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Nerve growth factor favours long-term depression over
long-term potentiation in layer II–III neurones
of rat visual cortex
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Nerve growth factor (NGF) has been shown to regulate plasticity in the visual cortex of
monocularly deprived animals. However, to date, few attempts have been made to investigate
the role of NGF in synaptic plasticity at the cellular level. In the study reported here we looked
at the effects of exogenously applied NGF on synaptic plasticity of layer II–III regular spiking
(RS) neurones in visual cortex of 16- to 18-day-old rats. We found that local application
of NGF converted high frequency stimulation (HFS)-induced long-term potentiation (LTP)
into long-term depression (LTD). We showed that this shift of synaptic plasticity was also
obtained with bath application of NGF during HFS. Application of NGF subsequent to HFS
left LTP unaffected, conferring temporal constraints on NGF efficacy. NGF effects on LTP were
mediated by TrkA receptors. Indeed, blockade of TrkA by monoclonal antibody prevented
NGF from inducing LTD following HFS. Low frequency stimulation (LFS) elicited LTD in
RS cells. We found that NGF or blockade of NGF signalling by anti-TrkA antibody did not
change the amplitude of the LTD induced by LFS. Thus, the NGF effect is selective for synaptic
modifications induced by HFS in RS cells. The present results indicate that NGF may modulate
the sign of long-term changes of synaptic efficacy in response to high frequency inputs.
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Neurotrophic factors of the nerve growth factor (NGF)
family (neurotrophins) consist of structurally related
proteins, which control survival, development and
differentiation of neural cells. The prototype of these
factors is NGF discovered by Levi-Montalcini (for a review,
see Levi-Montalcini, 1998). Beyond its classical role as
a trophic factor, in recent years it has been shown that
NGF modulates plastic processes in CNS. In the visual
cortex, an exogenous supply of NGF prevents monocular
deprivations effects (Domenici et al. 1991; Maffei et al.
1992; Domenici et al. 1993), including ocular dominance
shift and shrinkage of lateral geniculate neurones (LGN).
Blockade of endogenous NGF alters the maturation of
functional properties of visual cortical neurones, such as
ocular dominance, induces shrinkage of LGN neurones
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and prolongs the critical period for monocular deprivation
(Berardi et al. 1994; Domenici et al. 1994). The effects
of NGF on monocular deprivation are mediated by NGF
receptors expressed in visual cortex, as demonstrated
by Pizzorusso et al. (1999) by using local infusion of
antibodies activating TrKA. These results suggest that
NGF is a factor controlling neuronal plasticity in
developing visual cortex. More recently, it has been
reported that neurotrophins are capable of modulating
synaptic plasticity (for a review see Lessmann et al. 2003).
Long-term potentiation (LTP) elicited by stimulation
of the white matter (WM) represents a form of
NMDA-dependent cortical synaptic plasticity (Kirkwood
& Bear, 1994). In the rat, this form of LTP is expressed
during postnatal development and is down-regulated once
the functional maturation of visual cortex is complete
(Artola & Singer, 1987; Kirkwood et al. 1995; for a review
see Fox, 1995). In a previous paper, it has been reported
that the LTP normally elicited by stimulation of WM is
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inhibited by an exogenous in vitro local supply of NGF
(Pesavento et al. 2000). These results suggest that high
NGF levels in the visual cortex reduce the capacity of
visual cortical neurones to be strengthened in response to
precise patterns of afferent inputs. However, in Pesavento
et al. (2000), LTP was measured as the change of neuronal
population responses (field potentials) leaving open the
question as to the type of cortical neurones involved in
NGF effects.

In the study reported here, we investigated the action of
NGF on regular spiking (RS) neurones of visual cortex,
which represents one of the principal functional cell
types present in many cortical areas (Connors et al.
1982; McCormick et al. 1985; Connors & Gutnick, 1990;
Schwindt & Crill, 1999). We recorded excitatory post-
synaptic potentials (EPSPs) from regular spiking neurones
of layer II–III using intracellular recordings. EPSPs were
evoked by electrical stimulation of WM. To elicit long-term
changes of postsynaptic potentials we used high frequency
stimulation (HFS) and low frequency stimulation (LFS)
of WM. NGF was supplied by (i) using a newly designed
electrode for local release of pharmacological compounds,
i.e. a coaxial glass electrode formed of an inner pipette
used for intracellular recordings and an outer pipette
used for local release of NGF or denatured NGF, and (ii)
perfusion with NGF-containing medium. We found that
NGF supplied during HFS causes a shift from LTP to LTD
in RS cells. This effect was mediated by TrkA receptor as
shown by using a blocking antibody. Furthermore, NGF
and antibody against TrkA did not change the LTD elicited
by LFS, suggesting that this neurotrophin modulates the
sign of synaptic plasticity in response to high frequency
inputs in selected populations of visual cortical neurones.

