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(Bacl(ground: 5-Hydroxytryptamine (5HT) modulates N-methyl-p-aspartate (NMDA) depolarization.
Results: 5SHT2C co-immunoprecipitates with GluN2A and enhances NMDA motoneuronal depolarization through phospho-

Conclusion: 5HT modulates NMDA through Src phosphorylation in a molecular complex that is localized in the processes of

Significance: 5SHT2C modulation of NMDA excitation is coordinated by a molecular complex.
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N-Methyl-p-aspartate (NMDA)-gated ion channels are known
to play a critical role in motoneuron depolarization, but the molec-
ular mechanisms modulating NMDA activation in the spinal cord
are not well understood. This study demonstrates that activated
5HT2C receptors enhance NMDA depolarizations recorded elec-
trophysiologically from motoneurons. Pharmacological studies
indicate involvement of Src tyrosine kinase mediates SHT2C facil-
itation of NMDA. RT-PCR analysis revealed edited forms of
5HT2C were present in mammalian spinal cord, indicating the
availability of G-protein-independent isoforms. Spinal cord neu-
rons treated with the 5SHT2C agonist MK 212 showed increased
Src™**1¢ phosphorylation in a dose-dependent manner thus veri-
fying that Src is activated after treatment. In addition, 5HT2C
antagonists and tyrosine kinase inhibitors blocked 5HT2C-medi-
ated Src™"*!® phosphorylation and also enhanced NMDA-in-
duced motoneuron depolarization. Co-immunoprecipitation of
synaptosomal fractions showed that GluN2A, 5HT2C receptors,
and Src tyrosine kinase form protein associations in synaptosomes.
Moreover, immunohistochemical analysis demonstrated GluN2A
and 5HT2C receptors co-localize on the processes of spinal neu-
rons. These findings reveal that a distinct multiprotein complex
links 5-hydroxytryptamine-activated intracellular signaling events
with NMDA -mediated functional activity.

NMDA? receptors, activated by the neurotransmitter gluta-
mate, are critical components of motoneuronal firing patterns
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of the spinal cord leading to reflexive behavior and locomotion
(1-3). NMDA channels are tetraheteromeric and typically con-
tain combinations of two GluN1 subunits plus one or more of
GIluN2A-D subunits (4 —6). Of the GluN2 subunits, the major-
ity of NMDA channels in synapses of the rat spinal cord contain
GIluN2A and GIuN2B (7). Proteonomic approaches indicate
NMDA channels (8, 9) are in protein complexes with other
membrane receptors, cell adhesion proteins, adaptors, signal-
ing enzymes, and cytoskeletal proteins, but the protein associ-
ations of the NMDA channel in the spinal cord have not been
well characterized. Functional NMDA channels contain a num-
ber of allosteric regulatory and modulatory sites, including
those for polyamines, Zn>", multiple Mg>* -binding sites, a gly-
cine co-agonist site, a PDZ binding domain, a proton site, and a
redox site (10). In addition, NMDA subunits have multiple ser-
ine-threonine phosphorylation sites that when activated cova-
lently modify receptor structure post-translationally (11).
Serotonin (5-hydroxytryptamine; 5HT) is a major neuro-
modulator of NMDA-mediated motoneuron output (12-15).
Spinal motoneurons express a variety of 5HT receptor subtypes
(16-20) that are activated by 5HT released from tracts
descending from the raphe nuclei (21) and also by 5HT circu-
lating extrasynaptically (22). Multiple signaling pathways that
have been shown to modulate NMDA channel activity (10, 11,
23, 24) are activated by 5HT receptors and include those lead-
ing to the production of protein kinase A (PKA), PKC, and Src
kinases (25—27). There are 7 classes of 5HT receptors with 1, 2,
and 4 -7 classes that are generally considered to be G-protein-
coupled receptors; the exception, 5HT3, forms an ion channel.
NMDA-mediated motoneuronal activity has been shown to be
depressed by the activation of 5HT2A and facilitated by 5SHT1A
and 5HT2B receptor subtypes (12—15). The role of NMDA sub-

phate, tetralithium salt; FAM, 6-carboxyfluorescein; BAPTA-AM, 1,2-Bis(2-
aminophenoxy)ethane-N,N,N’,N'-tetraacetic acid tetrakis(acetoxymethyl
ester).

JOURNAL OF BIOLOGICAL CHEMISTRY 11049



5HT2C, GluN2A, and Src in Complex

units in 5HT-mediated modulation of NMDA-induced
motoneuronal depolarization has not been explored.

We sought to understand whether there is an association
between 5HT2C receptors and NMDA -induced motoneuronal
excitation. 5SHT2C receptors are found on motoneurons (28,
29) and become constitutively active months after spinal tran-
section. 5SHT2C activation is implicated in restoring large per-
sistent L-type Ca®>* currents involved in amplification and
duration of synaptic input, motoneuronal recovery, and post-
injury spasticity (29, 30). In addition, similar to NMDA chan-
nels, 5HT2C receptors are in protein complexes with other
membrane receptors, cell adhesion proteins, adaptors, signal-
ing enzymes, and cytoskeletal proteins (31, 32).

Here, we provide evidence that 5SHT2C receptors enhance
NMDA-induced depolarization in spinal motoneurons
recorded in situ. The facilitation involves 5HT2C-mediated
activation of Src tyrosine kinase. In addition, we explored the
role of NMDA subunits in 5HT2C modulation and found that
GIuN2A subunits, 5SHT2C receptors, and Src protein kinases
form protein associations in synaptosomes. These findings
reveal a multiprotein complex containing a GIluN2A subunit
and a 5HT2C receptor that links enhancement of spinal
motoneuronal NMDA responses to 5HT2C activation of Src
tyrosine kinase.

EXPERIMENTAL PROCEDURES

All animal protocols were approved by the University of
Miami Institutional Animal Care and Use Committee (IACUC)
and are in accordance with National Research Council guide-
lines for the care and use of laboratory animals.

