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Nerve Growth Factor (NGF) Differentially Regulates the 
Chemosensitivity of Adult Rat Cultured Sensory Neurons 
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We have studied the effects of NGF on the chemosensitiv- 
ity of adult rat DRG neurons over a l-2 week period in vitro, 
using voltage-clamp and radioactive ion flux methods. A 
sustained proton evoked current was reversibly lost in 
NGF-free medium after 1 week. Proton-evoked efflux of ra- 
dioactive %b+ ions was also depressed in NGF deprived 
cultures, although depolarization with 40 mM potassium 
still evoked a large *%b+ efflux. A similar reversible loss 
of capsaicin sensitivity was noted. The response to GABA 
and a second, transient proton evoked current were also 
regulated by NGF, but over a longer time course. In con- 
trast, the sensitivity to ATP was not influenced by the pres- 
ence or absence of NGF. These data show that NGF regu- 
lates some, but not all, chemosensitivities of DRG neurons 
and that loss of sensitivity occurs at different rates for dif- 
ferent agonists. The precise co-regulation of the response 
to capsaicin and the sustained response to protons pro- 
vides further evidence that protons activate capsaicin-op- 
erated ion channels. 

[Key words: dorsal root ganglion neurons, NGF, culture, 
capsaicin, protons, GABA, ATP] 

NGF is required for the survival of the majority of embryonic 
sensory neurons (Johnson et al., 1980; Lindsay, 1988a; Crowley 
et al., 1994) and in the early postnatal rat can influence the 
differentiation of AS (Ritter et al., 1991, 1993; Lewin et al., 
1992a) and C nociceptive afferent fibers (Lewin and Mendell, 
1992). In the adult rat, NGF deprivation does not cause signif- 
icant sensory neuron death in vivo (Gorin and Johnson 1980; 
Ritter et al., 1991) and dorsal root ganglion (DRG) neurons cul- 
tured from adult animals do not need NGF for survival (Lindsay, 
1988a,b). NGF can, however, increase the expression of sub- 
stance P and calcitonin gene related peptide (CGRP) in adult rat 
DRG neurons both in vivo (e.g., Wong and Oblinger, 1991) and 
in culture (Lindsay and Harmar, 1989; Lindsay et al., 1989). 
Furthermore, TTX resistant action potentials and responsiveness 
to capsaicin are lost when adult rat DRG neurons are cultured 
for 1-2 weeks in the absence of NGF (Winter et al., 1988, 1993; 
Aguayo and White, 1992). 

Elevated levels of NGF are found in inflammatory conditions 
and this may be functionally important as systemic treatment of 
adult rats with NGF produces mechanical and thermal hyperal- 
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gesia (Lewin et al., 1993). Thermal hyperalgesia develops within 
minutes of exogenous NGF administration and could involve a 
direct sensitization of mechanoheat-sensitive fibers. Mechanical 
hyperalgesia develops over a period of hours and may be due 
to changes within the spinal cord, such as increased substance 
P release from central afferent terminals (Lewin et al., 1992b). 
Moreover, NGF neutralizing antibodies greatly attenuate the 
thermal and mechanical hyperalgesia induced by complete 
Freund’s adjuvant (Woolf et al., 1994). Conversely, sensory neu- 
rons may be exposed to lower than normal levels of NGF in 
certain neuropathic conditions and this may contribute to the 
pathophysiology (Brewster et al., 1994). 

DRG neurons are sensitive to a range of chemical agents 
(Rang et al., 1991), including ATP, bradykinin, 5-HT, ACh, and 
protons (low pH), which excite sensory neurons and evoke the 
sensation of pain, as well as GABA, which is not painful. We 
have therefore examined if the modulation of chemosensitivity 
by NGF was restricted to capsaicin or extended to other chem- 
ical activators. This investigation also allowed us examine 
whether or not exposure to elevated levels of NGF, which occur 
in inflammation, would increase chemosensitivity and thereby 
contribute to the hyperalgesia. In this article we show that (1) 
the expression of two types of proton-activated currents is reg- 
ulated by NGF with different time courses, (2) GABA sensitivity 
is reduced slowly in the absence of NGF, and (3) ATP sensitivity 
is NGF independent. Thus, sensitivity to different chemical 
agents appears to be regulated by NGF in a selective manner. 

Materials and Methods 

Adult DRG neurolz cultures. Neurons were isolated and grown by meth- 
ods that have been described in detail previously (Lindsay, 1988b; 
Wood et al., 1988) with slight modifications. Spinal columns were re- 
moved aseptically from CO,-asphyxiated adult Sprague-Dawley rats 
(>8 weeks old, 180-200 am) and DRG were dissected from all spinal 
levels. Ganglia were digested with 0.125% collagenase (Boehringer 
Mannheim UK) in Ham’s F-14 medium (Imperial Laboratories UK) 
containing 4% US-G (UltraserG serum substitute from GIBCOIBe- 
thesda Research Labs, UK) for 90 min then for a further 90 min in 
fresh collauenase solution at 37°C. After being washed with US-G- 
containing “medium, ganglia were triturated through a flame-polished 
Pasteur pipette to form a single-cell suspension. DRG neurons were 
then plated either on 35 mm tissue culture plastic petri dishes (approx- 
imate density 20,000 neurons/dish) or on 13 mm glass coverslips 
(10,000 neurons/coverslip). Dishes and coverslips had been previously 
coated with polyornithine and laminin (GIBCOIBethesda Research 
Labs, UK). Cultures were treated with the mitotic inhibitor cytosine 
arabinoside to reduce the non-neuronal cell population and grown in 
F14 plus 4% US-G. Two protocols were used to study the effects of 
NGF deprivation. In the first, the culture medium was supplemented 
with either rat monoclonal 23~4 anti-NGF (Weskamp and Otten, 1983) 
50 p.g/ml (sufficient to block 200 rig/ml NGF) or with 200 rig/ml 2.5s 
NGF purified from mouse submaxillary gland plus a control rat mono- 
clonal antibody (Y 13-238, anti-ras21; Furth et al., 1982) of the same 
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Table 1. Comparison of the chemosensitivities of freshly dissociated and cultured (200 rig/ml 
NGF) DRG neurons 

