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Abstract:

This study investigated the presence of neuropeptide FF (NPFF) receptors on F-11 cells, a hybridoma derived from rat dorsal root

ganglia (DRG) and mouse neuroblastoma. Binding experiments revealed a low density (4 fmol/mg) of high affinity (0.5 nM)

[3H]-EYF binding sites in these cells. The whole-cell planar patch-clamp technique showed that dNPA, a selective NPFF2 agonist,

increased the voltage-dependent potassium outward currents (about 30 pA/pF) by 21%; this reversible effect on sustained delayed

potassium currents is blocked by tetraethylammonium. The similar effects of NPFF and opioid agonists on K+ currents in this cell

line may explain their similar antinociceptive actions at the spinal level.
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Introduction

Neuropeptide FF (NPFF, FLFQPQRF-NH�) is the pro-

totypical ligand of a neurotransmitter system. NPFF

belongs to a neuropeptide family, which includes two

precursors of NPFF, NPFF� and NPFF�. Mature pep-

tides with a C-terminal PQRF-NH� sequence are gen-

erated, which are specific for two G-protein coupled

receptors named NPFF� and NPFF� [1, 4, 8]. NPFF re-

ceptors are involved in several physiological functions

such as cardiovascular regulation, hormonal control

and pain perception via the modulation of endogenous

opioid functions [10, 12, 17, 20].

A cellular anti-opioid activity has been observed in

neurons [14, 16] and in SH-SY5Y neuroblastoma cells

[9]. Both NPFF receptors selectively block the opioid-

induced inhibition of Ca�� channels by a mechanism

probably involving receptor heteromerization [15].

In rats, NPFF receptors synthesized in dorsal root

ganglia can be detected in dorsal root fibers [6]. In or-

der to study the electrophysiological properties of

NPFF receptors, we investigated the presence of these

sites on the F-11 cell line, a fusion product between

the mouse neuroblastoma cell line N18TG-2 and the

embryonic rat dorsal-root ganglion (DRG) neurons.

Materials and Methods

Drugs

dNPA (D-Asn-Pro-(N-Me)Ala-Phe-Leu-Phe-Gln-Pro-

Gln-Arg-Phe-NH�) was synthesized using an automated

peptide synthesizer (Applied Biosystems model 433A).
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[�H]-EYF (EYWSLAAPQRF- NH�), 2.66 TBq/mmol,

was custom-made by RC TRITEC AG (Teufen, Swit-

zerland) by hydrogenation of EYWS(3,4-dehydro)-

LAAPQRF-NH� precursor with 99% tritium gas [18].

Cell culture

F-11 cells (embryonic rat dorsal root ganglia X mouse

N18TG neuroblastoma) were kindly provided by

Mark C Fishman (Massachusetts General Hospital-

East, Charlestown, MA, USA). Cells were grown in

Ham’s F12 nutrient mixture supplemented with 15%

Hyclone defined bovine serum (Perbio, France), peni-

cillin (100 U/ml)/streptomycin (100 µg/ml) (Invitro-

gen, France) and HAT complement (Invitrogen) to

maintain selection of the hybridoma. Cells were incu-

bated at 37°C in a humidified atmosphere containing

5% CO�.

Two to three days before the experiment, cells were

seeded in 60 mm Petri dishes in order to obtain a final

60–80% confluence. After two washes with 5 ml

phosphate buffer saline (PBS), the cells were de-

tached with trypsin (0.05%)-EDTA (0.53 mM) (Invi-

trogen, France) and gently resuspended in 8 ml of me-

dium by pipetting up and down to ensure complete

separation of the cells. The cell suspension was then

centrifuged for 2 min at 1,000 rpm and the pellet was

resuspended in 100–300 µl of the external recording

solution at a final cell density of 1 × 10�/ml.

Binding experiments

Membrane preparation and radioligand binding was

made as previously described [18]. Briefly, [�H]-EYF

was used to label NPFF receptors in F-11 cell mem-

branes by the rapid filtration assay. The membranes

(190 µg protein) were incubated in polypropylene

tubes in a final volume of 500 µl containing 50 mM

Tris-HCl, pH 7.4, 60 mM NaCl, 0.1% bovine serum

albumin (Sigma, France) and increasing concentra-

tions (0.2–1.7 nM) of radioligand. After 1 h of incu-

bation at 25°C, samples were rapidly filtered on

Whatman GF/B filters preincubated in 0.3% polyeth-

ylenimine. The filters were rinsed three times with

4 ml of ice-cold buffer containing 0.1% bovine serum

albumin, and the bound radioactivity was counted in

a liquid scintillation spectrophotometric counter

(Packard) with 50% efficiency.