Electrophysiology—Adult frogs (mixed sex Rana pipiens, ~2
inches in length from head to tail) were anesthetized by cooling
on crushed ice and pithed. Spinal cords with attached dorsal
and ventral roots were removed. Cords were hemisected and
placed in a bath superfused at a rate of 15-20 ml/min with
freshly made Ringer’s solution containing the following: NaCl
114 mwm, KClI 2.0 mm, CaCl, 1.9 mMm, NaHCO, 10 mm, and glu-
cose 5.5 mm; pH was maintained at 7.4 by bubbling with 95%
0,, 5% CO,. Magnesium (MgCl,, 1.0 mM) was added to the
Ringer’s solution in some experiments, as indicated. The IXth
ventral root was placed across a 3-mm gap and isolated from the
cord with Vaseline; the distal end of the ventral root was placed
in a Ringer’s bath. Within the gap, sucrose (232 mm) flowed at a
rate of 1 ml/s. The isolated dorsal root was placed across silver-
silver chloride bipolar electrodes in mineral oil. Membrane
potentials of motoneurons in situ were made using DC record-
ings of the difference in potential between the spinal cord bath
and electronically conducted changes at the distal end of the
ventral root. Tetrodotoxin (TTX) (0.78 um) was used to block
indirect effects of interneurons and afferents. Temperature was
maintained at physiological levels for the frog (18 °C) using a
Peltier thermoelectric cooling device. Metabolic activity in the
cord is maintained using this preparation (33, 34). The integrity
of the preparation was tested by stimulating the dorsal root
with a 15.0-V and 1.0-ms rectangular pulse and recording the
ventral root potential. Spinal cords with dorsal root-ventral
root potentials <5 mV were discarded. Drugs were delivered to
the Ringer’s superfusate of the hemisected cord using solenoid
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valves for rapid (<1 s) solution changes. NMDA controls were
replicated at least three times and typically varied <1%. When
an antagonist was used, NMDA responses were obtained in the
absence and presence of MK 212, and responses were com-
pared. Peak amplitude of responses to agonists were measured
directly in millivolts and used to compare treatments. Data
were expressed as mean * S.E., and comparisons were made
between the NMDA response with and without MK 212 or
NMDA in blocker/modulator/condition with and without MK
212. Statistical significance of differences was assessed using
Student’s ¢ test for correlated means. A significance level of p <
0.05 was accepted as different from control.

Pharmacological Agents—Drugs were obtained from the fol-
lowing suppliers: GMP-PNP, N-(2-aminoethyl)-5-isoquinoline
sulfonamide dihydrochloride (H-9), TTX, and staurosporine
(Calbiochem); NMDA (Sigma); genistein, 6-chloro-2-(1-piper-
azinyl)pyrazine hydrochloride (MK 212), [4-amino-5-(4-
chlorophenyl)-7-(¢-butyl) pyrazolo[3,4,-d] pyrimidine (PP2),
8-[5-(2,4-dimethoxy-5-(4-trifluoromethylphenylsulfonamido)-
phenyl-5-oxopentyl]-1,3,8-triazaspiro(4,5)decane-2,4-dione
hydrochloride (RS 102221), N-3-pyrinyl-3,5-dihydro-5-meth-
yl-benzo (1,2-b;4,5-b")dipyrrole-1(2H) (SB 206553), and 1-[6-
[[(17B)-3-methoxyestra-1,3,5(10)-trien-17-yl]amino]hexyl]-
1H-pyrrole-2,2dione (U 73122) (Tocris Cookson).

Drugs were dissolved in Ringer’s solution shortly before use
to minimize chemical degradation. Dimethyl sulfoxide
(DMSO) (0.25%, Sigma) was used to dissolve the following:
staurosporine, genistein, MK 212, PP2, and RS 102221.

Preparation of RNA and Reverse Transcriptase-PCR—For
this and other studies using mammalian spinal cord, adult male
Sprague-Dawley rats (250 -350 g) were anesthetized under 3%
halothane, 70% N,O, and a balance of O, to achieve deep seda-
tion. Rat cervical and thoracic spinal cords were removed. Tis-
sue samples were snap-frozen in liquid nitrogen and stored at
—80°C until the time of assay. Primers and probes were
designed on the basis of published sequences (35) and were
checked for specificity via a BLAST (NCBI) search. Sense and
antisense primer sequences flanking the 5HT2C receptor edit-
ing region were designed using Primer3 software, where sense
and antisense sequences were 5'-CCT GTC TCT GCT TGC
AAT TCT-3" and 5'-GCG AAT TGA ACC GGC TATG-3',
respectively (Sigma). 6-Carboxyfluorescein (FAM)-labeled
TagMan® MGB probes were custom-synthesized (Applied
Biosystems) for four 5SHT2C receptor mRNA isoforms as fol-
lows: the nonedited (INI), FAM-TAG CAA TAC GTA ATC
CTA TTG AMGBNEQ; fully edited (VGV, 6FAM-TAG CAG
TGC GTG GTC CTG TTG AMGBNEQ; and partially edited
(VNV), 6FAM-TAG CAG TGC GTA ATCCTG TTG AMGB-
NEQ, and (VSV), 6FAM-TAG CAGTGCGTAGTCCTGTTG
AMGBNEFQ. The sense and antisense primers flanking the edit-
ing region were used in quantitative RT-PCR assays with each
TagMan® MGB probe to assess the different 5SHT2C receptor
mRNA edited isoform levels. Total RNA was extracted from the
tissue via homogenization in a guanidinium thiocyanate lysis
buffer, extracted with phenol, and precipitated in isopropyl
alcohol. The RNA was pelleted by centrifugation and resus-
pended in buffer containing MgCl, and ribonuclease-free
deoxyribonuclease (DNase). Incubation for 15 min at 37 °C
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degraded any contaminating DNA. The RNA was precipitated
and resuspended. Two micrograms of total RNA from each
sample were reverse-transcribed into complementary DNA by
using Superscript Il reverse transcriptase (Invitrogen), accord-
ing to the protocol provided by the manufacturer, with oligo-
(dT) to prime the first-strand synthesis. One-tenth of the com-
plementary DNA product was used in a PCR with TagMan
Universal PCR master mix (Applied Biosystems) and the above-
mentioned primers. Real time PCR was performed on an
Applied Biosystems 7300 machine and threshold cycles (C,)
were determined. Quantitative PCR for each sample was per-
formed in triplicate, and data analysis utilized the AAC, method
and actin average (36). Between the group differences in immu-
noblots were analyzed using one-way analysis of variance, fol-
lowed by Tukey post hoc comparison, and significance level of
p < 0.05 was accepted as different.