Freshly 1 week 2 weeks 
dissociated (all expts) (all expts) 

Capsaicin (500 nbt) P(R) 48% (23/48) 48% (65/l 35) 49% (17/35) 
A(tot) (nA) 0.63 + 0.20 0.67 2 0.10 0.71 2 0.22 
A(R) (n.4 1.32 t 0.37 1.40 L!Z 0.18 1.47 ? 0.39 

pH 5.8, sustained P(R) 47% (36/76) 49% (67038) 49% ( I7/35) 
A(tot) (nA) 0.66 + 0.16 0.83 ? 0.13 0.90 +- 0.32 
A(R) W-1 1.41 + 0.28 1.70 2 0.22 1.57 +- 0.57 

pH 5.8, transient P(R) 53% (46/87) 67% (92/l 38) 65% (I I 11172) 
A(tot) (nA) 1.36 + 0.27 1.08 2 0.16 1.24 +- 0.16 
A(R) (W 2.57 + 0.45 1.62 2 0.23 1.94 2 0.22 

GABA (100 FM) f’(R) 92% (45/49) 82% (22127) 92% (84191) 
A(tot) (nA) 1.67 + 0.32 1.20 2 0.23 0.78 2 0.09* 
A(R) (W 1.82 k 0.34 1.47 ? 0.24 0.85 -t 0. IO** 

ATP ( 10 FM) P(R) 78% (32/41) 75% (18/24) 90% (I 15028) 
A(tot) (nA) 1.56 -c 0.36 1.18 ? 0.27 0.75 ? 0.08 
A(R) (W 2.00 + 0.43 1.57 k 0.33 0.83 2 0.09t 

No statistically significant changes in P(R), A(tot), and A(R) were noted for capsaicin- and both transient and 
sustained proton-evoked responses (P > 0.05). A(R) was significantly reduced for both GABA and ATP respowes 
(P < 0.01). Probabilities of differences between cultured and freshly dissociated neurons: *, < 0.05: +, < 0.01: 
+. < 0.001. In some experiments. neurons were challenged with brief (2.5 set) applications of low pH medium. In 
these cases the amplitude of any abbreviated sustained response was not measured. 

subtype as 23~4. In the second set of experiments, 50 rig/ml NGF (Pro- 
mega) was added to both sets of cultures but one received the neutral- 
izing (23~4) and the other the control (Y 13-238) antibody. Both anti- 
bodies were purified from ascites fluid from nude mice that had been 
injected with the appropriate hybridomas. Some neurons were grown 
initially in NGF-deprived conditions (no added NGF plus neutralizing 
antibody), then switched into NGF-containing medium for a further 
period. Medium was changed every 34 d. 

Elecrrophysiology. Acutely dissociated DRG neurons were main- 
tained in medium without added NGF and studied electrophysiolog- 
ically 6-18 hr after dissociation. In other experiments designed to test 
the effects of NGE neurons were grown with or without NGF for 6-7 
d (grouped as 1 week) or 12-16 d (grouped as 2 weeks). For one part 
of the study neurons were grown without NGF for 1 week and switched 
into NGF containing medium for a further week. In the early experi- 
ments, cells were removed from the petri dishes by trituration through 
a Pasteur pipette after a short incubation in trypsin (0.05%) They were 
then replated on 13 mm glass coverslips that had been previously coated 
with polyornithine. In later experiments, no enzymes were used and 
cells were removed mechanically from the petri dish, triturated and 
replated as before. For each experiment one batch of neurons were used 
as an “age matched” control and were cultured with NGF for the entire 
period. This provided an internal control for any possible difference in 
measured chemosensitivity between different DRG neuron preparations 
and experiments. Results from at least three independent experiments 
were obtained for each part of the investigation. 

Cell diameters were measured microscopically. Two orthogonal mea- 
surements were made for each cell studied electrophysiologically and 
the mean calculated. No attempt was made to select for any particular 
cell size. The neuronal population, however, showed very few large 
diameter (>50 pm) cells; these may have been selectively lost in the 
cell preparation and replating procedures used. The mean diameter of 
cells cultured with NGF (24.25 pm) is very similar to the mean di- 
ameter (24.53 pm) of the major neuronal population (>93% of cells) 
measured in fixed cultured DRG neurons (Winter, 1987). 

Recordings from cultured neurons were made between 16 and 24 
hours after the neurons were replated. Before 8 hr the responses to 
capsaicin and low pH showed a great variability in their occurrence, 
but not their time course, and some preparations failed to respond to 
these agents even though the neurons responded before replating (data 
not shown). A likely explanation for this is that these receptors are 
located preferentially on the neurites of cultured cells and that after 
replating some time is required for the new receptors to be expressed 
on the surface of the soma. After 1624 hr, the neurons elaborated few, 

if any, neurites and could still be studied easily. At longer times neurites 
were extended and the neurons could not be adequately voltage 
clamped. 

