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    I N T R O D U C T I O N 

 M/KCNQ potassium currents were fi rst described in 

sympathetic neurons ( Brown and Adams, 1980 ). Subse-

quently, M/KCNQ currents have been recorded in 

mammalian brain neurons, including pyramidal cells 

of the hippocampus ( Halliwell and Adams, 1982 ). M/

KCNQ currents play a crucial role in the stabilization of 

membrane potential and the modulation of neuronal 

excitability ( Marrion, 1997 ;  Jentsch, 2000 ). It is now es-

tablished that KCNQ2/Q3 or KCNQ3/KCNQ5 potas-

sium channels are the molecular basis of M currents 

( Wang et al., 1998 ;  Shapiro et al., 2000 ;  Lerche et al., 

2000 ;  Schroeder et al., 2000 ). Mutation of KCNQ2/3 

genes results in epileptic conditions ( Biervert et al., 

1998 ;  Singh et al., 1998 ). M/KCNQ currents are the 

targets of modulation of many different neurotransmit-

ters and hormones. Activation of their corresponding 

receptors by a variety of neurotransmitters and hor-

mones, such as muscarinic acetylcholine ( Brown and 

Adams, 1980 ), ATP ( Filippov et al., 1998 ;  Ford et al., 

2003 ;  Zaika et al., 2007 ), bradykinin ( Jones et al., 1995 ; 

 Cruzblanca et al., 1998 ), angiotensin II ( Shapiro et al., 

1994 ;  Zaika et al., 2006 ), substance P ( Adams et al., 1983 ) 

and luteinizing hormone releasing hormone (LHRH) 

( Adams and Brown, 1980 ), has been shown to inhibit 

M/KCNQ currents. After many years of intensive ef-

fort, a clearer picture concerning the mechanism of 

  Abbreviations used in this paper: BFNC, benign familial neonatal con-

vulsion; NGF, nerve growth factor; RTK, receptor tyrosine kinase; 

SCG, superior cervical ganglion; TTX, tetrodotoxin. 

M/KCNQ current modulation is emerging ( Delmas and 

Brown, 2005 ;  Suh and Hille, 2005 ). Neurotransmitters 

and peptides inhibit M/KCNQ currents through G q/11 -

coupled receptors (e.g.,  Delmas and Brown, 2005 ). 

Three downstream signaling mechanisms following G q/11  

may directly mediate inhibition of M/KCNQ currents. 

These are (1) depletion of membrane PtdIns(4,5)P 2  as 

a result of its hydrolysis ( Suh and Hille, 2002 ;  Ford 

et al., 2003, 2004 ;  Zhang et al., 2003 ;  Li et al., 2005 ; 

 Winks et al., 2005 ); (2) an increase in intracellular Ca 2+ /

calmodulin ( Selyanko and Brown, 1996 ;  Cruzblanca et al., 

1998 ;  Gamper and Shapiro, 2003 ;  Gamper et al., 2005 ); 

and (3) activation of PKC ( Hoshi et al., 2003 ;  Higashida 

et al., 2005 ). 

 Apart from modulation by activation of G protein –

 coupled receptors, M/KCNQ currents are also targets 

of receptor ( Jia et al., 2007 ) or nonreceptor tyrosine ki-

nases ( Gamper et al., 2003 ;  Li et al., 2004 ). In the case 

of receptor tyrosine kinases (RTKs), activation of the 

epidermal growth factor receptor inhibits M/KCNQ 

currents through the two distinct mechanisms of mem-

brane PtdIns(4,5)P 2  hydrolysis and tyrosine phosphory-

lation of the channel ( Jia et al., 2007 ). 

 In both human ( Jentsch, 2000 ) and animal models 

( Peters et al., 2005 ), suppression of the neuronal M/KCNQ 
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 M/KCNQ currents play a critical role in the determination of neuronal excitability. Many neurotransmitters and 
peptides modulate M/KCNQ current and neuronal excitability through their G protein – coupled receptors. Nerve 
growth factor (NGF) activates its receptor, a member of receptor tyrosine kinase (RTK) superfamily, and crucially 
modulates neuronal cell survival, proliferation, and differentiation  . In this study, we studied the effect of NGF on 
the neuronal (rat superior cervical ganglion, SCG) M/KCNQ currents and excitability. As reported before, sub-
population SCG neurons with distinct fi ring properties could be classifi ed into tonic, phasic-1, and phasic-2 neu-
rons. NGF inhibited M/KCNQ currents by similar proportion in all three classes of SCG neurons but increased the 
excitability only signifi cantly in tonic SCG neurons. The effect of NGF on excitability correlated with a smaller M-
current density in tonic neurons. The present study indicates that NGF is an M/KCNQ channel modulator and the 
characteristic modulation of the neuronal excitability by NGF may have important physiological implications. 
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576  NGF Regulates Neuronal Excitability via M/KCNQ Current  

 Cell Culture 
 Primary cultures of SCG neurons were prepared from 4- to 6-wk-
old Sprague-Dawley rats using a previously described procedure 
( Jia et al., 2007 ). In brief, rats were killed by cervical dislocation 
and then ganglia were rapidly removed from the carotid bifurca-
tion and placed in modifi ed D-Hanks ’  solution. Ganglia were di-
gested at 37 ° C with collagenase (1 mg/ml, Worthington) and 
dispase (5 mg/ml, Sigma-Aldrich) for 30 min, followed by an-
other 30-min digestion with Trypsin (2.5 mg/ml, Worthington). 
They were subsequently suspended at least twice in DMEM me-
dium plus 10% bovine calf serum (Hy-Clone) to stop digestion. 
Ganglia were then dissociated into a suspension of individual cells 
and plated on poly- d -lysine – coated glass coverslips in 24-well tis-
sue culture plates (Costar). Cells were incubated at 37 ° C with a 
5% CO 2  and 95% air atmosphere. The medium was changed to 
Neurobasal A medium plus 2% B27 supplement (contains no 
NGF or other growth factors, Invitrogen) after 12 h and neurons 
were used for recording within 48 h. Neurons with various sizes 
can be seen in the cultures. Small neurons with membrane capac-
itances  < 20 pF were excluded from further experiments. 

