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Overexpression of Nerve Growth Factor in Epidermis of Transgenic
Mice Causes Hypertrophy of the Peripheral Nervous System
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Survival of developing neurons is dependent on access to
a limited supply of target-derived neurotrophic factors. NGF
is the most extensively characterized of these molecules
and during development is synthesized by neuronal and non-
neuronal target tissues such as the skin. To investigate how
target-derived NGF affects neuron survival and development
of the PNS, we used an epidermal-specific gene promoter
to produce transgenic mice that overexpress the mouse NGF
cDNA in skin. Analysis of transgenic skin mRNA synthesis
by Northern and in situ hybridizations showed increased
levels of transgene-derived mRNA in the epidermis and as-
sociated hair follicles. The increase in NGF mRNA correlated
with a hypertrophy of peripheral sensory and sympathetic
nerves. Immunological analysis of skin using an anti-150
kDa neurofilament antibody showed numerous large nerve
bundles and fibers coursing throughout the dermis. In-
creased numbers of nerve processes in the transgenic skin
had immunoreactivity for calcitonin gene-related peptide and
tyrosine hydroxylase, indicating that both the sensory and
sympathetic systems were hypertrophied. The trigeminal and
superior cervical ganglia were greatly enlarged. Cell counts
of trigeminal ganglia of control and transgenic mice showed
a 26-117 % increase in the number of neurons in the trans-
genics, indicating a reduction or total prevention of the pro-
gram of naturally occurring cell death. These results dem-
onstrate that NGF production by the epidermal target tissue
controls neuronal survival, and in so doing, establishes the
level of innervation.

[Key words: NGF, neurotrophin, transgenic mice, epider-
mal expression, neuron survival, trigeminal ganglion]

During development of the vertebrate nervous system nearly
all groups of neurons undergo a process of naturally occurring
cell death (Rogers and Cowan, 1974; Ard and Morest, 1984;
Oppenheim, 1991). Neuron death typically occurs shortly after
nerves begin to make functional connections within their target
field (Oppenheim, 1981). Survival during this period of inner-
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vation is thought to be dependent on neurons acquiring access
to a limited quantity of neurotropic substance provided by the
target field (Thoenen and Barde, 1980; Davies et al., 1991;
Oppenheim, 1991). The competition for neurotrophic factors
is thought to serve at least two functions: to ensure that an
appropriate number of synaptic contacts are made and to elim-
inate inappropriate neuronal projections (Oppenheim, 1981;
Cowan et al., 1984). This concept is referred to as the neuro-
trophic hypothesis and predicts that the number of neurons in
the adult could be increased if a higher concentration of neu-
rotrophic factor(s) was available during the critical time when
synaptic contacts are being established. NGF is a prototypical
target-derived neurotrophic substance that has been shown to
be essential for the survival and differentiation of neural crest—
derived sensory neurons and sympathetic neurons in the PNS
(Levi-Montalcini and Angeletti, 1968; Johnson and Yip, 1985).
The role of NGF in neuron survival is supported by numerous
studies that have utilized both tissue culture and in vivo ap-
proaches in which NGF peptide or NGF antibodies were applied
(Levi-Montalcini and Booker, 1960a,b; Barde et al., 1980; John-
son et al., 1980; Hamburger and Yip, 1984). Sympathetic and
certain sensory neurons can be rescued by exogenous NGF
whereas anti-NGF antibodies eliminate these neurons.

During development of skin, NGF is expressed by target cells
of the presumptive epidermis and dermis (Davies et al., 1987;
Schecterson and Bothwell, 1992). Target-field synthesis of NGF
coincides with the arrival of axons to the epidermis, though the
onset of expression and the concentration of NGF are indepen-
dent of innervation (Korsching and Thoenen, 1983; Shelton and
Reichardt, 1984; Rohrer et al., 1988; Harper and Davies, 1990).
Thus, cells of the target field appear to determine the onset and
level of NGF gene expression. In mouse whisker pad skin, time
course studies of innervation have shown that by embryonic
day 11 (E11) nerve fibers have grown to the skin and NGF
mRNA expression has begun (Davies et al., 1987). NGF pro-
duction continues to rise until E14 and then falls sharply by
E15. The decrease in NGF concentration coincides with the cell
death of nearly half of the neurons in the trigeminal ganglion.

As skin innervation proceeds, the embryonic epithelium be-
gins the transformation from a two-cell-layer, undifferentiated
periderm to a multilayer, stratified epidermis (Schweizer and
Winter, 1982; Kopan and Fuchs, 1989). The differentiation of
the epidermis is marked by the expression of epidermal-specific
genes, one of the earliest being the gene encoding the keratin
intermediate filament protein K14. The onset of K14 gene ex-
pression in mouse skin occurs at approximately E14-E15
(Schweizer and Winter, 1982; Kopan and Fuchs, 1989), begin-
ning as NGF concentration is declining. To investigate the role



of NGF in the development of the PNS and skin innervation,
we utilized the human K14 gene promoter to drive the expres-
sion of the NGF cDNA in epidermal keratinocytes. Our results
show that overexpression of NGF by the cutaneous target has
profound effects on the level of skin innervation and neuronal
survival.

