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Chronic NGF treatment of rat nociceptive DRG neurons
in culture facilitates desensitization and deactivation
of GABA, receptor-mediated currents
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1 The present study tested the hypothesis that nerve growth factor (NGF) could affect presynaptic
inhibition mediated by GABA, (GABA-sensitive ionotropic receptors) receptors on the afferents of
nociceptive dorsal root ganglia (DRG) neurons, thus reducing the filtering of central nociceptive
signals.

2 To investigate this issue, small-diameter, nociceptive DRG neurons were cultured for 48-72h
either in the normal medium or in the presence of NGF (50 ng ml~!). After 15 min washout, cells were
patch clamped with Cs™ containing electrodes to block GABAg (GABA-sensitive metabotropic
receptors) receptor-activated currents.

3 Chronically treated DRG neurons showed no difference in the peak amplitude of GABA-induced
currents. However, NGF-treated cells exhibited increased fading of the response to continuous GABA
application, with faster desensitization onset, decreased residual current at the end of agonist
application and slower recovery from desensitization. Moreover, the deactivation phase after brief
agonist pulses was also accelerated.

4 Unlike responses to GABA, chronic NGF treatment had no effect on the desensitization process to
the excitatory transmitter ATP, as no difference in peak amplitude, fast and slow time constants of
current decay was found.

5 Experimental tests indicated that the observed effects on GABA currents were not a reactive
process triggered by washing out NGF after its long application. Acutely applied NGF did not change
GABA , receptor-mediated responses.

6 NGF-treated neurons showed decreased sensitivity to the antagonist picrotoxin. The action of
pentobarbitone, midazolam, bicuculline or gabazine was, however, unchanged.

7 These observations suggest that the modulation of GABA, receptor function of DRG nociceptors
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by NGF may contribute to the algogenic action of this neurotrophin.
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Introduction

The neurotrophin nerve growth factor (NGF) has several
important effects on morphological and functional properties of
neurons. Postnatally, NGF has a major, physiological role in
survival, growth and development of ganglion neurons (Crow-
ley et al., 1994; Patel et al., 2000) as, for example, newborn mice
daily injected with anti-NGF antiserum show severe atrophy of
sympathetic ganglia (Levi-Montalcini & Cohen, 1960).
Although the same cells grown in culture can survive for
several days in the absence of NGF, chronic NGF treatment
promotes the formation of neuronal processes and allows long-
term survival (Levi-Montalcini, 1964). Both high (TrkA)- and
low (p75)-affinity receptors for NGF are expressed on dorsal
root ganglion (DRG) sensory neurons (Bennett et al., 1996).
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Another important action of NGF is facilitation of
processing of nociceptive signals when levels of NGF
grow dramatically in inflamed or damaged tissue (Donnerer
et al, 1992; Woolf et al, 1994; Ueda et al., 2002).
Furthermore, increased NGF retrograde transport by noci-
ceptive neurons augments the expression of algogenic
compounds like substance P and CGRP (Donnerer et al.,
1992). Administration of NGF can produce hyperalgesia
(Lewin et al., 1992; Woolf et al., 1994; Andreev et al.,
1995), whereas neutralization of endogenous NGF reduces
sensitivity to painful stimuli (McMahon et al., 1995; Koltzen-
burg et al, 1999). NGF administration enhances the
sensitivity of DRG neurons to capsaicin and noxious heat
(Winter et al., 1988; Rueff & Mendell, 1996; Bonnington &
McNaughton, 2003).

A further action of NGF is concerned with the modulation
of synaptic transmission. In fact, in animal models of
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inflammatory pain, NGF can also boost the efficiency
of glutamatergic transmission at the spinal cord level, while
anti-NGF antibodies decrease spinal glutamate release and
attenuate algogenic behavior (Ishikawa et al., 1999). More-
over, while ATP is an important messenger in pain signaling in
these neurons (Burnstock, 2001; North, 2004), chronic NGF
treatment can increase the expression of P2X; ATP receptors
in sensory neurons (Ramer ez al., 2001).