 Electrophysiology 
 Whole-cell patch and perforated whole-cell patch recordings 
were used in this study. Recordings were made at room tempera-
ture (23 – 25 ° C). Pipettes were pulled from borosilicate glass capil-
laries and had resistances of 3 – 5 M Ω  when fi lled with internal 
solution. Currents and action potentials were recorded using an 
Axon patch 200B amplifi er and pClamp 9.0 software (Axon In-
struments), and were fi ltered at 2 KHz. The protocol used to 
study M/KCNQ currents of SCG neurons was as follows: the cells 
were held at  � 20 mV following a 2-s hyperpolarizing step to  � 60 mV 
every 4 s. We used current-clamp method to record the action 
potentials of SCG neurons held at 0 and elicited the action poten-
tials by current injection for 2 s. Solutions were applied through 
the VM8 fast superfusion system (ALA Instruments) or by gravity. 
For perforated patch recording, a pipette was fi rst front-fi lled 
with the standard internal solution, then backfi lled with the same 
internal solution containing amphotericin B (120 ng/ml). The 
external solution used to record M/KCNQ currents contained 
(in mM) NaCl 120, KCl 3, HEPES 5, NaHCO 3  23, glucose 11, 
MgCl 2  1.2, CaCl 2  2.5, and TTX 0.00005 (adjusted to pH 7.4 with 
NaOH) ( Tatulian et al., 2001 ). The internal solution for perfo-
rated patch recording consisted of (in mM) KAc 90, KCl 40, 
HEPES 20, and MgCl 2  3 (adjusted to pH 7.3 – 7.4 with KOH) 
( Tatulian et al., 2001 ). Na 2 ATP (3 mM) and EGTA (5 mM) were 
added to the above internal solution for conventional whole-
cell recording. The external solution used to record neuronal ac-
tion potentials was the same as that used for M/KCNQ current 
recording, but did not contain TTX. The internal solution for 
action potential recording was also the same solution as that 
used for M/KCNQ current using perforated patch recording. 
In conventional whole-cell recordings, an initial rundown of 
M/KCNQ currents (in most cases  < 30%) was seen in some cells 
even with ATP(Mg) in the pipette. Time was allowed for rundown 
of M/KCNQ currents to stabilize and then effects of NGF and 
other modulators were studied. 

 For cell-attached patch recording, channel activity was recorded 
from cultured rat sympathetic neurons at DIV 2 – 4. Sylgard-coated 
pipettes had resistances of 8 – 10 M Ω  when fi lled with a solution con-
sisting of NaCl 125 mM, KCl 3 mM, MgCl 2  1.2 mM, HEPES 10 mM, 
apamin 200 nM, charybdotoxin 100 nM,  �  and  �  dendrotoxins 
300 nM, tetrodotoxin 250 nM, and glucose 11 mM (pH 7.3). The 
extracellular solution consisted of NaCl 65 mM, KCl 63 mM, 
CaCl 2  0.5 mM, MgCl 2  1.2 mM, HEPES 10 mM, CgTx-GVIA 250 nM, 
nifedipine 10  μ M, tetrodotoxin 250 nM, and glucose 11 mM (pH 7.3 
with KOH). Cells bath perfused with this high K +  solution had a 
resting membrane potential near  � 20 mV. Membrane  potentials 

current is associated with epileptic conditions. M/KCNQ 

channel activity is thought to mediate neuronal excit-

ability control and early spike frequency adaptation 

( Brown and Adams, 1980 ;  Madison and Nicoll, 1984 ; 

 Brown, 1988 ;  Storm, 1989 ), and to generate afterhyper-

polarizations of medium duration (mAHPs) during and 

after repetitive fi ring ( Storm, 1989 ;  Gu et al., 2005 ). 

Thus, M/KCNQ channel activity tends to stabilize the 

membrane potential, thereby preventing spiking. Ac-

cordingly, attenuation of M/KCNQ channel activity 

through activation of G protein – coupled receptors may 

enhance neuronal excitability responses to excitatory 

input ( Brown, 1988 ;  Storm, 1989 ;  Marrion, 1997 ). 

 Neurotrophins, including NGF, regulate neuronal 

ion channels and membrane electrical properties in 

both central and peripheral neurons ( Levine et al., 1995 ; 

 Holm et al., 1997 ;  Baldelli et al., 2000 ;  Adamson et al., 

2002 ;  Zhang et al., 2002, 2006 ;  Luther and Birren 2006 ). 

For example, NGF increases the amplitude of calcium-

dependent potassium currents in cultured chick sympa-

thetic neurons ( Raucher and Dryer 1995 ), and regulates 

both calcium and sodium currents in cultured frog sym-

pathetic ganglion B cells ( Lei et al., 1997, 2001 ). In ad-

dition to the long-term changes in ionic currents, NGF 

also infl uences neuronal membrane electrical and fi r-

ing properties on relatively short time scales. NGF treat-

ment increases L-type calcium currents within minutes 

in cultured PC12 cells ( Jia et al., 1999 ), and rapidly al-

ters the fi ring properties of dorsal root ganglion sensory 

neurons by increasing sodium and decreasing potas-

sium current amplitudes ( Zhang et al., 2002 ). 

 Thus far there have been no documented reports 

concerning NGF modulation of M/KCNQ currents and 

the consequences of this regulation on neuronal excit-

ability. Previous studies suggest that mammalian sympa-

thetic neurons can be classifi ed into two types: phasic 

and tonic neurons (e.g., Wang and McKinnon, 1995). 

It is not known whether these subpopulation neurons 

will respond differently to modulation. In the present 

study, we investigated effects of NGF on the M/KCNQ 

currents and excitability of superior cervical ganglion 

(SCG) neurons from rats. Our results demonstrate that 

NGF has distinct effects on the excitabilities of SCG 

neurons with distinct fi ring patterns, depending upon 

whether these patterns are phasic or tonic. The effects 

of NGF on excitability arose from its ability to inhibit 

M/KCNQ currents. 

 M AT E R I A L S  A N D  M E T H O D S 

 Chemicals 
 The drugs and chemicals used in these experiments were ob-
tained as follows. NGF, oxotremorine-M (oxo-M), linopirdine, 
U73122, AG879, genistein, HEPES, DMEM, and DMSO were pur-
chased from Sigma-Aldrich Co. Tetrodotoxin (TTX) was pur-
chased from Swellxin Science and Technology Co. Neurobasal A 
medium and B27 supplement were purchased from Invitrogen. 
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more frequently in response to the increased current 

