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Dysfunction of basal forebrain cholinergic neurons (BFCNs) is an early pathological hallmark of Alzheimer’s disease (AD). Numerous
studies have indicated that nerve growth factor (NGF) supports survival and phenotypic differentiation of BFCNs. Consistent with a
potential link to AD pathogenesis, TrkA, a NGF receptor, is expressed in cholinergic forebrain neuronal populations including those in BF
and striatum, and is markedly reduced in individuals with mild cognitive impairment (MCI) without dementia and early-stage AD. To
investigate the role of TrkA in the development, connectivity, and function of the BF cholinergic system and its contribution to AD
pathology, we have generated a forebrain-specific conditional TrkA knock-out mouse line. Our findings show a key role for TrkA
signaling in establishing the BF cholinergic circuitry through the ERK pathway, and demonstrate that the normal developmental
increase of choline acetyltransferase expression becomes critically dependent on TrkA signaling before neuronal connections are
established. Moreover, the anatomical and physiological deficits caused by lack of TrkA signaling in BFCNs have selective impact
on cognitive activity. These data demonstrate that TrkA loss results in cholinergic BF dysfunction and cognitive decline that is
reminiscent of MCI and early AD.

Introduction
The in vivo role of nerve growth factor (NGF) as a target-derived
survival factor for sensory and sympathetic neurons is well estab-
lished (Goedert et al., 1984; Crowley et al., 1994; Chen et al.,
2005). Studies with mice lacking both Bax and NGF or TrkA, the
NGF high-affinity receptor, have shown that NGF/TrkA signal-
ing plays a key role in peripheral target field innervation (Patel et
al., 2000). Still, the functions of NGF and its receptors in the CNS
are poorly understood. TrkA mRNA and protein expression in
CNS is restricted to limited neuronal populations in the forebrain
that include cholinergic neurons in basal forebrain (BF) and
striatum (Sobreviela et al., 1994). Most studies on NGF signaling
have focused on BF cholinergic neurons (BFCNs) because of
their important role in cognition and attention behaviors, which

have important implications in aging and Alzheimer’s disease
(AD) (Holtzman et al., 1995).

One of the earliest pathological events in AD is dysfunction of
BFCNs (Mufson et al., 2008); however, the molecular and cellular
mechanisms underlying this pathology have not been elucidated.
Retrograde transport of NGF to the BF is critical for its neu-
rotrophic effects (Schwab et al., 1979). Notably, BFCN survival is
supported, in part, by NGF (Honegger and Lenoir, 1982; Hefti,
1986), which is synthesized in the target tissues of cholinergic
neurons such as the cortex and hippocampus. In addition, there
is a marked reduction in TrkA-positive BFCNs and decreased
levels of TrkA mRNA and protein in postmortem brains of AD
patients (Salehi et al., 1996; Mufson et al., 1997), and in individ-
uals with mild cognitive impairment (MCI) without dementia
(Chu et al., 2001; Ginsberg et al., 2006). This is not accompanied
by a decrease in the pan-neurotrophin receptor p75, indicating
specificity for TrkA downregulation in association with cognitive
decline.

Whether TrkA function is indeed relevant in AD pathogen-
esis and in the development or function of BFCNs remains
unclear. Studies with homozygous null ngf and TrkA mice
have implicated NGF/TrkA signaling in regulating normal
maturation of BFCNs. However, no definitive conclusions
could be drawn about the extent of BFCN survival, function,
and dependency on NGF/TrkA signaling because of the poor
health and perinatal mortality of these mice (Crowley et al.,
1994; Fagan et al., 1997). To bypass these issues, we used a
conditional knock-out strategy and generated mice lacking
TrkA expression specifically in forebrain cholinergic neurons
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(TrkAcKO). These mice develop normally with no gross abnor-
malities. Interestingly, while striatal cholinergic neurons dis-
played no apparent signaling or morphological defects,
BFCNs exhibited decreased choline acetyltransferase (ChAT)
expression and ERK signaling, which was accompanied by se-
vere innervation defects. TrkAcKO mice also demonstrated se-
lective attention and working memory impairments. These
phenotypes are reminiscent of those observed in MCI and
early AD (Levey et al., 2006; Mufson et al., 2008). In this study,
we thus provide evidence that TrkA plays a role in the devel-
opment, connectivity, and function of the BF cholinergic cir-
cuitry and discuss its possible implications in disease.

Materials and Methods
Generation and genotyping of TrkA conditional knock-out mice
The TrkA targeting vector was constructed with a loxP site within the
promoter region and another in the first intron of TrkA to remove 0.25
kb of promoter sequence immediately 5� to the transcriptional start site
of TrkA and exon 1, which includes the translation initiation site upon
Cre recombination (Fig. 1 A). Embryonic stem cells derived from 129/SvJ
mice were transfected with the targeting construct, and recombinant
clones were obtained by neomycin resistance (neoR)-positive selection,
and then injected into C57BL/6 blastocysts to generate TrkAflox mice.
Upon successful homologous recombination, correctly targeted TrkA
allele (trkAneo) had a 43 bp oligonucleotide containing a loxP site in-

serted into the promoter region and a PGKneoR fragment flanked by FRT
and FRT-loxP sequences, respectively, which were inserted into the first
intron. Mice heterozygous for the TrkAneo allele were mated with FlpE
transgenic mice that express Flp recombinase to bring about Flp-
mediated deletion of the neoR cassette and generate animals carrying the
TrkAflox allele (Rodríguez et al., 2000). The dlx5/6i-cre mice used in this
study were generated in the laboratory of M. Ekker (University of Ot-
tawa, Ottawa, ON, Canada). These transgenic mice express Cre recom-
binase driven by the enhancer fragment derived from the zebrafish
intergenic region between the dlx4 and dlx6 genes, the orthologs of mam-
malian dlx5 and dlx6. This enhancer has previously been shown to direct
Cre expression specifically to the subcortical telencephalon, which later
gives rise to cells in the ventral telencephalon, including the BFCNs and
the striatum (Zerucha et al., 2000; Kohwi et al., 2007). These transgenic
mice were crossed with TrkAflox mice to generate TrkAcKO mice. The
TrkA mutant mice were routinely genotyped by PCR using a mix of
oligos: TrkA-wt-5�: 5�-TGTACGGCCATAGATAAGCAT-3�; TrkA-wt-
3�: 5�-TGCATAACTGTGTATTTCAC-3�; 3202: 5�-CGCCTTCTTGAC
GAGTTCTTCTG-3�. The PCR conditions are as follows; preheat 94°C
for 2 min (94°C for 30 s, 55°C for 45 s, and 72°C for 30 s) � 35 cycles. All
mouse protocols were approved by the University of California, San
Francisco Institutional Animal Care and Use Committee (IACUC) and
the University of Texas Southwestern Medical School IACUC. Both male
and female mice were used in all experiments, except for behavioral tests
in which male mice were used.

