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Neurons, Cell Death in the Spleen, and Skeletal Muscle Dystrophy
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The disruption of the nerve growth factor (NGF) gene in trans-
genic mice leads to a lethal phenotype (Crowley et al., 1994)
and hinders the study of NGF functions in the adult. In this
study the phenotypic knockout of NGF in adult mice was
achieved by expressing transgenic anti-NGF antibodies, under
the control of the human cytomegalovirus promoter. In adult
mice, antibody levels are 2000-fold higher than in newborns.
Classical NGF targets, including sympathetic and sensory neu-
rons, are severely affected. In the CNS, basal forebrain and
hippocampal cholinergic neurons are not affected in the early
postnatal period, whereas they are greatly reduced in the adult
(55 and 62% reduction, respectively). Adult mice show a re-
duced ability in spatial learning behavioral tasks. Adult, but not

neonatal, transgenic mice further show a new phenotype at the
level of peripheral tissues, such as apoptosis in the spleen and
dystrophy of skeletal muscles. The analysis of this novel com-
prehensive transgenic model settles the controversial issue
regarding the NGF dependence of cholinergic neurons in adult
animals and reveals new NGF functions in adult non-neuronal
tissues. The results demonstrate that the decreased availability
of NGF in the adult causes phenotypic effects via processes
that are at least partially distinct from early developmental
effects of NGF deprivation.
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The nerve growth factor (NGF) (Levi-Montalcini, 1952) is re-
quired for the differentiation and/or the survival of specific neu-
ronal populations during development, including sensory, sympa-
thetic, and basal forebrain cholinergic neurons (BFCNs) (Levi-
Montalcini, 1987). NGF also exerts actions on non-neuronal cell
populations (Levi-Montalcini, 1987). After the early use of anti-
NGF antibodies (Levi-Montalcini and Booker 1960), NGF func-
tions in vivo have been investigated with different approaches,
including the systemic (Levi-Montalcini and Angeletti, 1966;
Gorin and Johnson, 1979, 1980) or local (Li et al., 1995; Van der
Zee et al., 1995; Molnar et al., 1998) delivery of anti-NGF
antibodies and the disruption of the NGF gene in transgenic mice
(Crowley et al., 1994). The ablation of NGF function gives rise to
a lethal phenotype in the early postnatal period, preventing the
analysis of NGF function in adult animals. On the other hand,
adult heterozygous NGF knockout mice (ngf+/—) show only a
mild cholinergic phenotype and no other described deficits (Chen
et al., 1997). No comprehensive transgenic model allowing the
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study of the pleiotropic actions of NGF in adult mice is currently
available. Given the potential clinical relevance of some of the
described actions of NGF, the lack of such a model represents a
severe limitation.

After the demonstration that recombinant antibodies can be
efficiently secreted by cells of the nervous system (Cattaneo and
Neuberger, 1987), a novel approach for phenotypic knockout (the
neuroantibody approach) has been proposed and validated (Pic-
cioli et al., 1991, 1995).

In this study we generated transgenic mice expressing a recom-
binant version of a neutralizing anti-NGF monoclonal antibody
(mAb aD11) (Cattaneo et al., 1988; Ruberti et al., 1993). Pheno-
typic analysis of sympathetic, sensory, and cholinergic neurons
showed that the neutralization of NGF in adult transgenic mice is
extremely effective. This analysis also revealed a severe dystrophy
in skeletal muscles and a massive cell death in the spleen of adult
mice. The study of this novel comprehensive transgenic model
uncovered new functions of NGF, broadening the spectrum of its
biological activities.

MATERIALS AND METHODS

Production of transgenic mice. The plasmids pcDNAI-neo/VKaD11HuCK
and pcDNAI-neo/VHaD11HuCy, carrying the light and heavy chain
genes, respectively, of the chimeric antibody aD11 (Ruberti et al., 1993)
under the transcriptional control of the human cytomegalovirus (CM V)
early region promoter [—601 to —16 (Boshart et al., 1985)], were digested
with Kpnl-ApaLll and Kpnl-Xbal, respectively, to isolate the transcrip-
tional units. The fragments were microinjected in the pronucleus of
single-cell fertilized C57BL/6 X SJLF2 hybrid mouse eggs, either indi-
vidually or in combination, and the injected eggs were reintroduced into
foster pseudopregnant females of an outbred strain different from that of
the microinjected eggs. Production of transgenic mice was performed by
a custom transgenic service (DN X Corporation, Princeton, NJ). Analysis
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of transgenic mice was performed by PCR and dot blot, on genomic DNA
from tail biopsies, as described (Piccioli et al., 1995). For the dot blot, the
heavy chain probe was a BamHI-Xbal fragment from pcDNAI-neo/
VHaD11HuCy, encompassing the human heavy chain constant region,
whereas the light chain probe was a BamHI-ApaLl fragment isolated
from plasmid pcDNAI-neo/VKaD11HuCK, encompassing the human
light chain constant region. The DNA was quantitated by optical density
at 260 nm before loading on the filter.

Two founder mice with the light chain transgene, two with the heavy
chain transgene, and three double transgenic mice were generated, but
despite an intensive breeding program, no offspring were generated.

Mice homozygous for the aD11 heavy chain transgene (VH-aD11
mice, lines C and D) and mice homozygous for the aD11 light chain
transgene (VK-aD11 mice, lines A and B) were generated from the
corresponding founders, by at least two crossings. Homozygosity was
verified by genomic PCR analysis on offspring obtained by crossing
putative homozygous to negative mice (at least two independent litters
for each homozygous line). To obtain mice expressing both chains, and
thus reconstituting NGF binding activity, single transgenic mice were
intercrossed in different combinations (see Table 1).

Two groups of controls were used for the phenotypic analysis of family
1 and family 2 mice: wild-type mice and the corresponding single trans-
genic controls, expressing only the VH-aD11 heavy chain (C or D, as
appropriate; see Table 1).

RNA analysis. Total RNA was isolated by the guanidine-
isothiocyanate procedure (Chomcynzski and Sacchi, 1987) and analyzed
by RNase protection. The size of the expected protected band was 340 bp
for VH and 310 bp for VK. The template for B-actin mRNA transcrip-
tion was a Rsal, 1700 bp fragment in pGEM4Z. Transcription with T7
polymerase produced a 110 bp probe. VH, VK, and B-actin antisense
RNA probes were hybridized to 20 ug of RNA in 80% formamide (46°C
for 12-16 hr) and treated with RNase A and T1. Protected fragments
were electrophoresed through a 4-6% acrylamide, 8 M urea gel and
autoradiographed.

