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cell surface GPCRs, and whether endosomal GPCRs are a theragekitz(Fig. 1, D to F), and cytosolic cAMP (Fig. 1, G to 1), indicating a
target remains to be determined. requirement for endocytosis. Inmtoast, PS2 and Dy4 did not affect SP
We examined the contribution of endocytosis of the neurokinin 1 ractivation of cytosolic ERK (fig. S2, B and C) or plasma membrane
ceptor (NKR) to substance P (SPhediated nociception. Painful cAMP (fig. S2, F and G), which do not require endocytosis, but ampli-
stimuli release SP from the central projections of primary sensory néad plasma membrane PKC activity (fig. S2, D and E). Expression of
rons in the dorsal horn of the spinal cord, where SP induces endocytdgisamin K44E, but not dynamin WT, prevented SP stimulation of
of the NK;R in second-order neurons, which integrate nociceptiveiclear ERK (Fig. 1, J to L). Dynamin K44E did not prevent SP stimu-
signals §, 14). The NK;R may also be internalized in pain-sensing rdation of cytosolic ERK but caused the response to become sustained
gions of the brain of patients with chronic paB15. We hypothesized when compared to dynamin WT (fig. S2, H to J). Knockdown of dyna-
that endosomal signaling is a crifitait unappreciated contributor to min-1 and clathrin heavy chain with small interfering RNA (SiRNA)
pain transmission and that targeting N antagonists to sites of endo-(fig. S2, K and L) prevented SP activation of nuclear ERK (Fig. 1, M
somal signaling might provide an effective route to pain relief. Thus, toed N).
clinical failure of conventional NfR antagonists for the treatment of ~ Transcription is a major endpoinf &PCR signaling, including ac-
chronic pain and other chronwonditions associated with NR endo- tivation of nuclear ERK. Thie,-adrenergic receptor signals from en-
cytosis §) might relate to their inability to target and antagonize theosomes to regulate transcriptidfl); To investigate the contribution
NK;R within multiprotein signalsomes of acidified endosomes. of NK;R endocytosis to SP-stimulatedrtscription, we expressed in
HEK-NK4R cells a reporter encoding secreted alkaline phosphatase
(SEAP) under control of the serum response element (SRE) tran-
RESULTS scription factor. SP (10 nM) stimulated SRE-SEAP secretion after 4
Clathrin, dynamin, and bARRs mediate NK;R endocytosis and 24 hours, indicating stimulatéranscription (Fig. 10). Dynamin
To quantify NKR endocytosis, we used bioluminescence resonaR@dE abolished SP-stimulated transcription at both times. Dynamin
energy transfer (BRET) to assessRIigroximity tobARRs and resi- K44E reduced the efficacy but not the potency of SP-induced
dent proteins of plasma membranes (KRAS) and early endosortnahscription, measured after 24 hours (fig. S2M). ThugR\Ehdocy-
membranes (RAB5A) in human embryonic kidney (HEK) 293 celissis is required for SP stimulation of transcription.
(fig. S1A). SP (1 or 10 nM) increased {RKRLUC8bARR1/2yellow We have previously shown thaARRs mediate NiR endosomal
fluorescent protein (FP) BRET (fig. S1, B and C), which is consistesignaling and nuclear ERK activatidh 22 23. To examine the con-
with bARR-mediated NKR endocytosisl). SP decreased NR- tribution of G proteins to endosomal NR signaling, we used BRET to
RLUCB8/KRAS-Venus BRET and concomitantly increasegRMM.UC8/ study SP-induced trafficking ofdg subunits to early endosomes
RAB5A-Venus BRET (fig. S1, D to G), indicating {Rkendocytosis. containing RAB5A. SP (0.1 to 10 nM) decreased RHRLUCS8/
The dynamin inhibitor Dyngo-4a (Dy4)(), the clathrin inhibitor KRAS-Venus and increased NKRLUC8/RAB5A-Venus BRET,
Pitstop-2 (PS2)1@), and a dominant-negative version of dynamin (K44EJemonstrating endocytosis, and decreasagh_UC8/Gy-Venus
(19 inhibited NK;R endocytosis, whereas inactive analogs (Dy4 inact 8ET, consistent with G protein activation (Fig. 2, A to C, and fig.
PS2 inact) and wild-type (WT) dynamin had no effect. Dynamin K44%3, A to C). SP increase@d{RLUC8/RAB5A-Venus BRET, which
increased the N{R-RLUC8bARR1/2-YFP BRET, suggesting thaindicates @4 translocation to early endas@s that contain the inter-
dynamin-dependent translocation of the NKbARR from the plas- nalized NKR (Fig. 2D and fig. S3D). In SP-stimulated cells;RK
ma membrane to endosomes initiatesR¥ARR dissociation (fig. immunoreactivity (IR) and @;-IR colocalized with early endosomal
S1H). Dy4 and PS2 also inhibited endocytosis of fluorescent Alexa Famiigen 1 (EEABIR (Fig. 2, E and F); IR was detected using immu-
568-SP in HEK-NKR cells, causing retention in punctate structuresofluorescence and super-resolution microscopy.
(fig. S1I). These structures may repregdigand/receptor clustersinin-  The Gag inhibitor UBO-QIC prevented SP activation of nuclear
vaginated pits in cells treated with Dy4 or at the plasma membraneSRK (Fig. 2G and fig. S3E), which also dependsAdRRs and PKC
cells treated with PS2. Thb#\RRs, clathrin, and dynamin mediate SPbut not on epidermal growth factor receptor transactivat@i2g, 23.