Whole cell “tight seal” recordings were made from neurons with 
wide bore patch pipettes (2-5 MO). The methods used are described in 
detail in Bevan and Yeats (1991): experiments were carried out at 21- 
23°C. The basic external solution contained (mM) 130 NaCI, 5 KCl, 2 
CaCI?, 1 MgCI?. 40 sucrose, 5 glucose and was usually buffered to pH 
7.4 with 10 rnbt HEPES titrated with NaOH. A 10 rnbt HEPES buffer 
was also used for solutions of pH 6.8-8.2. More acidic solutions used 
either 10 mhr IMES (pH 5.0- 5.8) or 10 mht PIPES (pH 6.6) as the 
buffer. Drugs or low pH solutions were rapidly applied from a “U- 
tube” (Fenwick et al., 1984) for either 2.5 or 5-7.5 sec. DMSO (1%) 
was included in both the bath and drug solutions when capsaicin sen- 
sitivity was tested to ensure that capsaicin remained in solution. Cur- 
rents were usually recorded at a relatively low gain (l-2 mV/pA) and 
the limit of detection for an agonist induced current was 20-30 pA. 
Neurons with evoked currents less than this value were classed as non- 
responsive. Sequential challenges of single DRG neurons with different 
agents were made with intervals of 2 min. With this protocol we avoid- 
ed any potentiation of the capsaicin response by acidic external media 
(Petersen and LaMotte, 1993) 

*y6RD- efl~c.~- espe~irnunts. Adult DRG neurons were grown at a density 
of approximately 10,000 per 13 mm coverslip, for 1 or 2 weeks, with 
or without NGF as described above. Cells were then incubated with 2 
mCi/ml of SbRbCI (300 mCi/mmol; Amersham UK) for 24 hr, placed 
in a perfusion chamber (volume 0.5 ml), and washed for 30 min with 
Hanks’s BSS 5 rnhl HEPES (DH 7.4) at a oerfusion rate of 1 mllmin. 
Perfusate fractions ( 1 ml) were collected directly into scintillation vials, 
and cells were challenged sequentially with low pH buffer (pH 5.4, 5 
rnbt MES), high KCI (40 mht) and 10 mbt capsaicin, each for 3 min, 
with a wash in pH 7.4 BSS after each challenge. Cultures were then 
dissolved with 0.2% SDS (sodium dodecyl sulfate) to measure RhRb* 
remaining in the cells. Experiments were carried out at room tempera- 
ture (21-23°C). The radioactivity in the perfusate fractions and the cells 
was measured in a liquid scintillation counter. Four coverslips were 
sampled for each point. 

Smtisrics. Changes in resting potential. cell capacitance and size were 
analyzed with Student’s t test. The current amplitudes were not normally 
distributed and so nonparametric tests were used. although values are 
expressed as mean -C SEM to give some indication of the scatter in 
the values. Differences in current amplitudes were usually analyzed by 
the Mann-Whitney U test. Paired observations in single neurons were 
compared with the Wilcoxon matched pairs test. Proportions of respond- 
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ing and non-responding cells were examined with the x2 test with Yates’s 
correction for continuity except when the expected number in any cat- 
egory was 5 or less when Fisher’s exact test was employed. 

Results 

Changes in chemosensitivity of neurons in culture may result 
from a change in the proportion of neurons that is responsive 
[P(R)], and a change in the mean response amplitude measured 
for the total population [A(tot)] or for the responsive population 
[A(R)]. We have studied the effects of NGF on DRG neuron 
chemosensitivity in terms of these three parameters. 

Sensitivity of freshly isolated DRG neurons 

The chemosensitivity of DRG neurons was measured within 18 
hr of isolation and provided a comparison for any subsequent 
changes in neuronal properties. The types of currents evoked by 
the various chemical agents were identical to those seen after 1 
or 2 weeks in culture. Acidification of the external medium to 
pH 5.8 evoked either one or two types of inward current in 
responsive neurons at -80 mV (fast, transient, and slow, sus- 
tained currents). Inward currents were also evoked in some, but 
not all, neurons by capsaicin (500 nM), ATP (10 PM), and 
GABA (100 PM). Table 1 shows the chemosensitivity of freshly 
isolated neurons as well as neurons cultured for either 1 or 2 
weeks in the presence of NGF (50-200 rig/ml). The sensitivity 
to capsaicin and pH 5.8 medium (both currents) was not altered 
by up to 2 weeks in culture (P > 0.5 for A(tot), A(R), and P(R) 
in all cases). Changes were noted in the sensitivity to ATP and 
GABA with time in culture. Although P(R) did not differ sig- 
nificantly (P > 0.05), A(R) decreased over the 2 week culture 
period to 42% (ATP) and 47% (GABA) of the values seen in 
freshly isolated neurons (P < 0.01, Kruskall-Wallis test). In view 
of these time-dependent changes in chemosensitivity and the 
possibility of small differences in responses between different 
preparations of DRG neurons, we have studied the effects of 
NGF by comparing the sensitivity of approximately equal num- 
bers of NGF-treated (NGF’) and NGF-deprived (NGF-) neu- 
rons from a given preparation after the same time in culture. In 
all cases, at least three preparations were used to obtain any 
given result. 

Effects of NGF deprivation 

Two experimental protocols were used to investigate the effects 
of NGF on DRG neuron properties. In the first series of exper- 
iments, two sets of sister cultures were studied. NGF was omit- 
ted from one set and a neutralizing anti-NGF monoclonal anti- 
body added to eliminate any effects of NGF produced by cells 
in the culture. The other set received 200 rig/ml of NGF plus a 
control monoclonal antibody of the same immunoglobulin sub- 
class. In the second series of experiments, both sets of cultures 
were treated with 50 rig/ml NGF; however, neutralizing antibody 
was added to one set and control antibody added to the other 
set. The results obtained with the two protocols were indistin- 
guishable and have been pooled to aid preseritation. Neurons 
exposed to NGF have been designated NGF+ and those cultured 
either without added NGF or with NGF neutralized termed 
NGF- . 