Anti-NGF antibody detection in blood serum and brain. Levels of re-
combinant aD11 antibody were detected in the blood serum and brain of
adult mice by means of ELISA as described (Molnar et al., 1998), using
a secondary anti-human IgG biotinylated antibody. Tissue extracts from
brain were prepared as described (Piccioli et al., 1995). The amounts of
recombinant antibody found in the serum and in the brain were deter-
mined by comparison to a calibration curve. Purified oD11 antibody
dilutions were prepared, in the range between 0.125 and 250 ng of
purified aD11, in 2% milk/PBS containing 1:10 dilutions of blood serum
or brain extracts, as appropriate. Blood serum and brain extracts from
transgenic mice were diluted 1:10 in 2% milk/PBS and used for ELISA.

Determination of free NGF. The levels of free NGF (i.e., NGF not
bound to the transgenic antibodies) in the different tissues were deter-
mined by an ELISA assay. This assay exploits the property of aD11
antibody to recognize NGF in a two-site ELISA format (Gonfloni, 1995).
Samples of blood serum or of tissue extracts [derived as in Molnar et al.
(1998)] were added to wells coated with mAb «D11 (coating concentra-
tion of 5 ug/ml). After incubation for 2 hr at room temperature and
extensive washing with PBS—-0.05% Tween 20 followed by PBS, free
NGF, not engaged with transgenic aD11, was detected using an affinity-
purified rabbit anti-NGF polyclonal antiserum.

Histochemistry. Adult (2 months old) transgenic controls and anti-NGF
mice were anesthetized with 10.5% chloral hydrate/saline (8 ul/g body
weight) and then transcardially perfused with 4% paraformaldehyde in
PBS. Organs were removed, post-fixed for 2 hr at 4°C, cryoprotected in
20% sucrose overnight, and then frozen in isopentane at —20°C. Coronal
sections (14 um thick) were collected on gelatin-coated slides, preincu-
bated in 10% fetal calf serum and 5% bovine serum albumin, and
processed for detection of different antigens using avidin-biotin alkaline
phosphatase or horseradish peroxidase Elite Standard kits (Vector lab-
oratories, Burlingame, CA). Biotinylated anti-human heavy chain (Am-
ersham, Arlington Heights, IL) and anti-human light chain (Amersham
or Vector) were used as primary antibodies at 1:500 and 1:50, respec-
tively. For phenotypic analysis, the following primary antibodies were
used: anti-choline acetyl transferase (ChAT; Chemicon, Temecula, CA)
1:200, anti-TrkA (mouse monoclonal MNACI13) 1:100, anti-p75 and
anti-calcitonin gene-related peptide (CGRP; Roche Diagnostics, Mann-
heim, Germany) 1:10, anti-TrkB (Santa Cruz, Santa Cruz, CA) 1:200,
anti-substance P [SP, monoclonal antibody NC1/34HL, (Cuello et al.,
1979)] 1:200, and anti-tyrosine hydroxylase (TH; Chemicon) 1:100. Par-
allel sections from transgenic and age-matched transgenic control (VH
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only) mice were collected on the same slide. Alternate serial sections
were incubated with primary antibodies or stained with cresyl violet or
hematoxylin/eosin.

To detect the coexpression of the heavy and light chain of the trans-
genic antibody, sections were incubated first with biotinylated anti-
human heavy chain antibodies. After the development of the reaction
with avidin fluorescein (FITC) conjugate (Sigma, St. Louis, MO) and
extensive washes, sections were incubated with biotinylated anti-human
light chain antibodies. The labeling was evidentiated with avidin tetra-
methylrhodamine isothiocyanate (TRITC) conjugate (Sigma).

A Timm’s staining protocol described by Wenzel et al. (1997) was used
to label mossy fibers of hippocampus. Apoptotic cells were revealed with
the In Situ Cell Death Detection Kit (Roche Diagnostics). For the
double-labeling, fluorescein-labeled dUTP and an extravidin—-TRITC
conjugate (Sigma) were used to detect apoptotic and heavy and light
chains, respectively.

For each morphological analysis, a mean number of six transgenic
control and six anti-NGF mice were used. Cholinergic neurons of the
basal forebrain and the hippocampus were counted, in 40 um sections,
with a 200X magnification at four representative levels indicated by
Franklin and Paxinos (1997) (from bregma 1.32 mm to bregma 0.38 mm
through the rostrocaudal extension of the basal forebrain and from
bregma —2.75 mm to bregma —2.92 of the hippocampus). One of every
six sections was taken into consideration. In each section only cells
showing a clear nucleus were counted. For each group of animals the
mean number of cellsymm? was calculated. Unpaired ¢ test was per-
formed to evaluate the statistical significance.

The number of neurons of dorsal root ganglia (DRG) and superior
cervical ganglia (SCG) was evaluated on 10 um coronal sections coun-
terstained with cresyl violet. One section every three, throughout the
extension of the ganglia, was analyzed. Only neurons with nucleus and
nucleoli were counted, with a 400X magnification. For DRG, the fourth
and fifth lumbar ganglia were analyzed.

Cell size histograms for DRG, SCG, and skeletal muscles were deter-
mined using a Zeiss microscope connected to a video camera and the
image analysis program OPTIMAS 6.1 (Optimas Corporation, Bothell,
WA). The same equipment was used to analyze the cross-sectional area
of the middle section (the section of maximum diameter) of SCG.

Quantitative stereology. Anatomical boundaries used to define the basal
forebrain were the corpus callosum, for the dorsal aspect, the ventral
surface of the brain, and, laterally, a line passing medial to the rostral
limb of the anterior commissure. The rostral boundary was determined
by a plane passing through the rostral genu of the corpus callosum, and
the caudal boundary was coincident with a plane passing through the first
section containing the anterior commissure. The diagonal band nucleus
was distinguished from the medial septum using a plane passing ventral
to the rostral limb of the anterior commissure. All anatomical references
were taken from Franklin and Paxinos (1997). The volume of the BF was
calculated using the method of Cavalieri, as described previously (Michel
and Cruz-Orive, 1988; Peterson et al., 1999). Briefly, a point-counting
grid was superimposed over the video monitor on which the basal
forebrain was displayed using a 2.5X objective. A volume probe was
obtained by multiplying the distance between sections (7') and the area
per point (a/p). The total volume (V,.;) was obtained by counting the
number of points (P;) overlying the BF in semiserial sections (one in six)
sections and multiplying that sum by the volume associated with each
point, according to the formula V,.; = (2P;)(a/p) (7).