Materials and Methods

Construction of K14-NGF transgene and introduction into
mice

Plasmid pKS-NGF (a gift from R. Edwards, UCLA) was cut with Apal
(+230) and Pstl (+1027) to remove a 797 base pair fragment that
encodes the NGF short transcript (Edwards et al., 1989). The over-
hanging ends of the Apal-Pst] NGF fragment were removed using mung
bean nuclease and the fragment was gel purified and ligated into BamHI
cut, Klenow filled K14-hGH cassette vector (Cheng et al., 1992). K14-
hGH contains 2.1 kilobase pairs (kbp) of 5’ upstream sequence (pro-
moter and enhancer) of the human K14 keratin gene and a 1.8 kbp
intron containing sequence from the human growth hormone (hGH)
gene. The hGH sequence serves to upregulate expression of the transgene
and provides a polyadenylation signal (Sandgren et al., 1990). The §
kbp K14-NGF-hGH EcoRI fragment (Fig. 1a) was isolated on a 0.8%
Seaplaque agarose gel (FMC Corporation), extracted from the gel using
glassmilk purification (Geneclean Bio 101), and run through an NACS
column (Bethesda Research Laboratories). Collected DNA was ethanol
precipitated, resuspended in phosphate-buffered saline (PBS) at a con-
centration of 5 ug/ml, and microinjected into fertilized C3HB6 F1 mouse
embryos (Harlan Laboratory Supplies). Injections and implantations
were carried out using standard procedures (Hogan et al., 1986). Mice
were screened for the transgene using Southern hybridization analysis
on DNA extracted from tail or using the polymerase chain reaction on
DNA isolated from ear punches. Polymerase chain reaction primers
were made to sequences unique to the K14 and hGH regions flanking
the NGF ¢cDNA. For Southern hybridizations, 10 ug of DNA was di-
gested with Pstl, separated on an 0.7% agarose gel, and transferred to
nitrocellulose by blotting. The membrane was incubated with a random-
primed *P-dCTP (New England Nuclear) labeled probe made to the
full-length NGF cDNA. Probe hybridization was carried out for 16 hr
at 42°C in the presence of 50% formamide, after which the membrane
was washed and exposed to film.

Analysis of mRNA expression

Northern hybridization Northern analysis was performed on RNA that
was isolated from various tissues using guanidium thiocyanate/phenol/
chloroform extraction (Chomczynski and Sacchi, 1987). Ten micro-
grams of total RNA were resolved on a 1.2% agarose formaldehyde
denaturing gel, transferred to Nytran membrane (Schleicher and Schuell)
by blotting, baked 2 hr at 80°C, and then hybridized at 42°C in the
presence of 50% formamide to a 3?P-dCTP-labeled random-primed
probe made to the full-length NGF ¢cDNA. The membrane was hy-
bridized for 18 hr, washed, and exposed to film.

In situ Aybridization. 3S-labeled cRNA probes were generated by
adding 1 ug of linearized pKS-NGF plasmid (linearized with Sacl for
an antisense probe and EcoRI for a sense probe) to 2.5 mm each ATP,
CTP, GTP, 15 mm ¥3S-UTP (New England Nuclear), and either T7 or
T3 polymerase (Stratagene) to generate antisense and sense probes, re-
spectively. Incubation was for 60 min at 37°C in transcription buffer
containing 50 mMm MgCl,, 20 mm spermidine, 200 mm Tris, pH 7.4,
and 10 mm dithiothreitol (DTT). The solution was phenol/chloroform
extracted and precipitated with ammonium acetate and 2.5 vol of eth-
anol in the presence of 25 ug of carrier tRNA.