injection ( Fig. 1,  B and F), and their phasic fi ring pat-

tern eventually could be converted to a tonic fi ring pat-

tern ( Fig. 1  B). Tonic neurons were seen in 10% of SCG 

neurons ( Fig. 1  D). Tonic neurons fi red action poten-

tials in a sustained manner even with a minimal stimu-

lus, and the number of spikes increased with increased 

current injection ( Fig. 1,  C and F). When the number 

of spikes was compared, an approximate twofold thresh-

old depolarizing current was used here and in the sub-

sequent experiments. The membrane resting potential 

(V m ) were therefore calculated as V m  = V rest   �  V pipette , where V rest  
was taken to be  � 20 mV and V pipette  was the voltage applied. Single-
channel currents were recorded with an Axopatch 200B amplifi er 
(Axon Instruments). Individual KCNQ/M channels studied in 
this work had conductance of 6.5 pS, which is similar to previous 
published data on native and recombinant M/KCNQ channels 
(6 – 8 p S, Selyanko and Brown, 1999 ;  Tatulian and Brown, 2003 ;  Li 
et al., 2005 ). They had a low threshold of activation ( �  � 50 mV), 
a steady activity at  � 20 mV and their activity was markedly in-
creased when 10  μ M retigabine was added to the bath (not de-
picted;  Tatulian and Brown, 2003 ). The data were sampled at 
5 – 10 kHz and fi ltered at 0.5 – 2 kHz. Transitions between open and 
closed states were detected by setting the threshold to 50% of the 
open channel level. Estimates of P o  were made by analysis of 5-s 
recording periods. The single-channel amplitude was calculated 
by fi tting all-point histograms with Gaussian curves for closed and 
open peaks.  P o -V m   relationships were fi tted by a Boltzmann equa-
tion of the form: P o /P o,max  = 1/ { 1 + exp[(V 1/2   �  V m )/k] } , where P o  
is the channel open probability, P o,max  is the maximum P o  ob-
tained at V m  + 40 mV, V m  is the membrane potential, V 1/2  is the 
half-activation potential, and k is the steepness factor. 

 Statistics 
 The programs  “ Origin ”  (Version 7.0, OriginLab Corporation) 
and Excel (Microsoft) were used for data analysis. Data are pre-
sented as mean  ±  SEM. Statistical signifi cance was computed 
using Student ’ s  t  test. ANOVA analysis was used for multiple com-
parisons. Differences are considered signifi cant if P  <  0.05. 

 R E S U LT S 

 Characteristics of Firing Patterns of SCG Neurons and 
their Relationship to M /KCNQ Currents 
 The major purpose of this study was to investigate the 

effects of NGF on M/KCNQ currents and the conse-

quences of these effects on the neuronal excitability. It 

has been reported that two types of neurons differenti-

ated by the different fi ring patterns of their action po-

tentials, phasic and tonic neurons, exist in the peripheral 

nervous system (PNS). Previous work has shown that 

transient outward potassium currents ( I  A ) and M/KCNQ 

currents ( I  M ) aid in classifying PNS neurons ( Cassell 

and McLachlan, 1986 ; Wang and McKinnon, 1995), and 

that tonic neurons lacking M/KCNQ currents are ab-

sent in rat SCG (Wang and McKinnon, 1995). To gain 

detailed information on the effects of NGF on neuronal 

excitability, we fi rst proceeded to study the fi ring pat-

terns of SCG neuron action potentials and their rela-

tionship to the M/KCNQ current present. 

 Using the perforated patch confi guration, we re-

corded action potentials in SCG neurons with injected 

currents of different levels for 2 s, from a zero holding 

current level. Three types of neurons, namely phasic-1, 

phasic-2, and tonic neurons, were observed from rat 

SCG neurons ( Fig. 1 ).  Phasic-1 neurons, making up 36% 

of total SCG neurons studied ( Fig. 1  D), fi red only one 

spike during the period of stimulation even with in-

creased current injection ( Fig. 1,  A and F). Phasic-2 

neurons, seen in 54% of neurons ( Fig. 1  D), fi red two 

to six spikes with lesser depolarizing currents, but fi red 

 Figure 1.   Classifi cation of rat SCG neurons based on the fi ring 
patterns. (A – C) Rat SCG neurons were classifi ed as phasic-1, 
phasic-2, and tonic neurons based on fi ring properties in response 
to depolarizing current stimuli. Perforated patch recording under 
current clamp method was used. The amplitude and the time of 
injected currents were shown on top of each membrane poten-
tial traces. (D) Summary data showing the percentage of phasic-1 
(P1), phasic-2 (P2), and tonic neurons out of all SCG neurons 
tested; 36% were phasic-1 (P1), 54% were phasic-2 (P2), and 10% 
were tonic neurons. (E) Summary data for resting membrane po-
tential. (F) Summary data for the number of spikes fi red. **, P  <  
0.01 compared with tonic neurons. Error bars represent SEM.   
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of phasic-1, phasic-2, and tonic neurons was  � 55  ±  7, 

 � 57  ±  7, and  � 50  ±  8 mV, respectively ( Fig. 1  E). The 

difference in resting potentials between phasic-1 and 

phasic-2 neurons was not signifi cant but the differences 

between both classes of phasic neurons and tonic neu-

rons were signifi cant ( Fig. 1  E; P  <  0.01). 

 After characterizing the fi ring patterns of SCG neu-

rons, we further studied the relationship between fi ring 

pattern and M/KCNQ current. For this, the fi ring pat-

tern was fi rst established, and M/KCNQ currents were 

then measured in the same cell. The cells were held at 

 � 20 mV, and a 2-s hyperpolarizing step to  � 60 mV was 

applied every 4 s. The amplitude of M/KCNQ currents 

was defi ned as the outward current sensitive to 30  μ M 

linopirdine, a specifi c M/KCNQ channel blocker, and 

was measured from deactivation current records at  � 60 

mV as the difference between the average of an initial 

10-ms segment, taken 10 – 20 ms into the hyperpolariz-

ing step, and the average during the last 10 ms of that 

step ( Suh and Hille, 2002 ) ( Fig. 2  A).  The densities of 

the M/KCNQ tail currents for phasic-1, phasic-2, and 

tonic neurons were 2.8  ±  0.2, 2.3  ±  0.2, and 0.9  ±  0.1 

pA/pF, respectively ( Fig. 2  B). A signifi cant difference 

occurred between phasic and tonic neurons (P  <  0.01), 

but no signifi cant difference was found between phasic-1 

and phasic-2 neurons ( Fig. 2  B). The membrane capaci-

tances of phasic-1, phasic-2, and tonic neurons were 

43  ±  3, 42  ±  2, and 40  ±  5 pF, respectively, and no signifi -

cant differences were found among these three types of 

neurons. The M/KCNQ current – voltage (I-V) relation-

ships for the three types of neurons were established 

( Fig. 2  C) from the tail currents at  � 60 mV preceded by 

multiple steps from  � 80 to +20 mV. The half-activation 

potentials (V 1/2 ) for phasic-1, phasic-2, and tonic neu-

rons were  � 30  ±  1,  � 29  ±  1, and  � 15  ±  3 mV, respec-

tively ( Fig. 2  C). Compared with phasic neurons, the I-V 

curve of tonic neurons was positively shifted ( Fig. 2  C). 

We made a more detailed analysis of the relationship 

between the number of spikes fi red and the density of 

M/KCNQ tail currents ( Fig. 2  D). From this analysis, it 

appears that the density of M/KCNQ currents is diag-

nostic in separating SCG neurons into either phasic or 

tonic neurons. Specifi cally, a line of demarcation was 

located at an M/KCNQ current density level of  � 1 pA/

pF ( Fig. 2  D). 