Estimation of the total number of ChAT-positive neurons was
achieved using the optical fractional method (West, 1993; Peterson et al.,
1999). High resolution images (60X) were acquired on a Zeiss micro-
scope equipped with a CCD camera and displayed by using the Optimas
6.1 analysis program. The numerical density (V,) was determined by
placing an unbiased counting frame on the monitor screen corresponding
to the brain region. The number of neurons in the frame (of known area)
were counted by focusing on the tissue at a known distance (20 um),
according to Sterio (1984). The number of cells in this volume yields a
number of cells/volume (N, ), which is averaged over the entire sampled
region. The total number of neurons was calculated by multiplying N, by
the total estimated volume of the BF region (known from the Cavalieri
procedure). Volume and total number of ChAT positive-cells were
evaluated using three animals for each group. Statistical analysis was
performed using a two-tail ¢ test.

Flow cytometry. For flow cytometric analysis, red cells were removed
from dissociated spleens by lysis. Splenocytes were incubated with pri-
mary antibodies [FITC-labeled anti-mouse IgG (1:50, Sigma), IgM (1
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1g/100 pl), IgD (1 pg/100 wl), and IgA (2 nug/100 ul) (PharMingen, San
Diego, CA)] for 30 min at 4°C and analyzed with a Coulter Epics Elite
Esp Flow Cytometer (Coulter Corporation, Miami, FL) at 488 nm.

Behavioral tests. The nociceptive hot plate test was as described (Eddy
and Leimbach, 1953). The latency times for licking of the hind paws and
for jumping were 30 and 240 sec, respectively.

For spatial learning, mice were tested in a standard eight-arm radial
maze, placed in a quiet, well lit room, with many extra-maze cues. In a
2 d of pretraining, mice were allowed to familiarize themselves with the
maze and eat food pellets for 5 min. For the testing, four arms (one, two,
four, seven) were baited with a single food pellet, their position remain-
ing the same from day to day. At the beginning of each trial, a mouse was
placed at the center of the maze and allowed to explore it. The trial
ended when all food pellets had been eaten, or after 25 entries into the
arms of the maze. The trials were repeated twice a day for 14 d. In each
trial, the total exploration time was evaluated, and errors were computed:
(1) entries in previously visited arms (errors of working or short-term
memory) and (2) first entries in unbaited arms (errors of reference or
long-term memory). The total number of errors was calculated. The
initial and final level of accuracy was estimated by the mean number of
errors displayed in the first 3 and last 3 d of the experiment.

The retention and the transfer experiments were started 31 and 32 d
after completion of the learning test. The previously unbaited arms were
baited (three, five, six, eight), and a new learning test was performed as
above.

A two-way repeated-measures ANOVA (treatment X time) was per-
formed to assess differences in the learning curves. ¢ test was performed
to assess statistical significances of differences in level of accuracy.

Open field test was performed as described (Ammassari-Teule et al.,
1994). The mouse was placed on the platform and allowed to explore it
for 10 min. The number of lines crossed within this period was counted.

Rotarod test was performed as described (Dunham and Miya, 1957).
The time counter started when the mouse was positioned on a rotating
cylinder and stopped either when the mouse fell from its cylinder or after
120 sec.

RESULTS

Production of anti-NGF transgenic mice

The rat anti-NGF monoclonal antibody aD11 (Cattaneo et al.,
1988) neutralizes the biological action of NGF, in vitro (Cattaneo
et al., 1988) and in vivo (Berardi et al., 1994; Molnar et al., 1997,
1998). The epitope of mAb aD11 on NGF includes the loop
region from residues 41-49 (Gonfloni, 1995), which contributes to
the interaction surface between NGF and its high-affinity recep-
tor TrkA and distinguishes NGF from other members of the
neurotrophin family (Ibanez, 1995, 1998). MAb aD11 does not
bind to other neurotrophins and does not block their biological
activity (Gonfloni, 1995; Molnar et al., 1998).

The variable regions of the light and heavy chains of mAb
aD11 were cloned and reassembled with the human K and 1
constant regions, respectively (Ruberti et al., 1993), to facilitate
the detection of transgenic antibodies against the background of
mouse Igs. The heavy and the light chains of the chimeric recom-
binant antibody were each placed under the transcriptional con-
trol of the early region promoter of the human CMV (Boshart et
al., 1985) in two separate plasmids (Fig. 14). The linearized
DNA was microinjected, either individually or in combination, in
fertilized mouse eggs.

Two founder mice with the light chain transgene, two with the
heavy chain transgene, and three double-transgenic mice were
generated. The serum of double-transgenic mice displayed 50
ng/ml of transgenic anti-NGF antibodies. Despite an intensive
breeding program, no offspring were generated.

To overcome this problem and obtain mice expressing a func-
tional antibody constituted by the two chains, mice homozygous
for the aD11 heavy chain transgene (VH-aD11 mice, lines C and
D) (Fig. 1B) were crossed with mice homozygous for the aD11
light chain transgene (VK-aD11 mice, lines A and B) (Fig. 1B).
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Of the two VK-aD11 lines, line A yielded a lower VK genomic
signal than line B. For the heavy chain transgenic lines, line C
yielded a higher VH genomic signal than line D (Fig. 1D). To
obtain mice expressing both chains, and thus reconstituting NGF
binding activity, single-transgenic mice were intercrossed in dif-
ferent combinations (Table 1). Crossing lines VK-aD11 A with
VH-aD11 D and lines VK-aD11 B with VH-aD11 C gave rise to
viable pups (family 1 and family 2, respectively) that thrive to
adulthood, with a viability >80% (Table 1). On the contrary, the
breeding of the two high expression lines VK-aD11 B with
VH-aD11 D (family 5) yielded no viable offspring (Table 1).

Expression of transgenic anti-NGF antibody chains

The mRNA levels of the D11 heavy chain transgenes in tissues
of adult mice were much higher in line D than in line C (Fig. 1D).
For the light chain, lower mRNA expression levels were found in
line A (VK low) than in line B (VK high) (data not shown).