For in situ hybridization, mouse whisker pad skin was dissected,
immediately frozen on dry ice, cryostated at 10-20 um, mounted onto
Vectabond-coated slides (Vector Labs), and stored at —80°C until hy-
bridized. For hybridization, slides were brought to room temperature,
fixed for 10 min in 4% paraformaldehyde, washed in diethyl pyrocar-
bonate—treated phosphate buffer, transferred to 0.25% acetic anhydride
in 0.1 m tetraethylammonium, pH 8.0, for 10 min at room temperature,
dehydrated through a graded series of alcohols, and defatted in chlo-
roform. Sections were hybridized for 12-24 hr at 60°C in a hybridization
solution consisting of I x 107 cpm/ml of 3’S-labeled cRNA probe, 50%
formamide, 1 x Denhardt’s solution, 200 mm Tris pH 7.5, 10% dextran
sulfate, 0.3 pg/ml salmon sperm DNA, 0.15 mg/ml tRNA, and 40 mm
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DTT. Slides were washed in 4x SSC (1x SSC = 0.15 m Na(l, 0.015
M sodium citrate, pH 7.0), incubated in 20 mg/m! ribonuclease A (Sig-
ma) dissolved in 10 mm Tris-saline, and washed through descending
concentrations of SSC. The final wash was 0.1 x SSC at 37°C for 1 hr.
Sections were air dried and placed in x-ray cassettes with Hyperfilm
B-Max x-ray film (Amersham). Films were exposed for 3~7 d and de-
veloped in Kodak D-19. Selected slides were dipped in Kodak NTB-2
liquid emulsion, air dried, and exposed to film. Emulsion dipped slides
were developed in D19, fixed in Kodak rapid fixer, counterstained with
hematoxylin/eosin or cresyl violet, and coverslipped in Permount. Skin
sections from transgenic mice and nontransgenic siblings were processed
in parallel. Controls for probe specificity included hybridization using
a sense cCRNA probe and pretreatment of tissue with RNase. Both of
these conditions resulted in the absence of hybridization.

Cell counts of trigeminal neurons

Cell counts were obtained using the method of Coggeshall et al. (1984,
1990) based on a determination of the number of neuronal nucleoli.
Animals were placed under deep anesthesia and perfused transcardially
with 4% paraformaldehyde in 0.1 m phosphate buffer, pH 7.4. Trigem-
inal ganglia were removed and immersion fixed in 4% paraformalde-
hyde, dehydrated in alcohol, defatted, and embedded in paraffin. Entire
ganglia were serial sectioned at 8 um and stained with hematoxylin and
eosin. Every 10th section was examined at a total magnification of 400 x
and a drawing tube was used to trace the outline of the section and to
demarcate the location of each sensory neuron containing a nucleolus.
To compensate for neurons with two or more nucleoli, profiles of ran-
domly selected neurons were reconstructed and the total number of
nucleoli per 100 neurons was determined. This provided a nucleolus:
neuron ratio that was multiplied by the total neurons counted to obtain
the total number of neurons per ganglion (Coggeshall et al., 1990).

Immunocytochemistry

Tissue was immersed in fixative for 90 min, transferred to 20-30%
sucrose in PBS, and incubated overnight at 4°C. Samples were cryostated
at 10 um, thaw mounted onto Vectabond-coated glass slides, and pro-
cessed for immunolabeling. Primary antibodies recognizing the follow-
ing antigens were used: the 150 kDa neurofilament protein (NF 150;
1:300 dilution; Chemicon), calcitonin gene-related peptide (CGRP; 1:200
dilution; Chemicon), tyrosine hydroxylase (TH; 1:100 dilution; Chem-
icon). For NF 150 labeling, frozen sections were air dried for 10 min,
fixed 10-15 min in —20°C acetone, air dried, rehydrated in PBS, and
incubated in primary antibody solution. Binding of the NF 150 antibody
was visualized using a goat anti-rabbit IgG fluorescein isothiocyanate-
conjugated secondary antibody (Cappel Laboratories). Sections labeled
for CGRP and TH were incubated with primary antibody (diluted in
PBS containing 1% normal goat serum and 0.3% Triton X-100) 18-24
hr at 4°C in a humidified chamber and rinsed in PBS for 30 min (three
changes). Visualization of CGRP and TH immunoreactivity was achieved
using avidin-biotin—peroxidase complex (ABC) (kit from Vector La-
bortories) (Hsuetal., 1981). After primary antibody incubation, sections
were washed twice in PBS (5 min each) incubated in biotinylated goat
anti-rabbit secondary antibody for 30 min, washed in PBS, and incu-
bated in the ABC complex for 30 min. Following two PBS washes,
immunoreactivity was visualized by incubation in 0.025% 3,3'-dia-
minobenzidine-4HCI (Aldrich) with 0.05% H,O, and 1.5% nickel am-
monium sulfate dissolved in 0.1 M sodium acetate buffer, pH 6, for 7
min.

