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Nerve Growth Factor Rapidly Increases Muscarinic Tone in
Mouse Medial Septum/Diagonal Band of Broca
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Nerve growth factor (NGF) has been implicated in maintaining and regulating normal functioning of the septohippocampal pathway.
However, many aspects of its physiological actions and the underlying mechanisms await elucidation. In this study, we investigated the
effect of acute NGF exposure on neurons in the mouse medial septum/diagonal band of Broca (MS/DB), focusing on the cholinergic
neurons and the subpopulation of noncholinergic neurons that were identified to be putatively GABAergic. We report that MS/DB
neurons in a thin slice preparation, when exposed to NGF via bath perfusion, rapidly and indiscriminately increased the rate of sponta-
neous firing in all MS/DB neurons. However, focal application of NGF to individual MS/DB neurons increased spontaneous firing in
cholinergic, but not in the noncholinergic, subpopulation. The NGF-induced effect on cholinergic neurons was direct, requiring activa-
tion and signaling via TrkA receptors, which were immunohistochemically localized to the cholinergic neurons in the MS/DB. TrkA
receptors were absent in putative GABAergic MS/DB neurons, and blockade of TrkA signaling in these and other noncholinergic neurons
had no effect on their firing activity after exposure to NGF. Conversely, methyl scopolamine, blocked the increased firing activity of
noncholinergic neurons during bath perfusion of NGF. We propose a cell type-specific mode of action for NGF in the MS/DB. The
neurotrophin directly enhances cholinergic neuronal activity in the MS/DB through TrkA-mediated signaling, increasing acetylcholine
release and, thus, muscarinic tone. This increase in muscarinic tone, in turn, results in heightened firing activity in noncholinergic MS/DB
neurons.
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Introduction
The septohippocampal system has been implicated in learning
and memory (Olton et al., 1978; Poucet and Herrmann, 1990;
Dutar et al., 1995). Within this system, the cholinergic and
GABAergic components have been subject to considerable exper-
imental attention, having been demonstrated in previous studies
to contribute prominently to learning and mnemonic functions
(Deutsch and Rocklin, 1967; Chrobak and Napier, 1992; Berger-
Sweeney et al., 2001).

Degeneration of cholinergic neurons in the human basal fore-
brain, the rodent homolog of the basal forebrain complex, in-
cluding the medial septum/diagonal band of Broca (MS/DB), is
associated with impairment of cognitive function (Whitehouse et
al., 1982). Whether there is concomitant degeneration of non-
cholinergic MS/DB neurons, including the subpopulation of
GABAergic neurons, has not been established. However, the con-
tribution of GABAergic MS/DB neurons to the generation of

slow rhythmic theta activity (Green and Arduini, 1954; Vander-
wolf, 1969; Winson, 1974; Cobb et al., 1995; Tøth et al., 1997) is
consistent with them playing a role in the maintenance of cogni-
tion (Green and Arduini, 1954; Vanderwolf, 1969; Winson,
1974).

With regard to the cholinergic system in the MS/DB, it has
been proposed that intraseptal release of acetylcholine results in
an ambient accumulation of the neurotransmitter that maintains
a muscarinic tone in the MS/DB (Alreja et al., 2000; Wu et al.,
2000). Immunocytochemical studies revealed at the ultrastruc-
tural level cholinergic innervation of GABAergic neurons in the
MS/DB (Bialowas and Frotscher, 1987; Onteniente et al., 1987;
Leranth and Frotscher, 1989; Brauer et al., 1998), demonstrating
the presence of an intraseptal network of cholinergic collaterals
and providing the neuroanatomical substrate for a muscarinic
tone in the MS/DB. In this study, we demonstrate that nerve
growth factor (NGF) applied directly into the MS/DB rapidly
increases muscarinic tone, as reflected by an elevated firing of
noncholinergic neurons.

Indeed, NGF has been shown to play an essential role in pro-
moting the survival of MS/DB neurons and in regulating the
activity of cholinergic neurons (Hefti, 1986; Mobley et al., 1986;
Williams et al., 1986; Wilcox et al., 1995; Backman et al., 1996;
Lucidi-Phillipi et al., 1996; Gibbs and Martynowski, 1997;
Gustilo et al., 1999; Ha et al., 1999). The source of NGF is gener-
ally believed to be extraseptal, notably the hippocampus. [I 125]-
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labeled NGF in the hippocampus can be internalized via TrkA
receptors and retrogradely transported to the cell bodies of neu-
rons in the MS/DB (Seiler and Schwab, 1984; DiStefano et al.,
1992; Lapchak et al., 1993). Other investigations reveal NGF
mRNA expression in hippocampal neurons projecting to the MS/
DB, indicating an additional anterograde mode of transport
(Lauterborn et al., 1993; Tøth et al., 1993; Rocamora et al., 1996;
Acsády et al., 2000). Regardless of the mode of transport, these
studies suggest that neurons in the MS/DB have direct access to
NGF released into its extracellular milieu. We report here that
NGF rapidly increases the rate of spontaneous firing in cholin-
ergic and noncholinergic subpopulations of MS/DB neurons
through distinctly different mechanisms.

Materials and Methods
Preparation of brain slices. Postnatal day 11–14 wild-type C57BL/6 mice
were decapitated, and the brains were quickly removed and immersed in
oxygenated ice-cold cutting solution containing the following (in mM):
110 sucrose, 3 KCl, 7 MgCl2, 1.25 NaH2PO3, 0.5 CaCl2, 28 NaHCO3, 5
dextrose, 0.6 ascorbate, and 0.1 kynurenate. Thin (200 �m) coronal
brain slices containing MS/DB were obtained using a vibroslicer (World
Precision Instruments, Sarasota, FL). Slices were incubated at room tem-
perature in artificial CSF (aCSF) for at least 60 min before being used for
recording. The aCSF contained the following (in mM): 125 NaCl, 2.5 KCl,
2.0 CaCl2, 1.0 MgCl2, 1.25 NaH2PO3, 26 NaHCO3, and 10 glucose. The
slices were then placed in a custom-made recording chamber, stabilized
by an overlaying platinum ring strung by a plastic mesh, and perfused
continuously with aCSF at a rate of 1 ml/min. All solutions used for
cutting, incubating, and perfusing the slices were bubbled with 5% CO2/
95% O2. Slices were viewed under Hoffman Modulation Contrast optics
using a 40� extra-long working-distance water-immersion objective
(Olympus Optical, Melville, NY). One set of experiments used
p75 NTR�/� mice (Lee et al., 1992).