Spinal Neuronal Culture—Spinal neuronal cultures were
prepared by dissociation of 16-17-day Sprague-Dawley rat
embryonic spinal cords. The tissue was disrupted into a cell
suspension by gentle trituration, and the cells were grown on
poly-L-lysine-coated tissue culture dishes in N5 medium that
contained 5% serum fraction that supports the long term sur-
vival of neurons as described (37). For pharmacological exper-
iments, cultures were treated with vehicle (serum + DMSQO),
MK 212, MK 212 + genistein, or MK 212 + RS 102221. Cells
were lysed and immunoblotted as described below. Sixty inde-
pendent cultures from five rats (~12 embryo/rat) were used for
co-immunoprecipitation analysis (n = 5 for each group).

Immunoblot Analysis—Tissue sections were homogenized in
a Dounce homogenizer with extraction/lysis buffer (w/v) (20
mM Tris-HCI, pH 7.5, 150 mm NaCl, 1% Triton X-100, 1 mm
EDTA, 1 mm EGTA, 2.5 mm pyrophosphate, 1 mm -glycero-
phosphate) containing protease and phosphatase inhibitor
mixtures (Sigma) and then centrifuged at 15,300 X g for 2 min.
Lysates were mixed with 2X Laemmli loading buffer. Equal
amounts of protein were resolved on 10-20% gradient Tris-
HCI Criterion pre-casted gels (Bio-Rad), to separate proteins
with a wide range of molecular weights, transferred to polyvi-
nylidene fluoride (PVDF) membranes, and placed in blocking
buffer (0.1% Tween 20, 0.4% I-block in PBS) for 1 h (38). Mem-
branes were then incubated with primary antibodies followed
by the appropriate HRP-conjugated secondary antibody. Visu-
alization of the signal was enhanced by chemiluminescence
using a Phototope-HRP detection kit (Cell Signaling). Inde-
pendent samples from rat were used for immunoblot analysis
(n = 8 for each group), and data were replicated three times per
independent sample. Data are expressed as mean = S.E. Quan-
tification of bands corresponding to changes in protein levels
was made using scanned densitometric analysis and National
Institutes of Health Image Program 1.62f. The between group
differences in immunoblots were analyzed using one-way anal-
ysis of variance, followed by Tukey post hoc comparison. Cul-
tured spinal neurons lysates were normalized to total Src, and a
significance level of p < 0.05 was accepted as different from
control.

Isolation of Synaptosomes from Rat Spinal Cord—Synapto-
somal membranes were isolated from adult rat spinal cords
using sucrose density gradient ultracentrifugation at 4 °C. Spi-
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nal cord tissue was homogenized in a Dounce homogenizer in a
solution containing 0.32 M sucrose, 1 mm NaHCO,, 1 mm
MgCl,, 0.5 mm CacCl, with protease inhibitors (10 mm DTT, 1
mMm PMSF, 5 ug/mlleupeptin, 1 ug/ml pepstatin A). The homo-
genate was centrifuged at 800 X g for 10 min at 4 °C. The super-
natant (S1) was saved, and the pellet washed and centrifuged at
800 X g for 10 min at 4 °C. The supernatant (S2) was saved. S1
and S2 were then combined and centrifuged at 13,800 X g for 10
min at 4 °C. The pellet (P1) was suspended with 0.32 M sucrose
(I mm NaHC,)-containing protease inhibitors as described
above, and the samples were placed on a discontinuous gradient
of 3 ml of 1.2 M sucrose, 3 ml of 1 M sucrose, and 3 ml of 0.85 m
sucrose, respectively. The sucrose gradient was centrifuged at
82,500 X g for 2 h at 4 °C, and synaptosomal fractions were
extracted from the interface between the 1.2 and 1.0 M sucrose
solutions. Isolated synaptosomal proteins were resuspended
and solubilized in an equal volume of detergent extraction
buffer (2% Triton X-100, pH 7.4), followed by centrifugation at
100,000 X g for 2 min, to remove insoluble material. Synapto-
somes were verified by the presence of the presynaptic protein,
synaptophysin, and the postsynaptic protein PSD 95. The non-
synaptic peripheral membrane protein annexin V and the
nuclear membrane protein lamin IB were used as negative con-
trols. Six independent samples from rat were used for synapto-
somal isolation and immunoblot analysis (n = 6 for each
group), and data were replicated three times per independent
sample.

Co-immunoprecipitation—Synaptosomal fractions from rat
(cervical) spinal cords (2 mm?) were isolated as described
above. Seventy microliters of Trueblot™™ anti-mouse or anti-
rabbit IgG immunoprecipitation beads (Ebioscience) were
added to 200 ug of sample, and the mixture was rotated at 4 °C
for 2 h in a microcentrifuge tube before preclearing. The beads
were pelleted by centrifugation at 15,300 X g for 30 s. The
supernatant was recovered and mixed with appropriate pri-
mary antibody and incubated at 4 °C overnight. Seventy micro-
liters of anti-mouse or anti-rabbit IgG beads was added and
incubated for 2 h and then centrifuged at 15,300 X g for 30 s.
The pelleted beads were washed six times in extraction/lysis
buffer (described above), resuspended in 2X Laemmli loading
buffer, and heated at 95 °C for 3 min. Immunoprecipitates were
separated on 10-20% Tris-HCI Criterion pre-casted gels and
analyzed by immunoblotting using the appropriate antibodies.
Preimmune serum lacking the primary antibody was run as a
control. Six independent samples from rat were used for co-
immunoprecipitation and immunoblot analysis (n = 6 for each
group), and data were replicated three times per independent
sample.

