination with an Alexa Fluor568-
conjugated IgG (Fig 5B,E). The percentage of tranfected cells was ∼50%; 10 to 20% of
these positive cells exhibited NK3 receptor nuclear immunostaining. Merged images showed
a superimposition of the labeling for the NK3 receptor and the nucleus marker (Fig 5C,F).
Immunoreactivity was absent when the primary antiserum was omitted, or when cells were
transfected with the empty vector DNA (data not shown).

In the rat VTA, aggregates of nuclear NK3 immunofluorescence was also seen by confocal
microscopy (Fig 5G, yellow arrows). While all NK3-labeled cells showed NK3-labeling in
the cytoplasm and in contact with the plasma membrane, some of them had no clear
affiliation with the nucleus (Fig 5G, white arrow). By electron microscopy, the nuclear NK3
immunogold labeling in the rat VTA (Fig 5H) was seen in a rosette-like arrangement, which
is characteristic of chromatin masses or interchromatin granule clusters as previously
described (Pederson, 2002;Peters et al., 1991). Immunogold particles were located inside or
near these chromatin masses (IGCs; encircled), at a distance from the nuclear membrane
(nm) or the nucleolus (ncl). The nuclear NK3 immunogold was present only in somata that
also showed cytoplasmic or plasmalemmal labeling for the receptor. These somata were
located within a neuropil in which NK3 immunogold particles were also prevalent in
dendrites (Fig 5 H). By light and electron microscopy, an identical nuclear arrangement was
seen using immunoperoxidase labeling of the NK3 antiserum (data not shown).

Electron microscopic distribution of retrogradely transported FG and NK1 and NK3
receptors in somatodendritic profiles of the VTA

As compared to VTA neurons containing FG injected in the mPFC, VTA somata and
dendrites labeled with retrogradely transported FG injected in the Acb showed apparently a
higher density of immunoperoxidase reaction products in the cytosol (Figs 6,7 A,B). In both
VTA projection neurons, however, immunoperoxidase labeling was concentrated in
endosome-like structures or lysosomes in somatodendritic profiles of the VTA (Figs 6, 7
C,D, block arrows). A similar distribution has been reported in the VTA following injection
of FG in Acb or mPFC (Schmued and Fallon, 1986;Schmued et al., 1989;Carr and Sesack,
2000a).

In somata containing retrogradely transported FG, NK1 immunogold particles were
prominently located at a distance from the plasma membrane, often associated with
endomembrane resembling endoplasmic reticulum (Fig 6, A,C). A more pronounced
plasmalemmal labeling was observed in dendrites containing or not FG immunolabeling
(Fig 6, B,and D). Most of these dendrites had a cross-sectional diameter between 1-2 μm
(57% of total, n=78). Plasmalemmal NK1 immunogold particles were occasionally (15% of
total, n= 51) located near a synapse (Fig 6,B); however the vast majority of them (at least
60% of all plasmalemmal NK1 immunogold particles, n=36; Fig 6,D) were located on non-
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synaptic portions of the plasma membrane. No qualitative differences in the total density or
plasma membrane distribution of NK1 immunogold labeling was seen in neurons that were
retrogradely labeled following either Acb or mPFC injection of FG.

NK3 immunogold particles in somata and large dendrites also were usually located
intracellularly within the cytosol or the nucleus, in retrogradely transported neurons
following injection of FG in either Acb or mPFC (Fig 7 A,C). In VTA dendrites containing
retrogradely transported FG (Fig 7 B,D), NK3 receptor labeling was located predominantly
(50% of all dual-labeled dendrites, n=69) in small size profiles (cross-sectional diameter < 1
μm). NK3 immunogold particles were often located in the cytosol, and occasionally on the
plasma membrane (15% of dendrites containing FG from mPFC, n=25; 17% of them from
Acb, n= 44). In these dendrites, the surface NK3 immunogold particles were usually seen at
extrasynaptic portions of the plasma membrane (over 65% of all plasmalemmal NK3
receptor, n=48 dendrites from mPFC and Acb). As compared to neurons containing
retrogradely transported FG following injection in the Acb, those that were retrogradely
labeled following mPFC injections showed qualitatively more total NK3 immunogold
particles. The NK3 plasmalemmal density, however, did not show visual differences
between the two populations of VTA neurons.