During postnatal development in rat, the septohippocampal system
acquires the adult pattern at approximately postnatal day 14 (Milner et
al., 1983; Linke and Frotscher, 1993; Linke et al., 1995; Bender et al.,
1996). Although similar information is limited for mouse (Ward and
Hagg, 1999, 2000; Clancy et al., 2001), it has been reported that the
developmental schedule of the mouse CNS precedes that of the rat by �2
d. According to this timetable, the slices used for experiments in this
study were derived from mice when the septohippocampal system is in a
relatively mature state.

Whole-cell patch-clamp recording. Patch-clamp recording electrodes
were pulled from filament-filled borosilicate glass capillary tubes (Sutter
Instruments, Novato, CA). The electrodes had resistances between 8 and
10 M� when filled with internal solution containing the following (in
mM): 140 KCl, 1.8 CaCl2, 1.0 MgCl2, and 5.0 HEPES. Mg 2�-ATP (3 mM)
and leupeptin (0.1 mM) were added to prevent possible rundown and
proteolysis. Lucifer yellow (0.5%; Molecular Probes, Eugene, OR) was
routinely included to facilitate on-line visualization and post hoc identi-
fication of the recorded cells. Recordings were performed on a heated
stage using an EPC-7 amplifier (HEKA Elektronik, Lambrecht, Ger-
many) at 32°C. Cells were first voltage clamped at �70 mV and then
switched to the current-clamp mode to monitor action potentials, fil-
tered at 10 kHz, digitized using Clampex version 8.0 (Axon Instruments,
Foster City, CA), and analyzed using Mini Analysis software (version 5.1;
Synaptosoft, Decatur, GA).

Application of drugs. In experiments involving focal delivery of drugs in
the immediate vicinity of the cell under study, the drugs were loaded into
separate barrels of a custom-made six-barrel drug pipette assembly,
which was made using filament-filled borosilicate glass capillary tubes
(Sutter Instruments) that were fused by twisting under heat and pulled to
a fine point. One of the barrels was routinely filled with aCSF to control
for mechanical artifacts attributable to bulk flow and to clear drugs be-
tween applications. The drug pipette was mounted onto a micromanip-
ulator and navigated under visual control to be within 10 �m of the soma
of the septal neuron under study. Drug solutions were delivered by reg-

ulated pulses of pressure (�3 psi, Picospritzer; General Valve Company,
Fairfield, NJ). In experiments involving bath perfusion of drugs, the
slices were first perfused continuously with aCSF and then switched to
aCSF containing the drugs at the desired concentration. Using our sys-
tem of perfusion, the drug-containing aCSF equilibrates in �3 min dur-
ing switching. All drugs were diluted from stock with aCSF immediately
before each recording session to the desired concentrations. NGF (2.5S)
was purchased from Harlan (Madison, WI). All other chemicals were
purchased from Sigma (St. Louis, MO).

Figure 1. Bath perfusion of NGF increases firing in MS/DB neurons. A, B, Representative
rate-meter records of two MS/DB neurons displaying a slow (A) and fast (B) rate of spontaneous
firing before [control (Ctrl)], during, and after bath perfusion of NGF (100 ng/ml) perfusion. C,
Normalized histogram summarizing mean firing rate of all of the recorded neurons. The spon-
taneous firing rate was significantly faster when assessed at 3 and 8 min after NGF perfusion
(*p � 0.05; Student’s t test).
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Immunohistochemistry. After electrophysio-
logical recording, brain slices were fixed with
4% paraformaldehyde in PBS overnight and
permeabilized in PBS containing 0.5% Triton
X-100 (PBS/TX). All subsequent reactions were
performed in the PBS/TX. The slices were incu-
bated in 10% normal goat serum for 1 h, fol-
lowed by incubation for 48 h in one of the fol-
lowing: (1) rabbit anti-choline acetyltransferase
(ChAT) (1:1000); (2) a mixture of rabbit anti-
calretinin (1:1000, Chemicon, Temecula, CA),
mouse anti- parvalbumin, and mouse anti-
calbindin (both at 1:1000; Sigma); or (3) rabbit
anti-TrkA receptor (1:100; Upstate Biotechnol-
ogy, Charlottesville, VA). The slices were subse-
quently incubated at 4°C for 24 h in the appro-
priate Alexa Fluor 568- or 594-conjugated
secondary antibody (1:800; Molecular Probes).

To assess colocalization of TrkA and
GABAergic markers, whole mouse brains were
immersed fixed with 4% paraformaldehyde in
PBS, and 25 �m frozen sections containing the
MS/DB were processed immunohistochemi-
cally. The sections were permeabilized in
PBS/TX for 30 min, incubated in PBS contain-
ing 10% normal goat serum for another 30 min,
and then incubated at 4°C for 24 h with a mix-
ture of mouse anti-parvalbumin, mouse anti-
calbindin, and rabbit anti-TrkA receptor. The
sections were subsequently incubated at room
temperature for 2 h with Alexa Fluor 488 goat
anti-mouse IgG and Alexa Fluor 568 goat anti-
rabbit IgG (both at 1:500). Fluorescent images
were captured using the Olympus Optical
FV300 laser-scanning confocal microscope
system.