Low pH 

A typical response to a challenge with an acidic solution (pH 
5.8) is illustrated in Figure la for a neuron that had been grown 
for 1 week in the presence of NGE The two components of the 
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Figure 1. Current responses to pH 5.8 (a, c, e) and 500 nM capsaicin 
(b, d, f) in DRG neurons cultured for 1 week with either NGF (a, b) 
present or no added NGF plus neutralizing antibody to NGF (c, d). 
Traces in e and f  show the recovery of the capsaicin and sustained, low 
pH responses when neurons were first grown without NGF for 1 week 
and then re-exposed to NGF for a further week. The transient proton 
evoked currents can also be seen in traces a, c, and e. Traces a and b, 
c and d, and e and f  were obtained from individual cells sequentially 
challenged at 2 min intervals. Horizontal bars represent the time of 
agonist application. 

response (transient and sustained) can be clearly seen. P(R) was 
always greater for the transient current than for the sustained 
current so that some neurons displayed only the transient current 
(see Fig. 3a,b). Although recent studies have shown that the 
transient current in rat trigeminal ganglion neurons can be sep- 
arated into three kinetic components (Pidoplichko, 1992), we 
found no clear evidence for multiple transient currents in our 
studies and have used the total transient current for our analyses. 

Sustained proton-evoked current. The sustained response was 
influenced by the presence of NGF as illustrated by the results 
shown in Table 2. P(R) was 48.6% for NGF+ neurons but only 
14.9% for NGF- neurons after 1 week in culture. The mean 
amplitude of the response was also diminished in the NGF- 
cultures (Figs. lc, 2). A(tot) and A(R) were reduced to 16.9% 
and 48.4% of the values seen in NGF’ neurons. 

(I) NGF does not alter pH activation. One possible expla- 
nation for the smaller number of cells responding to pH 5.8 
medium in NGF- cultures was that the pH sensitivity of the cells 
had been shifted in the direction of more acidic solutions. This 
was tested by challenging neurons with pH 5.2 medium as well 
as pH 5.8 medium. In this experiment, 7 out of 9 NGF+ neurons 
responded to the low pH solutions. A(R) was greater (P < 0.05) 
with pH 5.2 medium (0.85 2 0.23 nA) than with pH 5.8 me- 
dium (0.38 + 0.12 nA). In contrast, significantly fewer (1 out 
of 12, P < 0.01) NGF- neurons showed a detectable sustained 
response to pH 5.2. Thus, the stronger pH stimulus did not suc- 
ceed in causing responses in NGF- neurons. 

(2) NGF effects are reversible. Experiments were carried out 
to determine if the reduction in proton sensitivity was reversible, 
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Table 2. Effect of NGF deprivation for 1 week on the sustained, low pH- and capsaicin-evoked 
currents 

Ratio 
NGF’ NGF- NGF-: 
(1 week) (1 week) NGF+ 

pH-sustained P(R) 48.6% (67038) 14.9% (17/114)1- 
A(tot) (nA) 0.83 + 0.13 0.14 + 0.05t 16.9% 
A(R) W) 1.70 * 0.22 0.92 + 0.26* 48.4% 

Capsaicin P(R) 48.1% (65/135) 14.1% (16/113)t 
A(tot) (nA) 0.67 k 0.10 0.11 + 0.04t 16.4% 
A(R) @A) 1.40 t 0.18 0.81 + 0.24 57.9% 

Values for P(R), A(tot), and A(R) shown for 1 week NGF’ and NGF- cultures. Probabilities of difference between 
NGF’ and NGF- cultures; *, < 0.05; t, i 0.01. No symbol indicates P > 0.05. 

as previously reported for the effects of NGF on capsaicin sen- 
sitivity (Winter et al., 1988). DRG neurons were cultured first 
for 1 week in medium without NGF and then for a further week 
with NGF (NGF-I+ ). The response to pH 5.8 solution was com- 
pared to that of NGF+ neurons cultured for 2 weeks. NGF-I+ 
neurons regained at least part of their proton sensitivity and large 
current responses were recorded in some neurons (Fig. 1 e). This 
increase in sensitivity was reflected by changes in both the pro- 
portion of responsive neurons and the sizes of the responses 
(Table 3). 59% of the NGF-‘+ neurons showed the sustained 
proton-activated current, which is a significantly larger propor- 
tion than observed in 1 week NGF- cultures (14.9%, see Table 
2, P < 0.0001) and similar to the P(R) seen in 1 week NGF+ 
cultures (49%, see Table 2, P > 0.3) and 2 week NGF+ cultures 
(49%, Table 3, P > 0.4). A(tot) was significantly larger in 

100 

80 

60 I + i , 
+NGF 

100 

80 

60 

40 

20 

I 
r O& 

I9 

-NGF 

pH -Sustained 

@O 1 2 3 4 5 6 
B’ 

Current Amplitude (nA) 

Figure 2. Frequency distributions of amplitudes of the sustained , low 
pH- (top) and capsaicin-evoked currents (bottom) after 1 week in culture 
either with NGF (left) or without NGF (right). Left-hand bars show 
percentage of neurons with no measurable current (<20-30 PA). Re- 
sults correspond to amplitudes given in Table 2. 

NGF-‘+ neurons (0.45 ? 0.17 nA, n = 29) than in 1 week 
NGF- neurons (0.14 ? 0.05 nA, P < O.OOOl), but not signifi- 
cantly different from the value seen in 2 week NGF+ cultures 
(0.90 k 0.32 nA, P > 0.1). 

Transient proton-evoked current. The transient current evoked 
by acidic solutions (Figs. la,c; 3a,b) was also modulated when 
the neurons were deprived of NGF (Table 4). P(R) was not sig- 
nificantly altered after either 1 or 2 weeks culture in NGF- me- 
dium (P > 0.05), but the amplitude of the current response was 
reduced progressively in NGF- neurons (see Figs. 3a,b; 4). After 
1 week, A(tot) and A(R) were 72.2% and 71.6% of the values 
found in NGF’ neurons and these percentages were significantly 
reduced to 25.5% and 28.6% after 2 weeks in culture (Table 4). 

