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Target-derived neurotrophin growth factors have significant ef-
fects on the development and maintenance of the mammalian
somatosensory system. Studies of transgenic mice that over-
express neurotrophins NGF and neurotrophin 3 (NT-3) at high
levels in skin have shown increased sensory neuron number
and enhanced innervation of specific sensory ending types. The
effects of two other members of this family, BDNF and NT-4, on
sensory neuron development are less clear. This study exam-
ined the role of brain-derived neurotrophic factor (BDNF) using
transgenic mice that overexpress BDNF in epithelial target
tissues of sensory neurons. BDNF transgenic mice had an
increase in peripheral innervation density and showed selective
effects on neuron survival. Neuron number in trigeminal ganglia,
DRG, and SCG were unchanged, although a 38% increase in
neurons comprising the placode-derived nodose–petrosal
complex occurred. BDNF transgenic skin showed notable en-

hancement of innervation to hair follicles as detected by
PGP9.5 immunolabeling. In nonhairy plantar skin, Meissner
corpuscle sensory endings were larger, and the number of
Merkel cells with associated innervation was increased. In tri-
geminal ganglia, neurons expressing trkB receptor were in-
creased threefold, whereas trkA-positive neurons doubled.
Analysis of trkB by Northern, reverse transcription-PCR, and
Western assays indicated a modest increase in the expression
of the T1 truncated receptor and preferential distribution to the
periphery. These data indicate that skin-derived BDNF does not
enhance survival of cutaneous sensory neurons, although it
does promote neurite innervation of specific sites and sensory
end organs of the skin.
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In vivo and in vitro studies have identified neurotrophin growth
factors (NGF, NT-3, BDNF, and NT-4) as compounds essential
for sensory neuron survival, sensory end organ development, and
as modulators of adult sensory physiology (Buchman and Davies,
1993; Snider, 1994; Reichardt and Farinas, 1997; Carroll et al.,
1998). During development, neurotrophin synthesis occurs in
peripheral targets of developing sensory neurons, such as the skin
(Davies et al., 1987). The neurotrophic hypothesis predicts that
the level of neurotrophin regulates the onset and degree of
neuron death that occurs during development and thereby sculpts
the pattern and density of axon projections to specific targets in
the periphery (Oppenheim, 1991). Indeed, mice that lack NGF or
its high-affinity receptor trkA lose 70–80% of their cranial and
spinal sensory neurons (Crowley et al., 1994), many of which are
nociceptors. NT-3-deficient mice lose 55–65% of sensory neu-
rons, specifically lacking proprioceptive neurons and cutaneous
neurons that innervate hair follicles and Merkel cells of touch
dome mechanoreceptors (Airaksinen et al., 1996). Mice lacking
BDNF have greatest deficits in sensory neurons of the nodose–
petrosal ganglion (NPG) complex (39–66% loss) and vestibular
ganglia (82% loss), although they also lose 21–44% of trigeminal

and 30–36% of L4 dorsal root ganglia (DRG) neurons (Ernfors et
al., 1994; Jones et al., 1994; Erickson et al., 1996). The identity of
the types of sensory neurons lost from trigeminal and DRG in
BDNF knock-out mice have not as yet been defined.

To investigate the requirement of target-derived neurotrophin
synthesis in sensory neuron development and differentiation, we
isolated transgenic mouse lines that overexpress each neurotro-
phin in the skin, a major target of sensory and sympathetic
neurons that normally synthesizes neurotrophins. In line with the
neurotrophic hypothesis, we anticipated that increased neurotro-
phins in the peripheral tissue should increase the survival of
specific types of sensory neuron populations. This was indeed the
case in mice that overexpressed NGF in which a doubling of
sensory neuron number and significant increase in myelinated
and unmyelinated fibers in the skin was found (Albers et al., 1994;
Davis et al., 1997). In addition, a doubling in the percentage of
neurons expressing trkA, the high-affinity receptor for NGF, also
was found, indicating specific rescue of the NGF-dependent cell
population (Goodness et al., 1997). Analysis of transgenic mice
that overexpressed NT-3 also showed enhanced peripheral inner-
vation, with specific enhancement of mechanoreceptive neurons
associated with Merkel cells comprising touch dome sensory units
of the skin (Albers et al., 1996). NT-3 transgenics also had
increased sensory neuron numbers (65–70%) and twice the num-
ber of trkC-positive neurons, indicating a significant role of
target-derived NT-3 in neuron survival and differentiation.