The qualitative dichotomy in NK3 receptor localization in VTA neurons retrogradely labeled
following microinjection of FG in Acb or mPFC were confirmed by a quantitative analysis
of the immunogold particle distribution in somata and transversely cut dendrites (Fig 8).
Significantly more total (plasmalemmal + intracellular) NK3 immunogold particles were
seen in VTA somata containing FG following mPFC FG injections, as compared to Acb
injections (Fig 8 A). In dendrites, there were significantly fewer (NK1) or more (NK3)
immunogold particles in dendrites containing retrogradely transported FG from the mPFC,
as compared to Acb-injected rats (Fig 8 B). There was also a significant increase (unpaired
Student t-test, P< 0.05) in the average number of NK3 immunogold particle/dendrite in
dendrites labeled with FG injected in mPFC (11 ± 1.9, n=25), as compared with dendrites
containing FG that was injected in Acb (6 ± 0.5, n=44). No significant differences were
seen, however, in plasmalemmal density of NK1 and NK3 receptors. Although
immunocytochemical processing of sections in the nine rats have not been carried out
simultaneously, the ultrastructural distribution of each receptor was consistently similar in
each group of animal. This is further confirmed by a one-way ANOVA statistical analysis
showing no significant differences in labeling within animals of the same group, including
the mean number of NK1 (Acb somata, P= 0.731 and dendrites, P= 0.366; mPFC somata, P=
0.613 and dendrites, P= 0.225) or NK3 (Acb somata, P= 0.721 and dendrites, P= 0.251;
mPFC somata, P= 0.147 and dendrites, P= 0.269) immunogold particles in profiles labeled
with FG (Table 1).

The theoretical plasmalemmal random distribution of NK1 and NK3 immunogold particles
(%) was calculated in each FG-labeled dendrite. The results showed a random
plasmalemmal distribution around 3-4 % for the NK1 or NK3 receptor (Table 2). These
results of random plasmalemmal distribution were significantly different (paired Student t-
test, P< 0.01) from the observed plasmalemmal distribution of immunogold particles for
each of the receptors (Table 2). These results suggest a non-random distribution of NK1 and
NK3 immunogold particles in VTA dendrites retrogradely labeled when FG is injected into
either in Acb or mPFC.

Discussion
We have shown that both NK1 and NK3 receptors are located in mesolimbic and
mesocortical pathways of the VTA; which are known to be involved in motivated behaviors
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and cognitive functions, as well as in the pathophysiology of schizophrenia (Bannon and
Roth, 1983; Koob and Swerdlow, 1988; Wightman and Robinson, 2002; Wise, 2002; Abi-
Dargham and Moore, 2003). In addition, however, major differences were observed in the
dendritic content and nuclear localization of these receptor subtypes. First, VTA neurons
providing inputs to mPFC had a greater (NK3) or lower (NK1) receptor-immunogold particle
density in their dendrites as compared to those neurons projecting to the Acb. Second, in
addition to the subcellular location in the cytosol or on the plasma membrane of
somatodendritic profiles, NK3 receptors were distributed in the nucleus in both the rat VTA
and human HEK-293T NK3 transfected cells. These results suggest that NK1 and NK3
receptors in the rat VTA have distributions conducive to predominant modulation of either
mesocortical (NK3) or mesolimbic (NK1) pathways of the VTA. The nuclear location of
NK3 receptors, which was also recently reported in neurons of the hypothalamus (Jensen et
al., 2008), may suggest a new involvement in gene transcription. Together these
observations provide a cellular substrate for understanding the modulatory function of NK3
receptors in the rat VTA, and may provide new clues on the antipsychotic effect of NK3
receptor antagonists in schizophrenia (Spooren et al., 2005; Smith and Dawson, 2008).