Immunocytochemistry—Spinal neuronal cultures were pre-
pared as described above. Media were removed, and cultures
were fixed in 4% paraformaldehyde for 20 min and then washed
twice with phosphate-buffered saline (PBS, pH 7.4). Cultures
were then treated with 95% ethanol (—20 °C) for 1 min and
washed twice with PBS. Cultures were incubated for 1 hat 4 °C
with primary antibodies. Primary antibody binding was
detected with Alexa Fluor secondary antibody conjugates
(1:2000, Molecular Probes). Controls lacking the primary anti-
body were run in parallel. Cultures were coverslipped with
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Vectashield mounting medium (Vector Laboratories) for con-
focal analysis (Zeiss, LSM 510, scanning confocal microscope).

Perfusion Fixation—Animals were anesthetized with an
intramuscular injection of ketamine (87 mg/kg) and xylazine
(13 mg/kg). Complete anesthetization was determined by the
lack of a stereotypical retraction of the hind paw in response to
a nociceptive stimulus. Animals then received an intracardial
injection of heparin (0.1 ml) and were perfused transcardially
with physiological saline, followed by 300 ml of 4% paraformal-
dehyde in phosphate-buffered saline (PBS). The spinal cords
were removed, placed in 4% paraformaldehyde at 4 °C for 48 h,
and then transferred to 20% sucrose in 0.1 M PBS until
sectioned.

Immunohistochemistry—Animals were perfused with 4%
paraformaldehyde solution as described above, and cervical
and thoracic spinal cords were processed for cryostat section-
ing (Leica SM 2000R sliding microtome). Sections (50 wm)
were stored in free-floating cryostat media (30% ethylene gly-
col, 30% sucrose, 0.1 M PBS, pH 7.4) at 20 °C and then rinsed
with 0.1 m PBS, pH 7.4. Tissue sections were blocked by treat-
ment with 5% goat serum (Vector Laboratories Inc., Burlin-
game, CA) and 0.4% Triton X-100 (Sigma). Sections were incu-
bated for 48 h at 4 °C with the primary antibodies. Primary
antibody binding was detected with Alexa Fluor secondary
antibody conjugates (1:200, Molecular Probes, Eugene, OR).
Controls lacking the primary antibody were run in parallel. Sec-
tions were coverslipped with Vectashield mounting medium
(Vector Laboratories Inc., Burlingame, CA) for confocal analy-
sis (Zeiss, LSM 510, scanning confocal microscope).

Antibodies—Antibodies used (with dilutions and sources in
parentheses) were as follows: Rabbit polyclonal anti-5HT2B
(1:1000, AbCam), anti-5HT2C (1:1000, AbCam), anti-Src>*”
(1:1000, Cell Signaling), anti-Src®*”? (1:1000, Cell Signaling),
anti-Src**°P (1:1000, Cell Signaling), anti-Src****! (1:1000, Cell
Signaling), mouse monoclonal anti-annexin V (1:1000,
AbCam), anti-lamin IB (1:1000, AbCam), anti-GLUNT1 (1:250,
Pharmingen), anti-GLUN2A (1:250, Pharmingen), anti-
GLUNZ2B (1:250, BD Transduction Laboratories), anti-PSD 95
(1:250, Pharmingen), anti-Src*'® (1:1000, Cell Signaling), and
anti-synaptophysin (1:250, Pharmingen).

RESULTS

SHT2C Activation Enhances NMDA-induced Motoneuron
Depolarization—In the presence or absence of Mg>", the
5HT2C agonist MK 212 (1-100 uM) had no effect on motoneu-
ronal membrane potential. In contrast, MK 212 (1-100 um)
dose-dependently enhanced NMDA -induced depolarization of
motoneurons (100 uMm, 10 s) in frog spinal cord preparations
bathed in nominally Mg>*-free medium (+TTX) (Fig. 1A4). At
the highest dose of MK 212 tested (100 um), NMDA responses
were 170 = 29% of control NMDA responses (NMDA (100
uM) in MK 212 (100 um)/control NMDA response), n = 4, p <
0.05). In the presence of Mg®" (1 mm) (+TTX) in the Ringer’s
bath and using the same doses of NMDA, MK 212 elicits a
similar dose-dependent response (Fig. 1B; in 100 um MK 212, %
control NMDA response in Mg2+, 172 £ 15,n = 3, p < 0.05),
illustrating that 5HT2C receptor-mediated potentiation of
NMDA -evoked motoneuronal depolarization does not involve
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FIGURE 1. 5HT2C agonist MK 212 increases NMDA-induced motorneuro-
nal depolarization in the frog spinal cord. A, 5-HT,c agonist MK 212
enhances NMDA-induced motoneuron depolarizations in a dose-dependent
manner. Application of NMDA (100 uMm, 10 s) is indicated by the arrowheads
below the base line, before and during increasing doses of MK 212 (1-100
um). The traces show frog motoneuronal membrane potentials conducted
along the IX ventral root. In this and other experiments MK 212, at the doses
tested (1-100 um), had no effect on base line motoneuron membrane poten-
tials. Negativity is reflected by upward pen deflection. The Ringer’s solution
contained TTX (0.783 um) to block the indirect effects of interneuronal and
afferent activation. B, in the presence of 1 mmMg?" and TTX (0.783 um) in the
Ringer’s bath, MK 212 increases NMDA-evoked motoneuron depolarizations
in a dose-dependent manner. Calibration bars for each experiment are
located on the right.