BDNF neurotrophin is also expressed by the skin during de-
velopment [beginning at approximately embryonic day 11 (E11)]
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(Buchman and Davies, 1993), although its role as a target-derived
factor that supports neuron survival is less clear (Acheson and
Lindsay, 1996). It may function instead in a paracrine or auto-
crine manner to regulate neuron survival and/or maturation
(Wright et al., 1992; Robinson et al., 1996), because both BDNF
and its high-affinity receptor trkB are expressed in neurons of
developing sensory ganglia (Ernfors et al., 1990; Klein et al.,
1990b; Schecterson and Bothwell, 1992). In addition, little if any
information is known about the types of cutaneous sensory end-
ings that are supported by BDNF expression in the skin. To
address these issues and to test the role of BDNF as a target-
derived survival factor, we established lines of transgenic mice
that overexpressed BDNF in the epidermis, similar to our NGF
and NT-3 lines. Our analysis indicates that, although BDNF did
selectively increase innervation to the skin, it did not increase
neuron number in the trigeminal or dorsal root ganglia. Although
neuron number was unchanged in trigeminal and DRG popula-
tions, the number of neurons in the placode-derived nodose–
petrosal sensory complex was increased, indicating a selective
survival action of BDNF on neuronal types. Thus, we find that,
similar to NGF and NT-3, BDNF altered somatosensory inner-
vation patterns, but unlike NGF and NT-3, BDNF did not act as
a target-derived survival factor for cranial or spinal sensory
neurons.

MATERIALS AND METHODS
Isolation of K14-BDNF transgenic mice
Human K14 keratin promoter and enhancer sequences (2.5 kbp) were
used to drive expression of a mouse BDNF cDNA isolated by PCR
amplification of genomic DNA using primers 59ccagcgggatccgtgatgac-
catccttttccttact39 and 59cggtacggatcccataaatccactactttcccct39. Gene se-
quences encoding amino acids 2131 to 1124 (Yancopoulos et al., 1990)
were amplified using primer sequences containing a BamHI site to
facilitate cloning into the K14-hGH cassette (Vassar and Fuchs, 1991).
The 770 bp PCR product was cloned into pGem4Z (Promega, Madison,
WI) and sequenced to verify it encoded the BDNF peptide. The K14-
BDNF transgene was gel- and column-purified, microinjected into pro-
nuclei of embryos obtained from B63C3H F1 hybrid females (Harlan
Sprague Dawley, Indianapolis, IN), and implanted into pseudopregnant
females as described previously (Albers et al., 1994). Animals in this
study were used in accordance with the guidelines of the U.S. Public
Health Service Policy on Humane Care and Use of Laboratory Animals and
the NIH Guide for the Care and Use of Laboratory Animals.

Southern hybridization analysis
Founder and F1 generations were analyzed by Southern blotting to
identify transgenic lines and to verify transgene integration. Subsequent
generations were screened by slot blot analysis of isolated tail DNA.
Copy numbers were estimated by applying 2 mg of genomic DNA to
Nytran membranes, hybridizing with a 32P-labeled probe to the BDNF
sequence, exposing membranes to photographic film, and using the NIH
Image 1.57 software to measure relative band intensity.

Histology and immunocytochemistry
Age-matched mice were deeply anesthetized with 2.5% avertin (2,2,2-
tribromoethanol and tert-amyl alcohol diluted in 0.9% saline) and per-
fused with 4% paraformaldehyde in 0.1 M phosphate buffer. For hema-
toxylin–eosin staining, skin was post-fixed in 4% paraformaldehyde and
70% ethanol, embedded in paraffin, sectioned, and stained. For immu-
nocytochemistry, mice were perfused with 4% paraformaldehyde, and
tissues were post-fixed in 4% paraformaldehyde solution for ,2 hr, sunk
in 25% sucrose–0.1 M phosphate buffer, and embedded in 10% gelatin in
13 Tris-buffered saline. Tissue was cut at 20- to 30-mm-thick sections,
and sections were washed, blocked 1 hr at room temperature in 5%
normal goat serum (NGS), 2% bovine serum albumin (BSA), and 0.25%
Triton X-100, and incubated overnight in primary antibodies diluted in
5% NGS and 0.25% Triton solution. Sections were washed, incubated
with 1:500 dilution of goat anti-rabbit biotinylated antibody (Vector
Laboratories, Burlingame, CA) for 1 hr, washed, and treated with anti-