induced NKR endocytosis. UBO-QIC, the phospholipase @I(C) inhibitor U73122, and the €a
chelator EGTA prevented activation of cytosolic PKC (Fig. 2H and

NK;R endocytosis mediates SP signaling in fig. S3F), which is consistent with a{PLC, and C&-dependent

subcellular compartments PKC pathway. UBO-QIC, the PK@hibitor GF109203X, and EGTA,

To study the link between GPCR endocytosis and signaling in sbit not the G inhibitor NF449, prevented SP generation of cytosolic
cellular compartments with high spatiotemporal fidelity, we expresseAMP (Fig. 2l and fig. S3G), supporting a role fa,@nediated ac-

in HEK293 cells, the NfR and fluorescence resonance energy transfimation of C&-dependent PKC in the generation of cAMP. UBO-QIC
(FRET) biosensors for cytosoficytoEKAR) or nuclear (NucEKAR) did not affect NKR endocytosis (fig. S3H). In addition to inhibiting
extracellular signategulated kinase (ERK) activity, plasma membramKCa (4% control), GF109203X (Bis-1) also inhibits other kinases
(pmCKAR) or cytosolic (CytoCKAR) protein kinase C (PKC) activitf24), which may also contribute to SP signaling. These results sup-
and plasma membrane (pmEpac?2) dosplic (CytoEpac?2) cAMP (fig. port the hypothesis that SP and the NXsignal from endosomes by
S2A) 0. SP (1 nM) induced a gradual and sustained activation of nGag-mediated mechanisms to activate nuclear ERK and cytosolic
clear ERK (Fig. 1, Ato C) and a rapiddssustained activation of cyto- PKC and cAMP.

solic PKC (Fig. 1, D to F) and cAMP (Fig. 1, G to I). SP rapidly and

transiently activated cytosolic ERK (fig. S2, B and C), did not affect pEsdocytosis mediates sustained SP-evoked excitation of

