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Loss of NGF-TrkA Signaling from the CNS Is Not Sufficient to
Induce Cognitive Impairments in Young Adult or

Intermediate-Aged Mice
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Many molecules expressed in the CNS contribute to cognitive functions either by modulating neuronal activity or by mediating neuronal
trophic support and/or connectivity. An ongoing discussion is whether signaling of nerve growth factor (NGF) through its high-affinity
receptor TrkA contributes to attention behavior and/or learning and memory, based on its expression in relevant regions of the CNS such
as the hippocampus, cerebral cortex, amygdala and basal forebrain. Previous animal models carrying either a null allele or transgenic
manipulation of Ngfor Trka have proved difficult in addressing this question. To overcome this problem, we conditionally deleted Ngfor
Trka from the CNS. Our findings confirm that NGF-TrkA signaling supports survival of only a small proportion of cholinergic neurons
during development; however, this signaling is not required for trophic support or connectivity of the remaining basal forebrain cholin-
ergic neurons. Moreover, comprehensive behavioral analysis of young adult and intermediate-aged mice lacking NGF-TrkA signaling
demonstrates that this signaling is dispensable for both attention behavior and various aspects of learning and memory.

Introduction

The basal forebrain cholinergic (BFC) system is well known to
modulate cognitive functions, particularly attention, learning,
and memory (Baxter and Chiba, 1999). Many molecules have
been implicated in the survival, maintenance, connectivity, and
function of the cholinergic system in the brain. Pertaining to this,
BFC neurons (BFCNs) are nerve growth factor (NGF) respon-
sive, with the high-affinity NGF-receptor, TrkA, expressed in the
cholinergic cell bodies, and its ligand, NGF, mainly produced in
cholinergic neuron target regions, such as the hippocampus and
cortex (Large et al., 1986; Lu et al., 1989). While the requirement
of NGF-TrkA signaling in developing peripheral neurons both in
vitro and in vivo is well established (Huang and Reichardt, 2001),
its role in BFCNs has proved more elusive. This is due partly to
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the short survival of the Ngf and Trka null mutants, because of
their severe neuropathies resulting from the loss of sensory and
sympathetic neurons (Crowley et al., 1994; Smeyne et al., 1994).
Studies from these knock-outs led to the conclusion that the
absence of NGF-TrkA signaling affects the maturation of BFCNS,
and that atrophy and/or death would start at the time of target
innervation (Fagan et al., 1997). Moreover, it was also proposed
that NGF-TrkA signaling plays a similar role in striatal cholin-
ergic neurons that are also NGF responsive and express TrkA
receptors (Mobley et al., 1989). These neurons are involved in
movement regulation (Pisani et al., 2007). This scenario is com-
plicated by the fact that both murine and human Ngf genes en-
code prepro-NGF precursors (Scott et al., 1983; Ullrich et al.,
1983) and are cleaved by convertases to produce mature pro-
cessed NGF (Seidah et al., 1996). NGF, therefore, binds to two
classes of cell surface receptors; mature NGF binds preferentially
to the TrkA receptor to mediate cell survival, whereas the imma-
ture form, pro-NGF, binds preferentially to the p75™"™ to induce
neuronal cell death (Lee et al., 2001; Lu et al., 2005). Many pop-
ulations of neurons in the CNS express p75™"%, including hip-
pocampal, cortical, and BFC neurons. In vivo, partial or complete
deletion of p75™™® leads to increased BFCN size and number
(Yeo et al., 1997, Naumann et al., 2002), suggesting that p75 NTR
exerts negative regulation of BFCN survival. However, p75~™
has been shown to regulate diverse functions in the nervous sys-
tem, including neuronal survival, via interaction with different
ligands and coreceptors (Dechant and Barde, 2002). Therefore, to
dissect the role of NFG-TrkA signaling during development,
maturation, and/or function of the cholinergic system, and to
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compare the effect of Ngf ablation to that of Trka or p75™™®

ablation, we conditionally deleted Ngf or Trka from the CNS.
This circumvents effects that arise from deletion of Trka or Ngfin
the periphery. We demonstrate that NGF-TrkA signaling sup-
ports a small proportion of cholinergic neurons during develop-
ment, and no further loss occurs throughout their life span. In
contrast, this signaling is not required for trophic support or
connectivity of the remaining BFC neurons and is dispensable for
attention behavior and various aspects of learning and memory
in young adult and intermediated-aged animals.

Materials and Methods

Mouse strains

The floxed Trka and floxed Ngf alleles were obtained by homologous
recombination in embryonic stem (ES) cells (E14.1) (Minichiello et al.,
2002) according to standard procedure. Two positive ES clones derived
from each construct were injected into C57BL/6] blastocysts following
standard protocols. The resulting chimeras were bred to obtain germline
transmission. Mice were kept on a 129:C57BL/6] background. Primers
used to genotype the Trka floxed allele by PCR were as follows: P1,
5'-ACA CTG GGT GGC TCA AGG TA-3; P2, 5'-GTC ACT CCC CAC
ATG CCA CC-3". Those for the Ngf floxed allele were as follows: P1,
5'-CAC TGC TCT ACA CCC ACC CA-3'; P2, 5'-GGC CGA CAA GCA
GAA GAA CG-3'; P3, 5'-AGG CAG CCA CAG GGG AAT AG-3'. The
NestinCre (NesCre) transgenic mouse line was described previously (Medina
etal., 2004). All behavioral analysis was performed on male mice. All animal
procedures performed at the Centre for Neuroregeneration conformed to
UK legislation (Scientific procedures) ACT 1986 and University of Edin-
burgh Ethical Review Committee policy; and those performed at the Euro-
pean Molecular Biology Laboratory (Mouse Biology Unit) conformed to
national and international laws and policies [EEC Council Directive 86/609,
OJ L 358, 1 (December 12, 1987); NIH Guide for the Care and Use of Labo-
ratory Animals, NIH Publication No. 85-23].

Histology

Mice were anesthetized with avertin (500 mg kg ', i.p.; Sigma-Aldrich)
and perfused transcardially with 1X PBS, pH 7.4, followed by 10 ml of
4% paraformaldehyde in PBS. The brains were extracted, fixed overnight
in the same fixative at 4°C, and cryoprotected in 30% (w/v) sucrose in
PBS at 4°C until they sank to the bottom. Each brain was sectioned at 30
wm on a cryostat (Leica Microsystems), and floating sections were stored
in cold TBS containing 0.02% (w/v) NaNj. For the preparation of dorsal
root ganglia (DRG) sections, embryos were dissected at E17.5, fixed, and
embedded in OCT medium as described for the brains. Transversal sec-
tions (10—16 um thick) of the spinal chord region were cut on a cyrostat
at —20°C and transferred directly onto Superfrost Plus slides (Menzel),
air dried, and stored at —20°C until use.