 The kinetics of M/KCNQ current activation and de-

activation were also studied. Single exponential fi ttings 

were performed to obtain the time constants of activa-

tion and deactivation at  � 20 and  � 60 mV, respectively. 

The representative traces of these activating and deacti-

vating currents from phasic and tonic neurons were 

normalized and shown in the top panel and summa-

rized data were shown in the bottom panel of  Fig. 2 E . 

The time constants of activation for phasic-1, phasic-2, 

and tonic neurons were 60  ±  5, 64  ±  4, and 99  ±  12 ms, re-

spectively ( Fig. 2  E). The time constants of deactivation 

 Figure 2.   Characteristics of M/KCNQ currents from phasic and 
tonic neurons. (A) Representative M/KCNQ current records of 
phasic-1, phasic-2, and tonic neurons. a is the control condition 
and b is after 30  μ M linopirdine. M/KCNQ currents were evoked 
by the deactivating protocol shown under the current traces. Per-
forated patch method was used in these experiments. (B) Sum-
mary data for the densities of M/KCNQ current of phasic and 
tonic neurons. M/KCNQ currents were measured as the deacti-
vating tail currents at  � 60 mV (see Materials and methods for 
detail). (C) The M/KCNQ tail currents at  � 60 mV preceded by 
multiple steps from  � 80 to +20 mV were used to produce the 
current – voltage (I-V) curves. The I-V relationship curves were fi t-
ted with the Boltzmann function. V 1/2  for phasic-1, phasic-2, and 
tonic neurons was  � 30  ±  1 mV,  � 29  ±  1 mV, and  � 15  ±  3 mV, 
respectively. (D) Relationship between number of spikes fi red 
and M/KCNQ current density. (E) Activation and deactivation 
of M/KCNQ currents. The top panel shows the normalized deac-
tivating M/KCNQ currents from  � 20 to  � 60 mV (left) and the 
normalized activating M/KCNQ currents from  � 60 to  � 20 mV 
(right). The bottom panel shows the summary data for the time 
constants of deactivation and activation of M/KCNQ currents, 
which were fi tted by single exponential functions. **, P  <  0.01. 
Error bars indicate SEM.   
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logical concentrations of NGF in mammals ( Levi-

Montalcini and Calissano, 1979 ). 

 Our previous work demonstrated that activation of 

the EGF receptor inhibited KCNQ2/3/M currents 

through two distinct mechanisms: membrane PI(4,5)P 2  

for phasic-1, phasic-2, and tonic neurons were 51  ±  2, 

60  ±  6, and 96  ±  5 ms, respectively ( Fig. 2  E). Both deac-

tivation and activation of tonic neurons were signifi -

cantly slower than phasic neurons, but no signifi cant 

differences were found between phasic-1 and phasic-2 

neurons ( Fig. 2  E). 

 NGF Inhibits M/KCNQ Currents in Rat SCG Neurons 
 M/KCNQ currents were measured with the method de-

scribed above, and the effect of NGF on M/KCNQ cur-

rents was studied. NGF (20 ng/ml) was applied to the 

external solution bathing the SCG neurons for 2 min. 

Whole-cell currents were recorded fi rst using the perfo-

rated patch method. The effects of NGF on M/KCNQ 

currents from phasic and tonic neurons were compared. 

A relatively rapid inhibition of M/KCNQ currents was 

observed immediately after NGF application on both 

types of neurons, with average inhibition of 25  ±  2% for 

phasic (phasic 1 and phasic 2) and 26  ±  3% for tonic 

neurons ( n  = 10 and 6, respectively) ( Fig. 3,  A and B).  

The inhibitory effect of NGF was diffi cult to wash out 

( Fig. 3  A). To get a sense of how fast NGF acts on M/

KCNQ currents, we measured time courses of NGF-in-

duced inhibition of M/KCNQ current. The time courses 

can be fi tted with function of single exponential decay 

and the constants were 103  ±  19 s ( n  = 8) and 102  ±  13 s 

( n  = 5) for phasic and tonic neurons, respectively. Thus 

the two time courses were not signifi cantly different. We 

also tested the effect of NGF on the current in presence 

of 5  μ M linopirdine ( Fig. 3  C). NGF had no further ef-

fect on the current in presence of linopirdine ( Fig. 3  C, 

86.3  ±  3.2% vs. 86.6  ±  3.3% inhibition, for linopirdine 

alone and linopirdine plus NGF, respectively,  n  = 7). 

These results suggest that the NGF-sensitive current is 

M-current. Oxo-M, a relatively specifi c muscarinic recep-

tor agonist, was also used in these experiments. Oxo-M 

(10  μ M) induced a reversible and large inhibition of 

M/KCNQ currents, with an average inhibition of 75  ±  

7% ( Fig. 3 D ,  n  = 6). The effect of NGF was also studied 

with whole-cell recording. In this case, NGF (20 ng/ml 

for 2 min) inhibited M/KCNQ currents by 34  ±  4% 

( Fig. 3,  E and G,  n  = 15, P  <  0.01 vs. control). To get a 

more complete assessment of effect of NGF on M/KCNQ 

current, a concentration – response curve for NGF-in-

duced inhibition of M/KCNQ current was established. 

NGF began to inhibit M/KCNQ current at concentra-

tion of 0.05 ng/ml and reached the maximal inhibition 

at concentration of 20 ng/ml ( Fig. 3  F). The inhibitory 

effect did not signifi cantly increase further with higher 

concentration of NGF ( Fig. 3  F; 200 ng/ml, 37  ±  2%,  n  = 6; 

500 ng/ml, 36  ±  1%,  n  = 4). The concentration – response 

curve was fi tted by Hill equation with a half-maximal in-

hibition (IC 50 ) of 0.7  ±  0.1 ng/ml, and a coeffi cient of 

0.9  ±  0.1. We used 20 ng/ml NGF in all subsequent 

experiments since this is a concentration producing maxi-

mal inhibition and within the range of reported physio-

 Figure 3.   NGF inhibited M/KCNQ currents from SCG neurons. 
(A) NGF (20 ng/ml) inhibited M/KCNQ currents from both 
phasic (left) and tonic (right) neurons. Time course of tail M/
KCNQ currents at  � 60 mV was shown. Linopirdine (30  μ M) was 
used to establish the baseline for the measurements. Perforated 
patch method was used in these experiments. (B) Summary data 
for NGF-induced inhibition of M/KCNQ currents shown in A. 
(C) NGF (20 ng/ml) inhibited M/KCNQ currents in presence 
of 5  μ M linopirdine. (D) Oxo-M (10  μ M) inhibited M/KCNQ 
currents. (E) NGF (20 ng/ml) also inhibited M/KCNQ currents 
recorded using conventional whole-cell method. The right panel 
shows the current traces taken at the times indicated in the left 
panel. (F) Concentration – response relationship for NGF-induced 
inhibition of M/KCNQ current. (G) Summary data for the ef-
fects of AG879 (50  μ M, 5 min), genistein (100  μ M, 5 – 10 min), 
and U73122 (3  μ M, 3 – 5 min) on NGF-induced inhibition of M/
KCNQ currents recorded using conventional whole-cell method. 
**, P  <  0.01. Error bars represent SEM.   
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a series of pharmacological agents, such as AG879, ge-

nistein, and U73122. AG879 is a specifi c inhibitor of the 

Trk A receptor ( Ohmichi et al., 1993 ;  Hilborn et al., 

1998 ), which, among two classes of NGF receptors (Trk 

A and p75), is a typical tyrosine kinase receptor. AG879 

was included in the internal solution at a concentration 

of 50  μ M. AG879 signifi cantly reduced the NGF-induced 

inhibition of M/KCNQ currents from 34  ±  4% to 17  ±  

3% ( Fig. 3    G,  n  = 7, P  <  0.01), whereas it has no effect 

on Oxo-M – mediated inhibition of M currents ( n  = 7). 