ma membrane PKC (fig. S2, D and&)d increased plasma membranspinal neurons

cAMP (fig. S2, F and G). Inhibitors of clathrin (PS2) and dynamifihe NK;R mediates nociceptive transmission in second-order spinal
(Dy4) abolished SP stimulation of near ERK (Fig. 1, Ato C), cytosolicneurons, where painful stimuli induce SP releasgR\Néhdocytosis,
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Fig. 1. NK;R endocytosis-dependent compartmentalized signaling. (A to I) Effect of inhibitors of dynamin (Dy4) and clathrin (PS2), and of inactive (inact) analogs, on SP-
induced spatiotemporal signaling profiles for nuclear ERK (NUceKAR) (A to C), cytosolic PKC (CytoCKAR) (D to F), and cytosolic cAMP (CytoEpac?) (G to I) measured in HEK293 cells
using FRET biosensors. (A, D, and G) Time course of responses. (B, E, and H). Representative ratiometric images and sensor localization. Max, response to positive controls. Yellow
arrows denote localization of FRET sensor and white arrows show the SP-stimulated signals in control cells and cells treated with Dy4 inact. (C, F, and I) Area under the curve (AUC)
of (A), (D), and (G). (J and K) Effect of dynamin WT (J) or dominant negative K44E (K) overexpression on the spatiotemporal profile of SP-induced nuclear ERK. (L) AUC of (J) and (K).
(M) Effect of clathrin heavy chain and dynamin-1 siRNA on the spatiotemporal profile of SP-induced nuclear ERK. (N) AUC of (M). (O) Effect of dynamin WT or K44E overexpression
on the SP-induced SRE-SEAP. *P< 0.05, **P< 0.01, ***P< 0.001, vehicle (Veh); ~P< 0.01, MP< 0.001, control to inhibitors. (A to N) Thirty to 354 cells, three to five experiments.
(0) n = 3 experiments. ANOVA, Tukey’s test (C, F, |, and N); Sidak’s test (L); Dunnett’s test (O).
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Fig. 2. G protein—dependent NK;R signaling in endosomes. (A to D) SP-induced BRET between NK;R-RLUC8 and KRAS-Venus (A) or RAB5A-Venus (B) and between Gag-
RLUC8 and Gg,-Venus (C) or RAB5A-Venus (D) in HEK293 cells. *P< 0.05, **P< 0.01, ***P< 0.001 to baseline. Triplicate observations,n 3 experiments. (E) Localization of NK;R-IR
(green), Gag-IR (cyan), and EEAL-IR (red) in HEK293 cells by super-resolution microscopy. Blue boxes, plasma membrane; red boxes, endosomes. (F) Quantification of the pro-
portion of endosomes containing NK;R-IR and Gag-IR. Sixty to 66 cells per condition (20 to 22 cells from n = 3 experiments). ***P< 0.0001. (G to I) Effect of inhibitors of Gaq (UBO-
QIC) or PLC (U73122) and Ca?* chelation (EGTA) or inhibitors of Ga (NF449) or PKC (GF109203X, GFX) on SP-induced nuclear ERK (G), cytosolic PKC (H), and cytosolic cAMP (1)
measured using FRET biosensors. ***P< 0.001, SP to vehicle; M P< 0.001, control to inhibitor. Thirty-five to 67 cells, three experiments. ANOVA, Dunnett’s test (A to D); Sidak's test
(F and G); Tukey’s test (H and ).
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SP-induced NKR endocytosis, compartmentalized signalindjpidated antagonists to concentrate in endosomes), Span-Chol alone
transcription, and neuronal exabbility, and have antinociceptiveinhibited nuclear ERK (derives from endosomal{RK(Fig. 6, G
actions. These findings support the hypothesis that endosoraatl H), and no antagonist inhibiteytosolic ERK (derives from plasma
NK;R signaling underlies sustained neuronal excitation and nocicepembrane NKR) (fig. S8, B and C). Span-Chol also prevented SP-
tion. Thus, selective antagonism of endosomal receptors couldrgkiced transcription. HEK-NIR cells were incubated with Span or
an effective treatment for pain. To investigate this possibility asgan-Chol for 30 min, washed, recovered for 4 hours, and then stimu-
to provide direct evidence for the importance of endosomal signaliaged with SP for 20 hours. Span-Chol abolished SP-stimulated SRE-SEAP
for nociception, we devised an approach to deliver and concentrsgeretion (derives from endosomal {R¥, whereas unconjugated Span
GPCR antagonists in early endosomes. was ineffective (Fig. 6l). However, when continuously incubated with
Lipid conjugation anchors drugs at membrane surfaces and pamtagonists, both Span-Chol and Spanibited transcription. Span-Chol
motes endosomal deliver§lj. We synthesized tripartite probes comdid not affect isoprenaline-induced activation of nuclear ERK, which is
posed of cholestanol (Chol; promotes membrane insertion amediated by the endogenolisadrenergic receptor (fig. S8D). Thus,
anchoring) or ethyl ester (control; no membrane anchoring), a flexite effects of tripartite antagonists are not mediated by a nonspecific
polyethylene glycol (PEG) linker, and a cargo of either cyanine 5 (Cgyuption of endosomal signaling.
for localization or spantide(Bpan), a peptidic membrarAmpermeant The results show that lipid conjugation promotes the effective deliv-
NK;R antagonist (Fig. 6AB@. In addition, we synthesized a probeery and retention of antagonists to endosomes containing th&NK
incorporating Span and Cy5 (Sp&y5-Chol). When incubated with After pulse incubation, Span-Cholssed sustained and selective antag-
HEK293 cells, Cy5-Chol inserted into the plasma membrane witlanism of endosomal but not plasma membraneRKUnconjugated
5 min, whereas Cy®thyl ester remained entirely extracellular (Fig. 68pan and SR140,333, a potent smallecule antagast, were unable
and movies S11 and S12). After 4 hours of continuous incubatitmeffectively inhibit persistent NR signaling in endosomes.
Cy5-Chol was concentrated in RAB5A-positive early endosomes,
although Cy5-Chol was also detected at the plasma membr&melosomally targeted NK;R antagonists block nociception
(Fig. 6C). When incubated with HEK-NR-green fluorescent protein To assess whether antagonism of the endosomg® Ikdcks sustained