Figure 1. Generation of TrkAcKO mice. A, Targeting strategy for conditional deletion of TrkA in the forebrain. Diagram shows the TrkA locus and targeted alleles. B, Dlx5/6i-cre-mediated activation
of Rosa26R (R26R), as identified by the expression of �-galactosidase (�-gal) from the activated R26R allele. The Dlx5/6i-cre mice were crossed with R26R-LacZ reporter mice. Sagittal section from
E16.5 embryonic brain showing LacZ staining in the subcortical region. Sagittal and coronal sections of brains at P30 showing all the cells in the forebrain. Acb, Nucleus accumbens; CPu, striatum.
C, Double immunostaining of �-galactosidase and TrkA in MS of Dlx5/6i-cre;Rosa26R. Most of the cells are positive for LacZ staining. Only a few cells are positive for TrkA, all of which are also positive
for LacZ. D, H&E-stained coronal brain sections from P30 wild-type and mutant mice showing that TrkAcKO brain is normal in size and has no gross histological defects. E, Quantitative evaluation of
septal, striatal, and cortical volume of P30 control and TrkAcKO mice. n � 4. F, Golgi impregnation of P30 control and TrkAcKO coronal brain sections revealed no apparent defects in cortical lamination.
Scale bars: C, 100 �m; F, 1 mm.
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Histology
Mice were intracardially perfused with ice-cold PBS followed by 4%
(w/v) ice-cold paraformaldehyde (PFA) in PBS. For hematoxylin-eosin
(H&E) staining and immunohistochemistry, the dissected brains were
then post-fixed overnight with 4% PFA at 4°C.

DiI tracing
DiI crystal (total diameter of �0.5 mm; Invitrogen) was inserted into the
dissected brain at the depth of the medial septum (stereotaxic coordi-
nates:1.2 mm anterior to bregma, 0.0 mm medial lateral, 4.5 mm ventral
from dura) with forceps such that the ventral edges of basal forebrain
covered the crystal. The brain was then placed in the dark in 2% PFA in
PBS at 37°C for 5 weeks. The vibratome sagittal sections (50 �m) were
examined for DiI labeling using a fluorescence microscope (Olympus
BX50) equipped with a Coolsnap CCD camera (Roper Scientific), and
the images were analyzed using ImageJ software (National Institutes of
Health).

Golgi staining
Golgi staining was performed as previously described (Glaser and Van
der Loos, 1981; Luikart et al., 2005). In brief, mice were perfused with
PBS, and the dissected brains were incubated with Golgi-Cox solution for
12 d. Vibratome coronal sections (100 �m) were processed and exam-
ined under an Olympus optical microscope. Images were analyzed with
ImageJ software.

Immunohistochemistry and antibodies
For DAB staining, the fixed brains were paraffin embedded, coronally
sectioned (10 �m), and analyzed using an Olympus BX50 microscope
equipped with a color CCD camera (DXM1200; Nikon). For the immu-
nofluorescent staining, 40 �m vibratome sections were analyzed by
confocal microscopy (LSM-510; Zeiss). X-gal, DAB, and immunofluo-
rescent staining were performed as previously described (Lei et al., 2005;
Luikart et al., 2005). Antibodies used for immunostaining were as fol-
lows: anti-TrkA (1:1000; Advanced Targeting Systems); anti-p75 (1:500;
Promega); anti-ChAT (1:400; Millipore Bioscience Research Reagents);
anti-phospho-ERK ( pERK; 1:200; Cell Signaling Technology); anti-
phospho-AKT ( pAKT; 1:200; Cell Signaling Technology); anti-�-
galactosidase (1:1000; Millipore Bioscience Research Reagents); and
anti-DARPP-32 (1:200; BD Biosciences). Primary antibodies were visu-
alized by secondary antibodies conjugated with horseradish peroxidase
(HRP; 1:200; Santa Cruz Biotechnology), Cy2, and Cy3 (1:400; Jackson
Laboratory).

Quantification of cholinergic cell number and size
To quantify cholinergic cell numbers in BF and striatum, six coronal
vibratome sections per animal (240 �m apart, bregma: 0.38 –1.34 mm)
were immunostained for ChAT, TrkA, or p75. Cell counts in BF were
restricted to the medial septum nucleus (MS)/vertical nucleus of diago-
nal band (VDB) region. The MS/VDB area encompasses the triangular
region containing �95% of cholinergic neurons, is devoid of dopamine
and cyclic AMP regulated phosphoprotein of molecular weight 32 kDa
(DARPP-32) immunostaining, and starts at the midline, 200 �m below
the corpus callosum. It ends at a line drawn 310 �m below and parallel to
the anterior commissures. The area of sections that contained MS, but
not VDB, were defined as the triangular region beginning at midline, 200
�m below the corpus callosum and ending in a line drawn across the tops
of the anterior commissures. The striatum was identified and defined by
DARPP-32 immunostaining and by morphological criteria (superior
boundary: corpus callosum; lateral boundary: external capsule; medial
boundary: lateral ventricle and corpus callosum). Images were analyzed
with ImageJ software using the cell counter macro to quantify the ChAT-
immunoreactive (IR) cells, and quantification was expressed as cells/
area. A minimum of 200 cells were counted per section. To measure cell
size of cholinergic neurons, pictures were taken of ChAT-IR neurons at
100� magnification. Two measurements were recorded for each neuro-
nal soma (length and width) and were averaged using ImageJ software.

Quantification of MS/VDB, striatum, and cortex volume
Serial Golgi-stained sections were used to measure the areas of the MS/
VDB, striatum, and cortex regions with ImageJ software, from which the

volume was calculated. The aforementioned defined morphological cri-
teria were used to evaluate the area of the MS/VDB and striatum. The
cortex was evaluated within the same sections and was defined as follows:
medial boundary, corpus callosum; lateral boundary, corpus callosum
and external capsule; and inferior boundary, anterior commissures. The
volume of the striatum and cortex was analyzed in both hemispheres.

Retrograde tracing of BFCNs
The BFCNs were retrogradely traced in vivo by stereotactic injection of
50.6 nl of 20% (w/v) Texas Red-conjugated dextran amine (3000 molec-
ular weight; Invitrogen) in distilled water into the frontal cortex (bregma
0.26, 1.0 mm lateral from midline, 1.0 mm below dura) using a Nanoliter
2000 nanoinjector (World Precision Instruments) at postnatal day 21
(P21). The mice were intracardially perfused at 2 weeks after the injec-
tion. Dissected brains were coronally sectioned (40 �m) and analyzed by
confocal microscopy.