Western blot analysis. Protein extract was first
incubated with wheat germ agarose beads (Ac-
curate Chemicals, Westbury, NY) at 4°C for 1 h
to remove unglycosylated protein. The beads
were washed three times with radioimmuno-
precipitation assay buffer, resuspended in 1�
reducing sample loading buffer, and boiled for
10 min before being loaded on a 7.5% SDS-
polyacrylamide gel. The gels were transferred to
nitrocellulose membranes (Bio-Rad, Hercules,
CA), washed with TBS-T (0.05% of Tween in
TBS), and blocked using 5% nonfat milk in
TBS-T for 2 h in room temperature. The mem-
branes were then incubated overnight at 4°C with the mouse anti-
phosphorylated TrkA (at tyrosine residue 490) antibody (1:1000; Sigma),
washed three times with 5% nonfat milk in TBS-T, incubated with horse-
radish peroxidase-conjugated goat anti-mouse antibody (1:5000;
Chemicon) at room temperature for 2 h, and visualized using enhanced
chemiluminescence substrate (Chemicon).

Results
Bath perfusion of NGF increases firing of cholinergic and
noncholinergic MS/DB neurons
We first asked whether NGF exerted a short-term and rapid effect
on the firing activity of MS/DB neurons. NGF was included in the
aCSF used to perfuse slices, thus exposing the entire preparation
to the neurotrophin, and the firing rate of MS/DB neurons was
compared before, during, and after exposure to NGF. Individual
neurons in the MS/DB display different rates of firing (Markram
and Segal, 1990; Jones et al., 1999; Sotty et al., 2003), and Figure 1,
A and B, illustrates rate-meter records obtained from a slow-
firing (0.5 Hz) and fast-firing (7.2 Hz) neuron, respectively.

Within 3 min of exposing the slice to aCSF containing NGF (100
ng/ml), the firing activity began to increase in both neurons.

Figure 1C summarizes the percentage change in mean firing
rate of MS/DB neurons 3 and 8 min after bath perfusion of NGF.
The mean rate of spontaneous firing increased 60 � 25% by 3
min and 365 � 119% (mean � SEM; p � 0.05; Student’s t test;
n � 15) by 8 min relative to that monitored during the control
(pre-NGF exposure) period. The effect of NGF appeared to be
time dependent, insofar as an 8 min exposure resulted in a more
pronounced increase in mean firing rate than that observed at 3
min ( p � 0.05; Student’s t test).

We then asked if the observed acute effect of NGF on firing
rate could be attributed to the cholinergic and the GABAergic
subpopulations, two prominent cell types in the MS/DB (Panula
et al., 1984; Freund and Antal, 1988; Freund, 1989; Kiss et al.,
1990; Palacios et al., 1991; Sotty et al., 2003). Individual MS/DB
neurons, identified by filling with Lucifer yellow during whole-
cell recording, were recovered after fixation, and the slices were
processed immunohistochemically with either a mixture of anti-

Figure 2. Fast-firing neurons are immunopositive for GABAergic markers, and slow-firing neurons are immunopositive for
ChAT. Firing activity and parvalbumin/calbindin/calretinin (A) or ChAT (B) immunoreactivity in a fast-firing and slow-firing cell.
A1, A2, Representative traces of spontaneous firing corresponding to a fast-firing and a slow-firing MS/DB neuron, respectively.
A3, A4, Identification of the fast-firing cell and slow-firing cell with Lucifer yellow, respectively, first during recording (insets) and
then after recovery in the fixed slice. A5, A6, The fixed slices were processed immunohistochemically using a mixture of parval-
bumin/calbindin/calretinin antibodies. Overlay images show immunolabeling in the fast-firing cell (A5) but not in the slow-firing
cell (A6 ). B1, B2, Representative traces of spontaneous firing corresponding to a fast-firing and a slow-firing cell, respectively. The
two cells were recorded within the same microscopic field. B3, B4, The fast-firing cell, marked with Lucifer yellow during
recording (B3, inset), is located on the left, and the slow-firing cell (B4 , inset) is located on the right. Both neurons were recovered
after fixation. B5, B6, The slow-firing cell (B6 ), but not the fast-firing cell (B5), was ChAT immunoreactive. C1, C2, Responses of
a noncholinergic and a cholinergic neuron, respectively, to a hyperpolarizing current step. Note the depolarization sag in the
noncholinergic neuron. Calibration applies to both C1 and C2.
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bodies against calcium binding proteins typically expressed by
GABAergic cells, notably parvalbumin, calbindin, and calretinin
(Freund and Antal, 1988; Freund, 1989; Celio, 1990; Kiss et al.,
1990; Van der Zee and Luiten, 1994), or an antibody against
ChAT, a marker for cholinergic neurons (Fig. 2). The mixture of
antibodies for calcium binding proteins was used to optimize
labeling of putative GABAergic MS/DB neurons, because anti-
bodies against GAD or GABA did not effectively reveal neuronal
profiles in the MS/DB slices without previous treatment with
colchicine.

Parvalbumin/calbindin/calretinin-immunoreactive MS/DB
neurons fired spontaneously at a mean rate of 7.0 � 1.0 Hz
(range, 4.0 –22.8 Hz; n � 18), significantly different from that of
ChAT-immunoreactive neurons (1.5 � 0.3 Hz; range, 0 –3.9 Hz;
n � 16; p � 0.001; Student’s t test). In Figure 2A5, the antibody
mixture of GABAergic markers revealed numerous immunopo-