Mg>". In experiments with nominally Mg®"-free medium
(+TTX) and a single dose of MK 212 (30 uMm) in the Ringer’s,
100 um NMDA -induced depolarization was increased by 118 =
6%, n =5, p < 0.05).

To verify the effect of 5HT2C receptor activation on
enhancement of NMDA depolarization, the 5SHT2B/C-selec-
tive receptor antagonist SB 206553 (10 uMm) and the 5HT2C
selective antagonist RS 102221 (10 um) were tested in frog spi-
nal cord preparations (+TTX, no Mg>"). Antagonists had no
effect on motoneuronal membrane potential. Additionally, in
the presence of SB 206553 or RS 102221, MK 212 (30 um) had
no effect on NMDA-induced depolarization of motoneurons
(% control NMDA response, 99 = 4, n = 3,and 98 = 2, n = 3,
respectively), supporting that the enhanced NMDA responses
occur through the specific activation of 5SHT2C receptors.

SHT2C Enhancement of NMDA-induced Motoneuron Depo-
larization Is Independent of a G-protein-coupled Receptor
Mechanism—To investigate whether 5SHT2C receptor activa-
tion and enhancement of NMDA motoneuronal depolarization
involves G-protein-coupled receptor intracellular mecha-
nisms, the G-protein-coupled receptor antagonist, GMP-PNP,
was tested in frog spinal cord preparations (+TTX, no Mg*").
GMP-PNP (200 uM) had no effect on motoneuronal membrane
potential. However, GMP-PNP (200 um) has previously been
shown to block 5SHT2B- and 5SHT2A-mediated G-protein acti-
vation using similar experimental procedures (15).* Fig. 2 illus-
trates that GMP-PNP (200 um) did not block the MK 212 (30

4 A. M. Holohean and J. C. Hackman, unpublished results.
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FIGURE 2. MK 212-mediated increases in NMDA-induced motoneuronal
depolarization in the frog spinal cord are not reduced by BAPTA-AM, 0
Ca®*, thapsigargin, or G-protein antagonist GMP-PNP. NMDA (100 um,
10 s) applications are indicated by the arrowheads. The effect of MK 212 (30
um) on NMDA motoneuronal depolarization is shown during the presence of
BAPTA-AM (A), 0 Ca%*, thapsigargin (B), or G-protein antagonist GMP-PNP (C)
in the bath. No changes in base line motoneuron membrane potential were
detected when thapsigargin or GMP-PNP was added to the superfusate; a
small hyperpolarization was seen in nominally free Ca>* solutions. TTX (0.783
M) was present at all times. Calibration bars apply to all responses.

uM)-induced increase of NMDA responses (% control NMDA
response, 128 = 6, n = 4, p < 0.05), suggesting that the 5SHT2C
receptor effect on NMDA -induced motoneuron depolarization
does not involve G-protein signaling.

G-protein coupling efficiency of the 5HT2C receptor is
directly linked to pre-mRNA editing (39). Rat thoracic spinal
cord tissue was utilized to examine the levels of four major
isoforms of the 5SHT2C receptor pre-mRNA (Fig. 34). RT-PCR
was performed using primers specific for unedited 5SHT2C
(INT), fully edited 5HT2C (VGV), and two closely related iso-
forms (VNV and VSV) to examine the relative amount of these
5HT2C mRNA isoforms in the rat spinal cord. Fig. 3B shows
that mRNA for VNV, VSV, and VGV 5HT2C isoforms was
present in rat spinal cord, whereas significantly less of the uned-
ited INI isoform was detected. The presence of edited versus
unedited versions of 5HT2C receptor isoforms in rat spinal
cord may explain our findings on the lack of involvement of a
G-protein in 5HT2C-mediated enhancement of NMDA
responses (40).

Ca®" Is Not Involved in the SHT2C-mediated Enhancement
of NMDA Responses on Motoneurons—Several conditions were
used to assess the involvement of Ca*>* in 5SHT2C-mediated
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mRNA Edit Sequence (5’-3’)
INI TAGCAATACGTAATCCTATTGA

VNV TAGCAGTGCGTAATCCTGTTGA
VSV TAGCAGTGCGTAGTCCTGTTGA
VGV TAGCAGTGCGTGGTCCTGTTGA
1" T
ko]
2
8
f =
=
o)
S
O *
oL -
INI VNV VSV VGV

5HT2C mRNA Edits

FIGURE 3. 5SHT2C mRNA isoforms in the rat spinal cord. Top, edited regions
of four major isoforms of the 5HT2C receptor pre-mRNA. Bottom, quantifica-
tion of mRNA for VNV, VSV, and VGV 5HT2C isoforms in rat thoracic spinal
cord. Significantly less of the unedited INI isoform was detected (p < 0.05).
Cycle thresholds obtained with RT-PCR using primers specific for unedited
5HT2C (INI), fully edited 5HT2C (VGV), and two closely related isoforms (VNV
and VSV).

signaling and effect on NMDA responses (Fig. 2). In frog spinal
cord preparations (+TTX, no Mg>"), 0 mm Ca®" Ringer’s con-
ditions did not block 30 um MK 212-evoked enhancement of
NMDA -induced responses (control NMDA response, 128 = 6,
n = 4, p < 0.05). The intracellular Ca®>* chelator BAPTA-AM
in the 0 mm Ca®" condition did not reduce NMDA responses in
30 uM MK 212 (119% control NMDA response). Additionally,
administration of thapsigargin, which blocks Ca®" re-uptake
and hence the release of Ca®>* by inositol triphosphate, did not
change 5HT2C receptor-mediated increases in NMDA-in-
duced responses (in 30 um MK 212, % control NMDA response,
130 + 8, n = 3, p < 0.05). These data demonstrate that Ca>" -
related signaling is not involved in 5HT2C receptor enhance-
ment of NMDA-induced motoneuronal depolarization.