endogenous peroxidase solution containing 2.5% H2O2 and 5% metha-
nol. For antibody detection, tissues were incubated in an avidin–biotin–
complex mix (ABC, Vectastain Elite; Vector Laboratories) for 1 hr,
washed, incubated in nickel enhanced-0.04% diaminobenzene solution,
and mounted onto Superfrost Plus slides (Lab Craft, Chelmsford, UK).
A rabbit polyclonal antibody to PGP9.5 (an ubiquitin carboxyl terminal
hydrolase that detects nearly all myelinated and unmyelinated nerve
fibers) was used at 1:5000 (Ultraclone, Isle of Wight, UK). For K20
labeling, foot pad skin was first separated into epidermal and dermal
compartments by incubating in 2 M sodium bromide for 1 hr at 37°C. The
epidermis was fixed in 220°C acetone, incubated overnight in anti-K20
(1:10; Boehringer Mannheim, Indianapolis, IN) and anti-NF150
(Chemicon, Temecula, CA), washed, incubated in goat anti-mouse la-
beled Cy3 and goat anti-rabbit Cy2 antibody for 1 hr, washed, cover-
slipped in anti-fade solution, and viewed using a Leica (Nussloch, Ger-
many) confocal microscope.

BDNF peptide measures
Electrochemiluminescence immunoassay. An electrochemiluminescence
immunoassay (ECLIA) was one of two methods used to measure BDNF
peptide. Tissue was homogenized in 50 vol of 100 mM PIPES buffer, pH
7.0, containing 500 mM NaCl, 2% BSA, 0.2% Triton X-100, 0.1% NaN3 ,
2 mg/ml aprotinin, 2 mM EDTA, 10 mM leupeptin, 1 mM pepstatin, and
200 mM phenylmethanesulfonyl fluoride using ground glass dounces.
Samples were centrifuged at 16,000 3 g for 20 min, supernatants were
collected, and 53 ml of 1 N NaOH per milliliter of supernatant was added.
The ECLIA reaction mixture contained 166 ng/ml biotinylated BDNF
antibody (Amgen, Thousand Oaks, CA), 333 ng/ml ruthenium II tris
(bipyridyl) [Ru(bpy)3 21]-labeled (TAG-labeled) BDNF antibody and 22
mg/ml streptaviden magnetic beads diluted in calcium- and magnesium-
free Dulbecco’s PBS, pH 7.2, containing 3% BSA, 1.5% Tween 20, and
0.05% NaN3. This mix (150 ml) was added to 50 ml of tissue supernatant
in 12 3 75 mm polypropylene tubes and vortexed for 90 min in an Origen
Analyzer (IGEN International, Gaithersburg, MD) carousel, after which
200 ml of Origen Assay (IGEN International) stop buffer was added. To
biotinylate the BDNF antibody, 0.25 mg of antibody in PBS was diluted
with biotin-LC-sulfo-NHS ester to a molar ratio of 10:1 biotin/antibody
protein. This mix was incubated 1 hr at room temperature, terminated by
adding 20 ml of 2 M glycine, passed through a PD-10 Sephadex column,
and eluted with 150 mM potassium phosphate buffer, pH 7.2, containing
150 mM NaCl and 0.05% NaN3 preservative to remove unreacted biotin-
LC-sulfo-NHS ester. Biotin-labeled antibody fractions were identified
using a micro BCA protein assay, pooled, stabilized by addition of 3%
BSA, and stored at 4°C. For TAG labeling, 0.25 mg of anti-BDNF
antibody was diluted with Ru[bpy]3 21-NHS ester dissolved in dimethyl-
sulfoxide to achieve a final molar ratio of 7:1. The reaction mixture was
incubated for 1 hr at room temperature in the dark, followed by addition
of 20 ml of 2 M glycine. The TAG-labeled mixture was passed through a
PD-10 Sephadex column and eluted with 150 mM potassium phosphate
buffer, pH 7.2, containing 150 mM NaCl and 0.05% NaN3. TAG-labeled
antibody fractions were identified by protein assay, pooled, stabilized by
addition of 3% BSA, and stored at 4°C.

ELISA. In later stages of this study, BDNF was assayed using a
simpler, commercially available ELISA kit. Tissues were removed,
weighed, and frozen until homogenized in sample buffer (0.1 M PBS, 0.4
M NaCl, 0.1% Triton X-100, 2 mM EDTA, 0.1 mM benzethonium chlo-
ride, 2 mM benzamidine, 0.1 mM PMSF, 20 trypsan inhibitor unit /ml
aprotinin, and 0.5% BSA, pH 7.4) using either a polytron or Duall type
ground glass homogenizer. Samples were spun at 13,000 rpm for 15 min
at 4°C, and supernatants were assayed using the BDNF Emax Immuno-
Assay system (Promega). Dynatech immulon plates were coated with an
anti-BDNF monoclonal antibody to bind soluble BDNF from solution.
Bound BDNF complexes were exposed to an anti-human BDNF poly-
clonal antibody, and the amount of bound antibody was detected using an
anti-IgY antibody conjugated to horseradish peroxidase. Unbound con-
jugate was removed by washing, and the chromogenic substrate 3,39,5,59-
tetramethyl benzidine (TMB) was added. Bound BDNF was detected by
catalyzed color development of TMB using a plate reader.