Western blotting
The basal forebrain including the medial septum, nucleus basalis and
diagonal band, as well as the striatum were dissected under a stereoscopic
microscope (Leica M420), immediately frozen in liquid nitrogen, and
homogenized in lysis buffer containing 1% Triton X-100, 20 mM Tris, pH
7.5, 150 mM NaCl, 1 mM EDTA, protease inhibitor mixture (Roche), and
50 mM sodium fluoride. Tissues were then sonicated using Vibra Cell
(Sonics & Materials), and insoluble material was removed from the pro-
tein extracts by centrifugation at 10,000 rpm for 20 min at 4°C. Protein
content in the supernatant was quantified with the BCA assay (Thermo-
Fisher Scientific). Equivalent amounts of total protein (10 –25 �g) were
separated in either 10% or 4 –20% gradient SDS-PAGE gels (Bio-Rad)
and transferred to nitrocellulose membranes. Membranes were blocked
with Tris-buffered saline containing 0.1% Tween 20 and 5% nonfat milk
for 1 h, then incubated with primary antibody to TrkA (1:4000), ChAT
(1:1000), p75 (1:1000, rabbit polyclonal; Millipore), DARPP-32 (1:1000;
Cell Signaling Technology), phospho-Thr 34-DARPP-32 (1:500; Cell Sig-
naling Technology), phospho-ERK1/2 (1:2000, Cell Signaling Technol-
ogy), ERK1/2 (1:400; Santa Cruz Biotechnology), phospho-AKT (1:1000;
Cell Signaling Technology), AKT (1:1000; Cell Signaling Technology), or
�-actin (1:5000; Sigma), and were then visualized with appropriate HRP-
conjugated secondary antibodies (1:10,000; Santa Cruz Biotechnology)
followed by Chemiglow West reagents (Cell Biosciences). Blots were
stripped using Re-Blot Plus stripping solution (Millipore) and reprobed
with the indicated primary antibodies as indicated in figure legends.
Protein levels were determined by band densitometry and normalized to
the band intensity values of �-actin for TrkA, ChAT, and DARPP-32;
phosphoproteins were normalized to intensity values of the correspond-
ing total protein bands. Band densitometry in blots was performed using
ImageJ software.

Behavioral procedures
Morris water maze. A circular pool (142 cm diameter) was filled with
room temperature water to a depth of �30 cm. A platform (10 cm
diameter) was placed in one quadrant of the pool with the top of the
platform �2 cm below the water level. White nontoxic paint was added
to enhance the contrast with the animal and to hide the location of the
platform. Each day the mice were placed in the pool and allowed to swim
for 1 min to find the platform. The swim path and time until locating the
platform were recorded via video camera and computer using EthoVi-
sion (Noldus). If the mouse did not find the platform within 1 min, it was
gently guided or placed on the platform for 10 s, then removed from the
pool and returned to its home cage. Each animal was placed in the pool
for a total of four times each day for 10 d. Immediately following the
training days, a probe test was conducted in which the platform was
removed from the pool and each mouse was allowed to swim for 1 min to
determine whether the animal had learned the location of the platform.
To control for visual problems, the mice were given four trials a day for
3 d using the same pool and platform; however, a large black block was
placed on top of the platform to clearly mark the location. This control
test found no visual problems in any of the mice examined.

Fear conditioning. The mice were placed in a chamber (31 � 25 � 25
cm; Med Associates) possessing aluminum side walls and Plexiglass rear
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and front walls with a dim light and constant white noise. The presenta-
tion of tone and shock stimuli in all training and testing sessions was
controlled by FreezeFrame software (Coulbourn Instruments). Training
day: mice were allowed to explore for 120 s, and then a tone [conditioned
stimulus (CS)] of 25 kHz and 75 dB was presented for 30 s and cotermi-
nated in the last 2 s with a mild footshock (0.5 mA, constant current)
[unconditioned stimulus (US)]. Another CS–US pairing was presented
twice with 30 s intervals each time, for a total of three CS–US pairings for
5 min. In contextual and cued testing, to test for contextual memory mice
were placed in the same chamber 24 h after training and allowed to
explore for 4 min without CS or US. Freezing behavior, defined as the
complete absence of voluntary movements except for respiratory move-
ment, was observed. Twenty-four hours after the contextual test, the
mice were tested for cue memory by returning them to the chamber,
which was modified with a plastic floor and a vanilla scent without white
noise. Freezing was scored for 2 min without the tone and another 2 min
with the tone.

Novel object recognition. The mice were allowed to explore an empty
chamber (70 � 70 � 30 cm) for 10 min per day for 3 d to minimize the
disruption, stress, and novelty of handling, and also to become familiar-
ized with the testing environment. In the sample phase, the mice were
allowed to interact with the sample objects in the back left and right
corner in the chamber. Exploration of an object was defined as directing
the nose to the object at a distance of �2 cm and/or touching it with the
nose. Turning around or sitting on the object was not considered explor-
atory behavior. The sample phase ended when the mouse had explored
the identical objects for a total of 30 s. Immediately after a 1 h interval,
mice were allowed to explore in the chamber with the previously famil-
iarized object in one back corner and the novel object in the other back
corner for 3 min. The time spent exploring each object was recorded via
video camera to calculate the discrimination ratio b/(a � b), where a is
the exploration time of the familiar object, and b is the exploration time
of the novel object.

The same cohort of mice was used for all behavioral tests, with litter-
mates used as controls.

Statistical analyses
All data values are presented as the mean � SEM. At least three littermate
mice per genotype were used per experiments, as indicated in figure
legends. Student’s t tests were applied to data with two groups of samples.
One-way ANOVAs were used for comparisons of data with more than
two groups and were followed by the Tukey–Kramer post hoc test for
significance. A p value of �0.05 was considered statistically significant.
Data were analyzed using GraphPad Prism, version 5.04 for Windows.

Results
Generation of forebrain-specific TrkA conditional
knock-out mice
A TrkA conditional allele was generated using the Cre/LoxP site-
specific recombination system. To ensure complete TrkA inacti-
vation upon exposure to Cre, we placed a loxP site within the
promoter region and another in the first intron such that Cre-
mediated recombination would remove 0.25 kb of promoter se-
quence immediately 5� of the transcriptional start site of TrkA
and exon 1, which includes the translation initiation site (Fig.
1A). The targeting construct also contained a neomycin resis-
tance (neoR)-positive selection cassette flanked by two Flp-
recombinase target (FRT) sites in the first intron. After correct
targeting, the NeoR cassette was removed by germline recombi-
nation using FlpE recombinase (Rodríguez et al., 2000), resulting
in a TrkA allele modified by insertion of a single loxP site that is
inserted 158 bp upstream of the transcription start site and con-
tains single loxP and Frt sites in the first intron without any se-
quence deletion from the TrkA locus (Fig. 1A).

To investigate TrkA function in BFCN development, we
turned to the Dlx5/6i-cre transgenic mouse line (Monory et al.,
2006). The enhancer fragment of the Dlx5/6i-cre driver is derived

from the zebrafish intergenic region between the Dlx4 and Dlx6
genes, the orthologs of mammalian Dlx5 and Dlx6, respectively.
This fragment has been previously shown to direct expression
specifically in Dlx expression domains of the forebrain, including
parts of the diencephalon and the telencephalon, which contain
the BFCNs, the septum, diagonal band, striatum, nucleus accum-
bens, and cortical and olfactory bulb interneurons that tangen-
tially migrate from the subcortical telencephalon (Zerucha et al.,
2000). To verify the Cre expression pattern in Dlx5/6i-cre trans-
genic mice, they were intercrossed with Rosa26 reporter mice
that, upon Cre-mediated recombination, express LacZ. By E16.5,
LacZ expression was observed in most of the cells within the
subcortical telencephalon (Fig. 1B), long before TrkA expression
begins in forebrain cholinergic neurons. In adult brain, LacZ
expression was retained in the entire ventral telencephalon and in
interneurons of the cortex and olfactory bulb (Fig. 1B). LacZ-
expressing cells were also observed in the cortex, representing the
cortical interneuron population, and a few scattered LacZ-
positive cells were seen in the adult midbrain. Virtually no re-
combination was detected in the cerebellum or brainstem.
Outside the brain, no LacZ expression was detected in the spinal
cord, dorsal root ganglia, or sympathetic ganglia (data not
shown). To confirm that recombination had occurred in the BF
progenitors of TrkA-positive neurons, we performed double-
immunofluorescence staining using antibodies against �-galac-
tosidase and TrkA. We found that all TrkA-positive cells also
stained for LacZ (Fig. 1C). As previously described (Holtzman et
al., 1992; Sobreviela et al., 1994), virtually all of the TrkA-positive
neurons colocalized with the cholinergic neuronal marker ChAT
(data not shown). Therefore, Dlx5/6icre;TrkAflox transgenic
(TrkAcKO) mice undergo Cre-mediated TrkA ablation specifically
in forebrain cholinergic neurons. Consequently, these analyses
indicate that Dlx5/6i-cre is a suitable Cre-expressing transgenic
line to study the role of TrkA in forebrain cholinergic neuron
development.