SHT2C Receptor Activation and Potentiation of NMDA
Motoneuron Depolarization Are Blocked by Protein Kinase
Inhibition—To examine if activation of 5SHT2C receptors and
potentiation of NMDA-induced motoneuronal depolarization
involves protein kinases, the broad range protein kinase inhib-
itor H-9 and the specific tyrosine kinase inhibitor genistein
were tested in frog spinal cord preparations (+ TTX, no Mg>").
In H-9 (50 uMm), MK 212-evoked enhancement of NMDA-in-
duced responses was blocked (Fig. 44; 99 = 1% control NMDA
response, n = 3, p < 0.05); similarly, genistein (150 um) blocked
MK 212 potentiation of NMDA-induced responses (Fig. 4B;
87 * 5% control NMDA response, n = 3, p < 0.05). Addition-
ally, the Src-specific protein-tyrosine kinase inhibitor PP2 (66
M) was examined under identical conditions, and it effectively
prevented 5HT2C potentiation of NMDA-induced responses
(Fig. 5C; 97 = 9% control NMDA response, n = 3, p < 0.05).
Taken together, these results indicate that Src tyrosine kinase
mediates the effect that 5HT2C receptor activation has on
NMDA-induced motoneuron depolarization.

We next extended these findings to examine the effect of MK
212 administration and 5HT2C receptor activation on Src
phosphorylation in rat spinal neuronal cultures. MK 212 (3—-30
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FIGURE 4. Effects of Src kinase blockers on MK 212 enhancement of
NMDA-evoked motoneuronal depolarization (100 um, 10 s). A, NMDA-
induced depolarization of frog motoneurons in the presence of normal TTX-
Ringer’s with the broad spectrum kinase inhibitor H-9 (50 uwm) added to the
Ringer’'s and MK 212 (30 um) added to H-9/TTX-Ringer’s. B, NMDA-induced
depolarization of frog motoneurons in the presence of normal TTX-Ringer’s,
with the tyrosine kinase inhibitor genistein (150 um) added to the TTX/Ring-
er's and MK 212 (30 um) added to the genistein/TTX-Ringer’s. C, NMIDA-in-
duced depolarization of frog motoneurons in the presence of normal TTX-
Ringer’s, with the Src inhibitor PP2 (66 um) added to the TTX/Ringer’s, and MK
212 (30 um) added to the PP2/TTX-Ringer’s.

M) induced significant increases in the amount of Src phos-
phorylation at tyrosine residue 416 compared with vehicle
(DMSO) in a dose-dependent manner (Fig. 5). No significant
change in the amount of Src phosphorylation at tyrosine resi-
due 527 was detected. Treatment of cultures with the tyrosine
kinase inhibitor genistein (100 um) and the 5HT2C receptor
antagonist RS 102221 (10 M) significantly attenuated the
amount of phosphorylated Src*'® observed after MK 212
administration. These results support the idea that 5SHT2C
receptor activation induces Src*'® phosphorylation and
activation.

GLUN2A NMDA Channel Subunit, SHT2C Receptors, and
Src Tyrosine Kinase Form a Multiprotein Complex in Synapto-
somes of Rat Cervical Spinal Cord—Protein-protein interac-
tions between 5HT2C receptor subtype GluNs and Src tyrosine
kinase were assessed using co-immunoprecipitation proce-
dures of synaptosomes isolated from rat cervical spinal cord.
The purity of synaptosome isolation was confirmed by immu-
noblotting samples with the pre-synaptic marker synaptophy-
sin and the post-synaptic marker PSD 95 (Fig. 6A4). The nonsyn-
aptic peripheral membrane protein lamin IB and the nuclear
membrane marker annexin V were not observed in synapto-
some preparations, demonstrating specificity and purity in the
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biochemical isolation procedures. Co-immunoprecipitation of
synaptosomal fractions using either anti-GIuN2A or -GluN2B
antisera showed that GluN2A, 5HT2C receptors, and Src tyro-
sine kinase form protein associations with each other (Fig. 6B).
However GIluN2B-containing GluNs did not associate with
either 5SHT2C receptors or Src tyrosine kinase. Reciprocal co-
immunoprecipitation of synaptosomal fractions using either
anti-5HT2B or -5HT2C revealed similar protein interactions
(Fig. 6C). The omission of primary antibody did not immuno-
precipitate any proteins examined, and thereby demonstrates
antibody specificity and serves as a control. GluN1 receptor
subunits were immunoprecipitated with both GluN2 subunits
and 5HT?2 receptors, providing evidence for assembled NMDA
receptors. These findings reveal a novel multiprotein receptor
complex consisting of GLUN2A-5HT2C-Src tyrosine kinase in
synaptosomes isolated from rat cervical spinal cord tissue that
may represent a synaptic organization regulating functional
signaling.

SHT2C and GLUN2A Co-localize in Rat Spinal Cord Tissue
and Spinal Neuronal Cultures—Fig. 6D shows confocal images
of the cellular expression and distribution of 5HT2C and
GluN2A in rat cervical spinal cord sections and spinal neurons.
Spinal cord sections were immunostained with anti-5HT2C
(Fig. 6D, red, top panels) and anti-GIuN2A (green, top panels).
5HT2C and GluN2A immunoreactivity were seen in processes
within the medial aspect of the ventral horn and co-localized to
regionally similar areas (Fig. 6D, merge, top panel). Moreover,
spinal neuronal cultures were immunostained with anti-
5HT2C (Fig. 6D, red, bottom panel) and anti-GIuN2A (green,
bottom panel), illustrating similar immunoreactivity and co-lo-
calization in distinct regions in processes (Fig. 6D, merge, bot-
tom panel). These results suggest that 5SHT2C and GIuN2A
co-localize in spinal neuronal cultures in areas distinct from the
soma and support the idea of their cellular localization in axo-
dendritic processes.