sitive neurons, including the Lucifer
yellow-filled cell whose rate of spontane-
ous firing [22.8 Hz (Fig. 2A1)] was classi-
fied as being fast (�4.0 Hz). Such a corre-
lation between a fast rate of spontaneous
firing and immunoreactivity to parvalbu-
min/calbindin/calretinin was found in 12
of 13 neurons. Parvalbumin/calbindin/
calretinin immunoreactivity was absent in
four of five MS/DB neurons displaying
slow rates of firing [� 3.0 Hz (Fig. 2A6)].
In contrast, a reciprocal correlation was
revealed between firing rate of MS/DB
neurons and ChAT immunoreactivity.
Fast-firing cells, such as the one illustrated
in Figure 2B3 [5.5 Hz (Fig. 2B1)], were not
immunopositive for ChAT. In the same
slice, a slow-firing neuron nearby was im-
munopositive for ChAT (Fig. 2B4,B6).
Hyperpolarizing current steps elicited a
depolarizing sag in the majority (93%) of
the putative GABAergic, but not cholin-
ergic (38%), MS/DB neurons (Fig.
2C1,C2). These results are consistent with
previous findings in rat MS/DB (Griffith
and Matthews, 1986; Markram and Segal,
1990; Jones et al., 1999; Alreja et al., 2000;
Wu et al., 2000; Sotty et al., 2003). Thus,
slow-firing MS/DB neurons are heretofore
operationally referred to as cholinergic
neurons. The fast-firing MS/DB neurons
are referred to as “noncholinergic neu-
rons.” In specific cases in which individual
fast-firing neurons were identified immu-
nohistochemically to express parvalbu-
min, calbindin, and/or calretinin, they are
referred to as GABAergic MS/DB neurons,
with the caveat that this classification does
not take into account the molecular diver-
sity of other fast-firing cell types resident
in the MS/DB that have been reported to
coexpress mRNAs encoding ChAT and
GAD, such as the glutamatergic neurons
(Sotty et al., 2003), or to coexpress
calcium-binding protein transcripts (Han
et al., 2002). Given this, the results of these
experiments indicate that bath application

of NGF generally increased firing of MS/DB neurons.

Focal application of NGF selectively increases spontaneous
firing in cholinergic MS/DB neurons
Bath perfusion of NGF served to demonstrate the elemental phe-
nomenon that the neurotrophin increased firing activity in
MS/DB neurons but did not afford the resolution necessary to
examine the mechanism underlying the NGF-induced effect on
individual neurons classified as being cholinergic and noncholin-
ergic neurons. To this end, NGF (10 or 100 ng/ml) was delivered
focally and directly onto the neuron under study using a
multibarrel drug pipette assembly, and the rate of spontaneous
firing of MS/DB neurons was compared before, during, and after
a 3 min application of NGF.

Figure 3, A and B, illustrates rate-meter records taken from a
cholinergic and a noncholinergic neuron, respectively. The insets

Figure 3. Focal application of NGF acutely increases firing in cholinergic, but not noncholinergic, neurons. A, B, Representative
rate-meter records of slow-firing and fast-firing neurons, respectively, illustrate spontaneous firing before, during, and after NGF
(100 ng/ml) application. Insets show digitized traces from the same cells. Calibration: 0.5 s (A) and 1 s (B), 50 mV. Ctrl, Control. C,
D, Summary graph of the effect of NGF on cholinergic and noncholinergic neurons, respectively. Each symbol represents data
obtained from one neuron. The 45° equivalence line represents the result expected if the firing rate remains unchanged after
application of NGF. The shaded area represents a 10% increase or decrease and reflects the range of variability normally encoun-
tered while monitoring the rate of spontaneous firing in MS/DB neurons. Most of the slow-firing neurons show increased firing
rates, whereas fast-firing neurons showed more variable responses. E, F, Normalized histograms summarizing mean firing rates
of cholinergic (n � 15) and noncholinergic (n � 11) neurons in the presence of 10 or 100 ng/ml NGF. During acute and focal NGF
exposure, the mean rate of spontaneous firing in cholinergic neurons was significantly faster in both concentrations ( p � 0.05;
Student’s t test) than that during the control (pre-NGF exposure) period, whereas that of noncholinergic neurons was unaffected
( p 	 0.05; Student’s t test). Asterisks in E denote statistical significance.
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show representative traces from the corre-
sponding neurons recorded before (con-
trol) and during NGF (100 ng/ml) appli-
cation. In the cholinergic neuron (Fig.
3A), exposure to NGF promptly increased
(within 1 min) the rate of spontaneous fir-
ing. Figure 3C summarizes, in the form of
a scatter plot, data obtained from 16 cho-
linergic neurons. Each point denotes the
change in the rate of spontaneous firing
during NGF exposure obtained from one
neuron. The 45° equivalence line repre-
sents the result expected if the firing rate
remained unchanged during exposure to
NGF. The shaded area represents a 10%
increase or decrease and reflects the range
of variability normally encountered while
monitoring the rate of spontaneous firing
in MS/DB neurons. The great majority of
the points (15 of 16) were positioned
above the 45° equivalence line and the
shaded area, indicating that focal applica-
tion of NGF consistently increased the rate
of spontaneous firing in cholinergic
MS/DB neurons. Conversely, in the non-
cholinergic neuron (Fig. 3B), focal appli-
cation of NGF did not alter the rate of spontaneous firing. The
scatter plot in Figure 3D, representing a sampling of 11 noncho-
linergic MS/DB neurons, revealed that the majority of the points
(9 of 11) were situated adjacent to the 45° equivalence line and
within the shaded area, indicating little or no change in the firing
rate with exposure to NGF. In the remaining two noncholinergic
neurons, focal application of NGF resulted in a decrease in spon-
taneous firing that did not reach statistical significance.

Two concentrations of NGF (10 and 100 ng/ml) were used to
assess the rapid effect of the neurotrophin on the firing rate of
cholinergic neurons (Fig. 3E). The mean rate of spontaneous
firing increased 47 � 14% with 10 ng/ml NGF (mean � SEM; p �
0.05; Student’s t test; n � 7) and 431 � 193% with 100 ng/ml NGF
(mean � SEM; p � 0.05; Student’s t test’ n � 15) relative to that
recorded during the control period. The firing rate of noncholin-
ergic neurons was not significantly altered (Fig. 3F) with either 10
ng/ml NGF (3 cases) or 100 ng/ml (11 cases).