Methodological considerations
The immunogold labeling used to define the subcellular location of NK1 and NK3 receptors
is now well recognized as having the high sensitivity and resolution needed to determine the
basal distribution and trafficking of both G protein-coupled or ionotropic receptors in many
brain regions (Boudin et al., 1998; Glass et al., 2004; Lessard and Pickel, 2005; Hara and
Pickel, 2007; Lessard et al., 2007; Mengual et al., 2008). The quantitative analysis of
immunogold particles provides results that have direct correspondence with functional
ligand-binding sites identified by autoradiography (Boudin et al., 1998).

Our results are consistent with evidences that FG is able to detect dendrites up to the 4th or
5th branching orders of retrogradely labeled neurons (Schmued and Fallon, 1986; Pieribone
and Aston-Jones, 1988; Van Bockstaele et al., 1994b). Moreover, iontophoretic application
of FG has previously been shown to result in selective labeling of the tracer, with minimal
labeling in fibers of passage (Pieribone and Aston-Jones, 1988; Schmued and Heimer,
1990). We have shown that injection of FG in either Acb or mPFC results in retrogradely
labeled somata and large as well as many of the smaller dendrites in the paranigral and
parabrachial portions of the VTA. The observed distribution is similar to that reported in
previous tract tracing studies using FG (Van Bockstaele et al., 1994b; Van Bockstaele and
Pickel, 1995; Carr and Sesack, 2000a; Garzon and Pickel, 2004).

All antisera used in the present study are well characterized and shown to have high
specificities for their respective antigens (Vigna et al., 1994; Grady et al., 1996; Schmued
and Heimer, 1990). The NK1 and NK3 antisera were shown to be selectively localized in the
rat brain (Carpentier and Baude, 1996; Zerari et al., 1997), in the myenteric plexus of the rat
ileum (NK1, Vigna et al., 1994), or in human prefrontal and visual cortex (NK3, Tooney et
al., 2000). In the present and previous studies, the NK3 immunoreactivity seen in sections of
spinal cord and the VTA, as well as in NK3 tranfected cells was absent when the antiserum
was preadsorbed with the antigenic peptide (Grady et al., 1996; Oyamada et al., 1999;
Seybold et al., 1997). In addition, we also tested the specificity of the NK3 antiserum in
HEK-293T NK3 transfected cells, where we identified a protein corresponding in molecular
weight to that of the NK3 receptor by Western blot. This result is consistent with previous
NK3 receptor antiserum characterization studies using Western blot in transfected CHO cells
(Grady et al., 1996) or in rat and human tissue (Mileusnic et al., 1999). By confocal
microscopy, we have shown selective labeling in the cytosol and plasma membrane of
somatodendritic profiles in rat VTA (FG, NK1 and NK3) or human transfected HEK-293 T
cells (NK3 receptor). By electron microscopy, a similar distribution of NK1 and NK3
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immunolabeling was observed using immunoperoxidase or immunogold techniques, and
both methods presented minimal background.

The apparent discrepancy between the cytoplasmic electron microscopic immunogold
labeling and confocal plasmalemmal labeling of NK1 and NK3 receptors in VTA soma may
largely reflect methodological differences. The pre-embedding immunogold technique,
which has limited penetration of immunoreagent, is visualized in 40-50 nm ultrathin sections
(Adams et al., 2002). In contrast, scans of 20-30 μm section were performed by confocal
microscopy, using a diffusible fluorescence product that was enhanced by the detergent
Triton. These differences suggest that the plasmalemmal labeling may have been under
estimated by electron microscopy. It is conceivable, however, that confocal microscopy
lacks the resolution to distinguish between the plasma membrane and surface membrane of
smooth endoplasmic reticulum.