DISCUSSION

In this study, we show in electrophysiology experiments on
metabolically active adult R. pipiens motoneurons in situ that
the 5HT2C agonist MK 212 enhances NMDA-induced
motoneuronal depolarization. In addition, in mammalian spi-
nal neuronal cultures, we observe 5H2C agonist MK 212 dose-
dependently increases phosphorylation of Src™¥*¢, The elec-
trophysiological and immunological effects found in frog and
rat, respectively, were blocked by 5SHT2C antagonists and tyro-
sine kinase inhibitors. In synaptosomal fractions from rat spinal
cord, NMDA GIuN2A subunit antisera co-immunoprecipi-
tated the 5HT2C receptor and also phosphorylated and
nonphosphorylated Src™"*'® and Src™¥">*”, Reciprocal exper-
iments using 5SHT2C antisera gave similar results. Immunobhis-
tochemistry in cervical rat spinal cord sections and immunocy-
tochemistry in cultured spinal neurons show GIuN2A and
5HT2C localized on axodendritic processes. These data pro-
vide molecular biochemical, pharmacological, and electro-
physiological evidence that activation of Src tyrosine kinase is
induced by activation of 5HT2C receptors and mediates
increases in motoneuronal depolarization produced by NMDA
(Fig. 7).
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FIGURE 5. 5HT2C agonist MK 212 results in phosphorylation of Src*'¢ in rat spinal neuronal culture. Immunoblot analysis of primary rat spinal neuronal
culture treated with MK 212 (3-30 um) for 20 min resulted in significant increases in Src*'® phosphorylation over vehicle treatment (0.25% DMSO) at all doses
tested. The tyrosine kinase inhibitor genistein (G) (100 um) administered together with MK 212 (30 um) significantly blocked the increase in Src*'® phosphor-
ylation observed with MK 212 alone. Similarly, the 5HT2C receptor antagonist RS 1022221 (RS) (10 um) administered together with MK 212 (30 um) significantly
blocked the increases in Src*'® phosphorylation observed with MK 212 alone. MK 212 (3-30 um), MK 212 (30 um) + genistein (100 um), or MK 212 (30 um) + RS
1022221 (10 um) resulted in no significant difference in the expression of Src*'®, Src>?’, or phosphorylation of Src®?’. Total Src was used as an internal protein
loading control. Quantification of immunoblots was according to data analysis methods described. p < 0.05.
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FIGURE 6. GIuN2A, 5HT2C, and Src tyrosine kinase multiprotein association in synaptosomes and GluN2A/5HT2C localization in rat spinal cord
tissue and spinal neuronal culture. A, synaptosomal membranes were isolated from rat spinal cord tissue as described. Synaptosomal fractions (SF)
and total lysate (L) contained the pre-synaptic protein synaptophysin and the post-synaptic protein PSD 95. The nonsynaptic peripheral membrane
protein annexin V and the nuclear membrane protein lamin IB were not detected in synaptosomal fractions but were present in total lysate. B,
co-immunoprecipitation (IP) from synaptosomes using GIuN2A antisera precipitated its cognate receptor subunit, the 5HT2C receptor, phosphorylated
and nonphosphorylated forms of Src*'® and Src®?’, as well as the GIuN1 receptor subunit. GIuN2A did not precipitate GIuN2B. Co-immunoprecipitation
using GIuN2B antisera precipitated its cognate receptor subunit, as well as the GIuN1 receptor subunit. GluN2B did not precipitate either 5HT2C or any
form of Src examined. C, co-immunoprecipitation from synaptosomes using 5HT2C antisera precipitated its cognate receptor, GIuN2A and GIuN1
receptor subtypes, and both phosphorylated and nonphosphorylated forms of Src*'® and Src®?”. Co-immunoprecipitation using 5HT2B antisera pre-
cipitated its cognate receptor and the GIuN1 receptor subtype, but it did not precipitate either 5HT2C or any form of Src examined. Omission of primary
antibody did not immunoprecipitate any proteins examined. D, 5HT2C receptors and GIuN2A are expressed and co-localize in processes of cervical rat
spinal cords and cultured spinal neurons. Confocal images show spinal neuronal cultures immunostained for the 5HT2C receptor (red) and GIuUN2A
(green). 5HT2C and GIuN2A immunoreactivity is observed in processes in the medial aspect of the ventral horn (lamina IX) in spinal cord tissue. 5SHT2C
and GIuN2A immunoreactivity also co-localize in distinct regions in processes of cultured spinal neurons. Omission of primary antibody did not result
in 5HT2C or GIuUN2A immunoreactivity in spinal cord tissue or spinal neuronal cultures. Scale bar, 100 um.
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FIGURE 7. Model of 5HT2C modulation of the NMDA channel. The 5HT2C
receptor and NMDA channel are shown in close proximity. We hypothesize
activation of 5HT2C receptors results in phosphorylation of Src™™*'6, which
then modifies the GIUN2A subunit of the NMDA channel to increase channel
open times in response to an agonist.

Selectivity of the agents we used has been previously demon-
strated in experimental preparations using similar electro-
physiological methods. Pharmacological specificity of the
5HT2C antagonists was demonstrated in previous studies
where the 5HT2B/2C antagonist SB206553, but not the selec-
tive 5HT2C antagonist RS 102221, blocked 5HT2B-mediated
enhancement of NMDA-induced motoneuronal depolariza-
tion (15). Thapsigargin inhibition of Ca>*-ATPase as well as
nominally Ca*>*-free medium have previously been shown to
reduce G-protein-mediated increases in NMDA responses pro-
duced by trans-(*)-1-amino-1,3-cyclopentane dicarboxylic
acid (41).

In addition, the broad spectrum G-protein antagonist GMP-
PNP irreversibly activates G-proteins by saturating GTP-bind-
ing sites but did not block the effects of 5SHT2C activation in
this study. However, in other studies, GMP-PNP blocked the
activation of G, by 5HT2B (15) and G;,, by mGluR group 1
receptors (41). Because 5SHT2C is in the class of 5HT receptors
that activate G, it is unlikely that GMP-PNP would not block
an effect coupled to Gq. Similarly, in an additional experiment,
MK 212 potentiation of NMDA responses was not blocked by
the G,-protein antagonist GP2-antagonist, which previously
blocked G -mediated effects of 5HT2B (15).