TrkA signaling mediates the rapid effect of NGF on
cholinergic MS/DB neurons
Our results thus far indicated that both bath perfusion and focal
application of NGF increased the rate of spontaneous firing in
cholinergic MS/DB neurons, whereas an increase in the firing of
noncholinergic neurons was dependent on the mode of NGF
exposure. Based on these findings, we tested the hypothesis that
different mechanisms may underlie the rapid effect of NGF on
cholinergic and noncholinergic neurons. First, double-label im-
munohistochemistry was performed on 25 �m histological sec-
tions using antibodies against the combination of parvalbumin
and calbindin as markers of putative GABAergic neurons and the
receptor tyrosine kinase TrkA (Fig. 4A,B). In this specific set of
experiments, the rabbit antibody against calretinin was excluded
because it was incompatible with colabeling using the rabbit
antibody against TrkA. Overlay of the images (Fig. 4C) revealed
no overlap between TrkA and parvalbumin/calbindin-immuno-
reactive profiles, suggesting that noncholinergic MS/DB neu-

rons, including those classified as being GABAergic in this study,
do not express TrkA.

Second, individual MS/DB neurons assessed for the effect of
focal NGF exposure were identified after fixation of the slices and
examined for the expression of TrkA immunoreactivity (Fig. 5).
The cholinergic neuron illustrated in Figure 5A–D displayed in-
creased firing in response to acute NGF application (Fig. 5D),
consistent with the result presented previously (Fig. 3A). This cell
was filled with Lucifer yellow during recording (Fig. 5A, inset)
and reexamined after fixation and immunohistochemical pro-
cessing of the slice with an antibody against TrkA. Numerous
TrkA-immunoreactive profiles are present in the MS/DB, includ-
ing the electrophysiologically recorded neuron (Fig. 5B,C).
Thus, cholinergic MS/DB neurons express TrkA receptors. In
contrast, acute NGF application did not increase firing in the
Lucifer yellow-filled noncholinergic neuron illustrated in Figure
5E–H, and this cell did not display TrkA immunoreactivity (Fig.
5F,G). These results directly correlate an acute NGF-induced
increase in spontaneous firing with TrkA receptor expression in
cholinergic MS/DB neurons.

Given that cholinergic MS/DB neurons express TrkA recep-
tors, we then investigated whether TrkA signaling is required for
NGF to increase spontaneous firing in these neurons. Before focal
application of NGF, the cells were first exposed to K252a (200
nM), a tyrosine kinase inhibitor, which was delivered via a sepa-
rate barrel of the drug pipette assembly. Figure 6A illustrates that
preexposure to K252a, but not the inactive analog K252b (200
nM), effectively blocked the acute NGF-induced increase in firing
in cholinergic neurons. The same results were obtained in nine
cholinergic neurons so tested (Fig. 6B). Neither preexposure of
noncholinergic neurons to K252a or K252b altered significantly
the rate of spontaneous firing during focal application of NGF
(data not shown). Consistent with this finding, Western blots
revealed stronger signals for phosphorylated TrkA receptors in
MS/DB tissue microdissected from slices that had been exposed
to NGF ( p � 0.05; Student’s t test; n � 5) (Fig. 6C,D).

To demonstrate further the requirement for TrkA signaling,

Figure 4. MS/DB neurons do not coexpress TrkA and GABAergic markers. Confocal images taken from histological sections
containing MS/DB double labeled using a mixture of antibodies against parvalbumin and calbindin (A) and TrkA receptor (B). C,
Overlay of A and B. Representative fields in A1, B1, and C1 are shown at higher magnification in A2, B2, and C2, respectively.
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we preexposed the recorded cells to TrkA-Fc, which competes
with the endogenous TrkA receptor by scavenging and sequester-
ing NGF. Indeed, preexposure of the cholinergic neuron illus-
trated in Figure 7A to TrkA-Fc (1 �g/ml) prevented the increase
in the rate of spontaneous firing normally observed during focal
application of NGF (100 ng/ml). Figure 7A also illustrates that an
NGF-induced increase in firing can be demonstrated in the same
cell after wash off of TrkA-Fc by aCSF. Data obtained from seven
cholinergic neurons are summarized in Figure 7B. In control

experiments, preexposing cholinergic neurons to TrkA-Fc that
had been inactivated by boiling for 2 h did not suppress the
NGF-induced effect (Fig. 7C), with cholinergic neurons showing
an overall 129 � 62% (mean � SEM; p � 0.05; Student’s t test)
increase in spontaneous firing.

The p75 receptor (p75 NTR) is the low-affinity pan neurotro-
phin receptor. In the MS/DB, cholinergic, but not noncholin-
ergic, neurons express p75 NTR (Berger-Sweeney et al., 2001). To
investigate whether p75 NTR is involved in mediating the observed
acute NGF effect, we assessed spontaneous firing before, during,
and after focal delivery of NGF (100 ng/ml) to MS/DB neurons in
slices obtained from mice bearing an exon III mutation that leads
to loss of full-length p75 NTR expression (p75 NTR�/�) (Lee et al.,
1992). In 12 cholinergic neurons tested (Fig. 8), NGF application
significantly increased firing rate of cholinergic neurons by 94 �
45% (mean � SEM; p � 0.05; Student’s t test). Thus, the acute
effect of NGF persisted despite the absence of p75 NTR.

Together, the results indicate that TrkA phosphorylation and
downstream signaling are required for the manifestation of the
NGF-induced rapid increase in spontaneous firing in cholinergic
MS/DB neurons. The absence of TrkA expression in noncholin-
ergic neurons renders them insensitive to a direct action of NGF.