Subcellular distribution of NK1 and NK3 receptors in somatodendritic profiles containing
retrogradely transported FG from mPFC and Acb

In the present study, both NK1 and NK3 receptors were located in VTA neurons retrogradely
labeled with FG injected either in mPFC or Acb. These projection neurons provide
dopaminergic as well as GABAergic inputs to cortical and limbic associated brain regions
(Carr and Sesack, 2000a). We have previously shown, by electron microscopy, that these
receptors are located in dopaminergic and non-dopaminergic, presumably GABAergic,
somatodendritic profiles in the rat VTA (Lessard and Pickel, 2005; Lessard et al., 2007).
The receptors are potentially activated by the endogenous tachykinins, substance P and
neurokinin A, which are expressed in striatal GABAergic inputs that are presynaptic to
dopaminergic and GABAergic neurons in the VTA (Deutch et al., 1985; Kalivas et al.,
1985; Tamiya et al., 1990; Gerfen and Wilson, 1996). Together, these results suggest that
NK1 and NK3 receptors have locations conducive to tachykinin modulation of both
GABAergic and dopaminergic mesocorticolimbic pathways in the rat VTA. The
independent detection of NK1 and NK3 receptors in each of the two primary output from
VTA neurons also suggests that at least some of these neurons may co-express both
tachykinin receptor subtypes; as previously described in enteric neurons (Schmidlin et al.,
2002) or primate substantia nigra (Levesque et al., 2007).

Dendrites of retrogradely labeled neurons from the mPFC showed a higher (NK3), or a
lower (NK1) content of immunogold particles, as compared to dendrites retrogradely labeled
following FG injection into the Acb. The enrichment of NK3 receptor immunogold particles
may reflect greater dendritic trafficking or expression of NK3 receptors in mesocortical, as
compared to mesolimbic VTA neurons. A heightened availability of NK3 receptors in
mesocortical projection neurons may contribute, in part, to the faster firing rates and higher
action potential bursts in mesocortical dopaminergic neurons, as compared to mesolimbic
dopaminergic neurons (Bannon and Roth, 1983; Tzschentke, 2001; Sesack and Carr, 2002).
It is also possible, however, that the lower amount of NK3 immunogold labeling in the
mesolimbic pathway is a reflection of greater axonal transport of these receptors to terminals
in the Acb or to region-specific differences in axonal collaterization of VTA projection
neurons (Fallon, 1981; Pinto and Sesack, 2000). A major presynaptic locations of NK3
receptors in the mesolimbic dopamine projection neurons is consistent with evidence that
activation of NK3 receptors in the Acb potently releases dopamine (Tremblay et al., 1992;
Glowinski et al., 1993; ; Beaujouan et al., 2004). Further studies are needed to distinguish
between these possibilities.
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Nuclear NK3 receptor distribution
In contrast to FG or NK1 immunolabeling, NK3 receptor immunoreactivity was observed in
neuronal nuclei of the rat VTA as well as in human HEK-293T NK3-transfected cells. This
is consistent with a recent study showing trafficking of the NK3 receptor in the nuclei of
hypothalamus neurons following an osmotic challenge (Jensen et al., 2008). Tachykinin
receptors are among several other members of the G-protein-coupled receptor (GPCR)
family that have been recently localized in the nucleus. These include angiotensin I receptor
in rat brain (Lu et al., 1998; Lee et al., 2004), endothelin-1 receptor in rat cardiomyocytes
and human aortic smooth muscle cell (Bkaily et al., 2000; Boivin et al., 2003), bradykinin
B2 receptor in human HEK-293T cells (Lee et al., 2004), and neuropeptide Y receptor in
human endothelial cells (Jacques et al., 2003). These receptors, along with the NK3, but not
the NK1 receptor, display a putative peptide sequence referred to “nuclear localization signal
motif” located at the C-terminal portion of the receptor (Lee et al., 2004; Gobeil et al.,
2006a). Although the mechanism of action is still unclear, it is suggested that nuclear
GPCRs could be either translocated from the cytosol to the nucleus or activated at the
nuclear membrane by nonsecreted ligands (Gobeil et al., 2006a). The present location of
NK3 receptors within nuclei and on the plasma membrane, as well as throughout the cytosol
of VTA neurons is consistent with a cytosolic translocation of NK3 receptors to nuclear
sites. Nuclear GPCRs are part of a novel paradigm, which targets them as new candidates in
gene transcription regulation (Gobeil et al., 2006a). The present detection of NK3 nuclear
immunoreactivity in neurons of the rat VTA and in NK3 transfected cells provides important
new insight to the involvement of NK3 receptors in transcriptional mechanisms that could
play a role in the antipsychotic effectiveness of NK3 receptor antagonists in schizophrenia.