The processing of nociceptive inputs at the first relay
synapse of the pain pathway in the spinal dorsal horn is
modulated by GABA, which exerts an analgesic effect
(Sivilotti & Woolf, 1994). GABA is believed to be the main
transmitter for presynaptic inhibition in the spinal cord
(Sivilotti & Nistri, 1991) due to primary afferent depolariza-
tion (PAD) that reduces presynaptic impulses and, thus,
release of the excitatory transmitter (Rudomin & Schmidt,
1999). Owing to their key role in nociceptive information
processing, the GABA, subclass of GABA-sensitive
ionotropic receptors might be an important target in mediating
the algogenic action of NGF. However, the difficulty of
directly accessing such receptors on the fine central terminals
of DRG neurons suggests the study of the action of NGF on
somatic GABA, receptors normally expressed by the soma
of these cells (Sivilotti & Nistri, 1991; Rudomin & Schmidt,
1999). On DRG neurons, GABA acts via GABA, receptors
(sensitive to bicuculline (BIC) or picrotoxin (PTX)) to
mediate a Cl™-dependent depolarization (Sivilotti & Nistri,
1991), as well as on GABA-sensitive metabotropic receptors
(GABAg) that mediate a slowly developing K* outward
current (Gédhwiler & Brown, 1985; Newberry & Nicoll,
1985). Since activation of GABAjg receptors appears to
play only a minor role in presynaptic inhibition of primary
afferent terminals (Stuart & Redman, 1992), we focused on
GABA, receptors. Hence, we used electrophysiological
recording from DRG neurons in culture to investigate
how acute or chronic NGF treatment might affect GABA,
receptor-induced currents. To find out if chronic NGF
treatment might also change the effects of an excitatory
transmitter, we used the same cell preparation to examine
how DRG neurons responded to ATP.

Methods
Cell culture preparation

Cultures of rat DRG neurons were prepared as described
previously (Sokolova et al., 2004). In brief, rats (P11-18)
of both sexes were deeply anesthetized by slowly raising levels
of CO, and were killed by decapitation, a procedure (including
animal handling and care) in accordance with the Italian
Animal Welfare Act and approved by the Local Authority
Veterinary Service. Thoracic and lumbar ganglia were excised,
enzymatically treated, plated on poly-L-lysine (Smgml™")
coated Petri dishes and cultured under an atmosphere
containing 5% CO,. NGF (2.5S NGF; 50ngml~') was added
to half of the Petri dishes at the time of DRG neuron plating.
Cells were used for recording from the 2nd to the 3rd day after
plating. In order to minimize differences in responses between
DRG neuron preparations, equivalent numbers of control
(from Petri dishes without NGF) and NGF-treated neurons
were used on each occasion.

Patch-clamp recording

Control or NGF-treated cells were continuously superfused
(2mlmin~") with physiological solution containing (in
mM): 152 NaCl, 5 KCI, 1 MgCl,, 2 CaCl,, 10 glucose and
10 HEPES (pH adjusted to 7.4 with NaOH, osmolarity
adjusted to 320mOsm with glucose). This solution was
applied for about 15min to ensure full washout of the culture
medium. Thereafter, single cells were patch clamped in
the whole-cell configuration using pipettes with a resistance
of ~3-4MQ when filled (in mM) with 120 CsCl, 20 HEPES,
1 MgCl,, 3 Mg,ATP; and 5 EGTA (pH adjusted to 7.2
with CsOH). The osmolarity of the pipette solution
was 285 mOsm.

Currents were recorded from cells 15-30 um in diameter
(see also Figure 1b), thus considered to be small and medium-
sized, nociceptive DRG neurons (North, 2004), which are
very sensitive to the pain transmitter ATP (Grubb & Evans,
1999) and bind the nociceptor marker IB4 (Sokolova
et al., 2004). DRG neurons of diameter up to 25 um usually
express the NK-1 receptor to the pain transmitter substance
P (Li & Zhao, 1998), thus further characterizing them as
nociceptors, although such expression can be found even
in a minority of larger DRG cells. In most cells series
resistance was compensated by 80%. Cells were voltage
clamped at —70mV (unless otherwise indicated). After
whole-cell configuration was obtained, an equilibration
period of 5min was used for establishing adequate
solution exchange between the patch pipette and the cell.
Currents were filtered at 1kHz and acquired by means
of pClamp 8.2 software (Axon Instruments, Union City,
CA, US.A).
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Figure 1 Sensitivity of DRG neurons to GABA. (a) Log concen-
tration-response curves for rapidly superfused GABA in control or
chronically NGF-treated DRG neurons. Note the lack of difference
between curves (n=14 and 15 for control and NGF-treated,
respectively). (b) Example of cresyl violet-stained DRG neurons
cultured for 48 h in the medium without (left) or with (right) NGF
(50 ngml™).
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Drug delivery and data analysis

GABA, antagonists and modulators of GABA 4 receptors, and
ATP were diluted with extracellular solution to final concen-
tration and applied by a rapid superfusion system (Rapid
Solution Changer RSC-200, BioLogic Science Instruments,
Grenoble, France) consisting in a multibarrel array of capillary
tubes 100-150 um from the recorded cell. The time for solution
exchange was about 30ms. In a separate set of experiments,
GABA was applied by pressure application (15-20 psi) for
40ms from glass micropipettes positioned approximately 15—
25 pum away from the recorded cell (Di Angelantonio & Nistri,
2001). On some cells, NGF was acutely administered via
pressure application (15psi for 30s) to pipettes containing a
concentration of 150 ngml™".