Enhanced acetylcholine release mediates the rapid effect of
NGF on noncholinergic MS/DB neurons
An NGF-induced increase in the firing activity of cholinergic
neurons would be expected to augment acetylcholine release and
thus the ambient level of acetylcholine in the MS/DB. In rat, the
presence of an ambient level of acetylcholine in the MS/DB is
supported by neuroanatomical and electrophysiological evi-
dence, and ultrastructural studies have demonstrated intraseptal
cholinergic synapses on GABAergic neurons in the MS/DB (Bia-
lowas and Frotscher, 1987; Leranth and Frotscher, 1989; Brauer
et al., 1998; Alreja et al., 2000; Wu et al., 2000). In this study, to
demonstrate the presence of ambient acetylcholine in mouse, the
acetylcholine esterase inhibitor neostigmine was applied onto
MS/DB neurons while the rate of spontaneous firing was moni-
tored. A neostigmine-induced augmentation of the level of ace-
tylcholine in the MS/DB would be indicated by a heightened level
of firing in noncholinergic neurons. Indeed, this was the experi-
mental outcome. The rate-meter records in the top panels in
Figure 9, A and C, were taken from a noncholinergic and cholin-
ergic MS/DB neuron, respectively. The firing rate monitored in
the noncholinergic neuron (Fig. 9A) increased within 3 min of a
7 min application of neostigmine (20 �M). Such an increase was
observed in 14 of 16 noncholinergic neurons but was not ob-
served in the majority of cholinergic neurons tested (11 of 15).
Neostigmine significantly increased firing rates in noncholin-
ergic neurons (54.7 � 18.4%; mean � SEM; p � 0.05; Student’s t
test; n � 16) (Fig. 9B) but not in cholinergic neurons (18.5 �
12.1%; mean � SEM; p 	 0.05; Student’s t test; n � 15) (Fig. 9D).
These results are consistent with neostigmine augmenting the
level of ambient acetylcholine.

Methyl scopolamine, a muscarinic receptor antagonist,
blocked the neostigmine-induced increase in firing of noncholin-
ergic neurons. As shown in Figure 10A, an initial focal applica-
tion of neostigmine increased the rate of spontaneous firing in
the noncholinergic neuron. This effect was subsequently abol-
ished by a concomitant application of methyl scopolamine (four
of six noncholinergic MS/DB neurons) (Fig. 10B). Methyl sco-
polamine also blocked the increase in firing of noncholinergic
neurons during bath perfusion of NGF (Fig. 11A). Figure 11C
summarizes the mean firing rates of noncholinergic (n � 8) and

Figure 5. Cholinergic neurons, but not noncholinergic neurons, respond to acute NGF appli-
cation and display TrkA immunoreactivity. A, E, Two separate cells filled with Lucifer yellow
during recording (insets) and recovered after fixation of the slices. B, F, Only the cell shown in B
is immunoreactive to the antibody against TrkA. C, G, Overlay images of A, B and E, F, respec-
tively. D, H, Representative traces of the cholinergic and noncholinergic neuron shown in A and
E, respectively, of spontaneous firing before [control (Ctrl)], during, and after [recovery (Rec)]
NGF application.
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cholinergic (n � 6) neurons after concom-
itant bath perfusion of NGF and methyl
scopolamine. The mean rate of spontane-
ous firing monitored in noncholinergic
neurons remained unaltered relative to
that monitored during the control (pre-
NGF/methyl scopolamine exposure) pe-
riod, indicating that the NGF-induced in-
crease in noncholinergic neurons was
abolished by methyl scopolamine ( p 	
0.05; Student’s t test). In cholinergic neu-
rons, of which one example is shown in
Figure 11B, the NGF-induced effect was
insensitive to blockade by methyl scopol-
amine, because the spontaneous firing rate
increased 166 � 34% (mean � SEM; p �
0.05; Student’s t test) despite the presence
of the muscarinic receptor blocker. To-
gether, the results indicate that methyl sco-
polamine, by blocking muscarinic recep-
tors, prevented the increase in firing
activity normally observed in noncholin-
ergic neurons as the result of an NGF- or
neostigmine-induced elevation of ambient
acetylcholine in the MS/DB.

Discussion
Neurotrophins have been shown to mod-
ulate the short-term neuronal excitability
and synaptic transmission (Huang and
Reichardt, 2001). Whereas much experi-
mental attention has been directed at in-
vestigating the acute effects of brain-derived neurotrophic factor
(Kafitz et al., 1999; Blum et al., 2002; Cheng and Yeh, 2003, 2005),
similar rapid effects of NGF have not been described. The present
study demonstrates for the first time that short-term application
of NGF differentially affects spontaneous firing in cholinergic
and noncholinergic neurons of the mouse MS/DB. Whether de-
livered focally onto individual MS/DB neurons or generally to
whole slices, NGF increased firing in cholinergic neurons in a
manner that was abolished with pharmacological disruption of
TrkA signaling. Conversely, only perfusion of whole slices with
NGF increased firing in noncholinergic neurons, and this effect
was blocked by methyl scopolamine. We propose that these find-
ings, in toto, indicate two cell type-specific mechanisms of NGF
action in elevating the overall firing activity of cholinergic and
noncholinergic neurons in the MS/DB: a TrkA signaling-
dependent mechanism in cholinergic neurons and a muscarinic
receptor-mediated mechanism in noncholinergic neurons that is
manifested through an elevated ambient level of acetylcholine.

Is extracellular delivery of NGF directly into the MS/DB
physiologically relevant?
A prevailing concept marshaled by the neurotrophic hypothesis
is that projecting axons internalize target-derived neurotrophin,
which is then delivered by retrograde transport to the cell bodies
whence the axons originate (for review, see Thoenen, 1995;
Schinder and Poo, 2000). In the septohippocampal system, NGF
fits into this conventional scheme insofar as it is synthesized in
the hippocampus, with axons of projecting MS/DB neurons serv-
ing as conduit for retrograde transport to the MS/DB. Nonethe-
less, the scheme does not exclude other modes by which NGF
may reach the MS/DB. Specifically, a number of studies have

reported GABAergic interneurons and GABAergic hippocampo-
septal neurons to be primary sites of NGF synthesis in the hip-
pocampus (Lauterborn et al., 1993; Rocamora et al., 1996; Acsády
et al., 2000). This suggests strongly that, in addition to retrograde
transport, NGF can also be delivered anterogradely and be re-
leased extracellularly in the MS/DB. Furthermore, cholinergic
MS/DB neurons express NGF mRNA (Lauterborn et al., 1991),
pointing to the likelihood of yet another local intraseptal source
of extracellular NGF.