Methods

Slice preparation

Primary visual cortex slices were prepared from post-natal
days (P) 15–20 Wistar rats. Procedures involving animals
were conducted in accordance with NIH guidelines and
the regulations of the Italian Animal Welfare Act DL
27/1/92 n. 116 implementing the European Community
directives n. 86/609 and 93/88, and they were approved
by the local authority veterinary service. Animals were
deeply anaesthetized with urethane (20% in saline,
intraperitoneal injection) and then decapitated. The
brain was rapidly removed, and coronal sections of
the occipital poles (400 µm thick) were sliced by a
vibratome. All steps were performed in icy artificial
cerebral spinal fluid (ACSF) solution gassed with 95%
O2 and 5% CO2. The ACSF composition was (mm):
NaCl 126, KCl 3.5, CaCl2 2, MgCl2 1.3, NaH2PO4 1.2,
NaHCO3 25, glucose 11. Slices were stored prior to
recording for at least 1 h in a recovery chamber containing
oxygenated ACSF solution, at room temperature. During

electrophysiological recordings, slices were perfused at
3–4 ml min−1 with oxygenated ACSF, at 33–34◦C.

Intracellular recordings

Regular spiking neurones of the visual cortex (layer
III–IV) were recorded in the current clamp mode
with 2 m potassium acetate-filled sharp electrodes pulled
from thin walled borosilicate tubes (outer diameter
1.5 mm, Hilgenberg). When filled with 2 m potassium
acetate the resistance of electrodes ranged from 70 to
120 M�. Current-clamp studies were performed with
an Axoclamp-2B amplifier (Axon Instruments, USA).
Selected traces were stored on a PC for data analysis using
the LTP software (Anderson & Collingridge, 2001). Several
criteria had to be met before cells were accepted for further
analysis: typical firing pattern of pyramidal neurones,
stable resting membrane potentials of at least –60 mV, no
spontaneous firing of action potentials, no sudden drops in
the input resistance (indicating cell damage) and constant
amplitude of the spike (> 70 mV) obtained by direct
activation of the cell. Postsynaptic excitatory potentials
were evoked by orthodromic stimulation (80 µs stimulus
duration, 0.05 Hz frequency) of the white matter with a
tungsten concentric bipolar electrode. We averaged evoked
responses from three sweeps and measured the peak
amplitude. The usual testing protocol was: (a) recording
of excitatory postsynaptic potentials (EPSPs) for 10 min
(baseline), obtained with a stimulation intensity that
yielded 30–40% of the maximal subthreshold amplitude;
(b) high frequency stimulation (HFS) (three trains of 100
pulses at 100 Hz, 10 s interval; during the HFS the intensity
of stimulation was doubled) for the induction of LTP,
or low frequency stimulation (900 pulse 1 Hz) for the
induction of LTD; (c) recording of EPSPs for at least 50 min

Values are expressed as mean ± standard error (s.e.m.)
percentage change relative to the mean baseline amplitude.
For each experimental group we compared relative
EPSP amplitudes from the last 10 min with averaged
EPSP amplitudes measured before HFS or LFS (baseline
values). Statistical comparison between EPSP amplitude
measured during baseline and EPSP amplitude measured
during the last 10 min after HFS within each group was
performed by applying Student’s t test. The t test was also
used for statistical comparisons among different groups.
Differences were considered significant with P < 0.05.

Substance delivery

NGF was supplied using two procedures. Local supply of
NGF was achieved by using a coaxial electrode. The inner
pipette (70–120 M�) was used for intracellular recordings
and it was filled with 2 m potassium acetate as described
above. The outer pipette was used to deliver NGF (β-NGF,
Alomone Labs, Israel) and denatured NGF (100 ng ml−1),
biocytin (0.5%, Sigma in ACSF). NGF (100 ng ml−1 in
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ACSF) was also supplied by general perfusion; in this
case NGF perfusion lasted 10 min. Anti-TrkA antibodies
(Cattaneo et al. 1999; Pesavento et al. 2000) were used at
concentration of 10 µg ml−1. Slices were incubated with
ACSF containing anti-TrkA antibodies for at least 2 h
(Sermasi et al. 2000).