As expected for the ubiquitous CMV promoter (Baskar et al.,
1996), the VH and VK mRNAs were widely expressed in differ-
ent adult organs, including brain, kidney, heart, liver, testis (Fig.
1D, E, and data not shown). For both chains the mRNA levels
in adult tissues were much higher than those in neonatal tissues
(Fig. 1E).

Immunohistochemistry confirmed that both antibody chains
could be detected in non-neuronal tissues and in many areas of
the brain, including cortex, hippocampus, thalamus, spinal cord,
retina, olfactory bulb, and cerebellum (the latter shown in Fig.
2A). The association of the heavy and light chains, to reconstitute
a functional and secreted antibody, requires that the two chains
be coexpressed within the same cell. Double-labeling immuno-
histochemistry demonstrated the coexpression of the two chains
in a high percentage of neuronal and non-neuronal cells (Fig.
2B). The number of cells coexpressing both antibody chains was
much greater in the adult than in the neonatal tissues (data not
shown). At postnatal day 1 (P1), anti-NGF transgenic antibodies
were below the detection threshold but could be readily detected
in the serum and in the brain (Fig. 2C) of P90 adult transgenic
mice of family 1 and family 2, reaching levels three orders of
magnitude higher than the detection threshold (0.1 ng/ml and 0.1
ng/mg in the serum and in the brain). At P90, the levels of
antibodies in serum and brain of family 2 were twofold higher
than those in family 1.

When double-transgenic females from family 2 were crossed
with VK-aD11 B males to obtain family 3 (Table 1), pups were
born alive, but despite evidence of food intake, they did not gain
weight and most died within 1 week. The pups that could survive
(at most up to 3 weeks) demonstrated a decreased body weight
and a delay in hair growth and in the time of eye opening (Fig.
2D). Soon after birth, these mice showed tremor of the head,
which was more evident during locomotion.

Phenotypic knockout of NGF in the CNS and PNS of
adult transgenic mice

For the phenotypic analysis of family 1 and family 2 mice, two
groups of controls were used: wild-type mice and the correspond-
ing single-transgenic controls, expressing only the VH-aD11
heavy chain (C or D, as appropriate; see Table 1). Because the
heavy chain cannot be secreted in the absence of a cognate light
chain and is accumulated intracellularly in the endoplasmic re-
ticulum (Haas and Wabl, 1983), this group of mice also controls
for any toxic effects caused by the intracellular accumulation of a
foreign protein. Immunohistochemical and Western blot analysis
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Figure 1. Production of anti-NGF transgenic mice. A4,

DNA constructs for the production of the transgenic

mice: light chain (fop panel) and heavy chain (bottom
panel) transgenes. CK and CHI-CH3, Human con-

stant region domains of light (K) and heavy (yl)
chains; VK and VH, light and heavy chain variable
regions of the aD11 monoclonal antibody; CMV/, cy- B
tomegalovirus promoter. B, PCR analysis to detect the
presence of VK (top panel) and VH (bottom panel)
transgenes. The gels show 12 littermates born from
homozygous VK (top panel) or VH (bottom panel)
mice crossed to negative mice to verify homozygosis
of the single transgenic lines. As evidence, all litter-
mates carry the transgene. C, Dot blot analysis of the
four lines of mice expressing the heavy or light chain.
The top panel was probed with a human heavy chain
constant region probe and the bottom panel with a
human light chain constant region probe (see Materi-
als and Methods). DNA samples in the top panel:
duplicates of VH-aDI11 #D, wild-type (WT, negative
control) and VH-aD11 #C, single sample of human
placental DNA (H.PL.DNA, positive control). DNA
samples in the bottom panel: duplicate of VK-aDI11#A,
single samples of VK-aDI11#B, WT (negative control), D
and human placental DNA (H.PLDNA, positive con-
trol). D, Rnase protection analysis of the transgenic
VH chain expression in adult kidney and brain of
VH-aD11#D (lanes 1-8) and VH-aDI11#C (lanes
9-14) mice. Lane 15, RNA from wild-type mouse
brains. Lane 16, RNA from a cell expressing the re-
combinant mAb aD11. Lane 17, VH RNA probe. E, .
Levels of VH-aD11 and VK-aD11 mRNA in heart at

P1 and P90 of mice from family 1, evaluated by phos-

phorimaging analysis, normalized to the p-actin

mRNA (mean counts = SEM). Number of mice for 1
each age, n = 6.

p.CMVL

VK-acDn#8

VH-aDn#c

340bp =

showed that the heavy chain levels in the single-transgenic lines
are identical to those in the corresponding double-transgenic lines
(data not shown). In all of the phenotypic analyses performed,
wild-type mice and transgenic controls were indistinguishable.

During the first 3—4 postnatal weeks, family 1 and family 2 mice
showed no macroscopically visible abnormalities except a small
decrease in body weight (25% less than that of control mice).

In the CNS, the histological analysis revealed that the number
of ChAT-positive neurons was decreased in the BF (Fig. 34,B)
and the hippocampus (Fig. 31,L).

The stereological analysis revealed that the volume of the BF of
anti-NGF transgenic mice was equal to 3.8 X 10° = 4.2 x 108
wm?, and it was not different from that calculated for transgenic
controls (4.2 X 10° = 4.0 X 10® um?). In particular, the volume
of the medial septal nucleus is not changed, being 2.1 X 10° *
1.6 X 103 um? in anti-NGF mice and 2.2 X 10° = 1.5 X 10% um?
in transgenic controls. The number of ChAT-positive neurons in
the BF and the hippocampus of neonatal and P10 transgenic mice
was not affected (Table 2). In adult transgenic mice, the number
of ChAT-positive neurons was evaluated by two different meth-

VHaD11 CH1
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ods: the stereological estimation of the total number of cells and
the mean number of ChAT-positive cells per millimeters squared
(Table 2). Both methods showed that in adult transgenic mice the
number of ChAT-positive neurons was much lower than in con-
trols. The stereological analysis revealed that the total number of
ChAT-positive neurons in the BF of anti-NGF mice was 6327 =
621, whereas in transgenic controls it was 8726 * 375 (p < 0.05).
In particular, the calculated values for the medial septum revealed
a decrease equal to the 42.8% (3153 = 201 ChAT-positive neu-
rons in anti-NGF mice vs 5475 = 235 neurons in control mice, p <
0.05). The values calculated using the mean number of ChAT-
positive cells are reported in Table 2, for both the basal forebrain
and the hippocampus.