The classical approach of lesioning the fimbria/fornix, widely
used to investigate the septohippocampal system (Pepeu et al.,
1973; Olton, 1977; Olton et al., 1978; Andersen et al., 1979), also
offers insight into the physiological relevance and effectiveness of
NGF action in the MS/DB. With fimbria/fornix lesioning, the
hippocamposeptal retrograde transport is necessarily disrupted,
yet numerous studies have demonstrated that intraventricular
infusion of NGF has beneficial effects on cholinergic neurons,
such as restoring ChAT expression and promoting cell survival
(Hefti, 1986; Williams et al., 1986; Wilcox et al., 1995; Lucidi-
Phillipi et al., 1996). In these studies, the exogenous NGF argu-
ably reaches the MS/DB by diffusion rather than by retrograde
transport. Indeed, delivery of NGF by infusion or by genetically
engineered agents directly into the MS/DB also produced similar
outcomes (Holtzman et al., 1992; Martinez-Serrano and Bjork-
lund, 1998; Mandel et al., 1999). The significance of different in
vivo routes of NGF delivery to the MS/DB is unclear, although, in
vitro, the particular signaling pathway activated appears to dictate
whether or not retrograde transport of NGF occurs (Watson et
al., 2001). Overall, extant literature supports the physiological
relevance of investigating a direct and local effect of NGF in the
MS/DB.

Figure 6. K252a inhibits NGF-induced increase in firing of cholinergic neurons. A, Rate-meter record from a cholinergic neuron
illustrates that K252a (200 nM) prevented the increase in firing normally observed during application of NGF (100 ng/ml), which,
in the same cell, persisted in the presence of K252b (200 nM). B, Normalized histograms summarizing that K252a, but not K252b,
blocks the NGF-induced increase in mean firing rates of cholinergic neurons. During exposure to K252a, the NGF-induced mean
firing rate of cholinergic neurons was not significantly different from that monitored before NGF application when slices were
exposed only to K252 ( p 	 0.05; Student’s t test), whereas the NGF-induced change in mean firing rate of cholinergic neurons
was statistically significant in the presence of K252b ( p � 0.05; Student’s t test). C, Phosphorylated TrkA was detected in tissue
microdissected from the MS/DB after NGF perfusion. D, Normalized histogram summarizing mean density of Western blots
obtained from MS/DB tissues. MS/DB tissues perfused with NGF displayed significantly stronger signal than that perfused with
aCSF ( p � 0.05; Student’s t test; n � 5). Asterisks in B and D denote statistical significance. Ctrl, Control tissue processed in
parallel without incubation with NGF.
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TrkA signaling pathway mediates acute NGF effect in MS/DB
cholinergic neurons
In pheochromocytoma PC12 cells and primary neuronal cul-
tures, TrkA has been demonstrated to promote survival and dif-
ferentiation of neurons (Loeb et al., 1991; Loeb and Greene,
1993) (for review, see Davies, 2000; Kaplan and Miller, 2000).
The results of the present study indicate that TrkA signaling is
required for the observed rapid effect of NGF on the firing of
cholinergic MS/DB neurons. In addition, immunohistochemical
evidence was presented that, in the MS/DB, cholinergic but not
GABAergic neurons express TrkA receptors. This provides the
anatomical substrate that renders cholinergic neurons directly
responsive to acute NGF application. Our pharmacological ex-
periments provided additional supportive evidence. Blocking
TrkA autophosphorylation with K252a prevented the NGF-
induced increase firing in cholinergic neurons, as did sequester-

ing endogenous TrkA using TrkA-Fc, indicating further the spec-
ificity of NGF in this rapid effect.

Cholinergic MS/DB neurons uniquely express p75 NTR

(Berger-Sweeney et al., 2001). Although p75 NTR displays a signif-
icantly lower affinity to NGF than do Trk receptors in general, a
number of roles have been ascribed to it either acting alone or in
synergy with TrkA. Acting alone, the p75 NTR has been implicated
in playing a proapoptotic role (Casaccia-Bonnefil et al., 1996;
Bamji et al., 1998). Acting in synergy, it has been reported to
enhance Trk receptor autophosphorylation and signaling mech-
anisms downstream (for review, see Chao and Hempstead, 1999).
Here we demonstrate that the increased firing in cholinergic neu-
rons in response to NGF persists in MS/DB slices derived from
p75 NTR-null mice. Given our results, we favor the notion that
p75 NTR is not necessary or sufficient and that TrkA is predomi-

Figure 7. TrkA-Fc inhibits the acute effect of NGF on firing of cholinergic neurons. A, C,
Representative rate-meter records of cholinergic neurons demonstrate spontaneous firing be-
fore, during, and after focal NGF (100 ng/ml) application in the presence of TrkA-Fc and boiled
TrkA-Fc, respectively. The cell in A also showed increased firing in the presence of NGF only. B, D,
Normalized histograms summarizing that TrkA-Fc, but not boiled TrkA-Fc, blocks the NGF-
induced increase in mean firing rates of cholinergic neurons. In the presence of TrkA-Fc, the
NGF-induced increase in mean firing rate of cholinergic neurons was not significantly different
from that monitored during the TrkA-Fc only period ( p 	 0.05; n � 7). The NGF effect resumed
during washout of TrkA-Fc ( p � 0.05). Boiled TrkA-Fc did not affect NGF-induced increase
firing ( p � 0.05; Student’s t test; n � 6). Asterisks in B and D denote statistical significance.