Neuronal cell counting methodology
Two counting methods were used to estimate the number of neurons in
peripheral ganglia. Nodose, DRG, SCG, and trigeminal ganglia neurons
were counted used a modified Abercrombie counting method as de-
scribed previously (Davis et al., 1996). Briefly, ganglia were serial sec-
tioned at 5 mm and stained with cresyl violet, and the number of neurons
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containing nucleoli were counted. Nucleolar number was summed and
multiplied by the interval between counted sections, and a correction
factor for multiple or split nucleoli was applied. The number of trigem-
inal neurons was also estimated using the optical dissector method (West,
1993). Ganglia were isolated from mice perfused with 4% paraformal-
dehyde–0.1 M phosphate buffer. Tissue was dehydrated through alcohols,
embedded in graded celloidin (Mallinckrodt, Phillipsburg, NJ) through
50:50 ethanol /ether solutions, cut into 50 mm sections, and stained with
Giemsa. The area of sections containing neurons was outlined using a 23
objective to determine grid position. The x-axis of the grid was set at 30
mm, and the y-axis was set at 60 mm to increase the number of neurons
sampled. Counting was done at every fifth intersection of the x- and
y-axes. The dimensions of the counting box were set large enough to fit
one neuron (x, 30 mm; y, 30 mm). Thus, the area sampling fraction (asf)
is the area of the counting box (x 3 y) relative to the area where the
counting occurred [(5 3 x) (5 3 y)]. Because section thickness (t) was 50
mm, the height of the counting box (h) was set at 30 mm to avoid small
neuronal fragments. Using a 603 objective, neurons that appeared in the
counting box or crossed the top, right, and back sides of the box were
recorded, and neurons counted in each section summed ( Q). Neuronal
number (n) was determined by the equation n 5 Q 3 1/ssf 3 1/asf 3 t/h.
Because every section was counted, the ssf (section sampling frequency,
i.e., number of sections counted per total number of sections) was not
calculated. All analyses were done on age-matched mice processed in
parallel.

Electron microscopy
Mice were perfused with 0.9% saline followed by a 4% paraformalde-
hyde–2% glutaraldehyde solution made in 0.1 M Sorenson’s phosphate
buffer, pH 7.2. Saphenous nerve sections were fixed 2 hr at 4°C in 3.5%
glutaraldehyde and washed overnight at 4°C in 5% sucrose in Sorenson’s
buffer. Tissues were post-fixed 1 hr in buffered 1% osmium tetroxide,
rinsed in buffered sucrose, dehydrated in a series of alcohols, washed in
propylene oxide, and embedded in Spurr’s resin. Blocks were thin sec-
tioned (60–80 nm), mounted onto carbon-coated Formvar slot grids,
stained with uranyl acetate and 0.3% lead citrate, and examined on a
Hitachi (Tokyo, Japan) 7000 transmission electron microscope. All anal-
yses were done on age-matched mice processed in parallel.

RNA expression analysis
Northern hybridization analysis. Total RNA was isolated using Trizol
(Life Technologies, Gaithersburg, MD) extraction followed by isopropa-
nol precipitation. RNAs (10 mg of brain, 10 mg of transgenic skin, and 20
mg of control skin) were separated on agarose–formaldehyde gels, trans-
ferred to nitrocellulose membranes, and hybridized to a 32P-aCTP-
labeled antisense riboprobe made to the full-length BDNF cDNA se-
quence. Hybridization and washes were done as described previously
(Albers et al., 1996). Relative band intensities were determined using
NIH Image software.

In situ hybridization. In situ hybridization to detect trk receptor expres-
sion was done as described previously (Goodness et al., 1997). The trkA
template encompassed nucleotides 1187–1547 of the rat trkA gene and
encoded sequences within the extracellular, transmembrane, and intra-
cellular domains of the protein. The trkB template encompassed nucle-
otides 1362–1558 of the rat trkB receptor that encoded amino acid
sequences within the intracellular domain. The trkC template encom-
passed nucleotides 1119–1493 of rat trkC cDNA that encoded protein
sequences in the extracellular, transmembrane, and intracellular do-
mains. The relative number of neurons that expressed trkA, trkB, or trkC
mRNAs was determined by counting labeled neuronal profiles in which
the number of reduced silver grains over the soma was 23 background
levels. The perimeter of labeled profiles was drawn in every tenth section
of trigeminal ganglion and every fifth section of DRG using a drawing
tube attached to an Olympus Opticals (Tokyo, Japan) microscope. Areas
of drawn profiles were captured and calculated using NIH Image soft-
ware. By assuming circularity of each profile and knowing the section
thickness (20 mm), the relative frequency distribution of profiles was
generated, and the number and size distribution was corrected using the
recursive translation computer program (Rose and Rohrlich, 1987;
Goodness et al., 1997). Data were analyzed as a two-way ANOVA using
Statview software. Differences among means were determined using
Fischer’s least significant difference analysis.