Results

Expression of K14-NGF in skin of transgenic mice

NGF was overexpressed in the epidermis of transgenic mice
using a fusion gene construct in which the human epidermal
K14 keratin promoter and enhancer sequences were linked to
a mouse NGF cDNA (Fig. 1a). The K14 promoter has previ-
ously been shown to direct high-level expression of various
transgenes to basal keratinocytes of the epidermis (Vassar et al.,
1989, 1991; Cheng et al., 1992). The rationale in designing the
K14-NGF construct was based on the temporal overlap of NGF
downregulation with the initiation of K14 expression; that is,
as the concentration of target-derived NGF begins to fall and
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Figure 1. Transgene construct and
characterization of transgenic expres-
sion. a, The K14-NGF fusion gene con-
tains the mouse NGF cDNA cloned
downstream of the human epidermal
K14 gene promoter and enhancer se-
quences (Vassar et al.,, 1989). A frag-
ment containing a partial sequence of
the hGH gene was ligated downstream
of the NGF insert to provide an intron-
containing sequence and polyA (pA)
addition signal. Arrow indicates tran-
scription start site. b, Schematic de-
picting the onset of NGF expression by
Ell, and its rise and fall at E15. As the
endogenous level of NGF decreases, ex-
pression of the K14-NGF transgene be-
gins, rises to a steady level, and contin-
ues in the adult skin. Actual relative
levels of expression are not implied. ¢,
Mice were screened for the transgene
by Southern hybridization of DNA iso-
lated from tail samples obtained 3—4
weeks after birth. Blots were probed us-
ing a 3?P-labeled DNA sequence com-
plementary to the mouse NGF cDNA.
The NGF probe detects both the trans-
gene at 1.8 kbp (arrowhead) and the
single-copy, endogenous NGF gene
(1.58 kbp band below the transgene).
Three founder animals were isolated:
lane 1, A-39; lane 2, A-47; lane 3, A-56;
lane 4, nontransgenic control.

neuronal cell death commences (E14-E15), the K14-NGF trans-
gene turns on, producing elevated levels of NGF during the
critical period of cell death and thereafter in the adult (Fig. 15).

Three founder mice were isolated that expressed the trans-
gene: A-39, A-47, and A-56 (Fig. 1¢). Founder A-39 (Fig. 1c,
lane 1) and founder A-56 (lane 3) were smaller and exhibited a
low rate of weight gain, similar to mice injected with NGF
peptide (Levi-Montalcini and Booker, 1960a). By approxi-
mately 10 weeks of age they had gained weight to within a
normal range. Founder A-39 did not generate transgenic off-
spring, though approximately 80 offspring have been screened,
whereas A-56 and A-47 did. Many offspring of founder A-56
also exhibited reduced weight gain (up to ~40% of control val-
ues) as opposed to founder A-47 and her offspring, which were
consistently normal in size.

To determine the relative level of K14-NGF expression in
the three transgenic lines, Northern hybridization analysis of
total RNA isolated from full-thickness skin was performed (Fig.
2a). Nontransgenic skin samples (Fig. 2a, lane 1) had a single
faint band that hybridized with a radiolabeled NGF probe at
approximately 1.3 kilobases (kb), a size corresponding to the
endogenous RNA transcript (Ullrich et al., 1983). RNA samples
isolated from A-39 (Fig. 2, lane 2), A-47 (lane 3), and A-56
(lane 4 ) skin contained, in addition to the endogenous transcript
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(slightly visible with this exposure), an approximate 1.9 kb band
that corresponded to the predicted size of the K14-NGF tran-
script. Lines A-39 and A-47 had comparable levels of transgene
expression whereas expression in the A-56 line was significantly
higher.

The tissue specificity of the K14 promoter and enhancer re-
gion has previously been shown to be restricted to stratified,
keratinized tissues that express the K14 keratin such as skin,
tongue, esophagus, and forestomach (Vassar et al., 1989). To
verify that the tissue distribution of K14-NGF expression was
comparable, RNA was analyzed from tongue, brain, heart, liver,
and kidney of an A-56 F1 transgenic and nontransgenic control.
As expected, expression of the K14-NGF transgene in the A-56
transgenic was confined to the samples of keratinized epithelium
of the skin (Fig. 2, lanes 2-5) and tongue (lane 6). Endogenous
NGF gene expression was easily detected in brain (Fig. 2, lanes
7, 13), heart (lanes 8, 14), and kidney (lanes 10, 16) of both
transgenic and control tissues. Transgenic and control liver RNA
(lanes 9, 15) and control tongue RNA (lane 12) showed no
evidence of NGF expression.