Biocytin (0.5%) was injected intracellularly through the
recording electrode using short (10 ms) hyperpolarizing
pulses (50–100 pA at 0.2 Hz) for 10 min. After 1 h of
incubation slices were fixed overnight at 4◦C in 4%
paraformaldehyde in 0.1 m phosphate buffer. After rinsing
with phosphate buffer, slices were then incubated for
1–2 h in ABC solution (ABC kit; Vector Laboratories,
Burlingame, CA, USA) with Triton X-100 (0.5%) and
developed using the DAB reaction.

Purification of the anti-TrkA monoclonal
antibody MNAC13

The MNAC13 hybridoma was prepared according to
Cattaneo et al. (1999) and purified according to
Covaceuszach et al. (2001). In detail, the MNAC13
monoclonal antibody was purified from hybridoma
supernatant by precipitation with 29% ammonium
sulphate followed by affinity chromatography using a
Protein G Sepharose column (Amersham Pharmacia
Biotech) and eluted with low-pH buffer (10 mm HCl).
Fractions were assessed for homogeneity by Coomassie
blue staining after separation by SDS-PAGE. Then
MNAC13 fractions were pooled, dialysed across a
Spectra-Por Membrane 12/14K (Spectrum) against 10 mm
Tris (pH 7.0) and concentrated by Centriprep 100K
concentrators (Amicon). The amounts of purified protein
were determined by the Lowry assay (Bio-Rad).

Results

Intracellular recordings were obtained from 66 RS neuro-
nes of slices containing the primary visual cortex. Mean
resting membrane potential (V m) and input resistance
(Rm) were –73 ± 4 mV and 69 ± 7 M�, respectively.
These values were similar to previously reported data
(Volgushev et al. 1995). RS neurones located in layer II–III
were selected on the basis of their firing rate (Fig. 1A,

Figure 1. Regular spiking cells (RS) of the rat visual cortex
express LTP
A, characteristic RS response to intracellular current pulses of different
intensities. Spike discharge pattern of typical RS neurone in layer II–III
of area 17 during injection of current pulses (200 ms). Recording was
done at Vm = –70. Different intensities and polarity of injected
currents are reported in the four panels. B, intracellularly recorded RS
neurone labelled by injection of 0.5% biocytin dissolved in 2 M

potassium acetate solution. Scale bar = 80 µm. C, long-term
potentiation of EPSPs in RS following HFS. Values indicate mean EPSP
amplitudes ± S.E.M. Inset depicts EPSPs from a representative neurone
recorded before HFS and at the 50th minute after HFS.
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Figure 2. NGF depresses LTP and generates LTD after high
frequency stimulation
A, concentric electrode used to record from the cell and to locally
deliver NGF (or denatured NGF). The inner portion is the sharp
electrode used for electrophysiological recording. The outer electrode
has an opening of about 50 µm and contains the drug to be delivered.
B, neurones labelled by uptake of 0.5% biocytin released from the
outer electrode (scale bar = 800 µm). C, comparison between the

McCormick et al. 1985). Some of the recorded cells were
stained with biocytin and all were identified as pyramidal
neurones (Fig. 1B). High frequency stimulation (HFS) of
WM elicited a stable LTP in control cells (Fig. 1C; n = 10,
mean change of EPSP amplitude = 150 ± 19%).

Local NGF application converts HFS-induced LTP into
HFS-induced LTD

In a previous paper, it was shown that HFS caused a
persistent potentiation of the evoked field potentials that
was impaired when NGF was locally applied through the
recording electrode (Pesavento et al. 2000). To test the
action of locally delivered NGF on synaptic plasticity of
regular spiking neurones in layer II–III, we designed a
special double coaxial electrode made of an inner sharp
electrode used for intracellular recording surrounded by
an outer pipette (extracellular pipette) used for local drug
delivery (Fig. 2A). The solution contained in the outer
pipette diffused locally by capillarity and influenced cells
in the close proximity of the recording site. To assess
the maximal spreading of delivered compounds we filled
the outer pipette with biocytin (0.5% in ACSF). Biocytin
applied extracellularly has been shown to be taken up
by neurones (reviewed by McDonald, 1992) and thus it
represents a useful tool for labelling individual neurones
and for tracing neuronal connections. Figure 2B shows that
a small portion of the cortex presents a spot of labelling
surrounded by a few labelled neurones. This supports the
idea that compounds delivered in such way have a spatially
restricted action.