Immunostainings

For 3,3'-diaminobenzidine-based immunostaining, tissues were preincu-
bated in 3% (v/v) hydrogen peroxide for 30" at room temperature (RT) to
reduce activity of endogenous peroxidase, and then washed in TBS plus 0.1%
(v/v) Tween 20 (Sigma) and blocked with 2% (v/v) normal horse serum
(NHS), 0.3% (w/v) carrageenan, and 0.5% (v/v) Triton X-100in TBS for 2 h
at RT. Antibody incubations were performed in TBS containing 1% (v/v)
NHS, 0.3% (w/v) carrageen, 0.1% (v/v) Triton X-100, ChAT (1:500; Ab143,
Millipore Bioscience Research Reagents), TrkA (1:500; a gift from
L. F. Reichardt, University of California, San Francisco, CA), p75 NTR
(1:400; Ab1554, Millipore Bioscience Research Reagents), and biotin-
conjugated secondary antibodies (1:500; The Jackson Laboratory).
The staining was developed using the Vectastain ABC system (Vector
Laboratories). Sections were then mounted on gelatin-coated slides,
dehydrated, and coverslipped in Eukit (VWR International).

For immunofluorescence, sections were washed, incubated in 0.1 M
ammonium chloride and 0.1 M glycine for 30 min at RT to reduce auto-
fluorescence, and then blocked with 2% (v/v) NHS (The Jackson Labo-
ratory), 0.3% (w/v) carrageenan, and 0.5% (v/v) Triton X-100 (Sigma) in
TBS for 2 h at RT. Primary antibody incubations were performed over-
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night at 4°C as stated above. Tissues were then washed three times for 10
min each with TBS plus 0.1% (v/v) Tween 20 at RT, incubated with
Alexa-labeled secondary antibodies (1:1000; Invitrogen) for 3 h at RT in
the same buffer, counterstained with DAPI, and mounted on gelatin-
coated slides with Vectashield (Vector Laboratories).

Image analysis

Bright-field images were taken using an Axio Scope (Carl Zeiss) mounted
with 20X/0.8 numerical aperture (NA) and 40X/0.75 NA Plan-
Apochromat objectives (Carl Zeiss), coupled with an Axio Cam ICC1
color camera (Carl Zeiss). Fluorescent images were taken on an LSM710
Meta confocal microscope (Carl Zeiss) mounted with 40X/0.75 NA and
63X/1.4 NA Plan-Apochromat objectives (Carl Zeiss).

Histochemistry for acetylcholinesterase activity

Staining for acetylcholinesterase (AChE) was performed using a modi-
fied Tago method (D1 Patre et al., 1993). Briefly, the sections were rinsed
quickly in 0.05 M Tris-maleate buffer, pH 5.7, then incubated for 10’ in
Tris-maleate buffer containing 6 ug/ml promethazine, and then washed
two times in Tris-maleate buffer. Section were incubated 30’ ina 32.5 mm
Tris-maleate buffer containing 5 mm sodium citrate, 3 mum cupric sulfate,
0.5 mM potassium ferrocyanide, and 0.52 mg/ml acetylthiocholine io-
dide, and then rinsed five times in 50 mm Tris-HCI, pH 7.6. Sections were
then incubated for 5" in 50 mwm Tris-HCI containing 0.25 mg/ml di-
aminobenzidine tetrahydrochloride and 3 mg/ml nickel ammonium sul-
fate. Hydrogen peroxide (0.006%) was added, and sections were
incubated for 2-3'. The reaction was stopped by washes with 50 mm
Tris-HCI buffer. Sections were transferred onto Superfrost Plus slides,
dehydrated in a graded series of alcohols, incubated for 10" in xylene, and
coverslipped with Eukit mounting medium.

Quantification of medial septum cholinergic neuron

soma size

For this analysis, 30-um-thick z-stack images were taken from four
ChAT-immunolabeled coronal sections per animal spanning from
bregma 0.30 to 1.45 mm. To measure cell size of cholinergic neurons,
fluorescent images of ChAT+ neurons were acquired on an LSM710
Meta confocal microscope (Carl Zeiss) mounted with a 40X/0.75 NA
objective, and the Imaris (Bitplane) scientific software with ImarisCell
module was used to identify and measure the soma of cholinergic neu-
rons. This procedure does not rely on any method of estimation. The
actual soma volume is determined by computational integration of the
voxels (a volume element, representing a value on a regular grid in three-
dimensional space) in the stack having an intensity value for ChAT stain-
ing above threshold. A total of 30 to 70 cells per animal (three to four
animals per genotype) were analyzed. The data represents the neuronal
soma volume relative to the controls (set arbitrarily to 100). Statistical
analysis was performed by Student’s ¢ test.

Quantification of cholinergic nerve terminal density, ChAT
varicosities density, and AChE staining

The density of cholinergic nerve terminals in the frontal cortex was eval-
uated from four sections per animal spanning approximately from
bregma 3.20 to 1.54 mm. Two 30-um-thick z-stacks of the frontal area
were acquired using a confocal microscope mounted with a 40X oil-
immersion objective (NA, 1.40). Nerve terminal density was obtained
using the software Imaris with the module Surface that measures the
fraction of volume of the z-stack with an intensity of ChAT staining
above threshold. In the same stacks, the density of ChAT-positive axonal
varicosities was measured by scoring the number of bead-like varicosities
(size, <1 wm) present on cholinergic axons. For each animal, >1000
varicosities were counted. Analysis at 6 and 12 months of age showed
similar results (p = 0.84). The Image] (NIH) software was used to mea-
sure the density of cholinergic nerve terminals in the CA3 region of the
hippocampus. Images were acquired using a confocal microscope as
above. Stacks (30 wm thick) were collected with a 40X oil-immersion
lens (NA, 1.40), and measurements of integrated density were generated
based on the MaxEntropy threshold. For the quantification of the AChE
staining, an area containing layers I to VI of the frontal cortex and the
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hippocampal CA1/2 regions were analyzed. The intensity mean value for
each region was calculated by the software ZEN 2011 (Zeiss) and cor-
rected for the background value. A minimum of four sections per animal
spanning approximately from bregma 1.98 to —2.46 mm and a mini-
mum of three or four animals per genotype were analyzed. Statistical
analysis was performed by Student’s t test.

Biochemistry

Preparation of protein lysates

Mice were killed by cervical dislocation, and brains were quickly dis-
sected. Total forebrain or specific subareas of the brain were snap-frozen
in liquid nitrogen. For preparation of total protein lysates, the tissue was
lysed in NP-40 lysate buffer using a Dounce tissue homogenizer. The
lysate was then cleared from insoluble components by centrifugation at
14000 rpm for 30" and stored at —80°C until use.

Western blotting

Protein concentration were determined using the Bio-Rad Dc protein
assay (Bio-Rad); 50 ug of each sample were separated by SDS-PAGE (8%
acrylamide; Bio-Rad) and immunoblotted with specific antibodies,
ChAT (1:500; Ab144, Millipore Bioscience Research Reagents), ERK1
(1:3000; clone ERK-6B11; Zymed), and tubulin (1:20,000; Sigma).
Horseradish peroxidase-conjugated secondary antibodies were used at a
dilution of 1:5000. Blots were then processed by the ECL chemilumines-
cence method (GE Healthcare). For quantification, the bands of the de-
veloped films were digitalized and quantified using NIH Image 1.63
software.

NGF immunoassay (ELISA)

To measure NGF protein levels, the Chemikine NGF sandwich enzyme
immunoassay kit (CYT304; Millipore Bioscience Research Reagents) was
used according to the manufacturer’s protocol.