During GABA application, the development of current fade
from the early peak was quantified on the basis of its time
constant (ton), which was best fitted monoexponentially
(Clampfit program of the pPCLAMP suite), with the exception
of a few responses to 100 uM GABA that required two
exponents and were discarded from further analysis. Current
fade was also measured as the fractional residual current (r)
left at the time of switching off GABA, as this value indicated
the extent of activated GABA receptors prior to termination of
agonist administration. In some experiments, the difference in
r values between control and test conditions was expressed as
Ar and allowed comparison of degree of fading (r) under
various experimental conditions. GABA current deactivation
was quantified as the monoexponential time constant of return
to baseline (Topg).

Paired-pulse experiments in which the second agonist pulse
was delivered at different intervals were used to monitor
recovery from desensitization. For this purpose, each pulse
consisted of 25 uM GABA applied by superfusion for 2s. The
peak of GABA current generated by the second pulse was
expressed as a fraction of the peak amplitude of the control
response. Data were best fitted with a double hyperbola
(SigmaPlot2001, SPSS, Chicago, IL, U.S.A.) and recovery
from desensitization was expressed as the time needed to
regain 90% of the control peak amplitude (7).

Log concentration—response curves for GABA were fitted
with the logistic equation (Origin 6.0, Microcal, Northampton,
MA, U.S.A.). Each concentration of GABA was applied by
superfusion for 2's and repeated two to three times on each cell
at a 3-min interval. The strong fading of the GABA responses
plus the necessarily limited duration of whole-cell patch
clamping (about 40min) did not allow strictly quantitative
tests for characterizing antagonism potency and nature. To
circumvent this condition, tests to quantify the action of
rapidly superfused blockers (BIC, PTX, gabazine, that is, SR
95531) were usually based on measuring peak currents elicited
by a fixed GABA concentration (25uM) close to the ECs,
value for this agonist. Note that each antagonist was always
present in the GABA solution to avoid sudden dilution of
antagonist upon rapid application of the agonist. Several
concentrations of each antagonist were cumulatively applied to
determine their potency to block GABA-induced currents.
GABA currents in the presence of antagonist were expressed
as a fraction of the current amplitude obtained in the absence
of antagonist. Data were then plotted with the logistic
equation to express inhibitory potency in terms of I1Cs, values.
When receptor antagonism was rapidly reversible (e.g. bicucul-

line or gabazine), tests with various antagonist concentrations
were also repeated after intermediate washes and gave
analogous results.

To assess the potentiating action of pentobarbitone (PB)
(sodium salt) on 25uM GABA, this agent was applied
cumulatively in the range of 10-100 uM. The test GABA
concentration was prepared in the corresponding PB solution.
The GABA current in the presence of PB was expressed as a
fraction of the control one and plotted with the logistic
equation to obtain the ECs, value for PB. The limited
availability of the water-soluble benzodiazepine midazolam
HCl did not allow its systematic tests at various concentrations
applied via rapid superfusion. Preliminary tests indicated that
maximum facilitation was apparently observed with bath-
applied 1 uM midazolam, which was then used in all other
experiments. To minimize midazolam dilution by concomitant
fast superfusion of GABA, GABA (30 uM) was applied via a
puffer pipette for 40 ms. Previous experiments have indicated
that this method produced an effective dose of the substance at
cell membrane level three times lower than the pipette
concentration (Di Angelantonio & Nistri, 2001).

In experiments on ATP-induced currents, ATP was rapidly
superfused at a concentration of 10 uM for 2s.

All data are presented as the mean+s.e.m. (n=number of
cells). The statistical significance of nonparametric data was
assessed with Mann—-Whitney rank-sum test for comparing
two unmatched samples from two populations. For raw data
their normal distribution was first assessed with SigmaStat
(version 2.0, Jandel Scientific, San Rafael, CA, U.S.A.) and, if
data met this requirement, were further analyzed with the
unpaired Student’s 7-test. A P-value of <0.05 was accepted as
indicative of a statistically significant difference.

Drugs

Chemicals for cell culture and recording were from Sigma
(Milan, Italy); the culture media were obtained from Gibco
BRL (Life Technologies, Milan, Italy). GABA and ATP were
from Sigma (Milan, Italy), BIC, gabazine and PTX were from
Tocris (Bristol, U.K.), PB (sodium salt) was a gift from Dr
Laura Ballerini (University of Trieste), while midazolam HCI
was donated by Professor J. Lambert (University of Dundee),
Dr G. Puja (University of Modena) and Professor G. Biggio
(University of Cagliari).