(GFP) cells for 4 hours, Cy5-Chol also colocalized withRN&FP in  SP-induced excitation of spinal neurons, we incubated slices of rat spi-
endosomes (cells were stimulated with SP to inducgRNikdocytosis) nal cord with Span-Chol or Span for 60 min, washed them, and chal-
(Fig. 6C). When HEK-NKR-GFP cells were pulse-incubated withenged them with SP 60 min later. In vehicle- or Span-treated slices, SP
Cy5-Chol for 30 or 60 min, washed, and allowed to recover for 4 howaused brisk firing that was sustained after washout (Fig. 7, Ato C). As
Cy5-Chol was gradually removed from the plasma membrane and @loserved with endocgtinhibitors, Span-Chol did not suppress the ini-
cumulated in NKR-GFPR-positive endosomes, although some proli@l excitation but prevented sustained excitation. The SP-induced firing
remained at the plasma menaioe (fig. S7, A and C). Gy&thyl ester rate (normalized to 2 min, everpier 2 min) was 196.6 + 81.6 for Span-
was not taken up by cells after pulse incubation (fig. S7B). Quantifi€hol and 242.6 + 95.9 for Spaa< 0.05, ANOVA, Siddk test).
tion of Cy5-Chol uptake after a 30-min pulse incubation indicated that To evaluate whether endosomal targeting improves the efficacy and
69% of cell-bound probe was internalized at 4 hours and 79% was intler-ation of action of NKR antagonists for the treatment of pain, we
nalized at 8 hours after washing (fig. S7D). After pulse incubation, CgBiministered cholestanol-conjugated or conventional antagonists by in-
Span-Chol trafficked to N\R-GFP-positive endosomes (Fig. 6C). Dy4rathecal injection 3 hours before intraplantar injection of capsaicin.
inhibited uptake of Chol-conjugateédpartite probes, consistent with This time was selected to allow englosl accumulation of lipidated
constitutive dynamin-mediated endocytosis (fig. S7E). antagonists. When Cy5-Chol wasaciied intrathecally, probe was de-
We used FRET to quantify assoiciatof tripartite probes with the tected in laminae I to Il neurons after 6 hours, confirming delivery and
NK;R in endosomes. NjR with extracellular Nerminal SNAP-Tag retention in pain-transmitting nens (Fig. 7D). Cy5-Chol did not af-
was expressed in HEK293 cells, and cell surfagR Mids labeled with fect nociception, which excludes nonspecific actions of cholestanol (Fig.
membrane-impermeant SNABurface-549 (SNAP-549). SP (10 nM7E). Span-Chol, but not Span or SR338, inhibited capsaicin-evoked
30 min) evoked translocation of SNAP-58K;R to endosomes mechanical allodynia (Fig. 7E). \Whadministered 30 min after capsa-
(Fig. 6D). Cells were treated with Cy5-Chol, and FRET betweeim, intrathecal Span was transiently antinociceptive, whereas Span-
SNAP-549NK;R and Cy5-Chol was measured in regions of intereShol caused a delayed (3 hours), persistent (6 hours), and substantial
within the cytosol. Cy5-Chol/SNAP-549K R FRET was detected (>50%) antinociception (Fig. 7F).
after 5 min and increased for 60 min (Fig. 6, D and E, and movie S13).The small-molecule NJR antagonist L-733,0683 conjugated to
FRET was not detected in control cells lackingRIKFig. 6E). Chol antagonized SP (3 nM; gf5-stimulated C&' signaling in HEK-
Span-Chol antagonized SP [3 nM; 80% effective concentrathdi{;R cells [% inhibition againstriM SP: 40.8 + 8.9 (10 nM L-733,060)
(EGso)]-stimulated C&' signaling in HEK-NKR cells [minus log of and 71.1 + 9.2 (10 nM L-733,060-Chol)] and thus retained activity.
half maximal inhibitory concentration (pKg), 8.23 + 0.21 (Span) When injected intrathecally 3 hours before intraplantar capsaicin,
and 8.44 + 0.29 (Span-Chol)] and thus retained activity. Becauseltf#3,060Chol was antinociceptive from 1 to 4 hours, whereas L-733,060
tripartite probe was concentrated in endosomes after 4 hours, wees antinociceptive only at 1 hour (Fig. 7G).
examined NKR endosomal signaling 4 hours after preincubation with When injected intrathecally 3 hours before intraplantar formalin,
antagonists. When HEK-NIR cells were preincubated with SpanSpan-Chol inhibited both phases of nocifensive behavior more com-
Chol, Span, or SR140,333 for 30 min and then immediately challengletely than Span or SR140,333 (Fid). ¥Vhen injectd intrathecally
with SP, all antagonists blocked nuclear ERK (Fig. 6, F and H) @&lhours after intraplantar CFA, Span-Chol inhibited mechanical
cytosolic ERK (fig. S8, A and C) activity, indicating effective antagonispperalgesia from 1 to 6 hours, whereas the antinociceptive actions
of cell surface NKR. When cells were pulse-incubated with antagonisté Span and SR140,333 were minor and transient for Span (Fig. 7, |
for 30 min, washed, and stimulated with SP 4 hours later (to all@amad J).
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Fig. 5. Disruption of NK;R/bARR interactions. (A) Mouse NK;R C terminus, indicating NK;Rd311 truncation and sequences of Tat-conjugated NK;R and control peptides.
(B and C) SP-induced BRET between WT NK;R-RLUC8 or NK;Rd311-RLUC8 and bARR2-YFP (B) or RAB5A-Venus (C). Triplicate observations,n 3 experiments. (D) SP-induced
cytosolic ERK (CytoEKAR) and nuclear ERK (NucEKAR) measured using FRET biosensors. *P < 0.05. Forty-nine to 99 cells, three experiments. (E) Effect of SP on SRE-SEAP
release from HEK-NK;Rd311 cells. (F and G) Effect of control and three NK;R peptides on SP-induced NK;R-RLUC8/bARR2-YFP BRET (F) and NK;R endocytosis (G). (H to J) Effects of
intrathecally administered control and NK;R peptides on capsaicin-induced mechanical allodynia (H), formalin-evoked nocifensive behavior (l), and CFA-induced mechanical
hyperalgesia (J) in mice. *P< 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001 to control. ANOVA, Sidak’s test (D and G); Dunnett’s test (H to J).