Reverse transcriptase-PCR. One microgram of DNased RNA was re-
verse transcribed using Superscript (Life Technologies) and random
primers in a 20 ml reaction volume. Aliquots of the generated cDNAs

were PCR amplified in a 50 ml volume by adding 1.5 U Taq polymerase
(Promega), PCR buffer, dNTP mix, trkB-specific primers (20 mM each),
and 0.2 ml of 32P-dCTP. A separate reaction to amplify actin was used to
serve as an internal standard. Typical reaction conditions were as follows:
1 min, 94°C; 1 min, 60°C; and 2 min, 72°C. The optimal number of cycles
(to avoid plateau of reaction) was determined for each primer pair.
Quantification of band intensities was done using a Storm phosphorim-
ager and ImageQuant software (Molecular Dynamics, Sunnyvale, CA).
Primer sets used were as follows: TrkB full-length, 59ATAACGGAGAC-
TACACCCTGATGG39 and 59AGCTGACTGTTGGTGATGCC39 (506
bp); TrkB.T1, 59CATAAGATCCCACTGGATGGGTAG39 and 59GCTG-
CAGACATCCTCGGAGATTAC39(363 bp); TrkB.T2, 59CAGAAGTGT-
GCTTATTTTGC39 and 59AGACAATACAGGTCTACCTCTCAG39
(854 bp); actin, 59TAAAACGCAGCTCAGTAACAGTCCG 39 and 39 TG-
GAATCCTGTGGCATCCATGAAAC 39 (348 bp).

Grain counting methodology
The percent of somal areas covered by autoradiographic grains was
determined as a measure of hybridization signal density and used to
indicate the relative amount of trkB mRNA per cell. Images of 25
randomly selected neurons per ganglia (six transgenic and six age-
matched controls, a total of 300 neurons) viewed using a 403 oil immer-
sion lens were captured using a CCD camera and imported into the NIH
Image morphometric program. Hematoxylin and eosin counterstain was
subtracted using a #47 wratten filter and the “horizontal subtraction”
option in the Image program. The “density slice” option was used to
threshold each neuron so only autoradiographic grains were selected.
Borders of each neuron were drawn, and the percent area covered by
grains was measured. Values were averaged and statistical significance
tested using a t test.

RESULTS
K14-BDNF transgenic mice express increased levels of
BDNF in specific epithelial targets
BDNF expression was driven using the human keratin K14 pro-
moter to direct high levels of transgene expression to the skin and
tongue (Vassar and Fuchs, 1991; Albers et al., 1994; Wang et al.,
1997). Onset of promoter activity in whisker pad skin was at
E11.5 of mouse development (H. F. Figueiredo and K. M. Albers,
unpublished data), a time that overlaps with endogenous neuro-
trophin expression (Buchman and Davies, 1993). Three founder
lines (737, 733, and 632) identified by Southern hybridization
(Fig. 1A) had three, five, and eight copies, respectively (data not
shown). Relative mRNA expression levels were determined by
Northern analysis (Fig. 1B) and showed lowest transgene expres-
sion in line 737 and higher levels in lines 632 and 733. Control
mouse brain, control skin, and skin isolated from each transgenic
line expressed endogenous BDNF transcripts at 4.0 and 1.6 kb
(Maisonpierre et al., 1990), whereas transgenic mRNAs only
hybridized to a band at ;2 kb, the predicted size of the K14-
BDNF mRNA. Smaller transgene transcripts were also visible
and likely represented alternatively spliced mRNA. The two
highest expressing lines (733 and 632) were established by mating
F1 offspring to control mice. For line 632, heterozygous offspring
were analyzed because homozygous mice reproduced poorly,
whereas homozygous offspring from line 733 were used for anal-
ysis because they showed no difference in mating efficiency.

BDNF peptide is overexpressed in transgenic skin and
retrogradely transported to sensory ganglia
To verify transgene BDNF peptide synthesis and specificity of
transgene expression, BDNF-specific ECLIA and ELISA were
used to measure BDNF peptide in various tissues of transgenic
and control mice (Table 1). As expected, BDNF peptide was
increased in whisker pad skin, dorsal skin, and tongue. In trans-
genic skin, BDNF peptide was increased up to 9.85-fold over
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control levels (0.69 vs 0.07 ng/ml; p , 0.01) (Table 1), whereas
tongue tissue showed even higher levels (1.60 6 0.45 ng/ml).
BDNF peptide level was also increased in trigeminal, nodose–
petrosal, and dorsal root ganglia, indicating retrograde transport

of peptide from the epithelium because the K14-driven transgene
was not expressed in neurons (Davis et al., 1994). No change in
BDNF level was measured in the SCG, brain, kidney, or liver of
transgenics (Table 1).