Cell counts

Collecting and preparing tissue for stereology

Every cryostat section of 30 wm thickness was collected for each brain
and placed in a 96 well tissue culture plate to maintain the sequential
order of the tissue.

Selecting sections to be analyzed

Because the number of tissue sections attainable for the study depends on
the tissue thickness cut and the size of the brain sectioned, we first chose
the section fraction by examining all slices available to the study. There
were 32 sections in total containing the structure of interest in the adult
mouse brain. We used one-quarter of the sections. Therefore, one in
every four sections containing the structure of interest was used for
counts. Sections were stained with a specific marker (ChAT, p75NTR),
imaged using a Leica bright-field DMRA microscope coupled with a
Leica DC color camera, and all positive cells were counted in each se-
lected section in a determined area of interested [of the medial septum
(MS), the nucleus basalis (NB) complex, or the striatum, as outlined
below].

Criteria and boundaries of different areas were defined according to
the mouse brain atlas from Paxinos and Franklin (2001).

The MS was defined as triangular area with the following anatomical
boundaries: lateral, lines connecting the anterior commissures with the
midline of the corpus callosum; ventral, horizontal line connecting the
inferior edges of the anterior commissures. A section every 120 um was
counted, for a total of eight sections throughout the rostrocaudal extent
of the MS.

The nucleus basalis complex was defined as the region containing
cholinergic neurons of the nucleus basalis, the substantia innominata,
and the globus pallidus. The cells of this region are not clearly distin-
guishable from the cholinergic neurons of the caudal part of the horizon-
tal limb of the diagonal band (DB). Therefore, also the cells of this part of
the diagonal band were included in the counting area for the nucleus
basalis complex. This allowed us to count all cholinergic neurons ven-
trally to the striatum and the internal capsule. The first section counted
was the most rostral section through the decussation of the anterior
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commissures. A section every 120 wm was counted, for a total of eight
sections. The ChAT+ cell number in the nucleus basalis complex was
quantified on both hemispheres of every selected section and averaged.
The striatal tissue is clearly distinguishable from the surrounding ar-
eas. The boundaries are given by the lateral ventricle medially, the exter-
nal capsule laterally, and the anterior commissure ventrally. The first
section counted was the section where the corpus callosum crossed the
midline for the first time. Then a section every 240 uwm was counted for a
total of seven sections. The ChAT+ cell number in the striatum was
quantified on both hemispheres of every selected section and averaged.

Cell counting methods

Instead of using the “fractionator function,” all cells were counted in the
area of interest either manually or by a computer-assisted method using
MetaMorph software for image analysis (Molecular Devices) by two in-
dependent investigators. For computer-assisted counting, immuno-
stained sections were imaged, and ChAT-positive cell bodies were
automatically counted using intensity threshold and size exclusion as
criteria. Quantification was expressed as cells per total area analyzed.

TUNEL staining and counts

TUNEL staining to determine neuronal apoptosis was performed using
the In Situ Cell Death Detection Kit (catalog #1 684 809; Roche) accord-
ing to the manufacturer’s protocol. Forebrain serial coronal paraffin
sections (8 um) of mutant and control mice were processed for TUNEL
staining to detect apoptotic cells. For each animal, TUNEL-positive cells
were counted manually in the area of the medial septum (defined as
described above) by staining one of every five sections (three sections per
mouse).

Behavioral procedure

Open field

The open field test was performed in a circular arena (60 cm in diameter)
made of gray Plexiglas surrounded by walls (20 cm high). Animals were
placed in the center of the arena and allowed to explore it over an 8 min
period. After the first 4 min an object was placed in the center of the
apparatus, and mice were left in the arena for an additional 4 min. Be-
haviors were videotaped, and the time spent in locomotion, rearing,
grooming, and contact with the object was analyzed using EthoVision
software (Noldus Information Technology).

Plus maze

The plus maze test was performed in a gray Plexiglas elevated maze with
four arms (30 cm long and 5 cm wide) extending from a central starting
platform. While two facing arms were closed by gray walls (15 cm high),
the other two arms were open. Animals were placed in the center of the
apparatus and allowed to explore it for 5 min. Behavior was videotaped,
and the time spent in the open arms was analyzed using EthoVision
software (Noldus Information Technology).

Morris water maze

The Morris water maze (MWM) test was performed in a circular swim-
ming pool of 1.3 m in diameter filled with opaque water at a temperature
of 25 = 1°Cand located in a room containing prominent extramaze cues.
A hidden 15-cm-diameter platform was used. Training consisted of 18
trials (6 trials per day) lasting a maximum of 60 s, with an intertrial
interval of 30 min. The start position was changed for each trial, with
platform left in the same position. After 3 d of training, the mice were
subjected to the reversal training for 12 trials (6 trials per day) in which
the hidden platform was moved to the opposite quadrant of the pool.
Latencies to reach the platform were considered as a dependent variable.
Behavior was evaluated by EthoVision software (Noldus Information
Technology).

Radial maze

For the radial maze (RAM) test, mice were housed singly with water
provided ad libitum and gradually reduced to 85% of their free-feeding
body weight, which was maintained for the duration of the experiment
by providing the mice with a premeasured amount of chow each day. The
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maze was built from gray plastic and consisted of eight identical arms
radiating 37 cm from a central starting platform ( perimeter, 7 X 8 cm).

Fully baited maze. All arms were baited only once and at the beginning
of each daily session, with 20 mg of food pellets placed in a cup at the end
of each arm. Animals received one trial per day for 10 consecutive train-
ing days. Each daily trial terminated when eight correct choices were
made (maximum of 15 choices) or 15 min elapsed. An arm choice was
defined as placement of all paws on a maze arm. An error was scored
when the mouse entered a previously explored arm. The percentage of
errors made over 15 trials was evaluated.

Four-baited-arm maze. Only four arms were baited at the beginning of
each daily session with 20 mg of food pellets. The baited arms were
separated by different angles to avoid the mice reaching the solution
through the adoption of clockwise patterns. The sequence of baiting
remained constant for each mouse. Animals received one trial per day for
14 consecutive training days. Each daily trial terminated when the four
baited arms were chosen (maximum of 24 choices) or 20 min elapsed.

Two types of errors were considered: reference memory and working
memory errors. The reference memory performance measures the ani-
mal’s capability to recall which arms were not baited. Working memory
performance measures the animal’s capability to recall which baited arm
has already been visited within the daily trial. Thus, a reference memory
error was considered when animals entered into an unbaited arm, while
a working memory error was considered when animals reentered into a
previously visited baited arm. The percentage of reference memory er-
rors (number of entries into unbaited arms divided by number of total
entries times 100) and working memory errors (number of reentries into
baited arms divided by number of total entries into baited arms times
100) were considered as dependent variables.