When NGF (100 ng ml−1) was delivered through the
outer pipette, HFS no longer induced LTP in RS cells;
instead, HFS induced a stable LTD (Fig. 2C; n = 9, mean
change of EPSP amplitude = 72 ± 11%).

To control the specificity, NGF was denatured by heating
(80◦C for 10 min) and tested for its activity on PC12
cells immediately before using it. In particular, PC12 cells
did not differentiate when treated with heat-inactivated
instead of active NGF (20 ng ml−1), as previously reported
(Pesavento et al. 2000). When the outer pipette was filled
with denatured NGF, HFS induced a normal LTP (Fig. 2C;
n = 7, mean change of EPSP amplitude = 133 ± 9%).
Statistical comparisons among different groups showed
that LTP magnitude in denatured NGF-treated slices was
not significantly different with respect to that in control
slices (Fig. 5).

effects of NGF and denatured NGF. Local application of NGF
(100 ng ml−1, �) induces LTD instead of LTP following HFS.
Heat-inactivated NGF (100 ng ml−1, ❡) does not affect LTP. Values
indicate mean EPSP amplitudes ± S.E.M. Inset depicts EPSPs recorded
from two representative neurones during local application of NGF (top
raw) and denatured NGF (bottom raw). EPSPs were recorded before
HFS (baseline, left) and at the 50th minute following HFS (right).

C© The Physiological Society 2004



J Physiol 559.2 NGF favors LTD in the visual cortex 501

Figure 3. NGF affects LTP during the induction phase
A, NGF does not directly affect EPSP amplitude. Columns represent the
average of 10 min of EPSPs, pooling together all cells recorded during
bath supply of NGF (NGF) and after NGF washout (wash). Baseline
stimulation (0.05 Hz) was used during NGF treatment and washout.

NGF affects synaptic plasticity during
the induction phase

Using the coaxial electrode, NGF was delivered for
the whole period of recording, making it impossible
to judge whether NGF acts on basal synaptic trans-
mission. In addition, from the previous data it was
difficult to understand whether NGF was required during
the HFS and/or the maintenance phase of the induced
long-term synaptic change. To deal with these issues,
in additional groups of slices, NGF (100 ng ml−1) was
dissolved in ACFS and supplied by general perfusion
for 10 min only. To test if NGF alone has any
influence on basal synaptic transmission we supplied
NGF (100 ng ml−1) for 10 min without HFS and using
baseline stimulation (0.05 Hz); no significant change of
the mean EPSP amplitude was observed in RS cells
during NGF treatment (Fig. 3A; n = 7, mean change
of EPSP amplitude during NGF application = 93 ± 8%,
mean change of EPSP amplitude after NGF wash
out = 100 ± 8%). NGF application did not affect either
resting membrane potential (V m = −67 ± 2 mV before
NGF; V m = −66 ± 3 mV during NGF treatment) or
input resistance (Rm = 76 ± 5 M� before NGF; Rm =
74 ± 5 M� during NGF). When HFS was delivered during
the application of NGF in another group of slices a stable
LTD was obtained (Fig. 3B; n = 7, mean change of EPSP
amplitude = 46 ± 12%). The difference between control
and NGF-treated slices was significant (Fig. 5). The higher
magnitude of depression observed with bath application
of NGF, compared with that observed during local delivery
(Fig. 5), could be due to bath dilution of the neurotrophin
released from the outer pipette in the latter case (Pesavento
et al. 2000).

The next question was whether NGF could modulate
LTP when supplied after induction of LTP by HFS. To test
this, NGF was bath-applied 10 min after HFS, i.e. after
induction of LTP. We found that amplitude of LTP was
unaffected by NGF (Fig. 3C; n = 5, mean change of EPSP
amplitude = 154 ± 21%). These results indicate that NGF
is required only during the induction phase of long-term
change of synaptic efficacy.