Increased expression of BDNF in skin alters
sensory innervation
Previous studies of overexpressor transgenic mice have shown
NGF and NT-3 enhance sensory innervation and end organ
development in specific manners (Albers et al., 1994, 1996; Davis
et al., 1996). To determine whether BDNF overexpression af-
fected skin innervation, histological and immunological analyses
of postnatal day 7 (P7) and adult whisker pad and flank skin were
done (see also (Rice et al., 1998). Hematoxylin and eosin staining
of control (Fig. 2A) and transgenic (Fig. 2B) skin showed trans-
genics had an increased density of cells around hair follicles. The
morphology of these cells and their overlap with increased nerve
innervation surrounding hair follicles (Fig. 2D,F) suggest they
are Schwann cells. Interestingly, comparison of P7 skin with adult
skin showed a retraction from the epidermis of small unmyeli-
nated fibers in the adult, although hyperinnervation to hair folli-
cles was maintained (Fig. 2, E, control, F, transgenic). Fiber
retraction from epidermis and subepidermal regions and in-
creased hair follicle innervation were also apparent in flank skin
(data not shown).

As a comparison to hairy skin, sensory innervation to nonhairy
glabrous skin of the front foot pad was examined. A principal
sensory component of glabrous skin are Meissner touch corpus-
cles, which are encapsulated sensory mechanoreceptors inner-
vated by rapidly adapting fibers that respond to slight deformation
of the skin (Perl, 1992). Immunolabeling using PGP9.5 was used
to visualize innervation to Meissner corpuscles in skin overlying
the eccrine sweat glands (Fig. 3). Transgenic corpuscles (Fig.
3B,D) were clearly larger and more densely innervated compared
with control samples (Fig. 3A,C). Other PGP9.5-positive endings
in the epidermis that appeared nonencapsulated were also en-
hanced in BDNF skin (Fig. 3A, B, arrowheads). Using hematox-
ylin and eosin staining, Meissner-like sensory corpuscles were
also found in shallow dermal papilla located laterally to the sweat
glands (Fig. 3E, control). In comparable regions of BDNF trans-
genic skin (Fig. 3F), these Meissner-like corpuscles were found to
be unusually large. Transgenic corpuscles were associated with an
increased number of lamellar cells (Fig. 3F, arrows), which are
thought to be modified Schwann cells of neural crest origin (Vega
et al., 1996). Although the size and innervation to Meissner
corpuscles was increased, no overt change in the number of
endings was apparent.

In comparing the innervation of BDNF and control foot pad
skin, an evident increase in the number of PGP9.5-positive cells
and fibers aligned along the dermal–epidermal border was also
noted (Fig. 4, A, control, B, transgenic). This location and the
finding that these cells labeled with the Merkel cell-specific
marker keratin K20 (Fig. 4C,D) identified them as Merkel cells
(Moll et al., 1995; Navarro et al., 1995). Merkel cell number with
associated innervation was clearly increased in the transgenic skin
and in many fields were found in clustered arrangements, sug-
gesting BDNF-enhanced Merkel cell duplication during matura-
tion of the skin. This finding is interesting in light of previous
studies that showed that Merkel cells associated with touch dome
mechanoreceptors in dorsal skin were dependent on skin-derived
NT-3 (Airaksinen et al., 1996; Albers et al., 1996) and suggested
that Merkel cells were either responsive to both BDNF and NT-3

Figure 1. Isolation of K14-BDNF transgenic mice. A, Southern hybrid-
ization was used to detect transgene incorporation. Genomic DNA (10
mg) isolated from tail samples was restriction digested with BamHI,
separated on an 0.8% agarose gel, transferred to nitrocellulose, and
hybridized with a random primed 32P-dCTP-labeled probe made to the
full-length BDNF cDNA. A 770 bp transgene band was detected in lines
737, 632, and 733 and not in control samples. The endogenous BDNF
gene was not detectable at this exposure (24 hr). Transgene copy number
was estimated by slot blot analysis of 2 mg of genomic DNA using a
32P-dCTP-labeled random primed probe made to the BDNF cDNA.
Band intensity measures were done using NIH Image 1.57 software and
nontransgenic DNA samples as standards. Transgenic line 737 had three
transgene copies, line 632 had eight copies, and line 733 had five copies.
B, Northern hybridization analysis was used to detect transgene RNA
expression. Total RNA from control brain (10 mg), control flank skin (20
mg), and transgenic flank skin (10 mg) was run on a formaldehyde gel,
transferred to a nitrocellulose membrane, and probed with a 32P-aCTP-
labeled riboprobe made to the BDNF cDNA. Endogenous BDNF tran-
scripts (4.0 and 1.6 kb) were detected in control brain, control skin, and
transgenic samples. Transgenic samples (lines 737, 632, and 733) ex-
pressed a major transgene transcript of ;2.0 kb. Arrows demarcate mi-
gration distance of the 28 and 18 S ribosomal RNA bands.