Genistein, a broad spectrum cellular protein tyrosine 

kinase inhibitor, was used to pretreat SCG neurons for 

5 – 10 min at a concentration of 100  μ M. Pretreatment 

with genistein reduced the NGF-induced inhibition of 

M/KCNQ currents from 34  ±  4% to 7  ±  4% ( Fig. 3  G, 

 n  = 7, P  <  0.01). U73122 is a commonly used inhibitor of 

PLC and was used to pretreat SCG neurons for 3 – 5 min 

at a concentration of 3  μ M. Pretreatment with U73122 

reduced the inhibition of M/KCNQ currents produced 

by NGF from 34  ±  4% to 12  ±  5% ( Fig. 3  G,  n  = 5, P  <  

0.01). These data suggest that NGF inhibited M/KCNQ 

currents through the TrkA receptor and its downstream 

signal pathways. It is likely that, similar to activation of 

the EGF receptor, activation of the NGF receptor inhib-

its M/KCNQ currents through both phosphorylation 

and PI(4,5)P 2  hydrolysis ( Jia et al., 2007 ). 

 Bath-applied NGF Decreases M/KCNQ Channel P o  in 
Cell-attached Patches 
 We wanted to analyze the NGF regulation of M/KCNQ 

channels at the single-channel level to determine whether 

the inhibition can be attributed to a decrease in P o  or 

single-channel conductance. A cocktail of drugs was 

included in the patch pipette (see Materials and methods) 

to block other K +  channels (SK, BK, IKd), and tran-

sient K +  channels were inactivated at  � 20 mV. Criteria for 

identifi cation of M/KCNQ channels were as follows: 

steady activity at  � 20 mV, single-channel conductance 

of 6 – 8 pS, and inhibition by bath-applied Oxo-M and 

linopirdine (10  μ M) (see Materials and methods). Unitary 

currents were recorded using the cell-attached patch 

mode with 63 mM K +  in the bath to set the membrane 

potential near  � 20 mV and at a patch potential of 0 mV, 

which was near the maximal P o  of native M/KCNQ 

channels (see below). A representative experiment from 

a patch containing a single M/KCNQ channel is shown 

in  Fig. 4  A.  Unitary currents were studied before, dur-

ing, and after bath application of Oxo-M (3  μ M) and 

NGF (20 ng/ml). In this patch, P o  was 0.36 in the con-

trol, slightly higher than that classically observed for 

KCNQ2/Q3 channels in heterologous systems ( Li et al., 

2005 ). This may be due to our recording conditions, 

which were selected to set [Ca 2+ ] i  at low levels ( Selyanko 

and Brown, 1996 ). Bath application of Oxo-M strongly 

reduced M/KCNQ channel P o  within  � 1 min to 0.02 

( Fig. 4,  A and B). After washout of Oxo-M effects, cell 

hydrolysis and cellular tyrosine phosphorylation ( Jia et al., 

2007 ). The NGF receptor, like the EGF receptor, is a 

member of the receptor tyrosine kinase (RTK) super-

family. To explore the mechanism involved in the inhi-

bition of M/KCNQ currents induced by NGF, we tested 

 Figure 4.   Single-channel analysis of NGF action. (A) Single-chan-
nel records at 0 mV from a cell-attached patch containing one 
KCNQ/M channel, before, during, and after bath application 
of 3  μ M Oxo-M and 20 ng/ml NGF. Five consecutive 1-s sweep 
are shown for each condition. Bars: 100 ms, 1 pA. (B) The time 
course of P o  plotted against time for the experiment shown in 
A. P o  calculated from 5-s periods. The application of Oxo-M and 
NGF are indicated by the horizontal bars. (C) Single-channel am-
plitudes derived from all point amplitude histograms were plot-
ted against membrane potentials. The mean slope conductance 
obtained by fi tting a linear regression was 6.5  ±  0.2 and 6.1  ±  0.2 
pS ( n  = 5) in the presence and absence of NGF, respectively. 
(D) Mean  P o -V m   curves determined in control and in the presence 
of NGF or Oxo-M. Data points were fi tted by a Boltzmann equation, 
yielding values for P o,max , V 1/2 , and k of (control,  � ) 0.44  ±  0.02, 
 � 32  ±  3 mV, 12  ±  2 mV; (NGF,  � ) 0.33  ±  0.08,  � 25  ±  2 mV, 10  ±  2 
mV; (Oxo-M,  � ) 0.06  ±  0.005,  � 29  ±  3 mV, 8  ±  2 mV, respectively. 
Each data point is the mean  ±  SEM of 5 – 7 patches. Error bars 
show SEM.   
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( n  = 6, P  <  0.01) and 16  ±  2 ( n  = 9, P  <  0.01), respectively 

( Fig. 5,  D and F). Both agents depolarized the resting 

membrane potentials in both phasic neuron classes 

( Fig. 5,  E and G), but these effects reached a statistically 

signifi cant level only in phasic-2 neurons (from  � 58  ±  2 to 

 � 49  ±  2 mV for Oxo-M, and from  � 50  ±  3 to  � 43  ±  2 mV 

for linopirdine, respectively;  Fig. 5  G). Thus, Oxo-M 

and linopirdine, which resulted in greater inhibition of 

M currents than NGF, increased excitability of all three 

types of SCG neurons, whereas NGF only increased 

exposure to NGF reduced channel P o  by 28% from 0.39 

to 0.28, reaching a maximal inhibition within 4 – 6 min 

( Fig. 4,  A and B). Channel activity was only partly revers-

ible to a P o  of 0.36 11 min after washout of NGF. In seven 

such patches tested, the channel P o  of the control was 

inhibited by 89  ±  2% and 29  ±  3% after application of 

Oxo-M and NGF, respectively. These data are consistent 

with our whole-cell experiments described above. 