Src activation has been linked to a number of G-protein-
coupled receptor signaling pathways, including M1 muscarinic
receptors (42, 43), P2Y, purinergic receptors (44), B, (45)- and
Bs-adrenergic receptors (46). Furthermore, in transfected HEK
cells, Src co-localizes 3,-adrenergic receptor and -arrestin 1
after agonist stimulation of the ,-adrenergic receptor (45)
indicating that activation of a G-protein may be involved in
mobilizing these proteins. Interestingly, although our electro-
physiological data showed that activation of the 5SHT2C recep-
tor mediates Src potentiation of NMDA responses, we found
that the increases produced by activation of 5SHT2C were not
blocked by the G-protein antagonist GMP-PNP. A similar
result was reported by Barthet et al. (47), where 7-transmem-
brane 5HT , receptor activation of ERK signaling was mediated
by Src but did not involve a G-protein.

A growing body of literature has shown that the 5HT2C
receptor pre-mRNA is a substrate for base modification (39, 48)
that alters the amino acid coding potential within the second
intracellular loop of the receptor (49, 50). RNA editing of
5HT2C effects receptor binding, G-protein coupling, constitu-
tive activity, and trafficking (49 -52). 5HT2C receptor tran-
scripts can be edited at up to five sites, potentially generating 24
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different receptor versions and hence a diverse receptor popu-
lation (53). Unedited INI has been identified as the most effi-
cient in G-protein coupling (54), although fully edited VGV is
the least efficient in this regard (49, 50, 55). We identified
mRNA for VNV, VSV and VGV 5HT2C isoforms in the rat
spinal cord but significantly less of the unedited INI isoform.
These data support our results showing that activation of spinal
cord 5HT2C receptor mediates an increase in NMDA-induced
motoneuronal depolarization that is not blocked by G-protein
antagonists.

Co-immunoprecipitation experiments show 5SHT2C recep-
tors, Src and GluN2A subunits, are in a multiprotein complex
in synaptosomes. Correspondingly, we find that GIuN2A sub-
units and 5HT2C receptors co-localize to processes in the
medial aspect of the ventral horn of cervical rat spinal cord
sections, as well as rat spinal neuronal cultures. Co-immuno-
precipitation of Src from GluN1 (56) and protein associations
linking Src to NMDA channels have been shown (57). Isolated
NMDA-PSD 95 complexes also pull down Src in immunopre-
cipitation experiments (8). In our experiments, activation of
5HT2C receptors renders Src in the active conformation where
Src™"*¢ is phosphorylated (58—60). Our findings illustrate
that GIuN1 is immunoprecipitated with both 5HT2C and
GluN2A antisera, providing further evidence that 5HT2C,
GIuN2A, and Src multiprotein complexes involve functionally
assembled NMDA receptors. Interestingly, 5HT2B and
GIuN2B antisera also immunoprecipitated GluN1, suggesting
that these receptor subtypes also form distinct multiprotein
complexes with functionally assembled NMDA receptors and
may affect NMDA receptor-induced motoneuronal responses.
Previously reported electrophysiological and pharmacological
data has shown that NMDA-induced depolarization of motor
neurons is modulated by activation of a G-protein-coupled
5HT2B receptor and the entry of extracellular Ca*>* through
voltage-dependent L-type Ca>" channels (15). We show dis-
tinct multiprotein interactions of GluN2A and 5HT2C in sub-
cellular microdomains, shown to localize NMDA channel mod-
ulators and intracellular signaling (8, 9, 31, 57, 61— 63). Taken
together, these findings support that NMDA receptor func-
tional activity is regulated through distinct subcellular localiza-
tion and receptor subtype-mediated intracellular signaling.

Neuronal output depends on highly specialized local intra-
cellular environments and subcellular microdomains, includ-
ing dendritic spines and synapses (64, 65). Several distinct path-
ways for receptor interaction and signal transduction
mechanisms may contribute to differential and controlled neu-
ronal output. Multiple functional responses have been reported
for 5HT receptor subtypes (66), and NMDA-specific subunit
activation has been shown to mediate very different effects on
neuronal excitation and activation of intracellular signals (67—
69). Our findings extend previous studies on 5SHT2C receptors
in the spinal cord (29, 30) and support the hypothesis that
5HT2C receptors positively modulate NMDA-mediated
motoneuronal depolarization, through non-G-protein-medi-
ated mechanisms, by increasing Src*'® tyrosine kinase phos-
phorylation. It is well established that Src functions to regulate
NMDA receptor ion channels (60, 70, 71) and directly phos-
phorylates GIuN2A subunits (73, 74). GluN2A phosphorylation
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may regulate the protein composition of NMDA receptor com-
plexes, NMDA receptor trafficking, or directly affect gating
(60), resulting in the enhancement of NMDA receptor-medi-
ated motoneuronal responses.

NMDA channels and 5HT receptors are integral in the reg-
ulation of spinal reflexes and rhythmic motor pathways (13, 14,
75-77). Activation of 5HT2C receptors induces long lasting
reflexes (78), and after spinal cord injury, locomotion in rats
requires constitutive activity of 5SHT2C receptors (79). In addi-
tion, 5SHT2C receptors mediate post-injury recovery of the
large inward persistent L-type Ca>" channel in motoneurons
and the development of spasticity (29, 30). 5SHT2C receptors
are also involved in maturation (80), plasticity (81), and neuro-
degenerative conditions such as amyotrophic lateral sclerosis
(ALS) (72). Understanding the protein associations involved in
5HT2C receptor signaling and NMDA, channels may provide
insight into their regulation and control to target specific ther-
apeutic intervention in pathologies affecting spinal cord motor
pathways.
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