TrkAcKO cholinergic neurons do not express TrkA
Conventional TrkA homozygous knock-out mice die in utero or
soon after birth (Smeyne et al., 1994). In contrast, TrkAcKO mice
are fertile, have normal growth and weight gain, and do not ex-
hibit any gross abnormalities. The size and weight of TrkAcKO

brains are comparable to those of brains from wild-type mice
(data not shown). Comparison of H&E-stained coronal brain
sections from P30 wild-type and TrkAcKO mice revealed no
obvious histological abnormalities in the mutant brains (Fig.
1 D). Evaluation of the volume of the MS, striatum, and cortex
from P15, P30, and P60 control and mutant mice showed that
the volume of these brain regions is unaffected in TrkAcKO

mice (Fig. 1 E and data not shown). In addition, the cortical
lamination of P30 TrkAcKO brains appeared similar to that of
control mice (Fig. 1 F).

To confirm that TrkA expression in TrkAflox mice is not af-
fected by the presence of the loxP and Frt sites, and that Cre-
mediated homologous recombination effectively inactivated
TrkA in the forebrain of TrkAcKO mice, coronal brain sections
from P10 wild-type, TrkAflox, and TrkAcKO mice were immuno-
stained with a TrkA-specific antibody (Fig. 2A). Brain sections
from TrkAflox mice exhibited a wild-type-like TrkA expression
pattern in the MS, the VDB, and the horizontal diagonal band
(HDB) region. In contrast, TrkA expression in these regions is
not detectable in TrkAcKO mice. Examination of TrkA-positive
cells indicated that both the neuronal cell numbers and size in the
MS/VDB region of TrkAflox mice were indistinguishable from
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Figure 2. TrkA expression in BF of TrkAcKO mice. A, TrkA expression in wild-type, TrkAflox, and TrkAcKO mice. Neurons in BF of P10 mice were stained with anti-TrkA antibody. B, Analysis of
TrkA-positive neuronal cell numbers and size in MS/VDB region. n � 4 mice in cell numbers; n � 17–21 cells in neuron size. C, TrkA is ablated in BFCNs. P30 mice were (Figure legend continues.)
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wild type (Fig. 2B). In addition, immunofluorescence staining
for TrkA confirmed the absence of TrkA expression in ChAT-
positive neurons of TrkAcKO MS sections (Fig. 2C). Similarly,
Western blot analysis showed the absence of TrkA protein in the
BF and hippocampus of TrkAcKO mice (Fig. 2D,E).

In addition to its robust expression in BFCNs, TrkA mRNA
and protein have been reported to be expressed in cholinergic
interneurons of the striatum (Holtzman et al., 1992; Sobreviela et
al., 1994); however, the quality of photomicrographs provided as
evidence in those studies was marginal. Thus, we sought to
confirm TrkA expression in striatum of wild-type mice by immu-
nofluorescence, using antibodies against ChAT, TrkA, and
DARPP-32 in vibratome sections throughout several develop-
mental stages (Fig. 3A). TrkA expression was observed in neurons
throughout the striatum and was expressed exclusively in cholin-
ergic, ChAT-positive interneurons, and not in dopaminergic,
DARPP-32-positive neurons. This striatal expression pattern of
TrkA confirms previous reports (Holtzman et al., 1992, 1995;
Steininger et al., 1993; Sobreviela et al., 1994). In addition, TrkA
protein levels appear to peak by 2 weeks of age, coinciding with
the peak of ChAT protein levels, then start to slowly decrease over
time, as opposed to ChAT levels, which remain steady (Fig. 3B–
D). Consequently, given the specificity of the Dlx5/6i-Cre expres-
sion (Fig. 1B), we examined whether TrkA is ablated in the
striatum. In contrast to controls, striatal cholinergic neurons in
the TrkAcKO animals contained no detectable TrkA protein as
assessed by immunofluorescence studies (Fig. 3E) and Western
blot analysis (Fig. 3F,G), indicating that TrkA is also ablated in
the striatum of TrkAcKO mice. Therefore, Cre recombinase activ-
ity is sufficient to ablate TrkA expression in cholinergic neurons
in the striatum as well as in BF.

In vivo TrkA is required for normal ChAT expression in
BFCNs but not striatal cholinergic neurons
In cell culture, NGF has been shown to support survival and
promote ChAT expression in BFCNs (Honegger and Lenoir,
1982; Hartikka and Hefti, 1988). In TrkAcKO mice, the cell size
and number of BFCNs were not affected, compared with control
mice (Fig. 2C). Consistent with this, Golgi staining in P30 and
P60 MS neurons did not reveal any obvious differences in cellular
organization, cell morphology, or cell number between control
and TrkAcKO mice (Fig. 4A). Immunofluorescence studies re-
vealed that the number of striatal cholinergic neurons of TrkAcKO

animals was comparable to those of control mice (Fig. 4B,C).
Similarly, the striatal cholinergic cell size appeared unaffected in
TrkAcKO mice at the examined ages (cell perikarya measured �20
�m) (Fig. 4D,E). Consistent with these data, Golgi staining of
neurons in the ventral striatum of TrkAcKO mice showed no ob-
vious morphological deficiencies and no significant differences in
number, size, or organization of these neurons compared with
neurons of control animals (Fig. 4F). Thus, at the morphological
level, in vivo TrkA ablation has no discernible effect on cholin-
ergic neuron survival or size.

To investigate BFCN differentiation in TrkAcKO mice, we next
evaluated ChAT enzyme levels from control and mutant BF tissue
(Fig. 5A). Immunostaining of coronal brain sections with ChAT
antibody indicated a reduction in ChAT-IR in mutant mice com-
pared with controls beginning at P14 and sustained throughout
adulthood (Fig. 5A). Morphometric and quantitative analyses of
ChAT-IR neurons revealed no appreciable differences between
mutants and controls (Fig. 5B,C), indicating that these parame-
ters are not responsible for the reduction in ChAT intensity. To
verify the changes in ChAT expression, Western blot analysis was
performed at various ages. Consistent with the immunohisto-
chemistry data, a substantial increase in ChAT levels was ob-
served in control mice from P9 to P14 (�10-fold) that became
more pronounced at P155 (�30-fold) (Fig. 5D,E). Additional
anti-ChAT Western blot analysis using TrkAcKO mice tissue ly-
sates further confirmed a clear reduction in expression by P9 and
P14 in the mutants compared with control littermates, as was
observed in the immunostained sections (Fig. 5F,G). Therefore,
loss of TrkA in BFCNs causes a marked decrease in ChAT levels
produced by these neurons without any evidence of morpholog-
ical alteration or reduced survival.