Cellular expression of the K14-NGF transgene was examined
using in situ hybridization on sections of whisker pad skin, a
region known to have a high level of innervation (Fig. 3). A 35S-
labeled cRNA probe specific for the mouse NGF mRNA was
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Figure 2. Expression of the K14-NGF transgene is tissue specific. a, To examine the expression level of the K14-NGF transgene for each line,
RNA was isolated from full-thickness skin of 4-6-week-old F1 mice and analyzed using Northern hybridization. Ten micrograms of total RNA
were resolved on a formaldehyde denaturing gel, transferred to Nytran membrane, and probed with a *?P-labeled DNA sequence complementary
to the NGF mRNA. All samples were loaded onto a single gel. Two film exposures were done in order to detect the low-level expression of
endogenous NGF transcript. Shown is a 3 d exposure (a) and a 10 d exposure (b) of the same filter. Lane 1, Skin RNA of nontransgenic control.
A faint band is visible at 1.3 kb corresponding to the endogenous NGF transcript. Lane 2, RNA from tail skin of A-39 founder. Transgene mRNA
band (arrowhead) is apparent at the predicted size of 1.9 kb. Lane 3, Skin RNA of A-47 Fl. Lane 4, Skin RNA of A-56 F1. Lane 5, Skin RNA
of A-47 F1 (loaded twice). Lane 6, Tongue RNA of A-56 F1. Tongue is a keratinized, K14 keratin—expressing structure expected to have transgene
expression. b, To examine the tissue specificity of K14-NGF expression, RNA from brain (lane 7, A-56; lane 13, control), heart (lane 8, A-56;
lane 14, control), liver (lane 9, A-56; lane 15, control), and kidney (lane 10, A-56; lane 16, control) were tested. Transgene expression was not
evident in these structures, though the 1.3 kb endogenous NGF transcript could be detected in all but liver samples. Lane 11, control skin RNA:

lane 12, control tongue RNA. The 28S and 18S ribosomal RNA size markers are indicated by bars on the right.

hybridized to skin sections of 4-week-old K14-NGF transgenics
and nontransgenic controls and processed for autoradiography.
Few autoradiographic grains were observed in the control skin
(Fig. 3a) whereas the K14-NGF skin showed dense hybridiza-
tion in the epidermal basal cell layer with decreasing intensity
in suprabasal layers (Fig. 3b). Dense hybridization was also
found in basal epidermal cells of the outer root sheath of hair
and vibrissa follicles of transgenic mice (Fig. 3d), but not in the
corresponding areas of the control (Fig. 3¢). The epidermal and
hair follicle distribution of hybridization is consistent with the
known expression pattern of the K14 keratin (Schweizer and
Winter, 1982; Kopan and Fuchs, 1989).

K14-NGF expression induces hyperinnervation of skin

To determine whether the increased level of NGF mRNA in
the transgenic epidermis was processed into functional NGF
peptide, we examined the skin for evidence of increased neu-
ronal processes that would be indicative of increased neuron
survival. Histological examination of skin from various regions
of the body (dorsum, ventral, tail, ear, footpad, and whisker pad
locations) revealed an increase in nerve processes and an abun-
dance of large nerve bundles coursing throughout the reticular
layer of the dermis (Fig. 4a—c, control; d-f, transgenic). To con-
firm that these structures were composed of neuronal processes,
whisker pad skin from A-56 F1 mice was immunolabeled with
an antibody directed against the 150 kDa neurofilament protein
(Fig. 5a, control; b, transgenic). In control mice, neurofilament-
positive fibers and bundles were evident in the reticular and
deep layers of the dermis (Fig. 5a, arrowheads). Small, labeled
fibers could also be found penetrating the lower layers of the
epidermis and associated with hair follicle and vibrissal struc-
tures (Fig. 5a, arrow). A striking increase in the density and size
of neuronal processes was apparent in skin of A-56 transgenics
(Fig. 5b). Hyperinnervation was present in regions subjacent to

the epidermis, in the dermis, and around hair follicle structures.
Hyperinnervation was also apparent in skin of A-47 F1 mice,
though at a reduced level than in the A-56 transgenics (not
shown). No major alteration in histology of the transgenic skin
was detected, though in some skin samples from A-56 trans-
genics, the muscle layer subjacent to the dermis appeared thin-
ner than that of controls. This may have resulted from the
overall weight and size reduction of the transgenics.

Two primary sources of axons for the observed whisker pad
hyperinnervation are sensory neurons originating in the trigem-
inal ganglion and sympathetic postganglionic fibers arising from
the superior cervical ganglion. As a first step in determining the
contribution from these two sources, immunocytochemistry was
performed using antibodies directed against the neurotrans-
mitter CGRP (Fig. 6a,b), for identification of sensory neurons
(Gibbins et al., 1987), and the catecholamine-synthesizing en-
zyme TH (Fig. 6¢,d), for identification of postganglionic sym-
pathetic axons (Rothman et al.,, 1980). CGRP is enriched in
sensory nerves projecting to hair follicles and free nerve endings
in the epidermis (Kruger et al., 1989; Shotzinger and Landis,
1990). Few CGRP-positive fibers could be identified in control
skin (Fig. 6a), whereas the K14-NGF transgenic skin had nu-
merous small and large bundles of CGRP-labeled fibers (Fig.
6b, arrowheads). CGRP-positive fibers were distributed
throughout the dermis and surrounding vibrissa structures (Fig.
6b). Labeling was particularly evident in the reticular layer of
the epidermis where abundant axon terminations normally oc-
cur.