(I) NGF does not injluence activation or inactivation. The 
transient proton activated current in chick DRG neurons has 
been shown to inactivate at acidic or even neutral pH (Konnerth 
et al., 1987) and the number of available ion channels is maxi- 
mum at pH > 7.8. One possible explanation for the reduced size 
of the transient current in NGF- neurons was a greater degree 
of inactivation at pH 7.4. However, there was no obvious dif- 
ference in the pH inactivation curves when 2 week NGF+ and 
NGF- neurons were challenged with pH 5.8 medium from dif- 
ferent resting pH levels (pH 7.0, 7.8, 8.2; see Fig. 5). In both 
cases half-inactivation was observed at about pH 7.1 and cur- 
rents were nearly maximal at pH 7.4. In other experiments neu- 
rons were bathed in pH 7.8 medium to activate the current max- 
imally and the external pH was stepped to pH 5.8. Transient 
currents were evoked in a similar proportion of 2 week NGF+ 
and NGF- neurons [P(R): 75% NGF’, n = 20 and 59% NGF-, 
n = 17; P > 0.41 and once again A(R) in NGF+ neurons (2.25 
? 0.55 PA) was larger than in NGF- neurons (0.31 ? 0.07 pA, 
P < 0.01). 

Neurons were also challenged with pH 5.2 as well as the pH 
5.8 solution to test if the reduced transient response was due to 
a shift in the pH-response curve. After 1 week in NGF’ medium, 
A(R) was similar with pH 5.8 (0.95 + 0.26 nA) and pH 5.2 
solutions (1 .l 1 + 0.25 nA, n = 8, P > 0.05). Although the 
P(R) value for responses to pH 5.2 medium was not significantly 
reduced in the NGF- neurons (45%, n = 11 P > O.OS), A(R) 
(0.36 + 0.07 nA) was reduced compared to the NGF+ cells (P 
< 0.05). 

Capsaicin sensitivity 

The sensitivity of DRG neurons to capsaicin is known to be 
regulated by NGF and was used as a control for the effects of 
NGF on other chemosensitivities. Responses to 500 nM capsa- 
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Table 3. Reversible effects of NGF on capsaicin-evoked currents and the sustained low pH- 
evoked current 

pH-sustained 

Capsaicin 

P(R) 
A(tot) (nA) 
A(R) W4 

P(R) 
A(tot) (nA) 
A@) (W 

NGF’ 
(2 weeks) 

49% (17/35) 
0.90 k 0.32 
1.57 * 0.57 
49% (17/35) 
0.71 2 0.22 
1.47 + 0.39 

NGF+‘+ 
(1 week/l week‘, 

Ratio 
NGF-‘+: 
NGF’ 

59% (17/29) 
0.45 + 0.17 50.0% 
0.97 t 0.33nA 61.8% 
50% (15/30) 
0.39 + 0.14 54.9% 
1.00 * 0.31 68.0% 

Responses of 2 week NGF+ neurons are compared with the responses of neurons from the same cell preparation 
deprived of NGF for 1 week and then re-exposed to NGF for 1 week (NGF-‘+). No statistical differences (P > 
0.05) in P(R), A(tot), and A(R) were seen between NGF+ and NGF-‘+ neurons. 

icin were monophasic (Fig. 1) and we found no evidence for the 
multiple currents reported by Lui and Simon (1994) in rat tri- 
geminal ganglion neurons. In 1 week NGF+ cultures, 48.1% of 
the neurons responded to 500 nM capsaicin with a detectable 
inward current (Table 2). In contrast, P(R) was only 14.1% in 1 
week NGF- cultures (P < 0.001). The mean amplitude of the 
current was reduced in NGF- neurons with A(tot) only 16.4% 
of the amplitude observed in NGF+ neurons. Although the cur- 
rents in the responsive NGF- neurons were in general smaller 
than in NGF+ neurons (Fig. 2), some NGF- neurons showed a 
robust response to capsaicin. The presence of these large re- 
sponses was reflected in the A(R) value which was 57.9% of 
that in NGF+ neurons (P = 0.06; see Table 2). A further obser- 
vation was that all the NGF- neurons that responded to the low 
pH solution also responded to capsaicin with similar current am- 

NGF+(14d) NGF-(14d) 

a---r-- b-r--pH5.8 
c ---v- d-GABA 
eI /---- f-l f-ATP 

InA 

5 set 

Figure 3. Transient low pH evoked currents in the absence of the 
sustained proton evoked response (a, b) and responses to GABA (c, d) 
and ATP (e, f). Neurons cultured for 2 weeks with NGF (a, c, e) or in 
NGF-free media (b, d, f). The responses in a and b are examples of 
neurons that show only one type of proton chemosensitivity. Horizontal 
bars represent the time of agonist application. 

plitudes (Fig. 2). This is reflected in the similar P(R) and A(R) 
values for the two agonists (see Table 2). 