Conclusion and significance
There is emerging evidences that the therapeutic effectiveness of NK3 antagonists in treating
schizophrenia symptoms is ascribed to opposition of the NK3 mediated stimulation of tonic
release of dopamine in the Acb (Spooren et al., 2005). This idea is consistent with the
demonstrated hyperactivity of mesolimbic dopamine neurons in schizophrenia and the
effectiveness of typical antipsychotic drugs that block dopamine D2 receptors (Carlsson and
Lindqvist, 1963; Abi-Dargham et al., 1998; Laruelle et al., 2003).

While our present and previous results do not rule out this hypothesis, they reveal alternative
possibilities that could also divulge atypical antipsychotic activity of NK3 receptor
antagonists that are dictated by the cellular and subcellular locations of NK3 receptors in
VTA neurons that project to the mPFC. We previously observed that in the rat paranigral
portion of the VTA, NK3 receptors are located in dopaminergic, but more prominently in
non-dopaminergic, presumably GABAergic neurons (Lessard et al., 2007). This suggests
that NK3 receptors could also have a modulatory role in the inhibitory transmission through
local VTA interneurons or GABAergic parallel projection neurons to the Acb (Sesack and
Carr, 2002). Results of the present study are summarized in Fig 9, where we
diagrammatically show that NK3 receptors are highly expressed in neurons of the VTA that
send projections to mPFC. The majority of these neurons may be dopaminergic, since
dopaminergic neurons provide major input to the mPFC (Carr and Sesack, 2000a).
Alteration of dopaminergic activity in this neuronal pathway is associated with cognitive
impairments observed in schizophrenia (Abi-Dargham and Moore, 2003). Thus, our results
in rats have implications for understanding the cellular function of NK3 receptors in the
VTA and the mechanism underlying the antipsychotic effectiveness of NK3 antagonists.
They also suggest that at least some of the NK3 receptor-mediated effects of tachykinins can
be augmented or opposed through NK1 receptor activation.
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Figure 1.
Light microscopic immunoperoxidase distribution of retrogradely transported FG in the rat
VTA following FG injection in the ventral striatum (A) or mPFC (B). A) Abundant
immunoperoxidase labeling is seen ipsilateral to Acb FG injection in either the paranigral
(VTAPN) or parabrachial (VTAPB) portions of the VTA, and to a less extent, the lateral
portion of the substantia nigra (SN). A representative FG microinjection site (ms) is shown
in inserts, comprising mainly the Acb core and shell as well as the lower portion of the
caudate putamen (CPu). B) Sparse immunoperoxidase labeling (black arrows) is seen
ipsilateral to mPFC FG injection, mostly in the parabrachial (VTAPB), but also in the
paranigral (VTAPN) portions of the VTA. Inserts shows two representative FG
microinjection sites (ms) in dorsal and ventral portions of the mPFC (V.: 2.0 mm and 4.0
mm from the brain surface), covering all layers of the mPFC. The area sampled for electron
microscopic analysis of the distribution of NK1 and NK3 receptors respectively comprise the
VTAPN (A) or VTAPB (B), showed by the trapezoids (  ). Filled corner arrows point
medially (M) and ventrally (V). Inserts in the upper left field shows representative FG
microinjection at levels 1.7 mm (A) or 3.7 mm (B) from the Bregma (Paxinos, 1986). Ac,
anterior commisure; lv, lateral ventricule. Scale bars: 500 μm.
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Figure 2.
Confocal micrographs illustrating the co-localization of FG and NK1 receptor in the VTA of
rats after Acb or mPFC injection of FG. Immunofluorescence labeling of FG (Green;
A,D,G) and NK1 (Magenta; B,E,H) is seen either in soma (arrows) or dendrites (chevrons).
Merged images (C,F,I) show both FG and NK1 immunofluorescence (white), mainly in
somata but also in dendrites of neurons receiving FG in Acb (C,F) or mPFC (I). Scale bars:
10 μm.
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Figure 3.
Confocal images showing co-localization of FG and the NK3 receptor in the VTA of rats
receiving FG in either the Acb or mPFC. A-C. Low magnification micrograph showing
single FG (A) or NK3 (B) immunolabeling (yellow arrows), and overlay of both markers (C,
white arrows). DI Immunofluorescence labeling of FG (Green; D,G) and NK3 (Magenta;
E,H) is seen either in soma (arrows) or dendrites (chevrons). When merged (F,I), the nuclear
labeling of NK3 is apparent in either the VTA neurons providing inputs to the Acb (F) or
mPFC (I). NK3 receptor immunofluorescence aggregated in the region of the nucleus. Scale
bars: A-C, 30 μm; D-I,10 μm.