Results

Chronic NGF treatment does not significantly affect
GABA sensitivity of DRG neurons

Since DRG neurons do not synthesize NGF as shown by the
lack of mRNA signal (Wetmore & Olson, 1995), in the present
study control conditions refer to cells bathed with standard
culture medium (without NGF addiction). In this case, rapid
superfusion of GABA evoked inward currents, the peak of
which is plotted in Figure la (filled symbols) against varying
concentration of GABA. On NGF-treated DRG neurons,
peak amplitudes of GABA-evoked currents were slightly lower
than in controls (Figure la, open symbols), although this
difference was not statistically significant. The ECs, values
(the concentration of GABA eliciting half-maximal current

British Journal of Pharmacology vol 142 (3)



428 A. Fabbro & A. Nistri

NGF and GABA-evoked currents

amplitude) obtained from these average plots were very similar
between controls (31.4uM, n=14) and NGF-treated cells
(29.7 uM, n=15). Analogous results were obtained by aver-
aging the log-transformed ECs, values obtained from each cell
in control (34.5+3.9uM, n=14) and after NGF treatment
(26.9+5.1 uM, n=11). As all recorded cells had similar size
regardless of NGF treatment (see examples in Figure 1b), this
observation suggests that unequal GABA current responses
were not masked by large differences in cell size. This fact was
confirmed by the similar cell membrane capacitance between
controls (28.5+1.4 pF; n=105) and NGF-treated cells
(31.8+1.5 pF; n=68). Since there was no difference in
GABA-induced responses between DRG neurons cultured
for 48 and 72h in the presence of NGF (nor between 48 and
72h in controls), data from cells at the second and third day
from plating were pooled.

NGF-mediated shaping of GABA-induced currents:
desensitization degree and onset, deactivation phase
and recovery from desensitization

Despite lack of change in peak current amplitude, it appeared
that chronic NGF treatment changed the time course of the
decay of GABA-evoked currents. Analysis was performed on
currents that presented clear fading during application of
GABA, namely, those produced by 10, 25 (close to the dose
inducing half-maximal responses), 100 and 1000 uM concen-
trations of this amino acid. Figure 2a and b shows sample
traces obtained from control or NGF-treated DRG neurons
using 25 or 100 uM GABA, respectively. For each agonist
concentration used, care was taken to compare currents of
virtually identical peak amplitude. Cells cultured in the
presence of NGF showed faster fading of the response and
smaller residual current at the end of GABA application. The
differences in ton value for current fade and in the fractional
residual current (r) are quantified in Figure 2c and d, and were
statistically significant at 25 and 100 uM agonist concentration.
Neither ton nor r values were affected by NGF treatment
when obtained with 1000 uM GABA, which induced maximal
response (Figure 2¢ and d). This observation suggests that
NGF could facilitate current decay, but it could not augment it
once it was maximally developed.

The monoexponential time constant of current offset (torg)
after interruption of 10, 25, 100 and 1000 umM GABA
application was also measured. There was no difference in
Torr between traces obtained after 10 uM GABA from controls
and NGF-treated cells (120+12ms, n=9; 120+23ms, n=35,
respectively), nor after 25 uM (104 +S5ms, n=19 for controls;
102+7ms, n=7 for treated cells), 100 uM (111 +8ms, n=10
for controls; 104+ 10ms, n=12 for treated cells) or 1000 um
GABA (204428 ms, n=7 for controls; 170+13ms, n=15 for
treated cells).

GABA current return to baseline after termination of the
agonist application was a complex phenomenon presumably
due to a combination of desensitization recovery, receptor
deactivation and agonist removal, since the time course of
receptor deactivation can be strongly affected by the duration
of agonist application and the consequent desensitization
(Jones & Westbrook, 1995). In order to examine deactivation
of GABA currents less affected by desensitization, responses
were induced with 40ms pressure application of GABA
(30uM) from a micropipette close to the recorded -cell.
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Figure 2 Enhanced desensitization of GABA, receptor-mediated
currents after chronic treatment with NGF. (a) Examples of
amplitude-matched currents induced by 25uM GABA applied for
2s in control (left) or after NGF treatment (right). (b) Examples of
amplitude-matched currents induced by 2s application of 100 uM
GABA as indicated in (a). Note enhanced fading of current with
smaller residual response at the end of GABA application. (c) Plot
of 1, values for fading of GABA-induced currents versus log GABA
concentrations from control or NGF-treated neurons. *P<0.05;
n=10-14 cells. (d) Plot of desensitization degree (r) expressed as a
fractional residual current versus log GABA concentrations for
control or NGF-treated neurons. *P<0.05; n=11-13 cells.