To find out whether NGF exerted its action through
the TrkA receptor we made use of the monoclonal
antibody MNAC13 that blocks the extracellular portion
of human and rat TrkA receptors (Cattaneo et al.
1999). This IgG1A mouse monoclonal antibody, besides
being highly specific and selective for the extracellular

B, NGF delivered in the bath during HFS is sufficient to generate LTD
after HFS. Bath supply of NGF 5 min before HFS induces LTD instead of
LTP following HFS. C, NGF applied 10 min after HFS does not affect
LTP. Values indicate mean EPSP amplitudes ± S.E.M. Insets depict EPSPs
recorded from representative neurones during baseline stimulation
before HFS and at the 50th minute after HFS.
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Figure 4. NGF does not affect LTD
A, long-term depression of EPSP following LFS of WM. B, bath
application of NGF during LFS does not modify LTD. C, incubation of
the slices in a solution containing the anti-TrkA monoclonal antibody
MNAC13 does not change LTD expression. Values indicate mean EPSP
amplitudes ± S.E.M. Insets depict EPSPs recorded from representative
neurones recorded before LFS (baseline, left) and at the 40th minute
following LFS (right).

domain of TrkA receptor, does not bind to any other
closely related members of the Trk receptor family. By
surface plasmon resonance experiments it was possible
to show that the binding affinity towards its antigen
is in the nanomolar range (Covaceuszach et al. 2001).
MNAC13 was able to inhibit NGF effects on cultured
PC12 cells at a concentration of 10 µg ml−1 (data not
shown). Thus, to block TrkA we incubated slices in ACSF
solution containing 10 µg ml−1 of MNAC13 for at least
2 h before recording. Following this method we have
previously shown that antibodies penetrate into slices
without interfering with basal responses of field potentials
(Sermasi et al. 2000). Pretreatment with MNAC13 did
not affect membrane potential (V m = –73 ± 2 mV) nor
input resistance (Rm = 75 ± 5 M�). In the cells recorded
after this treatment, normal LTP was obtained when HFS
was delivered during bath application of NGF (n = 5,
mean change of EPSP amplitude = 157 ± 31%, Fig. 5). We
conclude that NGF signalling through TrkA induces a shift
from LTP to LTD in RS neurones of layer II–III in rat visual
cortex.

Long-term depression induced by LFS
is not affected by NGF

A series of experiments were performed to assess if
NGF effect is selective for LTP induced by HFS. We
focused our attention on LTD elicited by LFS. The LFS
protocol (900 pulses at 1 Hz) induced a stable long-term
depression in RS cells (Fig. 4A, control slices, mean
EPSP amplitude = 64 ± 12%, n = 6). Bath application
of 100 ng ml−1 NGF during LFS stimulation produced
LTD whose amplitude was not statistically different from
that observed in control slices (Fig. 4B; mean EPSP
amplitude = 59 ± 13%, n = 5).

Having verified that LTD was not modified by exogenous
application of NGF, we asked if endogenous NGF could
be involved in LTD induced by LFS. In order to test
this hypothesis we incubated the slices in ACSF solution
containing 10 µg ml−1 of MNAC13 with the aim of
preventing TrkA activation by endogenous NGF. Even
in these conditions, LFS induced a stable LTD whose
amplitude was not statistically different from that obtained
in RS cells from control slices (Fig. 4C; mean EPSP
amplitude = 75 ± 12%, n = 5). These results indicate
that NGF is not involved in mechanisms underlying
LFS-induced synaptic depression.

Discussion

The major results reported in the present paper may be
summarized as follows. First, treating visual cortical slices
with NGF converts LTP into LTD in RS cells of layer
II–III following HFS of white matter. Second, the results
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obtained using blocking antibody indicate that the
NGF-dependent shift from LTP to LTD is mediated
by TrKA. Third, slices treated with NGF or blocking
antibodies against TrkA show a normal LTD in response
to LFS of white matter.

NGF has been extensively investigated as a regulator of
membrane excitability (Rudy et al. 1987; Toledo-Aral et al.
1995; Levine et al. 1995; Lesser et al. 1999; Grumolato et al.
2003) but, paradoxically, data concerning its possible role
as a neuromodulator of synaptic plasticity are scarce. It
has been reported that in hippocampal slices, perfusion
of NGF blocks the expression of LTP (Tancredi et al.
1993). In contrast, several other groups have reported no
effects of NGF in modulating synaptic plasticity both in
hippocampus and visual cortex (Kang & Schuman, 1995;
Figurov et al. 1996; Akaneya et al. 1997).