Sympathetic innervation of transgenic skin was also enhanced
as shown by an increase in TH-immunoreactive fibers (Fig. 6c,
control; d, transgenic). Sympathetic neurons innervate blood
vessels, sweat glands, and the erector pili muscles of hair shafts.
Whereas control whisker pad skin showed few TH-immuno-
reactive fibers (Fig. 6¢), the A-56 transgenic skin displayed abun-
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dant TH labeling (Fig. 6d). TH labeling of transgenic skin was
predominantly found as large fiber bundles in the dermis (Fig.
6d, arrowheads), similar to those observed with CGRP labeling.
However, under closer examination morphological differences
between the CGRP and TH fiber types were apparent in that
TH-labeled fibers were thinner and had numerous swellings
whereas CGRP-positive fibers appeared thicker and more uni-
form along their length.

K14-NGF expression induces hypertrophy of trigeminal and
superior cervical ganglion

The availability of elevated levels of NGF peptide to neurons
in the epidermal target field of the transgenics was further in-
dicated by a striking hypertrophy of the trigeminal ganglion (Fig.
7a, from left to right: control ganglia, A-47 ganglia, A-56 ganglia)
and the superior cervical ganglion (Fig. 7b, from left to right:
control ganglia, A-47 ganglia, A-56 ganglia). To determine
whether the hypertrophy of the ganglia resulted from increased

do

Figure 3. K14-NGF transgene produces elevated levels of NGF mRNA in skin. Cellular expression of the K14-NGF transgene in skin from A-56
F1 transgenics was examined by in situ hybridization. **S-labeled cRNA sense and antisense probes were hybridized to frozen sections of whisker
pad skin of 23-d-old A-56 F1 transgenic and control littermate. Epidermis of whisker pad skin (&) and vibrissa (c) in control animals had silver
grain densities at background levels. Transgenic skin showed increased grain density over basal cells (@rrows) of whisker pad epidermis () and
vibrissal structures (d). Control hybridizations using a sense riboprobe showed background levels of hybridization. Counterstaining of tissues was
done using either cresyl violet (a, b) or hematoxylin and eosin (¢, &). Scale bar, 50 um.

neuronal survival, cells were counted in the trigeminal ganglion
of control and A-56 F1 transgenic mice (Table 1). The number
of cells from three transgenics ranged from 26% to 117% greater
than nontransgenic, age-matched controls (Table 1). The counts
obtained were similar to ones reported for the trigeminal gan-
glion at a time prior to the onset of naturally occurring cell death
(Davies and Lumsden, 1984). These results indicate that over-
production of NGF by the epidermis enhances neuron survival
and may prevent cell death entirely.

Discussion

We have utilized a transgenic mouse model system to study the
role of target field—derived NGF in development of the PNS.
Elevation of the production of NGF mRNA by the epidermal
target tissue correlated with a dramatic increase in neuronal
survival, as evidenced by a striking hyperinnervation of the skin
and hypertrophy of the trigeminal and superior cervical ganglia.
Both sensory and sympathetic neurons innervating the trans-
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Figure 4. Expression of K14-NGF causes hyperinnervation of skin. Overproduction of NGF by the epidermis caused a hyperinnervation that
was evident histologically. Skin samples from whisker pad (a, control; d, A-56 transgenic), dorsum (b, control; e, A-56 transgenic), and footpad
skin (¢, control; f, A-47 transgenic) were processed for paraffin histology and sections stained with hematoxylin and eosin. Control skin (a—¢) had
few apparent nerve bundles whereas transgenic skin (¢~f) showed numerous, enlarged fiber bundles. 4, hair; m, muscle; n, nerve. Scale bars: e, 25
pum for a, b, d, and e; f, 50 pm for ¢ and .
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Figure 5.
neuronal processes, frozen sections of whisker pad skin from 21 d old control (a) and A-56 F1 transgenic () were immunolabeled with an anti-
NF 150 antibody followed by incubation with a goat anti-rabbit FITC-conjugated secondary. Control skin showed immunoreactive fibers (arrow-
heads) in the papillary and reticular layers of the dermis, in the deep dermis, and around hair follicles and vibrissa (arrow). A significant increase
in the number and density of fibers and bundles was seen in equivalent regions in the A-56 F1 transgenic skin (b). Scale bar, 50 um.

genic skin appeared to be rescued by the increased NGF pro-
duction, as evidenced by enhanced CGRP and TH immuno-
reactivity, That both sensory and sympathetic neuron
populations had increased survival is consistent with the known
NGF dependence of these cells during embryonic development
and in early postnatal periods (Johnson et al., 1980). For sym-

Table 1. Cell counts of trigeminal ganglion of A-56 K14-NGF
transgenic mice and matched sibling controls