Figure 3a shows representative traces of similar amplitude
obtained from a control cell and an NGF-treated cell using
such an application of GABA. The deactivation phase, best
fitted with a monoexponential function, became significantly
shorter in NGF-treated neurons as indicated in Figure 3b.
To further analyze the effects of chronic NGF treatment on
desensitization of GABA-induced currents, paired-pulse ex-
periments were performed. Figure 3¢ (upper) shows that fast
recovery from desensitization, expressed as fractional ampli-
tude of the second response in the pair, was best fitted by a
hyperbolic function for control neurons with calculated #9, of
7.6s. On NGF-treated neurons (Figure 3c, lower), the changes
in fractional amplitude of the second response could also be
fitted hyperbolically (calculated #5o=19.7s). This difference
from control was due to the significantly (P<0.05) smaller
second response at the first pulse interval (1s), while
subsequent data points were indistinguishable from control.
Current fade might be due to a combination of factors
including agonist-induced channel block or desensitization. To
explore the role of agonist-dependent channel block, 25 um
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Figure 3 Chronic NGF treatment increases deactivation of
GABA, receptor-mediated currents and modifies their recovery
from desensitization. (a) Examples of amplitude-matched, inward
currents evoked by brief (40 ms) pressure applications of GABA to
single DRG neurons grown in control or NGF-containing medium.
Note accelerated current decay (responses superimposed for clarity;
right-hand side) after NGF treatment. (b) Histograms showing topr
value of current decay for neurons grown in control or NGF-
containing medium. *P<0.05; n=11-12 cells. (c) Plots of time
course of recovery from desensitization of GABA currents for
control (upper; n=10) and NGF-treated (lower; n=13) DRG
neurons. Data are presented as fractional amplitude of the second
response in the pair of pulses spaced at time intervals indicated on
the abscissa. The difference between values at 1s is statistically
significant (P<0.05). Note initially slower recovery in chronically
treated cells.
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Figure 4 GABA-evoked current decline is voltage insensitive. (a)
Examples of GABA-evoked currents from control (left) or NGF-
treated (right) neurons. In each panel currents induced by 25 um
GABA on the same cell held at —50 (uppermost), —=70 and -90 mV
are superimposed for comparison. (b) Plot of desensitization degree
expressed as fractional residual current (r) induced by 25 uMm GABA
versus level of holding potential in control or NGF-treated neurons
(n=10-12 cells).

GABA was applied at three different holding potentials (—50,
—70 and —90mV) to control or NGF-treated cells. As
exemplified by raw data in Figure 4a and quantified in
Figure 4b, voltage dependence was very weak for both controls
and NGF-treated DRG cells, suggesting that the observed
fading was not primarily due to agonist-dependent channel
block.

Tests to rule out artifactual effects due to NGF

Since all electrophysiological recordings from DRG cells
chronically exposed to NGF were performed in physiological
solution after NGF washout (see Methods), we considered the
possibility that increased current fading during agonist
application might have been caused by acute NGF depriva-
tion, rather than due to a long-lasting effect of NGF
treatment. To examine this hypothesis, two different tests
were performed on NGF-treated DRG neurons. In the first
one (deprivation test 1), cells were patch clamped while still in
the NGF-containing culture medium and tested for their
response to pressure-applied (2s) GABA (30 uM). The medium
was then washed out while preserving patch-clamp recording
and replaced with physiological solution. After 3min, GABA
was again applied to the same cell as described above.
Comparing currents obtained in NGF-containing culture
medium with those in physiological solution gave a good
match of the two GABA-induced responses (see example in
Figure 5a). To quantify this result, for each cell (n=75), we
expressed, as Ar, the difference between fractional residual
GABA currents (just prior to the end of GABA application)
obtained in the culture medium and in physiological solution
(Figure 5c). The Ar value for the deprivation test 1 was almost
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Figure 5 Changes in GABA-evoked current fade are not due to
sudden removal of NGF from neurons grown in the presence of this
neurotrophin nor are accompanied by alterations in ATP-mediated
responses. (a) Example of protocol (test 1) in which the same DRG
neuron, grown in NGF-containing medium, is first tested for its
response to pressure-applied (30 uM) GABA without washing out
NGF (left), and then the same GABA application is repeated 3 min
after washing out the NGF-containing medium (right). Note the
lack of change in residual current at the end of the GABA response.
(b) Example of protocol (test 2) in which the same neuron, grown in
NGF-containing medium, is first tested in standard physiological
solution for its response to rapidly superfused 25 uM GABA (left)
and then the same GABA application is repeated 3min after
washing out NGF (150 ngml™") transiently applied from a pressure
pipette for 30s (right). Note again the lack of difference in residual
current evoked by GABA. (c) Histograms summarizing differences
in desensitization degree following GABA application. Left, values
of desensitization degree (r) following 25 uM GABA application are
compared between cells grown in control or NGF-containing
medium (n=13): the difference between r data is expressed as Ar.
Middle two histograms refer to Ar values obtained with the
protocols exemplified as test 1 (n=15) or test 2 (n=5) in (a, b).
Right histogram refers to Ar obtained by comparing 25 uM GABA-
evoked responses before and after acute application of NGF (305s)
to neurons grown in the control medium (n=35). *P<0.05. (d)
Examples of currents induced by 10 uM ATP in control (left) or
NGF-treated (right) DRG neurons.

nil and was significantly different (P <0.05) from the Ar value
obtained when comparing responses from control and
chronically treated neurons in the standard protocol.
Furthermore, assuming that the stronger current fade might
have been a consequence of NGF washout, a subsequent
application of NGF should reverse, in part, this current fade.
This possibility was assessed in our second test (deprivation
test 2) when NGF was pressure applied for 30 s to chronically