Passive avoidance

For the passive avoidance test, mice were trained in an apparatus in
which a straight alley was divided into two compartments. The smaller
compartment was made of white Plexiglas. The larger compartment was
made of black Plexiglas and was equipped with a removable cover of the
same material to allow the compartment to be in darkness. A tensor lamp
illuminated the small compartment. The floor of the larger compartment
consisted of two oblique stainless-steel plates folded at the bottom
through which a constant current could be delivered. On the training day
each mouse was placed in the light compartment, facing away from the
dark compartment. When the mouse stepped with all four paws into the
dark compartment, the door was closed, the step-through latency was
recorded, and two footshocks (0.4 mA, 50 Hz, 2 s) were delivered with an
interval of 5 s. The maximum initial step-through latency allowed as a
criterion for the animals entering the trial was 15 s. The mouse was then
removed from the apparatus and returned to its home cage. Retention
was tested 24 h later following a similar procedure, except that no shock
was administered. A maximum step-through latency of 180 s was allowed
in the test session.

Contextual and cued fear conditioning

For the contextual and cued fear conditioning (FC), mice were trained in
a conditioning chamber (26 X 22 X 18 cm) made of transparent Plexiglas
with a grid metal floor and located in a sound-insulated box lighted by a
white tensor lamp (60 W). After an acclimatizing period lasting 120 s, a
30 s tone was administered [conditioned stimulus (CS), 3 kHz, 80 dB].
During the last 2s of tone presentation, a footshock was delivered [un-
conditioned stimulus (US), 0.5 mA]. Both the CS and US ended simul-
taneously. Mice were left in the conditioning chamber for an additional
period of 30 s and then returned to their home cage. For the contextual
fear conditioning (CTX) test, 24 h after training, mice were placed in the
same chamber for 5 min. Two hours after the contextual test, mice were
tested for cued conditioning in a different chamber made of black Plexi-
glas with a floor of triangular shape lighted by a blue tensor lamp (60 W),
and perfumed with a vanilla essence diffuser. The test lasted 6 min, with
the CS administered during the last 3 min.

Attention behavior (two-choice serial reaction time task)
The attention performance was assessed using a two-choice serial reac-
tion time task (2-CSRTT), adapted from the 5-CSSRT (Higgins and
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Breysse 2008), which is widely used, well established, and the best char-
acterized test for attention deficits. This task requires the animals to
detect a visual stimulus and respond by a nose poke in the illuminated
hole of the test box. After initial training to nose poke for liquid reward,
mice are trained in a 2-CSRTT. The two-hole box is an operant chamber
that is fitted with an array of two response apertures into which the
mouse can make a nose-poke response. An infrared beam located on each
hole detects the mouse nose pokes. The rodent can be rewarded by acti-
vation of an internally located dispenser delivering milk on the opposite
wall to the two-hole array. The boxes are controlled by customized com-
puter software. Each chamber is enclosed in a sound-attenuating box and
equipped with a fan to provide ventilation and mask any extraneous
noise. One nose poke in the illuminated unit within a 5 s period is re-
corded as a correct response and rewarded with the delivery of 0.02 ml of
condensed milk for 5 s, after which all lights are turned off for a 10 s
intertrial interval (ITI). A nose poke in the left or right unit that is not
illuminated is recorded as an “error of commission.” When mice do not
make a choice within 5 s, an “error of omission” is recorded, and the 10s
ITI starts. The light stimulus is presented randomly on the right or left
nose-poke unit initially for 8 s. Animals are typically trained until a high
level of good and stable performance is reached (=80% accuracy, =20%
omissions). After 3 consecutive days of good performance, the hole illu-
mination is reduced to 4 s, then 2 s, and finally 1 s. Each session consists
of 100 trials and lasts a maximum of 30 min. Training typically takes
45-50 sessions. A digitalized camera connected to the test boxes and
dedicated software were used to automatically record mouse behavior
during the sessions. Attention performance parameters commonly used
for the analysis in CSRTT are choice accuracy ( percentage correct), re-
sponse omission ( percentage omission), and correct response time. They
are defined as follows: choice accuracy (percentage correct) is the per-
centage of correct responses out of the total number of responses (correct
response plus error of commission); response omission (percentage
omission) is the percentage of errors of omission from all trials (cor-
rect responses plus errors of commission plus errors of omission);
correct response latency time is defined as the time from the onset of
the stimulus light to the correct nose poke within 5 s. Food restriction
is applied to mice during the experiment and for the week before
starting the test to motivate them to nose poke for milk reward. Two
independent investigators performed these experiments twice, and
the results were comparable.

Statistical analysis

For the neuronal counts and biochemical analysis, the experiments were
performed on a minimum of three animals from each genotype (unless
indicated otherwise). The immunoblot analyses were repeated at least
three times for each sample. All results are represented as mean = SEM.
Differences between samples were assessed by Student’s ¢ test or ANOVA,
depending whether two or more samples were compared. Differences
were considered significant at p < 0.05.

Results

Only a subset of BFC neurons requires NGF-TrkA signaling
for survival

To directly evaluate the specific role of NGF-TrkA signaling in
the development and maintenance of the BECN population, and
to avoid early lethality of the Ngf and Trka null mutant mice
(Crowley et al., 1994; Smeyne et al., 1994; Fagan et al., 1997), we
have conditionally deleted either the Ngfor Trka gene in the CNS
by first generating mice carrying Ngf or Trka floxed alleles (Figs.
1, 2). Ngf or Trka floxed mice were then crossed to mice express-
ing Cre recombinase under a specific element of the Nestin pro-
moter, which we have demonstrated to express Cre already at
embryonic stage 11.5 in CNS neural progenitors (Medina et al.,
2004), to obtain Ngf*"*:NesCre’¥’ " and Trka™";NesCre'¥’" mice
(NgfNs“" and Trka™*“", respectively) (Figs. 1, 2). In contrast to
the null mutant mouse models, conditional mutants for Ngf or
Trka are indistinguishable from control littermates, are fertile,
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and have a normal life span. We then evaluated the effect of Ngf
and Trka conditional deletion in the development and mainte-
nance of the BFCN population by immunohistochemical analysis
of choline acetyltransferase (ChAT) and counts of BECNs in both
NgfN*™ and Trka“*“" mice during postnatal development and
adulthood stages (Fig. 3A, B). The results indicate that, in both
conditional mutants, by 1 month of age there is 25 to 30% loss of
ChAT-positive neurons in the MS that rises to 31 and 39% by 3
months of age for Ngf¥“" and Trka™*“", respectively, with no
further significant depletion until the last time point measured at
20 months of age (Fig. 3A, B,D-G). It was shown previously that
total deletion of Trka (Fagan et al., 1997) causes an increase in
apototic cells in the medial septum area of mutants at approxi-
mately postnatal day 7 (P7). Therefore, we analyzed TUNEL-
positive cells at two postnatal development stages, P3 and P7, in
the MS of Trka™**“"and controls. This analysis revealed a greater
number of dying cells in conditional mutants compared to con-
trols at P7; however, no difference was evident at P3 (Fig. 3C).
This correlates with a reduced number of ChAT-positive cells in
the MS of mutants at P7 (Fig. 3A), suggesting that some of the
decrease observed in ChAT-positive cell number in conditional
mutants may be attributable to cell death, not just to downregu-
lation of ChAT. A significant decrease in ChAT-positive cells was
also observed in the NB complex of Trka™**“" mutants compared
to Trka™"™ controls, whereas no difference was found in the stri-
atal cholinergic interneurons (Fig. 3H). The decrease in ChAT-
positive cells observed in the BF of Trka™*“" mutants is
concomitant with a decrease in ChAT protein levels assayed by
Western blotting. No such decrease was detected in the striatum