The enhanced potency and duration of action of lipidated antagwsrd rapidly degraded SP, but not Span or Span-Chol (Fig. 7K). Span
nists could be due to improved metabolic stability rather than to apnd Span-Chol were also stable in human cerebrospinal fluid (Fig.
propriate targeting of endosomal NIR. Membrane peptidases7L). These results suggest that enhanced stability does not account
rapidly degrade neuropeptides, including SP, and could also degrfad¢he sustained antinociceptive actions of cholestanol-conjugated
peptidic antagonistsbf. Membranes prepared from mouse spinantagonists.
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Fig. 6. Antagonism of endosomal NK;R. (A) Structure of tripartite probes. (B) Cy5—ethyl ester or Cy5-Chol uptake in HEK293 cells. (C) Cy5-Chol or Cy5-Span-Chol (red)
trafficking to RAB5A-red fluorescent protein (RFP)—positive (blue) and NK;R-GFP—positive (green) endosomes. Asterisk, extracellular; arrowheads, plasma membrane;
arrows, endosomes. (D and E) Cy5-Chol:SNAP549-NK3R FRET, indicating localization of SNAP549-NK;R, Cy5-Chol, and FRET signals (D) and time course of FRET in the
cytosol (E). Six to nine cells, n = 3 experiments. (F to H) FRET assays of nuclear ERK activity (NucEKAR) immediately after (0 min) (F) or 4 hours after (4 hours) (G) 30 min
of preincubation with Span, Span-Chol, or SR140,333 (SR). (H) AUC of (G). **P< 0.01, ***P< 0.001, to vehicle; "P< 0.001, to antagonists. Thirty-one to 417 cells, n =3
to 5 experiments. (I) Effects of Span or Span-Chol on SP-induced SRE-SEAP. HEK-NK;R cells were pulse-incubated with Span or Span-Chol for 30 min, washed, recovered
for 4 hours, and then stimulated with SP for 20 hours (pulse incubation) or were coincubated with antagonists throughout the experiment (coincubation). n = 3
experiments. ANOVA, Sidak’s test (H).
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NK;R redistributes from the plasma membrane to endosomesigs3. G protein-dependent NKiR signaling in endosomes.
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