We next examined ChAT levels in TrkA-deficient striatal neu-
rons. Western blot analysis indicated that, in contrast to BF neu-
rons, ablation of TrkA did not affect striatal ChAT expression
(Fig. 5H, I). To further investigate possible effects of TrkA loss on
striatal cholinergic neurons, we examined the dopaminergic
pathway. Dopamine has been shown to regulate striatal cholin-
ergic neurons, in part via dopamine D2 receptor-induced inhibi-
tion of acetylcholine release (MacKenzie et al., 1989; DeBoer et
al., 1996; Pisani et al., 2007). Phosphorylated DARPP-32 is a
pivotal dopamine signaling regulator in striatum that is selec-
tively enriched in medium spiny neurons, which are the main
synaptic target of cholinergic interneurons (Nishi et al., 1997;
Calabresi et al., 2000). We therefore investigated whether phos-
phorylated or total DARPP-32 levels were affected by TrkA abla-
tion, as an indicator of striatal dopamine signaling integrity.
Upon immunoblot analysis, we found that the levels of neither
phosphorylated nor total DARPP-32 were affected in striatal cho-
linergic neurons of TrkAcKO mice compared with controls at dif-
ferent ages (Fig. 5J–L), further illustrating the absence of defects
in striatal dopamine signaling. Based on these cellular and mo-
lecular analysis parameters, we conclude that ablation of TrkA in
forebrain does not affect maturation of cholinergic neurons in
striatum. Thus, this mouse model is suitable for studying the role
of TrkA in BFCN development.

We next crossed TrkAcKO mice with p75 mutant mice to de-
termine the effect of the complete absence of NGF receptors in
BFCNs. The double-mutant cholinergic neurons displayed no
significant changes in number, morphology, or ChAT expression
levels (Fig. 5M). Together, these data suggest that TrkA, but not
p75, signaling is necessary for the normal developmental increase
of ChAT expression that occurs in BFCNs, but is not required for
their survival. In addition, these data highlight a difference be-
tween NGF function in vitro as a survival factor for BFCNs com-
pared with an in vivo role in ChAT regulation.

Disruption of BF cholinergic connectivity in TrkAcKO mice
We next turned our attention from the soma of BFCNs to inves-
tigate whether absence of TrkA had consequences on axon devel-
opment and target innervation. BFCN fiber morphology and
patterning in the hippocampus was examined using lipophilic
dye tracers and p75 immunostaining. Although p75 immunore-
activity has been reported within some astrocytes and postsynap-

4

(Figure legend continued.) processed for immunofluorescence using indicated antibodies.
Arrows, TrkA-expressing (ii) and TrkA-depleted (vii) BFCNs; in merged pictures, Cv and Cx show
enlargement of cells in the boxed areas in Civ and Cix. D, E, Quantitative Western blot analysis
of TrkA expression in BF and hippocampus of P30 mutant mice. Molecular weight markers (kDa)
are shown. Hc, Hippocampus. ****p � 0.0001 when compared with control; n � 6 per geno-
type in BF and n � 3 per genotype in Hc group. Scale bars: A, 400 �m; Ci–iv,vi–ix, 50 �m;
Cv,x, 25 �m.
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Figure 3. TrkA expression in striatum of wild-type and TrkAcKO mice. A, TrkA expression in striatal cholinergic neurons. Mice were processed for immunofluorescence at the indicated ages. Merged
pictures: Axvii–xx show enlargements of cells in boxed area in Aiv, vii, xii, and xvi. B–D, Western blot (B) and quantitative analysis of TrkA (C) and ChAT (D) expression in striatum. 3T3, NIH3T3
lysates were used as negative controls; n � 3 per group. E, TrkA ablation in striatal cholinergic neurons of TrkAcKO mice. At P30, control or mutant animals were processed for immunofluorescence
with the indicated antibodies. Arrows, TrkA-expressing (Eii) and TrkA-depleted (Evii) striatal cholinergic neurons; in merged pictures, Ev and Ex show enlargement of cells in Eiv and Eix. F, G,
Immunoblot (F) and quantitative analysis (G) of TrkA protein levels in striatal tissue lysates of control or TrkAcKO mice. n � 3 per genotype in each group. *p � 0.05, **p � 0.01, ***p � 0.001. Scale
bars: Ai–xvi, 50 �m; Axvii–xx, 25 �m; Ei–iv,vi–ix, 50 �m; Ev,x, 25 �m.
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Figure 4. TrkA ablation does not affect morphology of cholinergic neurons in either BF or striatum. A, Golgi staining of basal forebrain neurons. At P30, staining indicates no apparent
morphological defects or any deficiency in cell number in medial septum neurons of brains derived from TrkAcKO animals compared with control mice. B, C, Number of (Figure legend continues.)
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tic terminals in rodent dentate gyrus, anti-p75 antibody is also a
useful reagent to stain axonal projections from BFCNs to their
terminal innervation sites (Dougherty and Milner, 1999). Previ-
ous studies using conventional TrkA knock-out neonatal mice
showed a significant reduction of cholinergic fibers into the hip-
pocampus and a decreased size of the bundle of projections from
BFCNs (Smeyne et al., 1994). Our DiI tracing study of BFCNs

4

(Figure legend continued.) striatal cholinergic neurons does not change in TrkAcKO mice. n �
4 –7 mice per genotype. D, E, TrkA conditional deletion has no effect on striatal cholinergic cell
size. n � 15 neurons per genotype among three mice. F, Golgi staining of ventral striatal
neurons shows no obvious morphological differences. Fix,x, Medium spiny neurons; Fxii, cho-
linergic neurons; Fv–vii,ix–xii, successive magnifications of regions outlined in Fi–iv. Scale
bars: A, 10 �m; B, 1 mm; D, 25 �m; Fi–iv, 50 �m; Fv–vii, 25 �m; Fix–xii, 10 �m.