 We also investigated whether NGF altered the single-

channel conductance of M/KCNQ channels. Single-

channel amplitudes were determined using all point 

amplitude histograms over a range of potentials both in 

the presence and absence of NGF. NGF did not alter 

M/KCNQ single-channel conductance, which was 6.5  ±  

0.2 and 6.1  ±  0.2 pS ( n  = 5) in the presence and absence 

of NGF, respectively ( Fig. 4  C). Oxo-M also had no effect 

on M/KCNQ single-channel conductance (6.4  ±  0.3 pS, 

 n  = 7). From such experiments, we constructed  P o -V m   re-

lationships before and during application of NGF ( Fig. 

4  D). Boltzmann fi ts to the data points revealed a reduc-

tion in P o  at all voltages for both NGF and Oxo-M. In 

addition, NGF, but not Oxo-M, shifted the M/KCNQ 

channel V 1/2  from  � 32  ±  3 to  � 25  ±  2 mV ( Fig. 4  D). 

 NGF Increased the Excitability of Tonic Neurons but Not 
Phasic Neurons 
 We tested the effects of NGF on the excitability of the 

three different types of SCG neurons. NGF (20 ng/ml, 

 � 2 min) signifi cantly increased the number of spikes 

fi red in tonic neurons from 12  ±  2 to 20  ±  2 ( Fig. 5, 

 A and B,  n  = 9, P  <  0.05).  The resting membrane potential 

of tonic neurons was not signifi cantly changed by NGF 

( � 47  ±  3 and  � 47  ±  4 mV, before and after NGF, respec-

tively) ( Fig. 5  C). In the same batch of tonic neurons, 

both Oxo-M (10  μ M) and linopirdine (30  μ M) rapidly 

and signifi cantly enhanced the number of spikes fi red 

from 12  ±  2 and 12  ±  5 to 28  ±  4 and 30  ±  4, respectively 

( Fig. 5  B,  n  = 8 and 7, P  <  0.01). Small depolarization 

from the resting membrane potentials was seen with ap-

plications of Oxo-M and linopirdine, but the changes 

did not reach statistical signifi cance ( Fig. 5  C). 

 NGF (20 ng/ml) did not alter the one-spike fi ring 

property of phasic-1 neurons ( Fig. 5  D); NGF (20 ng/ml) 

increased the number of spikes of phasic-2 neurons 

from 3.9  ±  0.6 to 9  ±  2.4 but the difference did not reach 

statistical signifi cance ( Fig. 5  F). Similarly resting mem-

brane potentials were not signifi cantly changed by NGF 

( Fig. 5,  E and G). On the other hand, Oxo-M (10  μ M) 

and linopirdine (30  μ M) signifi cantly increased the num-

ber of spikes fi red ( Fig. 5,  D and F) in both phasic-1 and 

phasic-2 neurons. Oxo-M (10  μ M) increased the spike 

numbers of phasic-1 and phasic-2 neurons from 1 and 

3.2  ±  0.7 to 4.7  ±  1.2 ( n  = 6, P  <  0.01) and 31  ±  6 ( n  = 8, 

P  <  0.01), respectively ( Fig. 5,  D and F); linopirdine 

(30  μ M) increased the number of spikes fi red in phasic-

1 and phasic-2 neurons from 1 and 3.1  ±  0.5 to 3.2  ±  1 

 Figure 5.   NGF enhanced fi ring of tonic neurons, whereas Oxo-
M and linopirdine enhanced both tonic and phasic neuronal 
excitability. (A) Effects of Oxo-M (10  μ M,  � 1 min), linopirdine 
(30  μ M,  � 1 min), and NGF (20 ng/ml,  � 2 min) on fi ring of 
action potentials from tonic neurons. Perforated patch method 
was used in these experiments. (B and C) Summary data for 
number of spikes fi red and resting membrane potential of tonic 
neurons, respectively. (D and E) Summary data for number of 
spikes fi red and resting membrane potential of phasic-1 neurons, 
respectively. (F and G) Summary for number of spikes fi red and 
resting membrane potential of phasic-2 neurons, respectively. LP 
is abbreviation of linopirdine. *, P  <  0.05; **, P  <  0.01. Error bars 
indicate SEM.   
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M/KCNQ currents and excitability, a similar mecha-

nism of action would confer upon Oxo-M the ability to 

exclude any further effect from NGF and to have a fur-

ther effect on top of that of NGF. 

 As shown before, NGF (20 ng/ml) inhibited M/KCNQ 

currents by 20  ±  2% ( Fig. 6,  A and B,  n  = 5, P  <  0.01).  

Oxo-M (10  μ M) in the presence of NGF inhibited M/

KCNQ currents by 62  ±  7% ( Fig. 6,  A and B,  n  = 5, 

P  <  0.01). Under these circumstance, NGF (20 ng/ml) 

did not alter the excitability of phasic neurons, and a 

signifi cant enhancement of the excitability was pro-

duced by Oxo-M (10  μ M) in the presence of NGF ( Fig. 6, 

 C and D;  n  = 5, P  <  0.01); Oxo-M increased the number 

of spikes fi red in phasic neurons from 4.4  ±  0.7 to 22  ±  5 

in the presence of NGF ( Fig. 6  D). In a similar experiment 

but with reversed sequential applications of the drugs, 

Oxo-M (10  μ M) inhibited M/KCNQ currents by 72  ±  

8% ( n  = 5, P  <  0.01); following application of NGF (20 

ng/ml) in the presence of Oxo-M, no further inhibition 

of M/KCNQ currents was seen ( Fig. 6,  E and F). Oxo-M 

(10  μ M) alone signifi cantly increased the number of 

spikes fi red in phasic-2 neurons from 3.4  ±  1.2 to 12  ±  5 

( Fig. 6,  G and H;  n  = 5, P  <  0.01 vs. control), and a sub-

sequent application of NGF (20 ng/ml) did not show a 

signifi cant effect ( Fig. 6,  G and H). 

 Small Inhibition of M/KCNQ Currents by Low 
Concentrations of Linopirdine Mimics the Effects of 
NGF on Neuronal Excitability 
 The inability of NGF to modulate the excitability of pha-

sic neurons could be due to an insuffi cient inhibition of 

the large M/KCNQ current present in these neurons. It 

has been reported that  � 25% reduction in KCNQ2/3 

function ( Schroeder et al., 1998 ) is suffi cient to cause 

the electrical hyperexcitability in BFNC (benign famil-

ial neonatal convulsion). Thus, it is worthwhile to study 

whether a mere manipulation of M/KCNQ currents 

correlates well with alterations of neuronal excitability. 

For this purpose, we choose linopirdine to study the 

correlation between M/KCNQ currents and excitability 

in SCG neurons, simply because linopirdine is a specifi c 

M/KCNQ current blocker that is devoid of the compli-

cations from cell signaling involvement present with 

both oxo-M and NGF. 