Capsaicin sensitivity was regained when NGF was added back 
to the cultures (Table 3) and many neurons showed large current 
responses (Fig. If). P(R) increased to 59% in NGF-‘+ cultures, 
which is similar to the value in control, 2 week NGF+ cultures 
(49%). A(tot) was significantly greater in NGF-I+ (0.39 + 0.14 
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Figure 4. Frequency distributions of amplitudes of the transient, low 
pH- (top), GABA- (middle), and ATP-evoked currents (bottom). Left- 
hand bars show percentage of neurons with no measurable current 
(<20-30 PA). Neurons were cultured for 2 weeks in either NGF or 
NGF-free medium. 
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Table 4. Comparison of GABA, ATP, and low pH (transient) sensitivity after 1 and 2 weeks in culture with or without NGF 

1 week 

NGF+ NGF- 

Ratio 
NGF-: 
NGF’ 

2 weeks 

NGF’ NGF- 

Ratio 
NGF-: 
NGF+ 

GABA 

ATP 

pH-transient 

P(R) 82% (22127) 
A(tot) (nA) 1.20 -t 0.23 
A@) (n.9 1.47 k 0.24 

f’(R) 75% (18/24) 
A(tot) (nA) 1.18 +- 0.27 

A@) WV 1.57 2 0.33 
P(R) 67% (92/138) 
A(tot) (nA) 1.08 2 0.16 
A@) (W 1.62 2 0.23 

78% (31/40) 
0.83 + 0.17 
1.07 + 0.20 
82% (32/39) 
1.13 k 0.18 
1.31 + 0.20 
67% (83/123) 
0.78 + 0.14 
1.16 ? 0.19 

92% (84/91) 
69.2% 0.78 2 0.09 
72.8% 0.85 t 0.10 

87% (76/87) 
95.8% 0.68 2 0.08 
83.4% 0.76 k 0.09 

65% (89/137) 
72.2% 1.41 2 0.19 
71.6% 2.17 2 0.26 

90% (80/89) 
0.36 2 0.047 46.2% 
0.40 2 0.041- 47.1% 
88% (70/80) 
0.67 +- 0.09 98.5% 
0.76 2 0.10 100% 
59% (80/135) 
0.36 2 0.06t 25.5% 
0.62 + 0.097 28.6% 

The data for each time point are from groups of sister cultures from the same batches of neurons. Probabilities of differences between NGF’ and NGF- cultures: 
*, < 0.05; t, i 0.001. No symbol indicates P > 0.05. 

nA) than in 1 week NGF- neurons (0.11 2 0.04 nA, Table 2, 
P < 0.001) and although smaller than in 2 week NGF’ neurons 
(0.71 t 0.22 nA, Table 3) the difference was not significant (P 
> 0.2). The recovery of proton sensitivity paralleled that for 
capsaicin sensitivity. Again while some NGF-‘+ neurons re- 
sponded to both agents others were unresponsive. 

GABA sensitivity 

The presence or absence of NGF made no difference to the 
proportion of GABA (100 FM) sensitive DRG neurons, and P(R) 
values of 78-92% were found in NGF+ and NGF- neurons after 
1 or 2 weeks in culture (see Table 4). However, the relative 
amplitude of the responses to GABA declined progressively in 
NGF- cultures. A(R) in 1 week NGF- neurons was 72.8% of 
the value in 1 week NGF+ sister cultures, although this change 
was not statistically significant (P = 0.096). A further reduction 
in GABA sensitivity was noted after another week in culture 

1.2 
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0.8 

0.6 

0.4 
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6.5 7 7.5 8 8.5 

PH 
Figure 5. pH dependence of inactivation for the transient, low pH 
evoked current. Neurons were challenged with pH 5.8 medium after 
equilibration in solutions of varying pH (abscissa). Responses were nor- 
malized to the response measured after stepping from pH 8.2 to 5.8. 
Lines show sigmoidal plots fitted assuming a stoichiometry of 4H+ to 
1 “binding site” (Konnerth et al., 1987); estimated half-maximal in- 
activations were at pH 7.15 (NGF+, solid line) and pH 7.09 (NGF-, 
dotted line). 

(Fig. 3c,d; Table 4) when A(R) in the 2 week NGF- neurons 
was significantly reduced to 47.1% of the value in NGF+ neu- 
rons (P < 0.001) and the distribution of current amplitudes was 
skewed further towards the smaller values (Fig. 4). This reduc- 
tion in GABA sensitivity was unrelated to any difference in 
neuronal size (see below), as A(R) was still less in the 2 week 
NGF- neurons when the currents were normalized for cell ca- 
pacitance (NGF+ 27.2 & 3.8 pA/pE n = 84; NGF- 13.0 If: 1.3 
pA/pE n = 79). 

ATP sensitivity 

Ten micromolar ATP evoked a depolarizing inward current in 
85.6% (267/312) of neurons tested (Fig. 3ef). ATP sensitivity 
appeared to be unaffected by the presence or absence of NGF 
over a 2 week culture period (see Figs. 3, 4). P(R) was not 
decreased in NGF- cultures compared with NGF’ cultures after 
1 or weeks (Table 4) and A(R) was not significantly different in 
the two conditions even after 2 weeks in culture. The absence 
of any decrease in ATP sensitivity in NGF- cultures was sup- 
ported by calculation of the current density normalized for either 
cell capacitance or cell size (e.g., 2 weeks NGF+ neurons 2.21 
? 0.26 pAlpF, 2 weeks NGF- neurons 2.47 + 0.28 pA/pF). 

General neuronal membrane properties 
The presence or absence of NGF had no obvious effect on mem- 
brane potential. Measured resting potentials after either one 
(NGF’ -49.4 + 1.0 mV, n = 83, NGF- -48.8 & 1.6 mV, n 
= 55) or 2 weeks in culture (NGF+ -48.8 + 0.7 mV n = 146, 
NGF- -48.0 ? 0.1 mV n = 140) were not significantly dif- 
ferent (P > 0.2). Cell capacitance was also similar for neurons 
cultured for 1 week in the two conditions (NGF+ 32.2 ? 1.4 
p9 n = 85; NGF- 31.1 ? 1.8pF, n = 54, P = 0.6), whereas 
after 2 weeks a difference in capacitance of the sampled neurons 
was noted (NGF’ 34.6 + 1.1 pE n = 143; NGF- 29.9 + 0.2 
pE n = 139, P < 0.01). This difference can be accounted for 
by the smaller size and therefore smaller surface area of neurons 
studied electrophysiologically in the NGF- cultures (diameter, 
NGF’ 24.25 + 0.28 pm, NGF- 22.61 2 0.29 pm; P < 0.01). 
A small decrease in capacitance of mouse cultured DRG neuron 
following NGF withdrawal was also noted by Coan et al., 1994). 