NGF is the first neurotrophic factor whose effect on
the visual cortical plasticity has been examined. During
the critical period, NGF injection into the lateral ventricle
of rats (Domenici et al. 1991; Maffei et al. 1992; Domenici
et al. 1993) or local TrkA activation in primary visual cortex
(Pizzorusso et al. 1999) largely prevents the dramatic
change in ocular preference of visual cortical neurones in
response to monocular deprivation. Recent data obtained
by recording field potentials showed that local supply of
NGF delivered through the recording pipette inhibits LTP

Figure 5. Summary of averaged EPSPs amplitudes of recorded neurones grouped for each kind of
treatment
❡, the relative mean EPSP amplitude of each cell recorded from 40 to 50 min after the HFS, compared with baseline.

×, the relative mean EPSP amplitude of each cell recorded from 45 to 55 min after LFS, compared with baseline. �
and �, the mean change in EPSP amplitude for each treatment. Denatured and pipette NGF were locally applied
using coaxial electrode. NGF train, NGF treatment during HFS; NGF late, NGF treatment 10 min after HFS; HFS
MNCA13, NGF treatment during HFS in slices incubated in ACSF containing anti-TrkA antibody; HFS and LFS ACSF,
HFS and LFS in control slices perfused with ACSF; LFS NGF, NGF treatment during LFS; LFS MNCA13, LFS elicited
in slices incubated in ACSF containing anti-TrkA antibody. Statistical comparisons among different groups: (HFS
stimulation: ACSF versus pipette NGF, P = 0.003; ACSF versus denatured NGF, P > 0.05; ACSF versus NGF train,
P = 0.0008; pipette NGF versus NGF train, P > 0.05; LFS-induced LTD was not significantly different among all
groups).

in layer II–III of developing visual cortex (Pesavento et al.
2000). These data suggested the idea that NGF blocks
plasticity when the cortical network is highly plastic.

In the present study, by recording from single neurones,
namely RS neurones of layer II–III, we found that high
frequency stimulation of white matter that would normally
induce LTP instead elicited a stable LTD when NGF was
supplied. The first possibility is that the NGF effects on
synaptic plasticity are non-specific due to generalized
depression of synaptic transmission. This hypothesis is
unlike since we have shown that (i) denatured NGF used
as a control does not affect synaptic plasticity and (ii)
NGF does not change the amplitude of EPSPs during basal
stimulation before HFS.

Part of the results reported in the present paper
were obtained using a new electrode for local release of
compounds with the aim of reproducing the experimental
conditions adopted by Pesavento et al. (2000), where
NGF was shown to interact with LTP when locally
applied through the recording pipette. This approach
presents some limitations such as the impossibility of
controlling the time of compound release. However, it
overcame the difficulty of obtaining a release restricted
to the neighbourhood of the recorded cell when using
sharp electrode technique. We showed that only the
area surrounding the electrode was reached by released
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compounds, thus avoiding generalized action on a broad
cortical area. We found that local and continuous release
of NGF converts LTP into LTD following HFS stimulation.
Thus, NGF may modify the dynamics of neuronal plasticity
in cortical neurones of developing visual cortex acting on
local cortical circuitry.

Pesavento et al. (2000) described a reduction of LTP
amplitude instead of a shift to LTD following HFS in the
presence of NGF. The discrepancy may arise from the
field potential recordings used by Pesavento et al. (2000),
thus reflecting the contribution of different types of cells,
versus the single cell recordings used in the present study.
It may well be that NGF induces LTD in pyramidal-like
neurones and no action and/or LTP in other types of
cortical neurones, thus resulting in null effect on field
potentials.

Our experiments using a general perfusion supply
method permitted us to apply NGF for a limited time
period and to differentiate NGF effects on synaptic
plasticity from the direct effect on synaptic transmission.
We showed that NGF did not directly depress synaptic
transmission. Delivery of NGF simultaneously with of HFS
induced the shift from LTP to LTD, similarly to what has
been reported with NGF local treatment. Furthermore,
delayed application of NGF with respect to HFS did
not change the amplitude of LTP and therefore did not
influence the potentiated synapses. Thus, to convert LTP
to LTD, NGF must be present when one cell is receiving the
afferent inputs inducing specific synaptic modifications.
The temporal relationship between NGF and afferent input
together with the failure to directly modulate synaptic
transmission suggests that NGF action in developing visual
cortex involves a direct change in the properties of synaptic
plasticity in selected populations of cells.