NGF-treated cells washed for 5min with physiological
solution. In detail, GABA (25uM) was applied by rapid
superfusion (2s) thrice (3min interval), then NGF was
pressure applied and the cell retested with repeated GABA
applications (see sample traces in Figure 5b). Also in this case,
currents obtained from the same cells (2 =15) before and after
acute NGF application were almost identical. These data are
quantified in Figure S5c, in which the Ar value from the
deprivation test 2 was very small and significantly different
when compared with Ar obtained with the standard protocol.
Finally, we examined if 30 s NGF application to naive, control
cells could change their GABA (25 uM) responses. As shown
by the right-hand side histogram of Figure Sc, this experi-
mental condition was accompanied by a small Ar value
significantly different (P<0.05) from the one obtained with
standard protocol (left histogram). This observation demon-
strated that short-term exposure of naive DRG neurons to
NGF was insufficient to modify their GABA-mediated
responses.

In summary, these tests showed that increased fading of
GABA-induced responses from NGF-treated DRG neurons
was not due to abrupt NGF deprivation.

NGF-treated DRG neurons show differential drug
sensitivity

NGF can turn on multiple intracellular messengers, leading to
the activation of protein kinases and/or transcription factors
(Kaplan & Miller, 2000). Thus, it seemed likely that the
observed effects of chronically applied NGF on GABA-
induced currents could be mediated by conformational
changes of GABA receptors, due to post-translational
modifications of native receptors (e.g. phosphorylation; Moss
& Smart, 2001) or neosynthesis of receptors with different
subunit composition. As a first approach to this issue, we took
advantage of the fact that a number of GABA receptor ligands
show preferential affinity for certain subunits (Hevers &
Liiddens, 1998). Hence, if ligand pharmacology were changed
after chronic NGF treatment, one might infer that the receptor
subunit(s) binding such ligands were likely altered.

Table 1 shows the ICs, values for the competitive
antagonists BIC, gabazine and the noncompetitive blocker
PTX. While the potency of BIC or gabazine block was similar
between NGF-treated cells and controls, PTX was less potent
on NGF-treated cells. The potentiating action by PB was the
same on control and NGF-treated neurons as indicated by
similar ECs, values.

Finally, application of 1 uM midazolam to NGF-treated or
control DRG neurons indicated that, in both cell groups,
GABA currents displayed the same sensitivity to the facil-
itatory action by this benzodiazepine (Table 1).

Chronic NGF treatment does not affect the amplitude
and desensitization of ATP-induced currents

The ATP-sensitive ionotropic receptors P2X are involved in
direct excitation of primary afferent DRG neurons (Bland-
Ward & Humphrey, 1997; Hamilton & McMahon, 2000).
Sensory neurons express different levels of P2X,, P2X; and
P2X,); receptors, characterized by different time courses of
current decay during agonist application (Burgard et al., 1999).
In the present study, application of 10 uM ATP for 2 elicited
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Table 1 Effect of GABA4 receptor ligands on GABA-mediated responses of control and NGF-treated DRG neurons

ICsy (pn) ECsy (uM) % enhancement

Control NGF-treated Control NGF-treated Control NGF-treated
BIC 1.7740.17 (n=2)  2.2440.21 (n=19)
Gabazine 0.55+0.12 (n=10) 0.2940.04 (n=11)
PTX 4.65+1.24 (n=11) 9.8443.07* (n=38)
PB 60.864+9.79 n=12) 50.534+7.50 (n=19)
Midazolam 80+ 18 (n=11) 95+14 (n=10)
*P<0.05.

inward currents with different decay time courses (see Burgard
et al., 1999; Sokolova et al., 2001), presumably reflecting the
presence of various P2X receptor subtypes (see Figure 5d).
Since the P2X; receptor seems to be the main subtype involved
in nociception (North, 2004), we focused on cells expressing
ATP responses with biphasic current decay, a hallmark of
the presence of P2X; receptors (Burgard et al., 1999). In
particular, we looked at the fast (tny) and slow (Tgow)
components of current decay to characterize desensitization
of ATP-induced currents in control cells or after chronic NGF
application. No statistically significant difference was found in
peak amplitude of ATP-evoked currents between NGF-treated
neurons (—1226+210 pA, n=11) and controls (—935+118
pA, n=24). Analysis of ATP-induced desensitization, per-
formed by fitting current decay with a double exponential
function, showed no difference in either tp (40.5+2.4ms,
n =25 controls; 44.7+7.8 ms, n =11 NGF-treated neurons) or
Taow (532.9+105.5ms, n=25 controls; 302.8+58.6ms, n=11
treated cells).