Figure 5. TrkA loss affects ChAT expression in BFCNs, but not striatal neurons. A, Neurons in the medial septum of P14, P30, P60, P90, and P180 control and TrkAcKO mice stained with anti-ChAT antibody.
Neurons of mutant mice exhibited decreased ChAT staining compared with control. B, Quantitative analysis of ChAT-IR neuronal cell numbers of control and TrkAcKO mice. n � 3– 4 mice per genotype.
C, Evaluation of control and TrkAcKO ChAT-IR neuronal cell size. n � 35 cells per genotype analyzed among three mice. D, E, ChAT protein levels in BF of control mice at different ages. n � 4. F, G, Quantitative
Western blot of ChAT levels in BF. A reduction in ChAT expression in the TrkAcKO mice compared with WT mice is already seen at P9 and is sustained throughout cholinergic development. n�4 mice per genotype
at P9, P14; n�7– 8 at P30, P60; n�3 at P155. H–L, Analysis of cholinergic signaling in striatum of TrkAcKO mice. Whole tissue lysates were prepared from striatum of either control or mutant animals at various
ages and subjected to Western blotting using the indicated antibodies. H, I, Total protein levels of ChAT remain unaffected in mutant animals. n � 4 mice per genotype. J–L, Unaltered DARPP-32 signaling in
striatum of TrkAcKO mice. ***p�0.001 compared with P15-control; n�6 mice per genotype. M, Neurons in the medial septum of P30 control, TrkAcKO, and TrkAcKO/p75�/� double-mutant mice stained with
anti-ChAT and anti-p75 antibodies. Although there is complete absence of NGF signaling in double-mutant mice (right panel), there is no significant change in BFCN morphology or ChAT expression compared
with TrkAcKO littermates. *p � 0.05, **p � 0.01, ***p � 0.001, ****p � 0.0001. Scale bars: A, 500 �m; M, 50 �m.
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Figure 6. Effect of TrkA ablation on cholinergic input to hippocampus and cortex. A, DiI anterograde tracing of BFCNs. Cholinergic projections around the hippocampus are clearly seen in both
brains as early as P7. Analysis at later stages showed a similar projection pattern (data not shown). CA, Cornu ammonis; DG, dentate gyrus. B, Quantification of DiI fluorescence in P7 control and
mutant mice brains. C, DAB (1,2) and fluorescence staining (3– 6) of cholinergic axonal innervation into hippocampus with anti-p75 antibody. As early as P14, control hippocampus contains p75-IR
fibers not observed in TrkAcKO mice (C1,2). This is not due to a delay of innervation as there is no innervation of p75-IR fibers at P90 in TrkAcKO hippocampus (C4,6); a mature pattern of innervation
was seen in control (C3,5). h, Hilus; g, granule cell layer; sg, sub granular cell layer; ml, molecular layer. D, DAB (1,2) and fluorescence staining (3– 6) of cholinergic axonal innervation to cortex. At
P7, frontal cortex from control mice exhibits intense staining of p75-IR fibers, which is dramatically decreased in TrkAcKO mice. Unlike hippocampus, there are some p75-IR fibers in the frontal cortex
in TrkAcKO (C6, arrowheads in magnified field). E, Quantification of axonal innervation as indicated by p75-IR in P14 hippocampus and P7 cortex of control and mutant mice. n � 6 in hippocampus;
n � 5 in cortex; ****p � 0.0001. F, Retrograde tracing of BFCNs by Texas Red-dextran amine. Texas Red-dextran amine was retrogradely transported from frontal cortex to BFCNs in control
(arrowheads), but not in TrkAcKO mice. n � 3 mice per genotype. G,H, Quantitative Western blot showing decreased ChAT levels in hippocampus. n � 4; ****p � 0.0001. I, Despite the dramatic
reduction of p75-IR fibers in TrkAcKO hippocampus and cortex, p75-IR neurons in BF are comparable between control and mutant animals. J, Evaluation of cell density in control and TrkAcKO p75-IR
neurons. n � 4 mice per genotype. K, Cell size analysis of p75-IR neurons in control and mutant mice. n � 35 neurons per genotype among three mice. L, M, Immunoblot of p75 levels in BF. n �
3 mice per genotype. Scale bars: C, D, 200 mm; F, 50 �m; I, 400 mm.
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indicated that projections toward the hippocampus appeared in-
tact in mutant mice at P7 (Fig. 6A,B). However, by P14, control
hippocampus exhibited p75-IR fiber density and a mature lami-
nar pattern of innervation, whereas the mutants showed little
p75-IR fiber density and no clear laminar pattern of innervation
(Fig. 6C,E). Throughout the TrkAcKO mutant hippocampus, we
observed a similar cholinergic fiber defect at all stages examined
(data not shown) (Fig. 6C). Evidence of impaired cholinergic
innervation into the frontal cortex was also observed in mutants
as early as P7 (Fig. 6D,E). At P90, there was a complete absence of
visible p75-IR fibers in mutant hippocampus, and only a small
number of p75-IR fibers was observed in the mutant frontal cor-
tex (Fig. 6D, 6). Retrograde tracing with dextran amine conju-
gates of Texas Red into frontal cortex at earlier stages failed to
label BFCNs from nucleus basalis of TrkAcKO mice (Fig. 6F).
These data suggest that the few remaining p75-IR fibers in the
mutant frontal cortex likely represent debris from retracting cho-
linergic fibers. In addition, Western blot analysis of TrkAcKO or
control hippocampus tissue lysates showed a significant decrease
in ChAT levels in mutant hippocampus relative to control (Fig.
6G,H), confirming the loss of target tissue cholinergic innerva-
tion in TrkAcKO animals. The absence of p75 immunoreactivity at
the hippocampus and frontal cortex was not accompanied by
reduction in number, size, or p75 expression in neuronal somata
at the TrkAcKO BF (Fig. 6 I–K). Furthermore, analysis of TrkAcKO

or control BF tissue lysates by Western blot showed that the p75

levels are unaltered in mutant mice (Fig. 6L,M). These results
indicate that BFCN target projection to the hippocampus does
not require NGF/TrkA signaling; however, development of a nor-
mal pattern of innervation does require this signaling pathway.
Thus, loss of TrkA in BFCNs has profound effects on connectivity
following its effects on ChAT expression.

Loss of ERK activation in TrkAcKO mice BFCNs
To begin to investigate the mechanisms involved in the observed
TrkAcKO phenotypes, we examined whether signaling from two
major downstream pathways of TrkA, the ERK and AKT path-
ways, was altered. At P5, no significant ERK activation, as mea-
sured by pERK immunostaining, was observed in the BF of
control mice (Fig. 7A). By P9, ERK activation was observed in
control mice and, to a lesser extent, in mutant mice; however,
there appeared to be little colocalization of pERK and ChAT
immunoreactivity at this stage. By P14, when BFCN axons are
innervating the target fields, increased colocalization of pERK
and ChAT-IR neurons was observed in control mice, but not in
TrkAcKO mice. Consistent with this, Western blot analysis of BF
tissue lysates showed an evident and significant reduction of
pERK in TrkAcKO mice (Fig. 7B,C). Given the absence of pERK
and ChAT colocalization, it is likely that noncholinergic cells
present in BF may account for the residual pERK signal observed
in the mutant samples. We also examined the PI3– kinase path-
way and observed similar and weak pAKT signal in both control

Figure 7. Loss of ERK activation in BFCNs of TrkAcKO mice. A, pERK immunostaining in BF. At P9, weak activation of ERK was observed in both control and TrkAcKO (arrowheads) BF. By P14, stronger
ERK activation, mostly limited to ChAT-positive neurons, was observed in control, but not in TrkAcKO MS. B, C, Immunoblot (B) and quantification (C) of ERK activation in BF tissue lysates of control
or TrkAcKO mice. n � 4 per genotype in each group; *p � 0.05, **p � 0.01. D, E, Absence of AKT activation in BFCNs as determined by immunofluorescence (D) and Western blot (E) analyses.
Although weak activation of AKT was observed in both control and mutant mice MS at P14 as measured by pAKT immunofluorescence, it did not colocalize with ChAT-positive neurons and was no
longer present at P30. Consistent with this, pAKT signal was undetectable in BF tissue lysates by Western blots (E). In E, cortex tissue lysates of control mice were used as the positive control; n �
3. Scale bars: A, D, 50 �m.
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and mutant mice at P14 that did not colo-
calize with cholinergic neurons (Fig. 7D).
Western blots showed no evidence of AKT
activation in BF tissue lysates (Fig. 7E).
These data support the model that,
through retrograde signaling, activation
of TrkA results in strong activation of the
ERK, but not the AKT, pathway in BFCN
cell bodies during development.