s6Rb+ eJflux experiments 
86Rb+efflux was used to test the responses of populations of 
DRG neurons to various stimuli. x6Rb+ efflux was measured in 
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Figure 6. *(‘Rb+ efflux from DRG neurons evoked by sequential 3 min 
challenges with pH 5.4 medium, high (40 mM) K+ and 10 PM capsaicin. 
Neurons were cultured for 2 weeks either with or without NGE 

response to sequential 3 minute challenges with low pH (5.4), 
high potassium (40 pM KCl) and a high concentration of cap- 
saicin (10 mM). We have shown elsewhere (Bevan et al., 1992) 
that the XsRb+ efflux response to 10 pM capsaicin is inhibited 
by the competitive capsaicin antagonist, capsazepine, and so rep- 
resents a selective effect on DRG neurons. All three stimuli 
evoked large increases in the rate of efflux in l-2 week NGF’ 
cultures. The efflux responses to both low pH solutions and cap- 
saicin were substantially reduced in 1 week NGF- cultures, 
whereas the efflux produced by the high potassium solution was 
unchanged, or slightly increased. In 2 week NGF- cultures, the 
low pH and capsaicin-induced effluxes were almost completely 
lost while high potassium solutions could still evoke a large 
efflux (Fig. 6). The results of these efflux studies agree well with 
our electrophysiological findings and indicate that the loss of 
capsaicin evoked and sustained proton evoked currents is un- 
likely to be due to any effect of replating the neurons. 

Discussion 

The sensitivity of DRG neurons to capsaicin and protons did not 
vary with time in culture in medium containing NGF whereas 
GABA and ATP sensitivity declined. For all agonists tested, 
chemosensitivity did not increase when the DRG neurons were 
cultured with a high concentration (200 rig/ml) of NGE This 
was shown by the comparison of responses from cultured neu- 
rons and acutely dissociated neurons. Any change in chemosen- 
sitivity when cells were deprived of NGF can therefore be at- 

tributed to a loss of sensitivity rather than an NGF-mediated 
increase in sensitivity in the “control,” NGF-treated group. 

Our data show that NGF can regulate two types of proton- 
activated currents as well as GABA sensitivity in adult cultured 
rat DRG neurons. The effects are similar to those previously 
described for the capsaicin-activated conductance (Winter et al., 
1988) although the responses to the various agents were reduced 
at different rates in NGF-free medium. Not all membrane prop- 
erties are NGF regulated. ATP sensitivity, resting potential and 
the depolarization evoked release of *6Rb+, which reflects the 
activity of voltage gated K+ channels, were not obviously influ- 
enced by the presence or absence of NGE 

The effects of NGF were most pronounced for the capsaicin 
and sustained proton evoked currents. For the sustained proton 
evoked current, NGF deprivation resulted in a reduction in both 
the number of responsive neurons [P(R)] and the amplitudes of 
the currents [A(R) and A(tot)]. This was reflected in the almost 
total abolition of proton (pH 5.4) evoked 86Rb efflux in NGF- 
cultures. The loss of proton sensitivity was reversible as P(R), 
A(R), and A(tot) were increased when NGF- neurons were ex- 
posed to NGF for a further week. The reduced amplitude of the 
response of NGF- neurons was not due to any obvious change 
in the pH threshold for activation. Similarly, Winter et al. (1988) 
showed that the loss of capsaicin responses was not due to any 
shift in the concentration-response curve to higher agonist con- 
centrations. 

The capsaicin induced currents and the sustained proton 
evoked currents were rapidly lost when NGF was removed and 
were restored to a similar degree when NGF was added back to 
the culture medium. Bevan and Yeats (1991) found that DRG 
neurons had either both types of conductance or neither, which 
raised the possibility that both protons and capsaicin open the 
same channel. Their co-regulation by NGF supports this idea, 
which is also consistent with the preliminary results from single 
channel recordings (Bevan et al., 1993). 

The transient current evoked by exposure to low pH solutions 
(Krishtal and Pidoplichko, 1980, 1981; Konnerth et al., 1987) 
was also reduced when neurons were cultured in the absence of 
NGE In this case the loss of sensitivity was slower than for both 
the sustained proton evoked current and the response to capsa- 
icin. The smaller size of the transient current in NGF- neurons 
cannot be ascribed to a difference in channel inactivation as 
NGF+ and NGF- neurons showed similar pH-current amplitude 
relationships (half inactivation at pH 7.1). Furthermore a reduced 
proton sensitivity in NGF deprived neurons was still seen after 
maximizing the amplitude of the response by alkalinization to 
pH 7.8 before challenge with the acid solution. We also found 
no evidence that removal of NGF shifted the pH activation curve 
to more acidic values. Together these results indicate that the 
reduction in transient current amplitude represents a genuine loss 
of functional membrane ion channels rather than a modification 
in their pH activation/inactivation characteristics. 

Removal of NGF also caused a progressive slow loss of 
GABA sensitivity and A(R) declined to 47% of the control 
NGF’ value over 2 weeks. We have no data on the reversibility 
of this effect. Aguayo and White (1992) did not find any sig- 
nificant NGF-dependent change in GABA sensitivity in similar 
experiments with adult rat DRG neurons in culture. This dis- 
crepancy may be due to the lower concentrations of NGF and 
the small sample sizes used in their experiments. Previous stud- 
ies have shown that GABA sensitivity of dorsal roots was at- 
tenuated in vivo when the distal nerve was transected (Kingery 
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et al., 1988; Bhisitkul et al., 1990) and the authors postulated 
that a reduced supply of NGF could account for this change in 
chemosensitivity. No obvious decrease was noted in the first 
week, but GABA induced depolarizations were reduced by 40- 
50% 12-21 d after surgery. The loss of GABA sensitivity could 
be ameliorated if the nerve was allowed to regenerate, possibly 
because Schwann cells were now able to provide NGF to the 
regenerating nerve fibers (Bhisitkul et al., 1990). Our results 
showing a relatively slow loss of GABA sensitivity when DRG 
neurons are deprived of NGF are consistent with these in vivo 
data. 