Lessard et al. Page 21

Synapse. Author manuscript; available in PMC 2009 September 11.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 4.
Immunoblot of the NK3 receptor antiserum in HEK-293T NK3 transfected cells. Cultured
HEK-293T cells were transfected or not (NT) with either the empty vector pcDNA3.1
(Vector) or the pcDNA3.1-based NK3R expression vector (pcDNA-NK3R). Only the
pcDNA-NK3R cells (third column) display a single immunoblot band around 70 kDa. The
positive control α-β-Actin shows a single band in NT, Vector and pcDNA-NK3R cells.
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Figure 5.
Nuclear location of NK3 receptors in human HEK-293T NK3 transfected cells or rat VTA
neurons. Confocal 3-D reconstruction (A-C) or single, middle section (D-F) of images of a
nuclear marker (Hoechst 33342) (A, D) or NK3-transfected HEK-293T cells (B, E). The
merged images (C,F) show overlay of both markers. G. Confocal image of a single, middle
section of rat VTA showing two cell bodies (yellow arrows) in which NK3 labeling is most
evident along the perimeter and in both the cytoplasm and the nucleus. Another NK3-labeled
cell body (white arrow) without nuclear NK3 labeling is located in the vicinity. H. Electron
micrograph of tissue processed for dual labeling showing NK3 receptor immunogold
labeling in a cell body without FG labeling. In the cell nucleus, the NK3 labeling is
aggregated over dense chromatin masses and distant from the nuclear membrane (nm). NK3
immunogold particles are concentrated around interchromatin granule clusters (IGCs,
encircled), but some (arrows) are located near suspended perichromatin particles (pcp). An
NK3-labeled dendrites (D1) receiving input from an unlabeled terminal (ut) and a NK3-
labeled terminal (lt) are also visible. Scale bars: 1 (A-F), 10 (G) or 0.5 (H) μm.
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Figure 6.
Electron micrographs displaying NK1 receptor (immunogold) and retrogradely transported
FG (immunoperoxidase) in VTA somata (A,C) and dendrites (B,D) of rats receiving FG
injection in the Acb (A,B) or mPFC (C,D). A,B. NK1 Immunogold particles are seen
throughout the cytosol (arrows) in a soma (A) and a dendrite (D1; B) showing intense
diffuse or aggregated (block arrows) FG peroxidase reaction product. In B, an NK1—labeled
dendrite without retrogradely transported FG (D2) exhibits immunogold particles located
within the cytoplasm (arrows), or on the plasma membrane (encircled), near an unlabeled
terminal (ut). C,D. Retrograde transport of FG from the mPFC (C,D) leads to selective
endosome-like aggregates (block arrows). C. The cell body doubly labeled with NK1 and
retrogradely transported FG injected in mPFC contains immunogold particles in the cytosol,
near organelles as rough endoplasmic reticulum (rer). D. NK1-labeled dendrites are seen
with (D1) or without (D2) immunoperoxidase labeling of retrogradely transported FG, some
of which receiving inputs from unlabeled terminals (ut). The D1 dendrite shows one
immunogold particle in contact with the cortical FG aggregate. Plasmalemmal NK1
(encircled) are located mostly on extrasynaptic portions of the plasma membrane, or near a
synapse which appears to be symmetric (dashed circle). Scale bar: 0.5 μm.