Mild cognitive decline in TrkAcKO mice
OurresultsdemonstratethatBFCNChATex-
pression becomes dependent upon TrkA sig-
naling before the establishment of cholinergic
connections to hippocampus and cortex and,
furthermore, that TrkA is required for proper
establishmentof BFCN innervation into cor-
tex and hippocampus. We therefore wished
to assess the impact of these cellular defects
on animal behavior. By visual inspection,
TrkAcKO mice did not exhibit any obvious
behavioral abnormalities and could not be
distinguished from littermates. To test cog-
nitive function, 6-month-old mice were ex-
amined in fear-conditioning and Morris
water maze (MWM) tests; 2-month-old
mice were used in the novel object recog-
nition task. We first subjected control and
mutant mice to contextual and tone-
cued fear-conditioning learning paradigms.
TrkAcKO mice displayed lower levels of
freezing to tone and context compared
with control littermates (Fig. 8A,B). Sta-
tistical analysis showed a significant dif-
ference (p � 0.015) in the tone-cued test
(Fig. 8A), a test that is reported to be ex-
clusively amygdala dependent (Rogan et
al., 1997); however, TrkAcKO mice did not
display a statistical difference (p � 0.247)
in their response to the contextual test
(Fig. 8B), which is more dependent on
hippocampus. On this basis, the data sug-
gest that loss of TrkA in BFCNs has a pro-
found impact on mnemonic processing
within the amygdala, but appears to have
less impact on hippocampal function.
This is consistent with the result of the
MWM test, which tests spatial learning
and memory, where we also did not ob-
serve a statistically significant difference
in performance between the two animal cohorts (Fig. 8C). The
velocity (23.75 cm/s control vs 22.85 cm/s mutant; data not
shown) and learning curves (Fig. 8D) were similar between con-
trols and mutants. In a probe trial conducted after the 10th trial,
both control and mutant mice spent more time in the target
quadrant (mean � SEM: control, 25.72 � 1.87 s; mutant, 19.96 �
2.23 s; N � 16 for control; N � 17 for TrkAcKO) than in the other
three quadrants. Although the mutant mice spent less time than
control mice in the target quadrant, this difference was not sta-
tistically significant (p � 0.058) (Fig. 8C). We further assessed the
functional impact of TrkA deletion in the BF cholinergic system
using the novel object recognition task, which relies on the integ-
rity of working memory and attention system without placing

any stress on subjects. Previous studies have reported that rats
with damaged amygdalae or perirhinal cortex showed deficient
responses to novel objects and object relationships (Moses et al.,
2005). Therefore, in this task, we only used 2-month-old male
mice since older mice showed a significant drop in visual atten-
tion as assessed by the single-novel object task, apparently caused
by a reduction of sensitivity in the novel object recognition task
(data not shown). We calculated the discrimination ratio as
0.868 � 0.025 for control versus 0.674 � 0.049 for mutant mice
(Fig. 8E), indicating that TrkAcKO mice still show preference for
interacting with a novel object. However, there is a significant
decrease in the recognition of novelty compared with control
mice (p � 0.002). Although there is a selective difference in the

Figure 8. Impact of TrkA loss in BFCNs on cognitive activity. A, Tone-cued fear conditioning. The percentage of freezing of
control � 27.19 � 4.41%; TrkAcKO � 15.24 � 4.01% (n � 12 per genotype, p � 0.015). B, Contextual fear conditioning. The
percentage of freezing of control � 23.13 � 6.77%; TrkAcKO � 15.28 � 3.20% (n � 12 per genotype, p � 0.247). C, MWM. The
time in the target quadrant of control � 25.72 � 1.87 s; TrkAcKO � 19.96 � 2.23 s (n � 16 for control; n � 17 for TrkAcKO, p �
0.058). D, Learning curve from MWM test showed no statistical difference between control and TrkAcKO mice. E, Novel object
recognition. The discrimination ratio of control � 0.867 � 0.025; TrkAcKO � 0.673 � 0.054 (n � 17 per genotype, **p � 0.002).
For the fear-conditioning and MWM tests, male mice were tested at 6 months of age. For the novel object recognition task, male
mice were tested at 2 months of age.
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contribution of BFCN input to the function of target regions, in
general, based on the reported anatomical correlates for behav-
ior, the behavior test results show a measurable decline in
amygdala-dependent, but not hippocampal-dependent, cogni-
tive performance in TrkAcKO mice.

Discussion
The TrkA/NGF receptor tyrosine kinase has been intensely stud-
ied primarily in the PNS where it undertakes principal roles in
survival and target selectivity in the sensory and sympathetic sys-
tems. Shortly after its identification as the NGF receptor (Kaplan
et al., 1991), evidence of TrkA presence in the BF was discovered
(Holtzman et al., 1992). In the intervening years, data have
emerged pointing to a role for TrkA in the CNS, but it was limited
to tissue culture or to indirect lesion experiments in vivo. No
definitive evidence for TrkA function in the CNS has been
available.

Development, survival, and connectivity of BFCNs
In the present study, we demonstrate that TrkA is required for
appropriate BFCN development. Genetic ablation of TrkA in
these cells results in a profound deficit of stable cholinergic in-
nervation to the cortex and hippocampus without affecting sur-
vival. Within the hippocampus, the target innervation deficit
does not reflect an inability of these neurons to extend processes
to the vicinity of their targets, but instead reflects their failure to
connect to and innervate these target areas. TrkA loss also leads to
reduced ERK activation and ChAT expression within the BF; as a
result, mutant mice exhibit mild cognitive deficits in behavioral
tests. Despite TrkA ablation in striatal cholinergic neurons, we
were unable to identify cellular or molecular changes in this re-
gion. Thus, the cortical and hippocampal cellular deficiencies
observed in TrkAcKO mice must be considered to be the conse-
quence of TrkA signaling deficits, specifically in BFCNs.