Electrophysiological recording

Currents were recorded in F-11 cells using a patch

clamp workstation (Port-a-patch, Nanion, Munich,

Germany) equipped with an HEKA EPC-10 amplifier

(HEKA, Germany) using disposable borosilicate glass

chips (NPC-1) with an aperture diameter of approxi-

mately 1 µm. The internal solution (5 µl) (in mM: 70

KF, 75 KCl, 1 CaCl�, 2 MgCl�, 10 EGTA, 10 HEPES,

2 ATP, 0.1 GTP; pH = 7.2) was applied on the internal

face of the chip. After mounting the chip, a droplet

(5 µl) of the external recording solution was added to

the top (in mM: 150 NaCl, 5 KCl, 5 CaCl�, 2 MgCl�,

5 HEPES, 10 glucose; pH = 7.2), a Faraday ring was

placed on top and the ground electrode was inserted

into the solution droplet. The cells were resuspended

in the external recording solution (5 µl) and were pi-

petted onto NPC-1 chips. Five µl of a seal enhancer

solution (in mM: 105 NaCl, 4.5 KCl, 40 CaCl�,

2 MgCl�, 10 HEPES, 10 glucose; pH = 7.2) was

added. Sealing of a cell was obtained by using the in-

termediate suction protocol.

After reaching the whole cell configuration, the ex-

ternal solution was exchanged with the external re-

cording solution. The currents were evoked by deliv-

ering consecutive step depolarizations from –60 mV

to +60 mV from a holding potential of –60 mV, during

250 ms with a 20 ms interval between each step. The

drugs were dissolved at the appropriate final concen-

tration in the external solution and were directly pi-

petted onto the chip.

The data were digitized at 10 kHz and filtered on-

line at 2.9 kHz. The leak was routinely subtracted by

an online P/4 protocol. The series resistance was com-

pensated at 50%.

Results

Binding experiments

To investigate the presence of binding sites on the

F-11 cell line, binding experiments were performed at

various concentrations of the specific NPFF� radio-

ligand [�H]-EYF. The low expression of NPFF recep-

tors necessitated the use of a high content of protein,

limited to 200 µg. In the presence of 1 µM EYF and at

the lowest concentration of radioligand, the specific

binding reached 25–30%. The specific binding of
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[�H]-EYF to F-11 cell membranes was saturable, and

the analysis of the saturation between 0.25 and 1.7 nM.

[�H]-EYF showed occurrence of only one class of

high affinity sites (K� = 0.45 ± 0.25 nM, the mean ±

SEM) with a maximal number of binding sites of 4.38

± 0.80 fmol per mg of protein (Fig. 1). No specific

binding was measured under the same experimental

conditions in SH-SY5Y or CHO cells, which did not

express NPFF� sites.

In vitro electrophysiology

Whole cell current was recorded with a planar patch-

clamp method. Only experiments in which the seal re-

sistance was superior to 0.4 G� and the series resis-

tance ranged between 3–15 M� producing a voltage

error of 0.03–0.15 mV for each 10 pA of current, were

accepted. In 46 of the 84 cells, the characteristics

were met. The membrane capacitance was 13.71

± 1.44 pF (the mean ± SEM, n = 46).

Voltage-gated currents were elicited by 200 ms

voltage steps from –60 to +60 mV. The whole-cell

membrane currents of an F-11 cell during a pulsed de-

polarization (Fig. 2) consist of 1) a rapid inward Na�

current, 2) a transient Ca�� inward component and

3) an outward K� current. The rapid inward current

peaked within 3 ms and was totally eliminated by

1 µM tetrodotoxin, a blocker of Na� channels. The

transient inward current peaked within 40 ms, which

occurred between –10 and +10 mV and often ran

down. This inward current could be blocked by 2 mM

Ni�� and decreased with the diminution of the extra-

cellular calcium concentration, indicating that it cor-

responded to a Ca�� current. More than a half of this

current (from –40 ± 15 to –19 ± 10 pA at a holding

potential of 0 mV, n = 5) decreased in the presence of

the specific L-type Ca�� channel blocker – nifedipine

(10 µM).

The outward currents were eliminated when the in-

ternal K� was replaced with Cs� (data not shown) or

by TEA (tetraethylammonium, 5 mM), a well-known

blocker of K� channels, indicating that they are due to

the opening of a voltage-gated K� channel. Different

isoforms of voltage-gated K� currents are expressed

in DRG neurons; in F-11, the observed outward cur-

rent of potassium is not inactivated during prolonged

voltage steps nor with a prepulse of –80 mV, indicat-

ing that this sustained current corresponds to a de-

layed-rectifier potassium current I�. The mean K�
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Fig. 1. Saturation binding isotherm of [�H]-EYF on the F-11 cell mem-
branes. The specific binding was measured at 25�C after a 60 min in-
cubation with various concentrations of [�H]-EYF. The non-specific
binding was determined in the presence of 1 µM unlabeled EYF.
Each point represents the mean ± SEM of duplicate determinations

Fig. 2. Typical effects of 1 µM dNPA
and 1 µM DAGO on whole-cell volt-
age-gated outside currents in F-11
cells. The voltage-gated currents were
elicited as described in the methods.
The currents are shown for control
(A, D) and dNPA (B) or DAGO-treated
cells (E) and after washout of dNPA (C)
or DAGO (F)



outward current measured was 421.6 ± 56.7 pA (the

mean ± SEM, n = 46) given a mean of 30.75 pA/pF in

these experiments.