ChAT-positive fibers projecting to the cortex and the hip-
pocampus of transgenic mice were more lightly stained than in
control mice (Fig. 3C,D). The remaining ChAT-positive neurons
were less intensely stained (data not shown), and their cell bodies
showed a marked shrinkage. This can be observed in the high-
magnification field shown in Figure 3F,H, in which BF cells from
anti-NGF transgenic mice are labeled with anti-TrkA and anti-
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Table 1. Scheme of the different crossings between mice expressing the light chain with mice expressing

the heavy chain

Crossings Offspring Viability
F (VK low) X M (VH high) VK low/VH high Adult
Line A Line D (family 1) (>80%)
F (VK high) X M (VH low) VK high/VH low Adult
Line B Line C (family 2) (>80%)
F (VK high/VH low) X M (VK high) VK high (homozygous)/VH low <P20
Family 2 Line B (family 3) (100%)
F (VK high/VH low) X M (VK low) VK high-VK low/VH low Adult
Family 2 Line A (family 4) (50%)
F (VK high) X M (VH high) VK high/VH high <Pl
Line B Line C (family 5) (100%)
F (VK high/VH low) X M (wild type) VK high/VH low Adult
Family 2 WT (family 6) (>80%)

p75 antibodies, respectively. These figures also show a marked
decrease in the number of TrkA (Fig. 3E,F) and p75 (Fig. 3G,H)
immunoreactive cells. No evidence was found for apoptotic cell
death in the BF region of transgenic mice, as assessed by the
TUNEL method for DNA fragmentation (data not shown).

In the hippocampus, the extent of CA3 mossy fibers was eval-
uated in anti-NGF mice by the Timm’s procedure, revealing a
marked reduction in the zinc staining with respect to controls
(Fig. 3M,N).

In the PNS, SCG from 2-month-old anti-NGF transgenic mice
were markedly smaller than those from transgenic controls, as
shown in corresponding transverse sections (Fig. 44,B). The area
of the middle section from the transgenic SCG was 45% of that
from control mice. No pyknotic nuclei were observed in SCG
from anti-NGF transgenic mice, but the size of the cells was
greatly reduced, with respect to control mice (Fig. 4C,D). The
extent of cell body shrinkage is shown in Figure 4§ and corre-
sponds to a variation of the median value of the distribution from
225 to 175 wm? The minimum and maximum values of the
median for individual mice in each group were 218.4 and 311.76

B blood serum (ng/ml)
brain (ng/ma)

D11
(=]
i

0.3

Levels of recombinant

i 2
Family #1_Family #2
P30

AGE

wm? for control mice and 156.99 and 193.28 um? for transgenic
anti-NGF mice.

The size of neurons of lumbar DRG from transgenic mice was
dramatically reduced, and the majority of neurons displayed
clearly pyknotic nuclei (Fig. 4 E,F). The reduction of the cell body
size is demonstrated in Figure 47 and corresponds to a variation
of the median value of the distribution from 425 to 75 um?. The
minimum and maximum values of the median for individual mice
in each group were 515.32 and 755.47 pm? for control mice and
61.15 and 91.86 um? for transgenic anti-NGF mice.

The phenotypic analysis of DRG neurons revealed that the
number of TrkA- (Fig. 4G,H) and p75-positive neurons (Fig.
4L L), but not that of TrkB-positive neurons (Fig. 4M,N), was
markedly reduced in DRG from transgenic mice. Also the num-
ber of CGRP- (Fig. 40,P) and SP-positive neurons (Fig. 40,R)
was reduced in transgenic mice. In the latter case, the spared
SP-positive neurons were more lightly stained in transgenic than
in control mice. This observation correlates well with the reduced
number of SP-immunopositive fibers observed in the skin of

.,

Figure 2. Expression of functional antibodies in
anti-NGF transgenic mice. A, Expression of the
recombinant V H in Purkinje cells of the cerebellum
of VH-aD11 C mice. Scale bar, 38 um. B, Expres-
sion of VH ( green) and VK (red) chains, in DRG of
family 1 mice. The coexpression of the two chains in
the same cells is shown in the right panel ( yellow).
Scale bar, 25 um. C, Level of recombinant aD11 in
the serum and in the brain of Family #1 and Family
#2 mice, at PI and P90 (values are mean = SEM,
n = 6 for each group). The horizontal dotted line
represents the detection threshold of the assay (0.1
ng/ml). D, A transgenic control (transgenic for VH
only) and a transgenic anti-NGF (family 3) mouse at
P17. The transgenic mouse is much smaller than the
control.
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Figure 3. Phenotypic analysis of the
CNS of anti-NGF transgenic mice.
A-H, Sections through the BF: ChAT-
positive neurons in control (4) and
anti-NGF transgenic mice (B). Cholin-
ergic innervation to the frontal cortex,
stained with anti-ChAT, in control (C)
and anti-NGF transgenic mice (D). CP,
Caudate/putamen; FC, frontal cortex;
GCC, genu corpus callosum. TrkA-
positive neurons of the BF in control
(E) and anti-NGF transgenic mice (F).
p75-positive neurons in the BF of con-
trol (G) and anti-NGF transgenic mice
(H). ChAT staining of hippocampal
section in control (/) and anti-NGF
transgenic mice (L). Timm’s staining
in hippocampal mossy fibers of control
(M) and anti-NGF transgenic mice
(N). Scale bars: A-D, M-N, 300 pm;
E-H, 150 pm; I-L, 38 um. The figures
are representative of an analysis per-
formed on 10 animals for each group.

anti-NGF mice compared with transgenic controls (data not
shown).

Immunohistochemical analysis of trigeminal, nodose, petrose,
and vestibular ganglia of transgenic mice, with antibodies against
TrkB, TrkC, BDNF, and N'T-3, as appropriate, did not reveal any
difference with respect to the corresponding ganglia of control
mice (data not shown). This shows that neurons sensitive to other
neurotrophins are not affected, as expected, given the specificity
of the aD11 antibody.

Skeletal muscles of transgenic mice show a
marked dystrophy
Adult transgenic mice of families 1 and 2 often showed a waddling
gait (Fig. 5A4), attributable to an abnormal position of the hind
limbs, that was also demonstrated when the mice were held by
their tail (Fig. 5C,D). Moreover, these mice walked on the tiptoes
of their hind feet. Very often these mice developed a scoliosis of
the back (Fig. 5B).