Figure 8. The NGF-induced effect on firing of cholinergic MS/DB neurons persists in
p75 NTR�/� mice. A, Representative rate-meter record of a cholinergic neuron from a
p75 NTR�/� mouse demonstrates spontaneous firing before, during, and after focal NGF (100
ng/ml) application. B, Summary histogram indicates that, under p75 NTR�/� conditions, NGF
application significantly increased firing rate of MS/DB cholinergic neurons by 94 � 45% (n �
12; mean � SEM; p � 0.05; Student’s t test). Asterisk denotes statistical significance. Ctrl,
Control period before NGF application.

Figure 9. Neostigmine increases ambient acetylcholine in mouse MS/DB. A, C, Representa-
tive rate-meter records (top) and digitized traces (bottom) from a noncholinergic (A) and cho-
linergic (C) neuron, illustrating spontaneous firing rates before [control (Ctrl)], during, and after
[recovery (Rec)] neostigmine (Neo) application. B, D, Normalized histograms summarizing
mean spontaneous firing rates of noncholinergic (B) and cholinergic (D) neurons in the pres-
ence of neostigmine. The mean firing rate of noncholinergic neurons during exposure to
neostigmine was significantly faster than that during the control period (n � 16; mean � SEM;
p � 0.05; Student’s t test), whereas that of cholinergic neurons was unaffected (n � 15;
mean � SEM; p 	 0.05; Student’s t test). The asterisk in B denotes statistical significance.

Figure 10. Methyl scopolamine blocks the neostigmine-induced increase in firing in non-
cholinergic neurons. A, A representative rate-meter record displaying spontaneous firing of a
noncholinergic neuron before [control (Ctrl)], during, and after neostigmine (Neo) application
either alone or in conjunction with methyl scopolamine (M-Sco). B, Histogram summarizing the
normalized mean firing rate of noncholinergic neurons (n � 6) during neostigmine exposure
without and with concomitant application of methyl scopolamine. With neostigmine alone, the
mean firing rate of noncholinergic neurons was significantly faster (78.2�45%; mean� SEM;
p � 0.05; Student’s t test). The neostigmine-induced increase in firing was blocked in the
presence of methyl scopolamine. The asterisk in B denotes statistical significance.
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nant in mediating the acute NGF effect ob-
served on cholinergic MS/DB neurons.
Nonetheless, our results do not rule out a
potential synergistic interaction between
p75 NTR and TrkA receptors under normal
conditions. Indeed, considering that
p75 NTR-null mice display increased num-
ber of cholinergic neurons (Yeo et al.,
1997; Naumann et al., 2002), an hypothe-
sis to be entertained in future investiga-
tions is that this may result in heightened
muscarinic tone in the MS/DB.

Differential effects of NGF on
cholinergic neurons and noncholinergic
neurons in light of muscarinic tone in
mouse MS/DB
In rat, the existence of intraseptal cholin-
ergic collateral projections onto GABAer-
gic neurons, born out of lesioning and ultrastructural studies
(Onteniente et al., 1986, 1987; Bialowas and Frotscher, 1987; Le-
ranth and Frotscher, 1989; Brauer et al., 1998), is consistent with
the notion of a muscarinic tone in the MS/DB (Alreja et al., 2000).
Although equivalent information in mouse is lacking, the phar-
macological data presented in this study provide evidence for
noncholinergic neurons being subject to a muscarinic tone in the
mouse MS/DB. Application of neostigmine led to an increase in
the firing of noncholinergic neurons, as did bath perfusion of
slices with NGF-containing aCSF, and both effects were blocked
by methyl scopolamine, the muscarinic receptor antagonist that,
when applied alone, reversibly suppressed firing in noncholin-
ergic neurons (data not shown). Neostigmine inhibits acetylcho-
linesterase and NGF augments firing activity of cholinergic
MS/DB neurons; both agents would be expected to enhance ex-
tracellular availability of acetylcholine, a condition that simulates
elevated muscarinic tone, and to increase firing of noncholinergic
neurons, as was demonstrated in the present study. Overall, our
findings are consistent with there being in mouse MS/DB an
ambient level of acetylcholine, i.e., muscarinic tone, that tonically
regulates the firing of noncholinergic neurons. In this light, firing
activity of cholinergic neurons determines fluctuations in mus-
carinic tone in the MS/DB that, in turn, alters firing activity of
noncholinergic neurons. Thus, despite the absence of TrkA ex-
pression, noncholinergic neurons, including GABAergic neu-
rons, are subject to acute influence by NGF in the MS/DB.

Functional significance
Our findings lead us to conclude that acutely applied NGF triggers a
rapid sequence of events that affects the cholinergic and noncholin-
ergic neuronal populations in the MS/DB. NGF activates TrkA re-
ceptors expressed by cholinergic neurons, leading to increased cho-
linergic activity, elevated muscarinic tone, and a subsequent increase
in the firing of noncholinergic neurons. Thus, muscarinic tone pro-
vides a functional index that reflects the net outcome of physiological
interactions between cholinergic and noncholinergic neurons
within the circuitry resident in the MS/DB and provides a functional
framework for investigating long-term effects of NGF on neuronal
activity in the septohippocampal system.

The rapid and reversible action of acutely applied NGF on the
firing of neurons in the MS/DB is reminiscent of that of a neuro-
transmitter or neuromodulator and points to a novel role for the
neurotrophin in addition to its well established neurotrophic
function. As such, NGF may be classified functionally along with

brain-derived neurotrophic factor, a prototypic neurotrophin
that has been widely demonstrated to modulate neuronal excit-
ability, neurotransmission, and synaptic plasticity (Patterson et
al., 1996; Stoop and Poo, 1996; Desai et al., 1999; Cheng and Yeh,
2003, 2005). It is tempting to postulate that NGF derived from the
hippocampus and retrogradely transported to the MS/DB may be
important in mediating the longer-term trophic role of promot-
ing cell survival and that local intraseptal release of NGF may, in
the shorter term, lead to synaptic modulation within the circuitry
resident in the MS/DB.
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