Effects of neuropeptide FF analog, dNPA

In 24 of the 28 cells, the NPFF analog dNPA (1 µM) in-

creased the K� outward current (Fig. 2) by 21% (in-

crease of 88.58 ± 25.47 pA, the mean ± SEM, n = 28, at

a test potential of 60 mV, when the control value was

421.6 pA). The maximal effect observed 120 s after the

agonist’s application was reversible by washing (Fig. 3).

The whole-cell outward current was inhibited by

1 mM of TEA, and dNPA did not increase the current

further in the presence of TEA (Fig. 3).

By itself, the NPFF antagonist RF9 (1 µM) did not

modify the amplitude of the I� within five minutes;

however, RF9 blocked an increase of the I� induced

by 1 µM dNPA (5/5 cells).

The opioid agonist DAGO (1 µM) similarly in-

creased outward K� currents from 350 ± 32 to 440

± 48 pA (the mean ± SEM, n = 6) at a test potential of

+60 mV (Fig. 2).

Discussion

F-11 is a cell line created by the fusion of rat embry-

onic dorsal root ganglion cells and mouse N18TG2

neuroblastoma cells [13]. These cells exhibit character-

istics of sensory neurons and express several receptors,

including the cannabinoid CB� and CB� receptors, the

temperature-sensitive ion channel TRPV2 and opioid

receptors [3, 19]. For this reason, F-11 cells have been

used as model for dorsal root ganglion neurons [5].

The results presented here indicate the presence of

NPFF receptors on F-11 cells characterized by spe-

cific binding sites and through a pharmacological ef-

fect on K� currents. The direct radioligand-binding as-

say, using a ligand previously characterized as spe-

cific to NPFF� receptor, exhibited the same affinity as

that previously observed in several systems [18] and

identifies clearly specific NPFF binding sites. The

maximal number of sites is relatively low but corre-

sponds well to the low density of sites described in the

DRG [6], only a few fmoles per mg of protein.

No studies have evidenced direct actions of NPFF re-

ceptors on modulation of ion channels in neurons.

Patch-clamp recordings in the hypothalamic brain slices

provided evidence for a disinhibitory role of NPFF via

an attenuation of the GABAergic inhibitory input. Simi-

larly, NPFF modulated excitatory synaptic transmission

in the parabrachial nucleus through an interaction with

the presynaptic �-opioid receptors [2]. In mouse DRG,

a direct effect of NPFF agonists is to reduce the intracel-

lular Ca�� rise induced by depolarizations.

In the present study, using the whole-cell planar

patch-clamp technique on F-11 cells, an NPFF agonist

increased the magnitude of the delayed-rectifier po-

tassium currents. Interestingly, this effect is very simi-

lar to that of FMRFamide, the first peptide identified

with an RFamide C-terminus, which increased the

delayed-rectifier potassium current in mouse olfac-

tory sensory neurons [11]. At the cellular level, using

neurons isolated from the dorsal root ganglia of young

rats, the inhibitory effect mediated by µ-opioid recep-

tor on Ca�� channels was attenuated by a NPFF ago-
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Fig. 3. Representative current-voltage plots of a F-11 cell treated with
dNPA and TEA. The graph demonstrates a typical effect of dNPA
treatment over a period of 120 s on the potassium currents of the
same F-11 cell. The current-voltage relationship was obtained by
measuring the peak current amplitude at each pulse after application
of dNPA. The figure also illustrates the recovery of the current ampli-
tude after returning to the control bath solution and the effect of TEA
treatment



nist [14]. However, NPFF and opioid receptors, both

inhibited the Ca�� conductance of SH-SY5Y cells, and

only the pretreatment with the NPFF analogs reduced

the response of opioids [7, 9]. Thus, opioid and NPFF

receptors exert the same action, and the modulation of

opioid activity by NPFF intervenes only after a pro-

longed incubation.

In the present study, we have demonstrated that the

NPFF analog, dNPA, could increase the amplitude of

outward potassium current in F-11 cells. Similarly to

opioid agonists, NPFF or its related peptides, admin-

istered intrathecally, have been found to show antino-

ciceptive activity while supraspinal administration of

NPFF was found to attenuate the analgesic effect of

morphine [17, 20]. A part of NPFF� receptors of the

spinal cord, like opioid receptors, are synthesized in

the DRG and transported to primary afferent termi-

nals [6]. Our data showing that an NPFF agonist and

an opioid agonist have the same effects on K� currents

in a DRG model could explain why both exert antino-

ciception at the spinal level; it is most likely via

a common cellular mechanism.
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