Lessard et al. Page 24

Synapse. Author manuscript; available in PMC 2009 September 11.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 7.
Electron micrographs showing NK3 receptor (immunogold) in VTA somata (A,C) and
dendrites (B,D) of rats receiving FG injections in the Acb (A,B) or mPFC (C,D). A. A soma
display NK3 immunogold particles in the cytosol (arrows), at distance from the plasma
membrane, and in the nucleus (arrow heads), near but not in contact with the nucleolus (ncl).
One aggregate of retrogradely transported FG from Acb is located in the cytosol (block
arrow). B. A NK3-labeled dendrite contains a few immunogold particles (arrows) on the
cytosol and dense immunoperoxidase labeling of retrogradely transported FG from the Acb.
C. This soma shows one aggregate of retrogradely transported FG from mPFC (block arrow)
and many NK3 immunogold particles in the cytosol, located near organelles as rough
endoplasmic reticulum (rer) or Golgi apparatus (go). D. This dendrite contains many NK3
immunogold particles in the cytosol (arrows), one of which is in contact with an aggregate
of retrogradely transported FG from mPFC (block arrow). Two NK3 immunogold particles
are in contact with extrasynaptic portions of the plasma membrane (encircled). The dendrite
receives an input from a NK3-labeled terminal (lt). Scale bar: 0.5 μm.
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Figure 8.
Quantitative assessment of the subcellular distribution of total (plasmalemmal and
cytoplasmic) NK1 or NK3 receptors in VTA somata (A) and transversely cut dendrites (B)
containing retrogradely transported FG which was injected in the Acb (empty bars) or mPFC
(dark bars). Data were obtained from 24 vibratome sections (6 sections for each of the four
groups) of nine rats, each of the sections covering an area ranging from 600 to 1000 μm2. A.
Ratio of the total number of gold particles/area of somata profiles containing retrogradely
transported FG injected in the Acb (NK1: N= 4 rats, n=6-8 profiles/rat; NK3: N= 3 rats, n=
7-19 profiles/rat) or the mPFC (NK1: N= 3 rats, n=6-8 profiles/rat; NK3: N= 3 rats, n= 8-9
profiles/rat). NK3 gold particles located in the nucleus were excluded from the analysis. B.
Ratio of the total number of gold particles/area of dendritic profiles containing retrogradely
transported FG injected in the Acb (NK1: N= 4 rats, n= 8-11 dendrites/rat; NK3: N= 4 rats,
n= 8-15 dendrites/rat) or the mPFC (NK1: N= 3 rats, n= 7-8 dendrites/rat; NK3: N= 3 rats,
n= 7-10 dendrites/rat). Vertical bars represent the mean ± S.E. mean of (n) profiles in each
group. The statistical comparisons were made between Acb- or mPFC-injected FG and
calculated using an Unpaired Student t-test. **P<0.01, *P<0.05.
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Figure 9.
Schematic representation of subcellular localization of NK3 and NK1 receptors in the
paranigral (VTAPN) and parabrachial (VTA PB) neurons of the rat VTA. The parabrachial
VTA contains significantly more NK3 or less NK1 immunoreactivity as compared to
neurons of the paranigral VTA. In addition, we observed NK3 immunoreactivity in the
nucleus (circle) of both paranigral and parabrachial VTA. Acb, nucleus accumbens. mPFC,
medial prefrontal cortex.
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Table 2

Random-calculated (%RC) and observed plasmalemmal distribution of NK1 and NK3 immunogold particles in
VTA dendrites retrogradely labeled with FG injected in the Acb or mPFC.

Plasmalemmal distribution (%)

Random (%RC) Observed

NK1 Acb-VTA 4.2 ± 0.2
n= 51

15.4 ± 3.3 **
n= 51

mPFC-VTA 3.2 ± 0.2
n= 27

15.4 ± 4.7**
n= 27

NK3 Acb-VTA 4.3 ± 0.3
n= 44

17.5 ± 3.4**
n= 44

mPFC-VTA 3.9 ± 0.2
n= 25

12.6 ± 2.9**
n= 25

**
P< 0.01; Paired Student t-test, random vs actual plasmalemmal distribution. The statistical analysis includes longitudinal and transversely cut

dendrites.
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