Only 40% of adult rat DRG neurons in culture express mRNA 
for trkA (De Felipe and Hunt, 1994), which is a component of 
the high affinity NGF receptor (see, e.g., Meakin and Shooter, 
1992). This is similar to the percentage of neurons that are sen- 
sitive to capsaicin and show the sustained proton evoked current. 
Furthermore, NGF regulated these chemosensitivities in most 
neurons which suggests an almost complete correspondence be- 
tween the populations. Larger proportions of neurons showed 
the transient proton evoked current (53-67%) and responded to 
GABA (78-92%). In these cases, it is unclear if the chemosen- 
sitivities of all neurons are reduced in NGF-free medium or 
whether the changes are restricted to the trkA expressing neu- 
rons. 

Our data show that NGF regulates the sensitivity of DRG 
neurons to capsaicin, protons, and GABA and that the NGF- 
regulated reduction in sensitivity occurs at different rates (cap- 
saicin = sustained proton > transient proton > GABA). In con- 
trast, ATP sensitivity was not regulated by NGE Estimated half- 
times for the loss of chemosensitivities are, for capsaicin and 
sustained proton, 2-3 d; transient proton, -9 d; GABA, 12-13 
d. The electrophysiological estimates for the rate of loss of cap- 
saicin sensitivity agree well with the more detailed time course 
shown by 45Ca uptake experiments (half-time 3 d, Winter et al., 
1988). 

NGF belongs to a family of related molecules that is important 
in the development and maintenance of sensory neurons. Al- 
though NGF is not required for the survival of the majority of 
adult DRG neurons, it can affect the expression of substance P 
and CGRP (Lindsay and Harmar, 1989; Lindsay et al., 1989), 
two neuropeptides that may be involved in pain and neurogenic 
inflammation. Studies on rat nodose ganglion neurons in culture 
have illustrated that NGF promotes the expression of acetylcho- 
line sensitivity by increasing the size of the currents but not the 
proportion of responsive neurons (Mandelzys and Cooper, 
1992). Thus our data and other studies show that neuronal mem- 
brane chemosensitivity as well as neuropeptide content can be 
influenced by NGE Other experiments have illustrated that NGF 
can also regulate the expression of ion channels involved in 
action potential generation (Chalazonitis et al., 1987; Aguayo et 
al., 1991; Aguayo and White 1992Ritter and Mendell, 1992). 
Voltage-clamp studies of adult rat cultured DRG neurons have 
shown that expression of TTX insensitive sodium currents re- 
quires NGF (Aguayo et al., 1991; Aguayo and White 1992), 
although the same experiments suggest that the TTX-sensitive 
sodium current is not downregulated by NGF deprivation. This 
finding, together with our observation that the responses to ATP 
were not regulated by NGF in cultured DRG neurons, indicates 
that not all ion channels are regulated in the same way. 

In vivo, NGF is made in tissues that are innervated by pe- 
ripheral neurons, and is retrogradely transported back to the 
DRG cell bodies (Goedert et al., 1981; Gordon, 1983) where it 

acts to regulate cellular phenotype. NGF levels can be greatly 
elevated in inflamed tissue (Otten, 1991; Woolf et al., 1994) and 
increased availability of NGF may upregulate production of neu- 
ropeptides in neurons innervating that tissue (Donnerer et al., 
1992; Woolf et al., 1994). Moreover, when NGF is supplied to 
peripheral nerve in vivo, it dramatically increases the responses 
of dorsal horn neurons to a standard C-fiber stimulus of the NGF 
treated nerve (Lewin et al., 1992). Recent studies have shown 
that systemic application of NGF can cause thermal and me- 
chanical hyperalgesia (Lewin et al., 1993) and that antisera that 
neutralize NGF can prevent the development of hyperalgesia in 
adjuvant-injected rat paws (Lewin and Mendell, 1992; Woolf et 
al., 1994). Changes in chemosensitivity in inflammation have 
not been reported. We found no evidence that any of the che- 
mosensitivities studied were increased by exposure to high lev- 
els of NGF in vitro. Furthermore capsaicin sensitivity, as judged 
by ‘Yaz+ uptake, is not increased in DRG neurons innervating 
inflamed tissues (unpublished observations). These findings do 
not rule out the possibility that raised concentrations of NGF 
can upregulate the chemosensitivity of a subpopulation of neu- 
rons which innervate tissues that normally produce very low 
levels of NGE 

The sensory nerves may be deprived of an adequate supply 
of NGF in certain neuropathic conditions, some of which in- 
volve nerve damage. Changes in neuronal phenotype consistent 
with NGF-deprivation have been observed in experimentally in- 
duced diabetic rats (Brewster et al., 1994). In such conditions 
the neurons may display reduced chemosensitivity. Nerve sec- 
tion has been shown to decrease DRG neuron capsaicin sensi- 
tivity as judged by 45Ca2+ uptake assays (unpublished observa- 
tions). The sensitivity to the inhibitory transmitter GABA is also 
decreased by nerve section (Kingery et al., 1988) and NGF de- 
privation. This change in GABA sensitivity may augment the 
excitatory synaptic transmission between these primary afferents 
and spinal cord neurons. These observations, taken together, im- 
ply that NGF plays an important role in determining the che- 
mosensitivity and “connectivity” of sensory neurons in hyper- 
algesic and neuropathic states. 
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