(Fig. 3I). A similar finding was observed in the Ngf"*“"* line:
ChAT protein levels were reduced in the Ngf¥*“"* mutant pro-
portionally to the loss of ChAT-positive cells (Fig. 3]). In con-
trast, the remaining cholinergic neurons in the basal forebrain
expressed normal levels of ChAT in both conditional mutants
throughout life (Fig. 3D-G). To support these data, we analyzed
another marker of cholinergic neurons, p75NTR, in Trka™Necre
mutants and focused on the MS because within the septal/diago-
nal band complex, virtually all TrkA-positive neurons (>95%)
coexpress both ChAT and p75N™ (Sobreviela et al., 1994).
Counts of p75~N"R-positive neurons in the MS at P90 revealed a
significant reduction of cholinergic neurons in Trka™*““" mice
versus controls (Fig. 3K). This is comparable to what is observed
counting ChAT-positive neurons in the MS (Fig. 3, compare A, K),
suggesting that NGF-TrkA signaling depletion may reduce the num-
ber of cholinergic cell bodies and not just the expression of cholin-
ergic markers. Together, these results are in agreement with previous
data that propose a critical role for NGF-TrkA signaling in the de-
velopmental maturation and survival of a subset of basal forebrain
cholinergic neurons (Fagan et al., 1997), and they extend these stud-
ies by demonstrating that NGF-TrkA signaling is not required for
the survival or maintenance of the remaining BFCN.

Intact cholinergic axonal varicosity in the frontal cortex and
hippocampus of Trka and Ngf conditional mutants

We have shown here that only a small proportion of the cholin-
ergic neurons are affected in Trka and Ngf conditional mutants
throughout their life. We then focused on the analysis of the
remaining cholinergic neurons and their morphology, differen-
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recombinant (neo ) alleles are also shown. LoxP sites flanked the Trka exons 12—14, whereas FRT sites flanked the neo gene, which was subsequently excised in vivo by crossing the Trka floxed mice with
transgenic mice expressing Flp recombinase ubiquitously (Rodriguez etal.,, 2000). This resulted in the generation of the recombinant Trka™="%~ (Trka™) allele. B, Southern blot analysis of targeted ES cell clones
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Transversal cryosections of the spinal chord region of E17.5 mouse stained with TrkA antibodies. Clear TrkA-positive staining is observed in neurons of the DRG in both control and Trka&“® mice. St, Striatum; ic,
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tiation, and function. First, the soma size of MS cholinergic cells
was analyzed at two different stages (6 and 12 months) in both
Trka and Ngf conditional mutants. As shown in Figure 4, A-C
and D-F, there was no statistical significant difference in cell
volume between mutants and controls at either 6 or 12 months of
age. Second, we analyzed BF cholinergic cortical and hippocam-
pal innervations using AChE staining, which allows visualization
of AChE enzymatic activity in cholinergic fibers, and observed a
significant reduction already at 1 month of age and no apparent
further decrease with age (Fig. 4G-M, data not shown). This
analysis was complemented by ChAT immunofluorescent (IF)
staining to quantify the density of cholinergic nerve terminals
and their varicosities in the frontal cortex and hippocampus at 6
and 12 months of age in both conditional mutants. A small but

significant reduction was observed in the density of cholinergic
innervation in the frontal cortex of both Trka and Ngf conditional
mutants compared to their controls (Fig. 5A-F, shown at 12
months). Comparable results were obtained at 6 months of age
(data not shown). Similarly, quantification of cholinergic nerve
terminal density in the CA3 hippocampal region of Trka™* " or
NgfY*“™ mutants also revealed a statistically significant differ-
ence compared to controls (Fig. 5SM-R, shown at 12 months).
However, density of ChAT-stained axonal varicosity, which has
been shown to be linked to neuronal activity (Zhang et al., 2011),
was measured over the total cholinergic nerve terminals and re-
vealed no difference between controls and Trka™*“" or Ngf\““"
mutants even at 12 months of age (Fig. 5G-L). Therefore, deple-
tion of NGF-TrkA signaling from the CNS in vivo does not sig-
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of analysis were between postnatal day 7 and 20 months (20M) of age. The reduction in ChAT-positive cells was significantly different between mutants and controls at all stages analyzed (P7, p = 0.008; P15,
p=0.0015;1month,p = 0.0001;3,12,and 20months, p < 0.0001;9months, p = 0.0008;n = 3 to4 pergroup). B, Time course survival analysis of ChAT-positive cellsin the MS of Ng#* ™ mutant and control
mice. Stages of analysis were between 1- and 20-month-old animals. The reduction in ChAT-positive cells was significantly different between mutants and controls at all stages analyzed (1and 3 months, p <
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been described previously and has been successfully used to ana-
lyze sustained attention in mice (Baron and Meltzer, 2001; Lee et
al., 2002). It provides not only indices of attention (accuracy) but
also those of executive control over performance such as prema-

nificantly affect the differentiation or morphology of the
remaining cholinergic neurons in the basal forebrain.

Loss of NGF-TrkA signaling does not impair attention

performance in young adult or intermediate-aged mice

Age-associated dementia involves cognitive impairments includ-
ing loss of attention, which is mainly attributed to cholinergic
system dysfunction (Baxter and Chiba, 1999), and working
memory deficits. To establish whether NGF-TrkA signaling con-
tributes to these types of cognitive functions, we first tested
cortical- and parahippocampal-dependent cognitive functions of
both Trka™¥*“" and Ngf"**“" mice at 5-6 months of age. We used
the 2-CSSRT, a modified version of the 5-CSSRT (Bevins and
Besheer, 2006), to measure attention performance. This task has

ture (an index of impulsivity) and perseverative responding
(compulsive behavior). No significant differences were found in
this test between the Trka™¥*“" and control mice (Fig. 6A-G). In
particular, after initial training to liquid reward and the appara-
tus, mice were given one session per day of 40 min duration, and
the number of correct responses was recorded. From day 7 on-
ward, the number of correct responses increased rapidly for both
groups analyzed (Fig. 6A). The increase in attention demand of
the task was tested by decreasing the stimulus (light) length from
8o 4 s, from 4 to 2 s, and from 2 to 1 s. Trka™**“" and control
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mice performed equally at each stimulus length analyzed (8, 4, 2,
and 1 s), reaching a similar maximum number of correct re-
sponses and requiring a similar number of sessions to pass the
criteria (Fig. 6 B-D). This indicates that both groups exhibited a
similar acquisition/learning of the task and had similar motiva-
tion for the reward (Fig. 6 E). Similar results were obtained for the
Ngf¥¢“" conditional mutants (data not shown). We then ana-
lyzed premature responses to test the ability of the animals to
adequately suppress or inhibit inappropriate behavior, and as
shown in Figure 6 F, there were no significant differences between
mutants and controls. Similarly, analysis of perseverative re-
sponses after correct choices also revealed no significant differ-
ences between the two groups (Fig. 6G), suggesting that mutant
animals perform well in this task. Finally, to verify that the
2-CSRTT task used would efficiently measure impairment in
the central cholinergic system, we treated mice with the cho-
linergic muscarinic antagonist scopolamine. Mice were in-
jected after reaching their maximum performance at the most
stringent level of the task (1 s stimulus length), and the correct
responses obtained before and after scopolamine injection
were compared. Scopolamine was used at two different doses
(0.2 and 0.8 mg/kg), which have been shown previously not to