Table 1. Measure of BDNF protein in tissues of control and
transgenic mice

Assay Control
BDNF
transgenic

Fold
increase

ECLIA (ng/ml)
Whisker pad skin 0.07 6 0.01 0.69 6 0.08 9.85
Tongue Not detectable 1.60 6 0.45 —
DRG 0.57 6 0.07 1.74 6 0.39 3.05
Kidney 0.08 6 0.01 0.07 6 0.00 None
Liver 0.02 6 0.00 0.02 6 0.00 None
Brain 0.08 6 0.01 0.07 6 0.00 None

ELISA (ng/gm)
Dorsal skin (n 5 12) 1.067 6 0.095 4.61 6 0.589 4.32
Trigeminal (n 5 3) 9.26 6 0.498 25.15 6 1.48 2.71
Nodose–petrosal

(pooled samples, n 5 2) 6.00 28.55 4.75
SCG (n 5 3) 23.49 6 3.99 23.03 6 2.08 None

BDNF protein levels were measured using both ECLIA (nanograms per milliliters
tissue extract) and ELISA (nanograms per grams wet weight). Levels were signifi-
cantly increased in whisker pad and dorsal skin, trigeminal, nodose–petrosal, and
dorsal root ganglia, and tongue of transgenic mice. BDNF levels were unchanged in
SCG, kidney, liver, and brain. For ECLIA measures, samples size was n 5 3. Values
are mean 6 SEM.
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or that Merkel cells in foot pad and backskin had differing trophic
dependencies. To test these possibilities, we assayed the number
of Merkel cells in BDNF backskin and, interestingly, found no
significant difference ( p 5 0.21) in Merkel cell number between
control (14.1 6 2.5; n 5 3) and BDNF transgenic (16.8 6 1.6; n 5
3) touch domes. These findings indicate that Merkel cells have
site-specific trophic dependencies and support previous findings
of heterogeneity in this neuroendocrine cell population (Nurse
and Farraway, 1988).

Sensory neuron populations are differentially affected
by BDNF overexpression
Transgenic mice that overexpressed either NGF or NT-3 had
increased numbers of neurons in DRG and trigeminal ganglia
that resulted from a decrease in developmental cell death
(Figueiredo and Albers, unpublished data). We were therefore
surprised to find in our analysis of BDNF ganglia that no change
in the number of trigeminal or DRG neurons in BDNF occurred
(Table 2), because BDNF is known to support the survival of

Figure 2. Histology and innervation of BDNF transgenic skin. Comparison of adult flank skin of control (A) and BDNF transgenic (B) mice stained
with hematoxylin and eosin showed that transgenic skin had increased cellularity in the dermis and surrounding hair follicles (arrow in B). Innervation
density was assessed in P7 and adult mice by labeling thick sections (40 mm) of skin from whisker pad with an antibody against PGP9.5. Compared with
control whisker pad skin ( C), skin of P7 transgenic mice ( D) had larger nerve bundles (arrows) and increased fiber density in epidermis and subepidermal
regions of the skin, particularly around hair follicles. Adult transgenic whisker pad skin (F) also had increased density of PGP9.5-positive fibers around
hair follicles compared with control skin ( E). In addition, many regions showed fiber withdrawal from the epidermis and subjacent dermal regions
(between arrowheads), although cluster endings in the epidermis (arrow) remained. De, Dermis; ep, epidermis; hf, hair follicle. Scale bars: (in D) A–D,
100 mm; (in F ) E, F, 50 mm.
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mouse embryonic DRG and trigeminal neurons in cell culture
(Buchman and Davies, 1993), and BDNF knock-out mice showed
reduction of neurons in trigeminal ganglion (44 and 27%) and L4
DRG (30 and 34%) (Ernfors et al., 1994; Jones et al., 1994,
respectively). To directly examine whether axonal projections to
the skin were altered, we counted the number of myelinated and
unmyelinated axons in the cutaneous saphenous nerve (composed
of axons from lumbar dorsal root ganglia L2 and L4) (Table 3).
Myelinated axon profiles in BDNF and control samples were
nearly identical in number (controls, 610 6 28; n 5 7; vs trans-
genics, 606 6 21; n 5 5; p 5 0.9353), a result consistent with the