Per-
centage
Number of  differ-
Case number Age neurons ence
0401 Nontransgenic 24d 26,054
0401 K14-NGF transgenic 24d 40,285 55
0527 Nontransgenic 29d 26.493
0527 K14-NGF transgenic 29d 57,767 117
0513 Nontransgenic 36d 28,867
0513 K14-NGF transgenic 36d 36,562 26

Immunolabeling of transgenic skin using a anti-neurofilament antibody. To verify that the fiber bundles in the skin were composed of

pathetic neurons NGF dependency persists into adulthood,
though at a reduced level (Angeletti et al., 1971; Gorin and
Johnson, 1980; Ruit et al. 1990). Since expression of the K14-
NGF transgene begins at E14-E135, rises, and continues at a
steady level in the adult, both sensory and sympathetic neurons
would be exposed to elevated NGF at critical times in their
development.

Skin of K14-NGF transgenics exhibited an increase in fibers
expressing CGRP and TH immunoreactivity, though the ques-
tion arises as to whether a true increase in the number of im-
munoreactive fibers occurred. NGF upregulates CGRP mRNA
expression in cultured adult dorsal root ganglion neurons (Lind-
say and Harmer, 1989) and i» vivo (Donnerer et al., 1992), and
also specifically induces the rate-limiting enzyme TH in sym-
pathetic neurons (Thoenen and Barde, 1980). Thus, it is possible
that the same number of one or both fiber types were present,
but that they contained increased levels of antigen, making de-
tection more efficient. However, the major increase in overall
neuron processes detected by NF 150 immunolabeling and the
hypertrophy of both sensory and sympathetic ganglia argue that
survival of both neuron types was enhanced.
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Figure6. Immunolabeling of transgenic skin reveals a hyperinnervation of sensory and sympathetic neurons. To determine whether nerve processes
in the A-56 skin contained sensory fibers, skin sections from the whisker pad region of control () and an A-56 F1 transgenic (b) were labeled using
an anti-CGRP antibody followed by a biotinylated goat-anti rabbit secondary antibody and DAB processing. CGRP-positive fibers were scarce in
control skin (a, arrowhead; note that edge labeling of vibrissal structures is artifactual), in contrast to transgenic skin (b), in which large numbers
of positive fibers and nerve bundles were present. To examine peripheral sympathetic fibers, sections of control (¢) and transgenic (d) skin were
immunolabeled with an anti-TH antibody followed by a biotinylated goat-anti rabbit secondary antibody. TH-positive fibers, which were rare in
control skin and seen primarily in the deep dermis encircling blood vessels (not visible), were markedly increased in the reticular layer of the dermis
of transgenic skin (arrowheads). Scale bar, 50 gm.
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Figure 7. Expression of KI14-NGF
causes enlargement of the trigeminal and
superior cervical ganglia. Trigeminal
ganglia (a) and superior cervical ganglia
(b) were removed from control, A-47
F1, and A-56 F1 mice. For both the
trigeminal and sympathetic superior
cervical ganglia, controls (leff) were
smaller than either the A-47 (center) or
A-56 ganglia (right). Scale bar, | mm.

Whether all of the additional processes in the transgenic skin
made functional synaptic contacts remains to be determined.
However, for at least one type of sensory neuron, the high-
threshold mechanoreceptor, recent evidence indicates an in-
crease in functional terminals does occur. Measurements of me-
chanical sensitivity of the skin indicated a significant lowering
of thresholds for both K14-NGF transgenic lines when com-
pared to controls (Davis et al., 1993). These results support the
presence of an increase in the number of functional sensory
connections in the skin, though hypersensitivity may also have
occurred due to peripheral or central (i.e., spinal) changes re-
sulting from increased levels of NGF peptide (Lewin et al.,
1993).

In the developing vertebrate nervous system the percentage
ofneurons that die is characteristic for each cell type. For sensory

neurons of the vestibular and cochlear ganglia 25% of neurons
die (Ard and Morest, 1984), whereas over 75% of neurons in
the trigeminal mesencephalic nucleus die (Rogers and Cowan,
1974). During normal mouse development, the maximum num-
ber of cells in the trigeminal ganglia is found at E13 (Davies
and Lumsden, 1984). These values are twice that measured at
postnatal day 4, indicating that up to 50% of neurons initially
present underwent cell death. Mice expressing the K14-NGF
transgene had, on average, approximately double the number
of cells in their trigeminal ganglia when compared to controls.
Since numerous studies have shown that the survival of NGF-
sensitive neurons is dependent on the local concentration of
NGF, the most likely explanation for the increased cell number
1s that the supernormal levels of NGF generated by K14-NGF
expression in the target prevented cell death. Similarly, prelim-



inary studies of the superior cervical ganglion indicate that these
NGF-sensitive neurons also had enhanced survival percentages
(unpublished observations).