impair the general locomotor activity of the mice (Humby et
al., 1999). We found that the higher dose of scopolamine (0.8
mg/kg) significantly impaired the performance of all mice in
the 2-CSRTT task (p = 0.018, variation of performance) (Fig.
6F), confirming that this task is an efficient tool to assess
impairments of the central cholinergic system. However, at
the lower concentration of scopolamine (0.2 mg/kg), the
mouse impairment performance was less pronounced com-
pared to the higher concentration but still detectable; interest-
ingly, at this lower concentration, Trka™*“"* mice were more
sensitive to the effect of scopolamine compared to control
mice but not significantly different (Fig. 6 F). These results
suggest that despite the partial loss of cholinergic neurons in
Trka™*“" and NgfY*“"* mice, the loss of NFG-TrkA signaling
in the remaining cholinergic neurons is still not sufficient to
impair attention performance.

NGEF-TrkA signaling is dispensable for cognitive performance
in young adult and intermediate-aged mice

To assess the requirement of NFG-TrkA signaling in cognitive
functions during the first year of life, we performed a thorough
analysis of various behavioral tasks including open field, plus
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1sstimulus duration was also analyzed, and no differences were found between mutants and controls (p = 0.2,p = 0.21,p = 0.77,and p = 0.99, respectively). D, Analysis of latency to a correct response also
showed nosignificant differencesn the attention performance between mutants and controls (8s,p = 0.52;4s,p = 0.59;2s,p = 0.91; 1s,p = 0.929). E, Omission s used as an index of motivation of the mice
tested. The percentage of omissions was not significantly different between the two groups (8s,p = 0.16;4s,p = 0.09;2s,p = 0.1, 1s,p = 0.39). F, G, The premature responses during the fixed 5 s [Tl were
alsomeasured (8s,p = 0.48;4s,p = 0.49;25,p = 0.44; 15, p = 0.96; F), as well as perseverative responses after correct choices at the different stimulus durations (85, p = 0.50;4s,p = 0.77;25,p = 0.058;
1s,p = 0.11; G). Nosignificant differences were found between mutants and controls. H, Attention performance was also studied after scopolamine injections (0.2 or 0.8 mg/kg) at the 1s stimulus duration level
(mutants,n = 5; controls, n = 4). Scopolamine was injected 20 min before the test. Results are expressed as the variation between the means of correct responses obtained in three consecutive sessions before
and after scopolamine treatment. Injections of scopolamine at a concentration of 0.8 mg/kg significantly reduced the number of correct responses (*p << 0.05, paired t test comparing the average of correct
responses in untreated and treated mice for all the mice treated with 0.8 mg/kg of scopolamine). The responses of each subgroup are also shown.

maze, MWM, RAM, passive avoidance, and FC tasks (at 3—4 and
11 months of age) in Trka“*“ mutant (that lack the high-
affinity receptor for NGF) and control mice (Trka™™). First of all,
mice were tested in the open field to assay general locomotor
activity levels and anxiety. No significant differences in locomo-
tor, rearing, grooming, and object exploration activities were ob-
served in the open field test in Trka™*“"* mutants at either 3—4 or
11 months of age (Fig. 7A,B). Similar results were obtained for
anxiety-like behavior evaluated with a more specific test for anx-
iety, namely, the elevated plus maze task (Fig. 7C,D). Mice were
then subjected to spatial memory tests. We used both the MWM
and the RAM (Minichiello et al., 1999) on independent groups of
mice (controls and mutants). In the MWM task, mice learn
across daily sessions to find a hidden escape platform using ex-
tramaze visual cues. Statistical analyses (two-way ANOVAs) per-
formed on the escape latencies recorded during the training
session revealed no significant differences between young adult
controls and Trka™““* mutant mice in the acquisition phase
(Fig. 7E). Similarly, no significant differences were scored be-
tween 11-month-old Trka™*“" mutant and control mice (Fig.
7F). A significant effect of learning was found in all groups of
mice analyzed, both young adult mice (F(,; 306 = 19.76, p <
0.0001) and mice at 11 months of age (F(;;33 = 5.94, p <

0.0001) (Fig. 7E, F). A significant effect of age was also observed
when comparing the escape latencies of young adult to those of
older mice of both genotypes (11 months) (F, ,5) = 4.47, p <
0.05, control mice). For instance, although both groups (3—4 and
11 months old) of control mice learned to reach the hidden plat-
form during the training (F(;;349) = 5.02, p < 0.0001), 3- to
4-month-old mice displayed a significantly lower escape latency
compared with 11-month-old mice (p < 0.05). After the acqui-
sition phase, we tested the flexibility of the animals to develop
new strategies by using a reversal trial (moving the hidden plat-
form into a new position). As shown in Figure 7, E and F, no
significant differences were observed in the latency to reach the
hidden platform in the new location between Trka"™**“"* and con-
trol mice at both stages analyzed.

While the MWM is an attractive test, being highly specific for
hippocampal functions, it also presents certain limitations. One
is that it does not allow us to measure simultaneously the various
components of memory such as reference and working memo-
ries. Alternatively, the RAM, which is also widely used to study
spatial memory performance, allows simultaneous measurement
of, for instance, working and reference memories. Therefore,
mutant and control mice were first subjected to the fully baited
arm maze. In this task, spatial learning was expressed as the per-
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Figure7.  Exploratory, anxiety-related behaviors and spatial memory s not affected in absence of NGF-TrkA signaling in young adult orintermediate-aged animals. 4, B, Exploratory behaviors were evaluatedin the open

field test. Nosignificant differencesin the time spentinlocomotion (Loc), rearing (Rear), grooming (Groom), orin contactwith the object (Contact) were observed between Trka**““ and age-matched control mice. ¢, D, Anxiety
levels ofyoung and old Trka"*"® mice were similarto those shown by their age-matched controls s revealed by the time spentin the open arm of an elevated plus maze. E~H, Spatial memory of Trka**“® mutantand control
mice was evaluated in the invisible version of Morris water maze and the four-baited-arm radial maze at 3— 4 months (3—4M) and 11 months (11M) of age. No significant differences were observed between the Trka'*s%¢
mutant and control mice in the latendies to reach the hidden platform in the Morris water maze during the acquisition phase (6 trials/d for 3 consecutive days) at either stage analyzed (3— 4 months, £ . = 0.99,p > 0.05;
11months, £ 5 = 0.51,p>0.05;E, F). Reversal learning (6 trials/d for 2 consecutive days) in the Morris water maze was evaluated after the acquisition phase by moving the hidden platforminanew position. Nosignificant
differences in the latencies to reach the hidden platform were observed between Trka**“® and age-matched control mice (3—4 months, Fii19 = 0.19,p > 0.05; 11 months, £, ;4 = 0.53,p > 0.05). G, H, Leaming
performance ina four-baited version of the eight-arm radial maze task, expressed as percentage of reference and working memory errors. Nosignificant differences between Trka** and control mice were observed at 3— 4

months (reference memory, F; ,5) = 0.04,p > 0.05; working memory, ;; ,¢) = 0.18,p > 0.05) or 11 months (reference memory, f; ,5) = 1.8, p > 0.05; working memory, f; ,, = 0.51,p > 0.05) of age.