There is extensive indirect evidence supporting a role for
NGF, and by inference TrkA, in BFCN function. Exogenous NGF
increases ChAT activity in the BF (Gnahn et al., 1983; Mobley et
al., 1985) and promotes BFCN survival in culture (Hartikka and
Hefti, 1988). Our study indicates that in vivo, TrkA is required for
the normal developmental regulation and increase of ChAT ex-
pression. It appears that TrkA signaling is not required for many
aspects of the phenotypic differentiation of BFCNs, as we ob-
served comparable number and morphology of ChAT-IR neu-
rons in TrkAcKO BF (Fig. 5B,C), indicating that the absence of
TrkA signaling does not significantly affect neuronal survival.
Our data also indicate that p75 does not influence survival of
BFCNs, as the BF of both TrkAcKO/p75 double-knock-out and
TrkAcKO mice appear indistinguishable at P30. Our results differ
from a previous study that reported 36% fewer ChAT-IR neurons
in the septum of TrkA-null mice compared with wild type (Fagan
et al., 1997). TrkA-null mice have broad and severe embryonic
abnormalities and postnatal growth retardation. Thus, the reduc-
tion in ChAT-positive cells in those mice may be an indirect
consequence of general developmental deficiencies, either in
conjunction with or independent of specific loss of TrkA signal-
ing in these cells. Although our evidence shows that NGF/TrkA
signaling is critical for maintaining BFCN ChAT expression, in-
activation of TrkA in TrkAcKO mice does not lead to a total loss of
ChAT production in BF. In addition, while other neurotrophins
(i.e., BDNF, NT-4/5) and growth factors are equally effective in
maintaining ChAT expression in vitro (Knusel and Hefti, 1988;
Friedman et al., 1993), in vivo, none of these factor/receptor in-

teractions compensated for the lack of normal developmental
increase of ChAT expression in the BF of TrkAcKO mutants.

In BFCNs, we found that TrkA was required for the normal
activation of ERK without obvious influence on the activation of
AKT during target innervation. Although ERK activity is ob-
served in both BF cholinergic and noncholinergic neurons in
early neonates (P9), it becomes primarily dependent on NGF/
TrkA signaling by P14, and mostly cholinergic neurons exhibit
ERK activation at this point. Since target innervation of BFCNs is
TrkA dependent and the timing of maximal ERK activation in
these neurons correlates with the establishment of target inner-
vation, TrkA-mediated activation of the ERK pathway may play a
crucial role in the maintenance of target innervation by BFCNs.
The primary ligand for TrkA is NGF; therefore, we presume that
this is the factor responsible for the paracrine activation of the
receptor. However, receptor promiscuity has been observed for
the Trk family in other systems, and this issue will have to be
rigorously examined in the future.

BF cholinergic system in cognitive activity
The cellular deficits in hippocampal and cortical innervation
compelled us to look for behavioral sequelae. The role of the BF
cholinergic system in spatial memory and learning has been stud-
ied by inducing lesions with the immunotoxin 192 IgG-saporin, a
monoclonal antibody against p75 coupled to saporin. 192 IgG-
saporin induces an efficient and specific lesion of neocortical and
hippocampal cholinergic afferents (Wiley et al., 1991; Book et al.,
1992) and, to a lesser extent, amygdala cholinergic afferents
(Heckers et al., 1994), which affects tasks dependent on attention
(McGaughy et al., 2002; Dalley et al., 2004) rather than learning
and memory (Torres et al., 1994; Baxter et al., 1995; Frielingsdorf
et al., 2006). We selectively abolished BF cholinergic innervation
in target fields and assessed the effect on certain behavioral
tasks. Our results indicate that the BF cholinergic system does not
have a prominent impact on spatial learning and memory, data
largely consistent with studies using 192 IgG-saporin in rats (Bax-
ter et al., 1995; Kirby and Rawlins, 2003; Frielingsdorf et al.,
2006). However, these observations differ from the significant
impairment in spatial learning and memory reported in anti-
NGF-treated mice (Capsoni et al., 2000; Ruberti et al., 2000).
Inflammation, and other complications associated with immune
responses may be responsible for the slightly more extensive be-
havioral impairments observed in anti-NGF-treated mice. Con-
trary to contextual fear-conditioning and MWM tests, TrkAcKO

mice showed a significant impairment in tone-cued fear-con-
ditioning tests, which are reported to depend on many of the
same brain regions as those for contextual fear conditioning, in-
cluding the amygdala, but not the hippocampus (Phillips and
LeDoux, 1992). On this basis, our results would indicate that the
BF cholinergic system has more impact on amygdala-dependent
mnemonic processing. The role of amygdala in formation of
emotions and fear memory is modulated by cortical regions such
as the piriform cortex (Fujii et al., 2011) and the medial prefrontal
cortex (Maren and Quirk, 2004), respectively. Thus, the cholin-
ergic innervation deficit to cortex and hippocampus in TrkAcKO

mice could also contribute to the amygdala-dependent behav-
ioral deficits observed in these animals. The significant impair-
ment observed in object discrimination in TrkAcKO mice is
reminiscent of the severe visual object recognition deficits caused
by 192 IgG-saporin-induced removal of BF cholinergic inputs
into perirhinal cortex (Winters and Bussey, 2005). In addition,
these deficits observed in TrkAcKO mice are consistent with the
improvement reported in severely cognitively impaired 24-
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month-old rats treated with a TrkA peptidomimetic ligand
(Bruno et al., 2004). Collectively, these data support the notion of
a central role for TrkA in cognition.

Despite the involvement of striatal cholinergic interneurons
in learning behaviors, the selective ablation of those interneurons
has been shown to have no effect on the spatial learning in the
MWM or in contextual and tone-cued fear-conditioning para-
digms (Kitabatake et al., 2003). Our data indicate that TrkA ab-
lation in these interneurons did not affect cellular and molecular
aspects of these neurons such as size and morphology, as well as
cholinergic and dopamine signaling in striatum. Therefore, abla-
tion of TrkA in striatal cholinergic neurons does not likely influ-
ence the selective impairments in attention and working memory
exhibited in TrkAcKO mice, indicating that cognitive decline is a
consequence of BF cholinergic system disruption triggered by
TrkA loss in these neurons.

Phenotypic relevance of TrkAcKO mice to Alzheimer’s disease
TrkA expression is downregulated in individuals with MCI and
AD (Boissiere et al., 1997; Chu et al., 2001; Ginsberg et al., 2006),
while p75 protein levels remain stable during progression of AD
(Goedert et al., 1989; Counts et al., 2004). Pro-NGF has also been
reported to be increased in AD (Fahnestock et al., 2001; Peng et
al., 2004) and to promote apoptosis through the p75/sortilin
complex (Nykjaer et al., 2004); therefore, preferential pro-NGF/
p75 signaling, together with a reduction of TrkA, may play a key
role in the degeneration of BFCNs that occurs in AD. However,
TrkAcKO mice exhibited a comparable number and morphology
of p75-positive BFCNs as control animals (Fig. 6 J,K), arguing
against the negative effects of p75 on BFCN survival. An age-
dependent slight increase in phosphorylated tau was equally ob-
served in both control and TrkAcKO brains (data not shown), thus
failing to establish a direct link between loss of TrkA and amyloid
pathology. This is in contrast to the anti-NGF-treated mouse
brain, which showed BFCN loss and hyperphosphorylated tau in
hippocampal and cortical neurons (Capsoni et al., 2000). The
absence of significant cell loss in TrkAcKO/p75 double-knock-out
mice, where NGF signaling is selectively ablated in BF, indicates
that the BFCN loss observed in anti-NGF-treated mice may result
from inflammatory responses or other secondary effects.

In summary, our data indicate that TrkA plays a pivotal role in
cholinergic BF dysfunction as well as mild cognitive decline that
is reminiscent of MCI and early-stage AD. Consequently, TrkA
and ERK pathway components could be suitable targets for the
development of novel treatment strategies for these diseases.
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