 We fi rst wanted to fi nd the proper concentration of 

linopirdine that would produce an inhibitory effect on 

M/KCNQ currents similar to that seen with NGF. For 

this, a concentration – response curve was generated for 

linopirdine-induced inhibition of M/KCNQ currents. 

Linopirdine (1 – 30  μ M) inhibited M/KCNQ currents in a 

concentration-dependent manner ( Fig. 7  A).  Linopirdine 

began to inhibit M/KCNQ currents at concentrations 

as low as 0.3  μ M, and reached maximal inhibition at 30  μ M 

( Fig. 7  B). The concentration – response curve of linopir-

dine was fi tted by the Hill function with a concentration 

for half-maximum inhibition (IC 50 ) of 2.1  ±  0.2  μ M and 

excitability of tonic neurons. These results indicate that 

under physiological conditions, NGF may specifi cally, but 

not universally, modulate neuronal excitability. 

 We went further to study if Oxo-M and NGF inhibit 

M/KCNQ currents and alter the excitability of SCG 

neurons through a similar mechanism. Considering 

that Oxo-M is a stronger modulator than NGF of both 

 Figure 6.   The effects of coapplication of NGF and Oxo-M on 
M/KCNQ currents and neuronal excitability. (A) Oxo-M (10  μ M, 
1 min) inhibited M/KCNQ currents further on top of inhibition in-
duced by NGF (20 ng/ml, 2 min). M/KCNQ current was recorded 
from a phasic neuron and the time course of M/KCNQ currents 
recorded at  � 60 mV was shown. Perforated patch method was 
used in these experiments. (B) Summary data for experiments as 
in A. (C) NGF (20 ng/ml,  � 2 min) did not affect, and subsequent 
application of oxo-M (10  μ M, 1 min) increased fi ring of action po-
tentials from a phasic neuron. (D) Summary data for experiments 
as in C. (E) Oxo-M (10  μ M, 1 min) inhibited M/KCNQ current 
and occluded further inhibition by NGF (20 ng/ml, 2 min) in a 
phasic neuron. (F) Summary data for experiments as in E. (G) 
Oxo-M (10  μ M,  � 1 min) increased, and subsequent application 
of NGF (20 ng/ml,  � 2 min) did not affect fi ring of action poten-
tials from a phasic neuron. (H) Summary data for experiments as 
in G. **, P  <  0.01. Error bars indicate SEM.   
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12  ±  1 to 18  ±  2 ( Fig. 7,  G and H;  n  = 6, P  <  0.05). This 

effect of linopirdine at a low concentration mimicked that 

of NGF on tonic neurons ( Fig. 5,  A and B;  Fig. 7,  G and H). 

Thus, the selective modulation of excitability of tonic 

neurons by NGF is likely due to its moderate capability 

of inhibiting M/KCNQ currents. 

 D I S C U S S I O N 

 In the present study, we have demonstrated that NGF 

inhibits M/KCNQ currents from rat SCG neurons. How-

ever, even at maximal concentrations, NGF was much less 

potent than Oxo-M, an agonist of muscarinic receptors, 

in inhibiting M/KCNQ currents. The characteristic in-

hibition of M/KCNQ currents by NGF was manifested 

by a selective potentiation of excitability in tonic SCG 

neurons. Thus, NGF can now be added to the expand-

ing family of identifi ed M/KCNQ modulators and may 

have important physiological implications. 

 NGF may inhibit M/KCNQ currents through mecha-

nisms similar to those employed by activation of the 

muscarinic receptor ( Zhang et al., 2003 ) and the EGF 

receptor ( Jia et al., 2007 ). Activation of the muscarinic 

receptor inhibits M/KCNQ currents through depletion 

of membrane PtdIns(4,5)P 2  resulting from hydrolysis 

( Zhang et al., 2003 ); activation of the EGF receptor 

inhibits M/KCNQ currents through both depletion of 

membrane PtdIns(4,5)P 2  and channel tyrosine phos-

phorylation ( Jia et al., 2007 ). In both whole-cell ( Fig. 3 ) 

and cell-attached patch ( Fig. 4 ) recordings, NGF, at a 

near maximal concentration of 20 ng/ml, was less po-

tent than Oxo-M (an agonist of the muscarinic receptor) 

in inhibiting M/KCNQ currents. Following this line, 

the inhibition of M/KCNQ currents by Oxo-M excluded 

further inhibition by NGF, whereas Oxo-M produced 

further inhibition on top of NGF-induced inhibition 

( Fig. 6 ). One possible explanation for these results would 

be that NGF and Oxo-M inhibit M/KCNQ currents 

through a common mechanism. We have, in our previ-

ous work, characterized EGF-induced inhibition of M/

KCNQ currents ( Jia et al., 2007 ). The NGF receptor 

and the EGF receptor belong to the same RTK family 

and trigger common signal transduction mechanisms 

( Hubbard, 1999 ;  Schlessinger, 2000 ). Pharmacological 

studies, used in our previous study of EGF ( Jia et al., 

2007 ) and in this study ( Fig. 3  G), strongly support the 

idea that NGF inhibits M/KCNQ currents through a 

mechanism similar to EGF. The results from cell-attached 

patch experiments are interesting ( Fig. 4 ). A cytoplasmic 

diffusible second messenger mechanism would be an 

immediate consideration for both NGF- and Oxo-M –

 induced inhibition of M/KCNQ currents with this type 

of experiment. However, lateral membrane PtdIns(4,5)P 2  

diffusion is a preferable explanation ( Zhang et al., 2003 ); 

in this case, NGF- and Oxo-M – induced hydrolysis of 

membrane PtdIns(4,5)P 2  outside of the recoding pipette 

a coeffi cient of 1.2  ±  0.1 ( Fig. 7  B). According to the 

concentration – response curve, 0.7  μ M linopirdine would 

inhibit M/KCNQ currents by 25%, a degree of inhibition 

similar to that produced by NGF. 

 At a concentration of 0.7  μ M, linopirdine did not af-

fect the excitability of phasic-1 neurons ( Fig. 7,  C and D). 

Similarly, linopirdine did not change the spike numbers 

of phasic-2 neurons at this concentration ( Fig. 7,  E and F). 