centage of errors until eight correct choices were observed or after
the maximal permitted number of trials (15). This analysis also
showed no differences between Trka™*“"* mutant and control
mice at either 3—4 months (F, 5, = 0.99, p > 0.05; n = 10 for
both groups) or 11 months of age (F; ,0)-0.51, p > 0.05; 7 = 13
for controls, n = 9 for Trka™*“" mutant mice). A significant
effect of learning was found in all groups analyzed (3—4 months,
Fo162) = 19.76, p < 0.0001; 11 months, Fig 150 = 5.94, p <
0.0001) (data not shown). However, to better investigate spatial
learning of mutant mice, we submitted independent groups of
Trka™*“* mutant and control mice to a more difficult version of
the radial maze task that put more load on spatial discriminative
abilities, namely, the four-baited-arm radial maze (Ammassari-
Teule et al., 1993). In this version of the RAM, only four of the
eight arms were baited with a reward, and the sequence of baiting
remained constant during the training. Therefore, the animal had
to be able to remember which arms were baited at the beginning
of the session, and which ones it already entered (working mem-
ory); at the same time it had to avoid nonbaited arms across trials
(reference memory). Reentering a previously visited baited arm
was considered as a working memory error, while entering into a

nonbaited arm was considered a reference memory error. Statis-
tical analyses (two-way ANOVA) showed no significant differ-
ences between Trka™*“"* and control mice at 3—4 or 11 months of
age in either working or reference memory (Fig. 7G,H ). These
data demonstrate that various aspects of learning and memory,
including spatial, working, and reference memories, as well as
short-term and long-term memory are intact in the absence of
NGF-TrkA signaling throughout the first year of life. This implies
that the hippocampal and hippocampal-cortical pathways re-
quired to perform these tasks (Cave and Squire 1991) are intact in
Trka™*“" mutants.

Emotional learning does not require NGF-TrkA signaling

Finally, we also investigated the requirement of NGF-TrkA sig-
naling in emotional learning tasks, namely, the step-through
inhibitory avoidance and the contextual and cued fear condition-
ing. In the step-through inhibitory avoidance task, mice learned
to avoid the dark compartment of a bipartite cage in which they
received a mild footshock during training. The latency to step
through in the dark compartment is considered a memory reten-
tion index. Statistical analyses (one-way ANOVA) revealed no
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significant differences between the latencies of 3- to 4-month-old
control and Trka™*“"® mutant mice (Fig. 8A) or between 11-
month-old control and Trka™*“" mutant mice (Fig. 8 B). In this
task, there was no significant effect of age observed between 3- to
4-month-old and 11-month-old mice of both genotypes (control mice,
training, F, 5,) = 0.12, p > 0.05; test, F{; 5, = 0.87, p > 0.05).

In the contextual and cued fear conditioning, immobility
(freezing), a natural behavior elicited in mice by aversive stimuli,
was recorded and considered as a measure of fear memory. Ani-
mals were first trained in the conditioning box, in which a CS and
US were paired. Statistical analyses (one-way ANOVA) showed
normal acquisition during the training phase between 3- to
4-month-old control and Trka™*“"* mutant mice (F ;;, = 0.16,
p > 0.05) as well as between 11-month-old control and Trka™*¢"
mutant mice (F; 14y = 0.77, p > 0.05). Moreover, no significant
differences were observed between 3- to 4-month-old and 11-
month-old mice (F, ;5, = 2.8, p > 0.05, control mice). At 24 h,
control and Trka™*“* mutant mice were tested for CTX. No
significant differences in the levels of freezing were observed be-
tween Trka™V“" mutant and control mice (Fig. 8C,E). However,
an effect of age was evident in this task when comparing 3- to
4-month-old mice with 11-month-old mice of both genotypes;
young adult mice froze significantly more (F, ;5 = 4.71, p <
0.05, control mice). Two hours after the CTX test, cued memory
was assessed by presentation of the CS in a different setting. No
significant differences emerged between Trka™*“"* mutant and
control mice either before or during tone presentation at either
stage analyzed (Fig. 8 D, F). A significant effect of age, however,
was observed when comparing the performances of 3- to
4-month-old and 11-month-old mice during the cued memory

test in both genotypes; young adult animals froze significantly
more than older mice (F, ;5) = 4.81, p < 0.05). These data fur-
ther reinforce that hippocampal-dependent cognitive functions
are not affected and demonstrate that amygdala-dependent cog-
nitive functions do not require NGF-TrkA signaling in young
adult and intermediate-aged mice.

Discussion

Whether depletion of NGF in the developing mouse brain is nec-
essary for the survival, maturation or function of BFCNs remains
an open question. Previous in vivo studies involving null mutants
for either Trka or Ngfhave established that while deletion of Trka
affects survival of a subset of BFCNs, and the maturation of the
remaining ones during the first 2-3 postnatal weeks, deletion of
Ngf, in contrast, suggested that cholinergic innervation was nor-
mal in the BF target regions, despite reduced staining of ChAT-
positive neurons for cholinergic markers and their overall smaller
size (Crowley et al., 1994, Fagan et al., 1997). The poor viability
and associated neuropathies exhibited by both null mutants has
hindered further investigation with these mouse lines.

It has been established that cholinergic deficits and degeneration
of cholinergic neurons are early hallmarks of neurodegenerative dis-
eases such as Alzheimer’s disease (AD), and it is believed that cho-
linergic depletion or dysfunction is likely to contribute to the
associated cognitive and behavioral impairments (Mufson et al.,
2008). Due to the prevalent expression of NGF and TrkA in the
cholinergic system and their putative contribution to the above dis-
ease mechanisms (Mufson et al., 1997, 2000), we generated condi-
tional alleles for both Ngf and Trka genes. The use of conditional
deletions in the developing CNS should allow determination of
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whether NGF-TrkA signaling is necessary for the survival and mat-
uration of BFCNs, both during and after development, and/or for
the function of the cholinergic system in the adult brain.

Here we first demonstrated that both TrkA and NGF support
the survival of only a subset of BFECNs during brain development.
Second, we showed that NGF-TrkA signaling is not required for
the maturation of the surviving BFCNs. Third, the viability and
longevity of the conditional mutants, as well as the intact pheno-
type of the remaining cholinergic neurons, has allowed investiga-
tion of the contribution of NGF-TrkA signaling to attention and
cognitive functions. Extensive behavioral analysis has revealed
that loss of NGF-TrkA signaling does not influence cognitive
functions including attention, learning, and memory of young
adult and intermediate-aged mice.