Treatment with blocking TrkA antibodies (Cattaneo
et al. 1999; Covaceuszach et al. 2001; Tropea et al. 2002; ), at
concentrations capable of inhibiting NGF effects on PC12
cells, abolished HFS-induced LTD, indicating that NGF
action is mediated through binding and activation of TrkA.
The amplitude of LTP was not changed by the presence of
antibodies against TrkA, suggesting that basal endogenous
NGF in visual cortex allows for maximal expression of LTP.

To examine whether NGF or TrkA antibody changes
frequency dependence of long-term synaptic plasticity,
we investigated the expression of LTD elicited by LFS.
In this experimental condition, NGF did not change the
amplitude of LTD, indicating that its effect is selective
for synaptic modification induced by HFS. Also, the
blockade of endogenous NGF signalling by treatment with
TrkA antibodies did not influence LTD elicited by LFS.
Thus, at the cellular level, NGF could act by shifting the
postsynaptic modification threshold (θm) for the
induction of LTP towards higher levels of activity
(Bienenstock et al. 1982, Benuskova et al. 1994, 1999;
reviewed by Bear, 2003) so that our tetanic stimulation,

which under normal conditions exceeds θm and therefore
induces LTP, would instead remain below threshold, thus
resulting in LTD. In agreement with this hypothesis,
stimulation frequency that normally is below θm, such
as LFS, induced normal LTD in the presence of
NGF. The present data suggest that increasing NGF in
developing visual cortex changes the property of synaptic
plasticity, favouring synaptic weakening over synaptic
strengthening.

Monocular deprivation during the critical period causes
an ocular dominance shift towards the open eye with a
reduction in the activity of cortical neurones driven by the
closed eye (Wiesel & Hubel, 1963). This form of visual
cortical plasticity is clearly based on different patterns of
afferent activity in the visual cortex driven by open and
closed eyes. It has been proposed that cortical synapses are
depressed or strengthened depending on the relationship
between afferent and postsynaptic neuronal activity (for
reviews see Shatz, 1990; Katz, 1999). When the neuronal
activity is reduced or unrelated to postsynaptic activity,
as occurs when the eye is closed, cortical synapses are
depressed. Conversely, cortical connections driven by the
open eye are characterized by correlated activities and
therefore are strengthened. The present in vitro results
suggest that cortical connections with pyramidal cells of
layer II–III remain depressed in the presence of NGF, even
when they receive an input that otherwise would cause an
increase in synaptic efficacy. We raise the hypothesis that
NGF-induced LTD may counteract synaptic strengthening
normally favouring cortical connections driven by the
open eye in monocularly deprived animals. Consistent
with this idea, NGF treatment in monocularly deprived
rats results in a decrease of activity-dependent competition
between the two eyes and an absence of ocular dominance
shift towards the open eye (Domenici et al. 1991; Maffei
et al. 1992; Lodovichi et al. 2000).

Blocking TrkA by using monoclonal antibodies
abolishes NGF effects on synaptic plasticity. In the rat,
TrkA receptors are expressed by cholinergic neurones in the
basal forebrain projecting to several areas, including visual
cortex (Steininger et al. 1993; Sobreviela et al. 1994; Li et al.
1995; Molnar et al. 1998). Thus, exogenously supplied
NGF can be targeted to cholinergic neurones expressing
TrkA receptors. The bulk of available evidence suggests
that NGF acts on these neurones, increasing ACh release
(Maysinger et al. 1992; Knipper et al. 1994; Sala et al. 1998).
Recently, it has been reported that carbachol, an agonist
of muscarinic receptors, induces LTD in visual cortical
slices (Kirkwood et al. 1999). These data are in agreement
with the hypothesis that the NGF-dependent shift from
LTP to LDT in visual cortical neurones is mediated
by acetylcholine. However, it is difficult to definitively
prove this hypothesis since the classical pharmachological
tools used to interfere with acetylcholine release and/or
cholinergic receptors also affect the machinery underlying
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LTP induction and maintenance. We cannot exclude the
alternative possibility that cortical interneurones could
be involved in the NGF-dependent shift from LTP to
LTD. Indeed, it has been shown that a few interneurones
expressing calbindin and neuropeptide Y, present TrkA
immunoreactivity in rat visual cortex, especially at late
postnatal ages (Tropea et al. 2002). Several reports have
documented that recruitment of GABAergic neurones
reduces LTP and favours LTD (Artola & Singer, 1987;
Kirkwood & Bear, 1994; Rozas et al. 2001).
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