Anatomical analysis of skeletal muscles from adult anti-NGF
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transgenic mice revealed a macroscopic reduction of the mass of
longitudinal dorsal muscles and the flexor and abducent muscles
of the hind limbs. This atrophy was not observed in other muscles,
such as those forming the abdominal wall and the flexor and
abducent muscles of the fore limbs.

Muscle fibers of the dorsal muscles of anti-NGF mice showed a
markedly decreased cross-sectional area and a more irregular
shape (Fig. SE,F). Quantification of the cross-sectional area of
single fibers revealed a very significant reduction of large cross-
section cells (Fig. 5G). The difference in the color of myofibers
stained with hematoxylin/eosin most likely reflects the presence
of sarcoplasmic deposits. The amyloid nature of these deposits
was suggested by a positive staining of transgenic myofibers with
Congo red (data not shown), which formed a ring-shaped region
beneath the sarcolemma.

The dystrophy of skeletal muscles was not observed in young
animals (between P2 and P30), when the antibody levels are
undetectable (P2) or start to increase (P30).
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Table 2. Number of ChAT-positive cells in the basal forebrain and hippocampus of transgenic controls and anti-NGF transgenic mice

ChAT-positive Minimum value Maximum value

Mice Age neurons (cells/mm?) (cells/mm?) (cells/mm?) % Reduction
BF VH Adult 113.28 = 3.97 107.25 = 5.58 120.00 = 4.94

Family 1 Adult 50.91 = 4.76* 42.25 = 3.86 56.00 = 3.36 55
BF VH P10 111.37 = 5.05 105.75 = 8.55 118.00 = 2.23

Family 1 P10 103.06 = 3.98 97.25 + 10.70 108.50 = 7.53
Hippocampus VH Adult 164.54 = 10.54 149.00 = 2.23 176.50 = 2.29

Family 1 Adult 62.50 = 6.25* 54.50 = 2.5 71.00 = 4.84 62
Hippocampus VH P10 36.70 = 3.43 33.66 = 2.86 42.00 = 2.94

Family 1 P10 3591 £4.22 30.33 £ 1.69 40.33 = 1.70

Values are the mean = SEM (adult mice, n = 6; P10, n = 4). *p < 0.01. The sterological values for the volume and number of ChAT-positive neurons in the BF of anti-NGF

and transgenic controls are reported in Results.

Apoptosis in the spleen of anti-NGF transgenic mice
In the spleen of anti-NGF mice, the two antibody chains were
expressed in the red pulp (Fig. 64,B). In control mice the sym-
pathetic innervation of the spleen was localized around the cen-
tral artery, and few nerve fibers were seen in the marginal zone
(Fig. 6C). In transgenic mice the innervating fibers were scattered
throughout the germinal center and the marginal zone, without
reaching the vessel (Fig. 6D).

The total number of viable splenocytes recovered from the
spleen of transgenic mice was dramatically lower than that recov-

ered from control mice (2-3 X 107 vs 2-3 X 10°). In transgenic
mice the proportion of the spared splenocytes expressing surface
IgM and IgA, determined by flow cytometry, was unaffected,
whereas the proportion of IgG-positive cells was reduced (Fig.
6F) and that of IgD-positive cells showed a small but significant
increase (Fig. 6E). A similar reduction of the percentage of
IgG-positive cells was also demonstrated by immunohistochem-
istry in spleen sections from transgenic mice (Fig. 6F).

The very low recovery of viable splenocytes was suggestive of
cell death. The red pulp region in the spleen of anti-NGF trans-
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Figure 4. Phenotypic analysis of the PNS of anti-NGF
transgenic mice. Cresyl violet staining of SCG (4-D) and
DRG (E, F) from control (4, C, E) and anti-NGF trans-
genic mice (B, D, F) reveals a dramatic decrease in the
area of SCG and in cell size of SCG (S) and DRG (7)
with respect to control mice (n = 6 for each group of
mice). In DRG, immunohistochemistry against TrkA (G,
H), p75 (I, L), CGRP (O, P), and SP (Q, R) shows a
decreased intensity of labeling in anti-NGF transgenic
mice (H, L, P, R) with respect to controls (G, I, O, Q).
Immunoreactivity against TrkB is unaffected in anti-NGF
mice (N) versus controls (M). Scale bars: 4, B, 1.6 mmy;
C-F, 750 pm; G-R, 500 pm.
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Figure 5. Muscular dystrophy in anti-NGF transgenic mice. Anti-NGF
transgenic mice show an abnormal waddling gait (A4), a marked scoliosis
(B), and a typical posture of the hind limbs (D) versus controls (C).
Transverse sections through the longitudinal muscle of the back, stained
with hematoxylin/eosin of control (E) and anti-NGF transgenic mice (F),
showing a marked decrease in the size of myofibers (G). The analysis was
performed on six transgenic controls and six anti-NGF transgenic mice.
Scale bar (shown in E for E, F): 500 pm.

genic mice contained a large number of apoptotic cells, as eval-
uated by the presence of DNA fragmentation (Fig. 6 H). Control
spleens (Fig. 6G) contained a threefold smaller number of lower
intensity labeled cells (Fig. 6F). The number of apoptotic cells
was greater than that of the cells expressing the transgenic heavy
or light chains (Fig. 6 F), demonstrating that the apoptotic process
also occurred in cells not expressing the transgenic antibody
chains.

The spleen of young animals (between P2 and P30) showed no
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sign of apoptosis, even when transgenic antibody chains can be
detected at the cellular level.

Behavioral analysis of anti-NGF mice

Behavioral tests were performed in adult transgenic mice from
family 1, and care was taken to select litters that did not show a
visible abnormality in their walking pattern, such as the one
described in Figure 5.

The sensitivity to thermal pain was evaluated in control and
transgenic mice by the hot plate test and showed a significant
increase in the latency time for licking of the hind paws and
jumping (Fig. 74).

The general motor activity of transgenic mice did not differ from
that of control mice in the open field test (Fig. 7B). A rotarod test
was performed (Fig. 7C) to assess motor coordination and fatiga-
bility, demonstrating a marked impairment in anti-NGF mice.