Role of TrkA-NGF signaling in BFCNs during and after

CNS development

In this report, we demonstrate that NGF-TrkA signaling supports
the survival of only a proportion of BECNs during brain devel-
opment. These results augment previous data that show a critical
role for TrkA signaling for the survival of a subset of BECNs (36%
less ChAT-positive septal neurons) (Fagan et al., 1997). Since a
comparable loss occurs in septal cholinergic neurons in Ngf con-
ditional mutants, these data indicate that TrkA mediates this
function by transducing NGF signaling. However, in contrast to
previous studies, we find that conditional deletion of Trka does
not affect striatal neuron survival. We also observe that loss of
NGEF-TrkA signaling does not significantly influence ChAT-
positive soma size in either conditional mutant. This discrepancy
could reflect the poor condition/viability of the null mutant mice
(Crowley et al., 1994; Smeyne et al., 1994; Fagan et al., 1997). Of
note is a recent study that reported a forebrain interneuron-
specific deletion of Trka (Sanchez-Ortiz et al., 2012). In contrast
to our data, significant phenotypical differences with regard to
the BFCNs were reported. Sanchez-Ortiz et al. (2012) did not
observe a survival phenotype, but showed a requirement of TrkA
for normal ChAT expression and cholinergic connectivity. We
found that in both Trka™*“™ and Ngf¥““" conditional mutants,
NGEF-TrkA signaling does not significantly affect ChAT expres-
sion in the surviving neurons, but the loss of ChAT expression
mainly reflects the partial loss of cholinergic neurons. Moreover,
analysis of the BFCN target innervation regions (hippocampus
and cortex) by ChAT IF and AChE staining in cholinergic fibers
demonstrated that the density of cholinergic nerve terminals
was significantly different from that of control mice, reflecting
mainly the partial neuronal loss found in these mutants. These
results were also supported by the fact that ChAT-positive
varicosities of the remaining cholinergic fibers of young adult
and intermediate-aged mice were found to be normal. One ex-
planation for these discrepancies may simply be that ChAT ex-
pression is not greatly affected in the surviving cholinergic
neurons of Trka™*“"* and NgfY**“"* mutants, and this allowed us
to use it as a specific marker to study the survival, morphology,
and connectivity of BECNs throughout their first year of life and,
regarding the BFCN survival study, until 20 months of age. The
p75™"® has been shown to colocalize with ChAT and TrkA in MS
neurons (Sobreviela et al., 1994), so we also counted MS neurons
stained with this marker. This analysis showed a similar loss in
cholinergic neurons of conditional mutants, supporting the data
obtained with the specific marker ChAT. We analyzed hip-
pocampal and cortical cholinergic innervation by both ChAT and
AChE staining. The latter visualizes the enzymatic activity of
AChE in cholinergic fibers, and in mouse has been shown to
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virtually colocalize with ChAT immunostaining in most cholin-
ergic neuron targets, including the cortex and hippocampus (Kitt
et al., 1994). In contrast, Sanchez-Ortiz et al. (2012) reported
severe loss of cholinergic fibers in the target regions (hippocam-
pus and cortex) based on absence of p75 ™" staining and absence
of retrograde tracing of BFCNs using Texas Red-dextran amine,
but found no reduction in either number, size, or p75 expression
in BFCN soma. One explanation for this could be found in the
two different Cre lines and their timing of recombination. While
the NesCre line we used drives Cre expression already at E11.5
(Medina et al., 2004), the dlx5/6i-Cre line used by Sanchez-Ortiz
et al. (2012) started at E16.5, leading to later deletion of Trka
considering that Trka expression in the septal-pallidal region
starts at E13.5 (Allen Brain Atlas, http://mouse.brain-map.org).

Because, despite loss of NGF-TrkA signaling, cholinergic con-
nectivity of the surviving neurons was not affected, and ChAT-
positive axonal varicosity, a marker of neuronal activity (Zhang et
al., 2011), was intact in the BFCN target regions of these mutants,
we went on to determine whether the absence of NGF-TrkA sig-
naling would be relevant for cholinergic cognitive functions or
learning and memory in general. Conditional mutants were sub-
jected to a variety of different behavioral tasks to investigate dif-
ferent aspects of learning, memory, and attention. No significant
differences were found between knock-out and control mice in
any behavioral tasks performed and stages analyzed, suggesting
that mutants have not only intact septohippocampal and corti-
cohippocampal pathways, but also an intact working memory
and attention behavior shown to be necessary for these tasks in
both humans and rodents (Squire and Cave 1991). Also, we an-
alyzed emotional learning that involves corticohippocampal as
well as amygdalar circuits. We found that this task was unaffected
in Trka™*“" mutants, suggesting an intact fear learning system
and intact amygdala cholinergic afferents. This is in contrast to a
recent study that proposed a role for TrkA in the regulation of
amygdala-dependent function such as tone-cued fear condition-
ing (Sanchez-Ortiz et al., 2012). The discrepancy between our
data and that of Sanchez-Ortiz et al. (2012) may be attributed to
the selective elimination of BF cholinergic innervation to the tar-
get field, observed in the latter, resulting in the mild amygdala-
dependent defect. Alternatively, the mild behavioral phenotype
they observed could also be due to a difference in mouse genetic
backgrounds used in the two studies. All our studies use strains
kept on a 129:C57BL/6] mixed background (Minichiello et al.,
1999, 2002). A second possibility is the different Cre lines used in
the two studies: while the NestinCre line used here has been ex-
tensively characterized for cognitive behavior both in this study
and others (Tronche et al., 1999), it is not clear whether the
dix5/6i-Cre line used in the study by Sanchez-Ortiz et al. (2012)
has been tested as extensively for cognitive functions.

Possible implication of NGF-TrkA signaling in

disease mechanisms

We show here that CNS deletion of either Trka or Ngfleads to very
similar phenotypes. This suggests that the p75~™" negative regula-
tion of BFCN survival occurs by interaction with other ligands
and/or coreceptors (Dechant and Barde, 2002). Moreover, these
data also indicate that BFCNGs, after an initial requirement for sur-
vival during development, apparently become independent of NFG-
TrkA signaling during the first year of life. Therefore, endogenous
NGF-TrkA signaling could be specifically directed to function in a
neuroprotective role during aging and/or in a neurodegenerative
scenario (Sofroniew et al., 2001). In AD patient brains, Trka expres-
sion is downregulated, while NGF levels are deregulated. This has led
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to the classical view that atrophy of cholinergic neurons in AD pa-
tients is a consequence of lack of trophic support, resulting from an
impaired NGF retrograde transport system, with consequent accu-
mulation of NGF protein in target areas (Mufson et al., 1999, So-
froniew et al., 2001). Furthermore, an increase of pro-NGF has been
shown in AD brains (Fahnestock et al., 2001), and in brains of pa-
tients affected by mild cognitive impairment (Peng et al., 2004).
Since pro-NGF/p75™"® signaling would be present in Trka"“*“" but
absent in Ngf¥*“* conditional mutants, it is essential to now study
both conditional mutants during late aging to try to dissect whether
the absence of the neuroprotective signaling (NGF-TrkA) and pres-
ence only of pro-NGF/p75™"® signaling would lead to neurodegen-

eration in the Trka*“"* mutants and to neuroprotection in the

Ngf¥“* mutants.
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