On the other hand, 0.7  μ M linopirdine signifi cantly in-

creased the number of spikes fi red in tonic neurons from 

 Figure 7.   Linopirdine at low concentrations mimicked NGF ac-
tion on neuronal excitability. (A) The time course of M/KCNQ 
currents inhibited by different concentrations of linopirdine. The 
record is from a phasic neuron and the M/KCNQ current was re-
corded at  � 60 mV as described before. Perforated patch method 
was used in these experiments. (B) Concentration – response 
curve for linopirdine-induced inhibition of M/KCNQ currents 
fi tted with the Hill function. IC 50  for linopirdine is 2.1  ±  0.2  μ M, 
and the coeffi cient is 1.2  ±  0.1 (C, E, and G) The effects of linopir-
dine at 0.7  μ M (LP, 0.7  μ M) on fi ring of action potential from 
phasic-1, phasic-2, and tonic neurons, respectively. (D, F, and H) 
Summary data for C, E, and G, respectively. *, P  <  0.05. Error bars 
indicate SEM.   
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most neurons in young adult rat SCG are phasic neu-

rons ( Fig. 1 ; Wang and McKinnon, 1995). Previous work 

by Wang and McKinnon (1995) also classifi ed phasic 

neurons into phasic-1 and phasic-2 neurons. However, 

they described all SCG neurons as phasic neurons and 

did not show neurons with tonic-fi ring property. Further-

more, they reported that 95% of SCG neurons were 

phasic-1 neurons, and phasic-2 neurons would not fi re 

tonically even for large stimuli. The major difference 

between their study and the current work is that they 

used intracellular recordings from excised ganglion 

whereas we used patch clamp from SCG neurons in 

short-term culture. 

  Luther and Birren (2006)  studied the effect of NGF 

on excitability of rat SCG neurons in an earlier work. 

They found that NGF reduced the total number of 

spikes fi red but increased fi ring frequency, demonstrat-

ing an NGF-dependent change from a tonic to a phasic 

fi ring pattern. They attributed this NGF effect to NGF-

induced inhibition of a number of K +  currents (Ca 2+  de-

pendent and Ca 2+  independent). In their study, the 

effect of NGF was not separately studied in subpopula-

tions of SCG neurons as we did in this current study. 

Our results show NGF increased the number of spikes 

fi red in SCG neurons, more signifi cantly in tonic neu-

rons and did not affect the fi ring of phasic-1 neurons. It 

is likely that effect of NGF on excitability is due to its in-

hibition on M/KCNQ currents. Unexpectedly, NGF, un-

like Oxo-M, only increased the fi ring of action potentials 

in tonic neurons without affecting the fi ring of phasic 

neurons. This difference was not caused by a different 

effi cacy in inhibiting M/KCNQ currents by NGF in 

these two types of neurons because NGF inhibited M/

KCNQ currents in these two neurons similarly ( Fig. 3, 

 A and B). The simplest explanation is that whereas a mod-

erate inhibition of M/KCNQ currents by NGF in tonic 

neurons (which have small intrinsic M/KCNQ currents) 

is large enough to increase neuronal excitability, a simi-

lar proportional reduction of M/KCNQ currents in 

phasic neurons still leaves large enough M/KCNQ cur-

rents to dampen the fi ring of action potentials. On the 

other hand, both Oxo-M and linopirdine inhibit M/

KCNQ currents much more signifi cantly than NGF ( Fig. 

3  D), they should increase the fi ring of action potentials 

in both tonic and phasic neurons ( Fig. 5 ). This working 

hypothesis is confi rmed by results shown in  Fig. 7 . In 

this experiment, linopirdine, at a concentration that 

produced an inhibition of M/KCNQ currents similar to 

that seen with NGF, also only increased fi ring of tonic 

neurons, but not phasic neurons. 

 These results prompt some interesting thoughts. It 

has been reported that a moderate loss ( � 25%) of 

KCNQ2/Q3 function due to channel mutation will 

lead to epileptic conditions in newborn infants (BFNC; 

 Schroeder et al., 1998 ). Based on the data shown in  Fig. 

2  B, a 25% loss from 2.8 pA/pF (phasic 1) or 2.3 pA/pF 

would promote diffusing out of PtdIns(4,5)P 2  in the 

membrane isolated by the recording pipette. For NGF, 

an activated diffusible tyrosine kinase might also con-

tribute to the observed inhibition of M/KCNQ currents. 

 Previous studies suggest that mammalian sympathetic 

neurons can be classifi ed into two types: phasic and tonic 

neurons ( Weems and Szurszewski, 1978 ;  Decktor and 

Weems, 1983 ;  Cassell et al., 1986 ;  King and Szurszewski, 

1988 ; Wang and McKinnon, 1995). We classifi ed rat SCG 

neurons into three types based on their fi ring prop-

erties. Phasic-1 neurons fi red only one action potential 

in response to a long-lasting excitatory current, and the 

spike number did not increase with increasing current 

stimuli ( Fig. 1  A). Phasic-2 neurons fi red a transient dis-

charge of action potentials in response to a long-last-

ing excitatory current, and the spike number increased 

and converted to tonic fi ring upon receiving increasing 

excitatory current ( Fig. 1  B). Tonic neurons fi red a sus-

tained train of action potentials in response to a small 

current stimulus, and the spike numbers increased in 

response to increasing current stimuli ( Fig. 1  C). It should 

be noted that some of the tonic neurons fi re at a rela-

tive constant rate (e.g.,  Fig. 1  C ;  Fig. 5 A top), whereas 

others fi re in an intermittent pattern (e.g.,  Fig. 5  A, 

middle and bottom;  Fig. 7  G). It is not clear what under-

lies the difference but both types of neurons were re-

garded as tonic neurons. Previous studies gave different 

results regarding the types of neurons presented in 

SCG. Some studies show that all neurons in SCG are 

phasic neurons (Wang and McKinnon, 1995; Jobling and 

Gibbins, 1999). Others have reported that all neurons 

in neonatal rat SCG are tonic ones ( Luther and Birren, 

2006 ), or that phasic and tonic neurons are at a ratio 

of 43%:57% in embryonic and postnatal 1-d rat SCG 

(according to the standard of classifi cation, adapting 

neurons are tonic neurons) ( Malin and Nerbonne, 2000 ). 

The exact cause for such apparent discrepancies is not 

clear, but the differences in animal age in these ex-

periments are one possibility. It is clear from this study 

that M/KCNQ current level present in 4 – 6-wk rat SCG 

neurons are among the crucial factors in determin-

ing the fi ring properties of these neurons. Thus, neu-

rons with small M/KCNQ currents will fi re more easily 

(tonic neurons) and neurons with higher expression of 

M/KCNQ currents will be more diffi cult to excite (phasic 

neurons) ( Fig. 2 ; Wang and McKinnon, 1995). Although 

the mRNA levels of KCNQ2 and KCNQ5 in rat SCG 

neurons are stable between the embryonic stage (18/19 d) 

and the young adult (postnatal 45 d), the mRNA level of 

KCNQ3 is increased after the postnatal stage ( Hadley 

et al., 2003 ). This increase would be expected to in-

crease the heteromeric currents formed from KCNQ2, 

KCNQ3, and KCNQ5, the basis for M currents. There-

fore, it is not surprising that most neurons in embry-

onic and neonatal rat SCG are tonic neurons ( Malin 

and Nerbonne, 2000 ;  Luther and Birren, 2006 ), whereas 
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