Another possibility for the increased cell survival in the tri-
geminal ganglia is that additional neurogenesis was induced by
elevated NGF levels. NGF can act as a mitogen in primary
chromafhn cell cultures (Lillian and Claude, 1985) and cells in
the anterior pituitary (Borrelli et al., 1992), and as a meiotic
growth factor during spermatogenesis (Parvinen et al., 1992).
However, if NGF does exert a mitogenic effect on peripheral
neurons it must occur prior to the first 4-6 weeks of postnatal
development (the age at which animals were examined), since
we observed no mitotic figures in the trigeminal ganglia despite
examination of over 4000 cells/ganglia. In addition, the K14-
NGF transgene is active after the period of normal cell birth at
a time when sensory neurons have completed their migration
and extended processes into the periphery. Typically, sensory
neurons that are this highly differentiated do not undergo neu-
rogenesis (Pannese, 1974).

Though cell survival was higher in the transgenic ganglia, it
is unclear whether all of the additional anti-NF 150-labeled
fibers in the skin can be accounted for by increased survival.
Another possibility is that axonal branching (sprouting) con-
tributed to the increase in the peripheral nerve fibers. Injection
of neonatal rodents with NGF peptide has been shown to induce
extensive branching of sympathetic axons (Olson, 1967), as well
as enhance dendritic arborizations of superior cervical ganglion
neurons (Snider, 1988). Cutaneous sensory (Diamond et al,,
1992) and sympathetic (Gloster and Diamond, 1992) fibers of
adult rodents exposed to NGF also appear to undergo axonal
spouting, as measured by the expansion of behaviorally re-
sponsive sensory fields. Whether production of NGF by the
transgenic epidermis acted to promote sprouting in a similar
fashion to injected NGF is unclear. Further study of sensory
and sympathetic projections to the K14-NGF transgenic skin
will be required to resolve this issue.

The effects we have observed on primary sensory afferents
and sympathetic fiber innervation provide an interesting com-
parison to those reported by Edwards et al. (1989), which ex-
amined the effect of NGF on innervation of the pancreas. In
this study the rat insulin promotor was utilized to overexpress
an NGF cDNA in islet cells of the pancreas. Hyperinnervation
of the islets was observed, though the source of innervating fibers
appeared to be restricted to sympathetic postganglionic neurons.
No apparent effect of increased NGF was observed on sensory
fibers. From this finding it was proposed that the selective in-
fluence on sympathetic axons was due to an unidentified cofac-
tor(s) that supported hyperinnervation of sympathetic but not
sensory axons. This type of mechanism may be applicable to
skin, but would require that the NGF responsive cofactor(s) be
present for both systems since NGF overexpression caused both
sympathetic and sensory hyperinnervation. Another possibility
to explain the pattern of innervation in the NGF-expressing
pancreas was that the overabundant sympathetic fibers out-
competed the sensory fibers for the available NGF. This mech-
anism would not be applicable to the K14-NGF transgenics
since trigeminal cell counts indicate that the NGF-induced sen-
sory survival was at or near maximal values.

Expression of K14-NGF mRNA was easily detectable in the
transgenic epidermis by in situ hybridization and Northern anal-
ysis. Peptide concentration in transgenic skin and other tissues
will also be important to evaluate in order to relate NGF con-
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centration to parameters such as cell survival and transmitter
expression. Historically, NGF quantification in tissues is diffi-
cult because of low peptide levels and strong nonspecific binding
of NGF to tissue components. To quantitate the amount of NGF
peptide unequivocally, two-site immunoassays are required
(Korsching and Thoenen, 1987). Preliminary measures of NGF
in serum of A-56 transgenics using an in vitro bioassay have
been made, however, to determine whether NGF levels were
elevated. Results showed that in some but not all transgenic
samples, NGF peptide could be detected. Transgenic values
ranged between 5 and 30 ng/ml, whereas in control sera NGF
was never detected (P. Osborne and E. Johnson, personal com-
munication). These results suggest that in some transgenics,
sufficient amounts of NGF are being made to elevate serum
NGF levels.

During development of the nervous system, the targets of
neuronal innervation exert a major influence on cell survival
by producing substances such as NGF and by providing sites
of synaptic contact. By expressing NGF in the epidermis of
transgenic mice we have created a model that allows exami-
nation of the effects of increased target-derived NGF on neuron
survival. Our studies thus far have shown that the increased
expression of NGF in the developing epidermis can inhibit, if
not completely prevent, cell death. Moreover, the increase in
the number of surviving neurons was independent of changes
in the volume of the skin; that is, the target size remained the
same. Thus, the amount of trophic factor production alone can
regulate the number of surviving neurons. These results support
the neurotrophic hypothesis and specifically demonstrate that
the skin, by regulating the timing and amount of NGF expres-
sion independent of innervation, plays a central role in the
development of the PNS.
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