Discussion

The principal finding of the present study is the novel
demonstration of increased decline of GABA, receptor-
mediated currents of nociceptive DRG neurons grown in the
presence of NGF. This phenomenon could be manifested in
two ways, namely, neurotrophin-enhanced desensitization of
sustained responses mediated by GABA, receptors, and
accelerated deactivation of short responses evoked by brief
GABA pulses. This action of NGF might be important for
understanding the mechanism of pain induction and/or
intensification by NGF, since increased NGF levels during
inflammation or injury could change the effectiveness of
GABA-mediated inhibition of excitatory transmitter release
from afferents of DRG neurons in the spinal cord.

Fading of GABA-evoked currents

In symmetrical CI- concentrations, GABA evoked inward
currents readily blocked by bicuculline or gabazine. Since these
currents reverse at ~0mV (Sokolova et al., 2001), they are
clearly due to the activation of GABA, receptors. Further-
more, inclusion of Cs™ in the patch pipette solution prevented
activation of GABAjg receptors (Otis et al., 1993).

A decline in the GABA-evoked currents during continuous
exposure to the agonist could have been due to receptor
desensitization, agonist-induced channel block or GABA
uptake. Our observations that current fade was little sensitive
to membrane potential would make channel block unlikely.

Furthermore, although DRG neurons can take up GABA
applied for several minutes (Hosli & Hosli, 1979), fade of
GABA-induced responses during its sustained application is
not affected in Na*-free media (Adams & Brown, 1975;
Deschenes et al., 1976; Gallagher et al., 1978), indicating that
Na*-dependent GABA uptake played a minimal role in the
membrane response to this amino acid. Hence, the current fade
reported in the present study was probably due to receptor
desensitization, which is a prominent property of such
receptors (Sivilotti & Nistri 1991; Bormann, 2000).

Current fade following NGF treatment

When DRG neurons were grown in the presence of NGF,
applied at the standard concentration (50 ngml™") optimized
for ganglion culture (Levi-Montalcini & Angeletti, 1963), they
generated GABA currents characterized by faster and stronger
fade. Although concentrations up to 200ngml~' have been
used to investigate changes in DRG neuronal responses
(Winter et al., 1988), the concentration of NGF used in the
present study is largely in excess of the one normally present in
the extracellular fluid of young rats (about 0.6ngml™!; Xia
et al., 2000), and thus it more closely corresponds to the
substantial increases in local NGF levels typically found
during tissue inflammation and injury (Ueda et al., 2002).
Hence, the present experiments suggest that the changes in
DRG cells responses to GABA should be considered as a
model of what might happen to such cells in the presence of
pathological amounts of this neurotrophin.

NGF treatment could not by itself bring about GABA,
receptor desensitization when current responses were small
and associated with minimal fade, nor could it intensify the
strong fade associated with maximal responses. The role of
NGF therefore seemed to be a modulatory one of the
desensitization process once it has developed. An earlier
report describing reduction in GABA current amplitude only
after >1 week of NGF exposure (50-200ngml~!; Bevan &
Winter 1995) accords with our data on the lack of change in
the peak amplitude of GABA currents after 2-3 days of NGF
treatment.

Accelerated fading and smaller residual current had no
significant influence on the return of the response to baseline
after 2s application, as this process was probably due to a
combination of agonist removal, receptor deactivation and
recovery from desensitization with complex dependence on
NGF treatment. It is, however, worth noting that NGF
treatment accelerated the deactivation time course of currents
induced by brief pulses of GABA.

Recovery from GABA current desensitization, tested with
the paired pulse protocol, was rapid in control cells, enabling
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full reattainment of cell responses within 3 min. NGF-treated
cells also recovered fully from desensitization within 3 min,
although at the earliest measured interval (1 s) their ability to
regain responsiveness was significantly less.

The change in GABA current fade took place before the
development of neuronal processes and was not associated
with apparent morphological or cell capacitance changes in the
time frame of 48—72h. Thus, the effect resulting from NGF
treatment was a novel action distinct from the well-known
effect of promoting neuronal growth.

Since DRG neurons do not synthesize NGF as they lack
mRNA for this substance (Wetmore & Olson, 1995), effects
induced by NGF could only be generated by exogenous
application of this neurotrophin. It was therefore important to
demonstrate in the present study that augmented current fade
of GABA currents after NGF chronic exposure was not a
consequence of sudden removal of this neurotrophin. In
addition, acute application of NGF to naive cells had no effect
on GABA-induced currents.

Despite the effects of NGF treatment on the inhibitory
GABA-induced currents in DRG neurons, our data suggest
that this neurotrophin could not induce any significant change
in the response of these neurons to the excitatory transmitter
ATP. The lack of difference in peak amplitude of ATP-induced
currents is consistent with a previous report based on 1 to 2-
week NGF treatment of DRG neurons (Bevan & Winter,
1995). Although it is unknown if the desensitization process is
altered by 2-week NGF treatment, the present results can
exclude that this neurotrophin might modulate the desensitiza-
tion of ATP currents in the time frame of 2-3 days.