For spatial learning, mice were tested in a radial maze. The two
overall learning curves differed (two-way RMANOVA, p < 0.05)
(Fig. 7D). During the first 3 d, the transgenic mice made a
significantly higher number of entries (Fig. 7D) and in particular
of re-entries in already visited arms (i.e., working memory errors;
data not shown). The final level of accuracy in the last 3 d was not
significantly different for anti-NGF and control mice. To analyze
the ability of mice to retain the performance acquired, mice were
tested in the maze 31 d after completion of the learning test, with
the same combination of arms baited as during learning. It was
evident (Fig. 7E) that transgenic mice made as many entries as
when first confronted with the task (no statistical difference with
the number and type of errors made in the first 3 d). They did not
retain the level acquired with learning (significant difference with
the final level of accuracy in the last 3 d, paired ¢ test, p < 0.05),
whereas control mice retained the level acquired with learning
(Fig. 7E).

To test the ability of the mice to transfer their learning capacity
to a new situation, the day after the retention test the previously
unbaited arms were baited, and a new learning test was per-
formed. The results showed a clear transfer deficit for the trans-
genic mice (two-way RMANOVA, p < 0.01); they still performed
significantly worse than control mice after 5 d of training (Fig.
7F). The difference in performance was attributable to a signifi-
cantly higher number of working memory errors (¢ test, p <
0.006).

At the completion of the behavioral tests, the phenotype of all
mice was analyzed at the histological and immunochemical level,
confirming the presence of the neuronal and non-neuronal defi-
cits described.

DISCUSSION

The role of NGF during development of the nervous system has
been characterized (Levi-Montalcini, 1987) and more recently, by
the disruption of the NGF, p75, and TrkA genes (Lee et al., 1992;
Crowley et al., 1994; Smeyne et al., 1994). A role for NGF in adult
and aged animals has been suggested. However, because of the
lethality of ngf—/— mice in the early postnatal period (Crowley et
al., 1994), no comprehensive transgenic model in which the ac-
tions of NGF in the adult are antagonized or ablated is available.

We used the neuroantibody approach (Piccioli et al.,, 1991,
1995), based on the local secretion of recombinant antibodies in
transgenic mice, to neutralize the activity of NGF. The two-tier
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approach, in which separate transgenic lines expressing individual
chains are crossed, allowed us to limit the developmental conse-
quences deriving from exposure of fetuses and newborns to
anti-NGF antibodies (Gorin and Johnson, 1980; Johnson et al.,
1980). By exploiting different breeding combinations (Table 1), it
was possible to modulate the severity of the phenotypic knockout.
The lethal phenotype observed with some of the transgenic
combinations (families 3 and 5; Table 1) validates the model’s
ability to achieve a phenotypic neutralization of NGF as complete
as in ngf—/— mice (Crowley et al., 1994). The lethal outcome is
not determined by maternally derived antibodies, because pups
born from the same double-transgenic females, crossed to a
negative male, are viable (family 6). Thus, the additional expres-
sion of the VK transgene in the embryos appears to determine
the lethal phenotype. Newborns of family 4 show a 50% viability

lgG+  Apoplosis+

1 Transgenic control
mm  Anti-NGF mice

*

Figure 6. Apoptosis in the spleen of anti-NGF trans-
genic mice. VH (A4) and VK (B) expression in the
spleen of anti-NGF transgenic mice is localized in the
red pulp (RP) and absent in the white pulp (WP). TH
immunoreactivity in control mice is localized around
the central artery of the WP (C), whereas in anti-
NGF mice it is localized at the WP periphery (D). E,
Surface phenotype of splenocytes. The flow cytomet-
ric analysis was performed on six control mice and six
anti-NGF transgenic mice. *p < 0.05. F, Quantifica-
tion of the number of splenocytes expressing VH,
VK, or IgG or displaying DNA fragmentation. Val-
ues are the mean = SEM, n = 6 for family 1 and n =
6 for transgenic controls. *p < 0.05. G, H, TUNEL
staining of spleen sections from control (G) and
transgenic (H') mice. Scale bars: 4-D, 300 um; G, H,
1000 pm.

(Table 1). On the other hand, mice from families 1 and 2 reach
adulthood, when the antibody levels are more than 1000-fold
higher than at birth. The limited increase (sixfold) in total mRNA
levels for the individual chains during the postnatal period cor-
responds to an increase in the number of cells expressing each
transgene, leading to a dramatic increase in the number of cells
coexpressing both transgenes.

The phenotypic analysis of independent families showed con-
sistent results, ruling out chromosomal integration-dependent
effects. The phenotypes observed across litters of the same geno-
type were fully penetrant. The only limited variability observed
relates to the abnormalities in the walking pattern (see Results),
which can vary in the age of onset but eventually are present in all
transgenic mice older than 6 months.

Anti-NGF antibodies in the serum and the brain are sufficiently
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Table 3. Amount of free NGF and transgenic antibody in different tissues from transgenic control and

anti-NGF transgenic mice

aD11 recombinant

Tissue Mice
Submaxillary gland VH
Family 1
Brain VH
Family 1
Dorsal muscles VH
Family 1
Abdominal muscles VH
Family 1
Blood VH
Family 1

Free NGF % Reduction” antibody

2.77 = 0.17 pg/mg

1.92 = 1.92 pg/mg* 30.6 82.9 = 9.42 ng/mg
31.3 £ 1.88 ng/mg

16.6 = 1.33 ng/mg* 53 57.3 = 10.37 ng/mg
11.6 = 1.24 ng/mg

4.5 = 1.70 ng/mg* 61.2 50.6 = 1.24 ng/mg
10.3 = 2.62 ng/mg

11.3 = 1.24 ng/mg 10.3 12.6 = 2.05 ng/mg
46.3 = 2.62 pg/ml
22.3 = 2.35 pg/ml* 48.1 116 = 18.45 ng/ml

Values are the mean = SEM (n = 3).

p < 0.001.

“% reduction of free NGF in anti-NGF transgenic mice with respect to transgenic controls.

abundant to neutralize NGF biological activity but are well below
the range of concentrations at which the cross-reactivity with
other neurotrophins was tested and ruled out (Gonfloni, 1995;
Molnar et al., 1998). Adverse effects arising from immune com-
plexes involving transgenic anti-NGF antibodies could be ex-
cluded, because no antibody accumulation was detected in the
kidneys (data not shown).