Mechanisms underlying increased fade of GABA currents
by NGF

Desensitization and deactivation kinetics of the current
mediated by GABA, receptors has been shown to depend on
GABA, receptor subunit combination (Gingrich et al., 1995;
Haas & Macdonald, 1999). While rat DRG neurons at
2-3 postnatal weeks express o, o3, f», f3 and y, subunits
(having lost the expression of the embryonic o5 subunit; Ma
et al., 1993), the precise combination of GABA, subunits to
form single receptors in DRG neurons remains unclear and
cannot exclude the contribution by more recently discovered
subunits like 6 and ¢ subunits (Barnard et al., 1998; Hevers
& Liiddens, 1998). Since chronic NGF treatment did not
modify the dose-response curve for GABA, it seems likely that
there was no significant change in the interaction of GABA
with its binding site at the interface between o and § subunits
(Smith & Olsen, 1995). As a first approach to outline potential
GABA, receptor sites modified by NGF, we investigated
whether the effect of certain subunit-selective ligands might
have been altered by chronic NGF. In particular, we used
gabazine or bicuculline to test changes in the competitive
antagonist binding sites believed to be partially overlapping
the GABA binding one (Sigel er al., 1992; Holden &
Czajkowski, 2002). This experiment was also advantageous
to confirm the observed similarity in GABA sensitivity
between control and NGF-treated cells. Furthermore, we
tested the potency of PTX that binds a specific site within the
Cl™ pore of the transmembrane domain 2 region (Ffrench-
Constant et al., 1993; Gurley et al, 1995), PB that
predominantly binds the f; subunit (Davies et al., 1997,

Wooltorton et al., 1997) and midazolam that binds the o,
and o5 subunits at their interface with the y, subunit (Barnard
et al., 1998).

The lack of change in the potency of the competitive
antagonists gabazine and bicuculline suggests their binding site
to be essentially unaltered by NGF. PTX was significantly less
potent after NGF treatment, indicating that its binding region
was a target for the action of the neurotrophin. In fact, site-
directed mutagenesis of motifs corresponding to the PTX
binding site can strongly affect desensitization and deactiva-
tion of GABA 4 receptors (Scheller & Forman, 2002). The lack
of change in PB or midazolam activity after NGF treatment
suggests that the PB binding site on the ff; subunit as well as
the midazolam binding site at the interface between o, and (or)
o3 subunits with the y, subunit were insensitive to neurotrophin
exposure. In summary, it seems feasible that chronic applica-
tion of NGF led to a modification in the GABA, receptor
region inside the CI~ pore itself. It should be emphasized that
validation of the proposed molecular targets on the GABAA
receptor for the action of NGF will require further investiga-
tions based on single-cell RT-PCR to identify subunit changes,
and on single-channel recordings to characterize the precise
mechanisms underlying alterations in GABA-mediated
responses. While NGF can upregulate sodium and
calcium channels (Baldelli ez al., 2000; Vidaltamayo et al.,
2002), its long-term action on GABA, receptor channels
remains unclear.

Pathophysiological implications

By activating GABA, receptors on sensory neurons endings,
GABA generates presynaptic inhibition of primary afferent
inputs (Rudomin & Schmidt, 1999). Presynaptic inhibition can
be induced only by high-frequency stimulation of GABA-
releasing fibers, causing a sustained reduction in excitability
lasting hundreds of milliseconds (Frank & Fuortes, 1955). This
slow and long-lasting effect of GABA is different from its
more rapid transmitter role in other areas of the brain and can
be adequately modeled by the method of agonist application
employed in the present study.

The results obtained in our work suggest that increased
levels of NGF, like those occurring after tissue damage or
inflammation (see Introduction), might modify GABA-in-
duced currents in sensory neurons decreasing the total amount
of current entering their central terminals, thus reducing local
depolarization and its effects on action potential propagation.

Notwithstanding the need for further investigation to clarify
the molecular mode of action of NGF, GABA, receptor
modulation by NGF should be viewed within a wide frame-
work of regulatory activity exerted by neurotrophins on
afferent inputs, especially during chronic pain states. In
particular, since NGF can facilitate BDNF expression in
DRG neurons (Michael et al., 1997) and BDNF can increase
the release of GABA (Pezet et al., 2002), the whole process of
pain signaling may comprise self-regulating mechanisms to
compensate pain (Lever et al., 2003) at least in early stages of
chronic inflammation.

Midazolam was kindly donated by Professor J. Lambert (University
of Dundee), Dr G. Puja (University of Modena) and Professor
G. Biggio (University of Cagliari). Pentobarbitone was a generous
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gift from Dr Laura Ballerini (University of Trieste). We are most
grateful to Professor Rashid Giniatullin for his suggestions to start this
project and help with preliminary results, Dr Elena Sokolova for her
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