The phenotype of adult mice revealed complex and severe
deficits. Interestingly, heterozygous ngf+/— mice do not exhibit
gross morphological abnormalities and contain ~75% of the NGF
levels in control mice (Chen et al., 1997). The levels of residual
free NGF, not bound to the transgenic antibodies, in adult anti-

NGF transgenic mice are ~50% of the circulating NGF levels in
control mice (Table 3). It should be noted that the assay used for
this determination overestimates the amount of free NGF, be-
cause NGF dissociates from the antibodies during the extraction
process. Moreover, the time course of NGF neutralization in
heterozygous ngf+/— and in anti-NGF transgenic mice is very
different. Thus, the neuroantibody approach leads to an effective
neutralization of NGF activity in adult mice, attributable to the
antibody preventing the binding of NGF to TrkA and p75 recep-
tors (Gonfloni, 1995). Because the antibody does not recognize
receptor-bound NGF, complement-mediated cell killing can be
excluded.
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The analysis of adult mice showed deficits in well known NGF
targets, such as SCG (Levi-Montalcini and Angeletti, 1966) and
DRG (Ruit et al., 1992; Silos-Santiago et al., 1995).

In the CNS of transgenic mice, we have studied cholinergic
neurons in the BF region (Korsching, 1986) and the hippocampus
(Vijayan, 1979). The role of NGF in modulating the survival and
phenotype of adult cholinergic neurons is controversial (Rylett
and Williams, 1994; Snider, 1994). Here we demonstrate that
adult anti-NGF mice show a stable decrease of ChAT expression
in the BF and hippocampal cholinergic neurons, in addition to
marked cell shrinkage. A critical period in the sensitivity of
BFCNs to NGF deprivation has been suggested (Molnar et al.,
1997; 1998), on the basis of a significant but transient and revers-
ible cholinergic deficit. This suggested a “negative priming”
model (Molnar et al., 1998), whereby a complete disruption of
NGF activity during development (Crowley et al., 1994; Molnar et
al., 1998) would lead, after a transient downregulation, to the
independence of BFCNs from NGF. In the presence of an in-
complete block of NGF, such as in ngf+/— mice, BFCNs would
maintain their dependence from NGF throughout life, as ob-
served by Chen et al. (1997). The cholinergic deficit observed in
BFCNs of adult anti-NGF transgenic mice is more severe than in
ngf+/— mice and confirms the negative priming hypothesis.
These results establish that in adult mice the cholinergic function
of BFCNs can be severely impaired by NGF deprivation, pro-
vided that NGF is not limiting during the early postnatal period.
Notwithstanding the severe cholinergic deficit, no cell death was
observed.

The decrease in the Timm’s staining of mossy fibers in the CA3
area of the hippocampus of anti-NGF mice parallels the efficacy
of aD11 to affect synaptic plasticity in CA3 during development
(Ruberti et al., 1997) and supports a role of NGF in the remod-
eling of neuronal circuitries in adult animals (Rashid et al., 1995;
Van der Zee et al., 1995; Debeir et al., 1999).

A functional correlate of the anatomical cholinergic deficits
was established by showing a significant impairment in spatial
learning tasks in anti-NGF mice that was particularly evident in
retention and transfer tasks. Noteworthy is the strong deficit for
working memory, which correlates with the effectiveness of NGF
treatment in ameliorating working memory in aged rats, possibly
through the BF cholinergic system (Markowska et al., 1996; Frick
et al., 1997; Gustilo et al., 1999). The increased threshold of the
anti-NGF mice for noxious stimuli confirms the activities of the
NGF/TrkA system in the modulation of chronic pain (Levine,
1998; Snider and McMahon, 1998) and proposes these mice as a
model for nociception. Anti-NGF mice showed impairment in the
rotarod test that could be ascribed to their muscular atrophy.
However, because the rotarod test assesses multiple systems, we
cannot exclude the involvement of single or multiple combina-
tions of distinct neuronal NGF-responsive populations.

Adult anti-NGF mice were used to study non-neuronal sites of
NGF actions, such as spleen and skeletal muscles.

In the spleen, neutralization of NGF leads to an incomplete
maturation of its sympathetic innervation (Carlson et al.,
1995), which is known to correlate with NGF levels in target
tissues (Korsching and Thoenen, 1983; Shelton and Reichardt,
1984).

Actions of NGF on T- and B-lymphocytes have been postulated
(Cattaneo 1985; Ehrhard et al., 1993a,b), but evidence of a
modulatory role on the B-cell-dependent immune response has
been presented only recently (Torcia et al., 1996). To our knowl-
edge, the immune system in ngf+/— heterozygous mice has not
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been studied. Anti-NGF mice show a dramatic loss of viable
splenocytes, reflecting a process of cell death by apoptosis. Con-
trol spleens show a background of cells weakly labeled for DNA
fragmentation that might be related to chromosomal rearrange-
ments of immunoglobulin loci or to a physiological process of cell
death. The expression of rearranged secretory transgenic anti-
body chains in lymphocytes is not causing cell death. Indeed, the
number of cells with DNA fragmentation is higher than that of
cells expressing either chain. Transgenic mice expressing rear-
ranged antibody genes in B-lymphocytes have been produced
before (Storb et al., 1986; Neuberger et al., 1989; Pettersson et al.,
1989), without signs of lymphocyte death.

Anti-NGF mice revealed an unexpected dystrophy affecting
spinal and hindlimb extensor muscles but not abdominal and
hindlimb flexor muscles. The differential effect between muscles
could reflect different antibody levels (Table 3) or intrinsic dif-
ferences between muscles. Muscular dystrophy was not described
in NGF or TrkA knockout mice (Crowley et al., 1994; Smeyne et
al., 1994), most likely because of their premature death. The
muscular dystrophy could result from a direct action of NGF on
developing or adult myofibers expressing NGF receptors (Baron
et al., 1994; Yamamoto et al., 1996; Seidl et al., 1998) or from an
indirect effect involving a cascade of NGF-induced changes in
gene expression, leading to an altered phenotype of spinal mo-
toneurons expressing the p75 receptor (Sendtner et al., 1996).
However, this hypothesis cannot be easily reconciled with the lack
of a muscular phenotype in p75 knockouts (Lee et al., 1992) and
with the absence of gross cellular abnormalities in the ventral
horn of the spinal cord of anti-NGF mice.

This transgenic model lends itself to a future characterization
of the consequences of NGF deprivation in aged mice.
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