unchanged axon counts measured in BDNF knock-out mice by
Carroll et al. (1998). Surprisingly, BDNF overexpressors did have
a statistically significant 25% decrease in unmyelinated axon
counts (controls, 3318 6 158; vs transgenics, 2663 6 213; p 5
0.0233), although no change in DRG neuron number was mea-
sured. Although no definitive explanation for this loss can be
given at this time, this reduction may be related to the BDNF-
induced withdrawal of unmyelinated fibers from the epidermis
and upper dermis (Fig. 2F), suggesting that chronic exposure of
nerve terminals to BDNF may induce fiber retraction but not
cause neuronal death. Another possibility is that the lost unmy-

Figure 3. To determine whether BDNF affected sensory nerve innervation of glabrous skin, front foot pad skin from control (A, C) and transgenic (B,
D) mice was immunolabeled with an antibody against PGP9.5. BDNF foot pads had increased innervation to Meissner corpuscles (arrows in A–D) and
unencapsulated endings (arrowheads) in the upper epidermis. C (control) and D (transgenic) show enlarged view of Meissner endings. Meissner endings
with associated lamellar cells (arrows) were also found between pad regions in controls ( E) and transgenics ( F). Note enlargement in transgenic endings.
sc, Stratum corneum; ep, epidermis; n, nerve fiber. Scale bars: C, 40 mm; F, 20 mm.
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elinated axons are sympathetic fibers running through the saphe-
nous nerve and that increased BDNF caused their selective
reduction. This seems unlikely, however, because (1) no loss of
sympathetic neurons was measured in the superior cervical gan-
glia (Table 2), and (2) labeling of sympathetic fibers in transgenic
backskin using an anti-tyrosine hydroxylase antibody indicated
sympathetic projections were slightly increased compared with
control skin (data not shown). A similar increase was reported by
Botchkarev et al. (1998) for subsets of sympathetic innervation in
mice overexpressing BDNF in muscle.

To determine whether transgene-derived BDNF supported

neuronal populations known to be dependent on BDNF for
survival, we also counted neurons in the placode-derived nodose–
petrosal sensory ganglia (Table 2). An increase in neuron number
was found in the NPG, a complex composed of the fused superior
and inferior vagal ganglia and petrosal ganglion whose sensory
neurons project to the tongue and visceral organs (e.g., esopha-
gus, stomach, and intestine) (Neuhuber, 1987). NPG neurons
have a shared dependence on BDNF and NT-4 and are reduced
(47%) in BDNF knock-out mice (Erickson et al., 1996). Because
K14-BDNF was expressed at high levels in tongue and BDNF
peptide was elevated in the NPG (Table 1), an enhanced target-

Figure 4. The number of Merkel cell endings in the foot pad are increased in BDNF overexpressors. Sections of control (A) and transgenic (B) foot
pad skin labeled with anti-PGP9.5. Merkel cells at the dermal–epidermal border are marked by arrows in A and B. A large Merkel cell cluster in B is
indicated by arrowheads. To better view the distribution of Merkel cells, foot pad epidermis of control ( C) and transgenic ( D) mice was separated from
the underlying dermis and Merkel complexes double-labeled using an anti-keratin K20 and anti-neurofilament NF150 antibody. Note increase in the
number of individual Merkel cells and their clustering into discrete units (D), similar to those marked by arrowheads in B. Inset shows magnified image
of transgenic skin; areas of Merkel cell and nerve terminal overlap appear yellow. Scale bars: B, 40 mm; C, 100 mm; inset, 15 mm.
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derived support to transgenic NPG neurons was feasible. Neuro-
nal counts did indeed show that NPG ganglia of transgenics had
38% more neurons than control ganglia (6670 6 639 vs 4850 6
223; p , 0.05). In addition, size distribution analysis of neurons
comprising the NPG ganglia showed transgenic neurons were,
across all size classes, larger than control neurons (BDNF, 24 mm;
vs control, 20.5 mm diameter; p , 0.0001; Kolmogorov–Smirnov;
n 5 3 mice per group). Thus, BDNF increased the number and
size of NPG neuronal populations but had no affect on the
number of neurons comprising either trigeminal, DRG, or sym-
pathetic ganglia.

Trk receptor expression is altered in trigeminal and
DRG of BDNF overexpressors
The biological response of sensory neurons to neurotrophins is
mediated by the family of trk receptor tyrosine kinases (Barbacid,
1994). Neurotrophins signal through trk receptors in specific
manners, such that trkA preferentially binds NGF, trkC binds
NT-3, and trkB binds BDNF and NT-4. Studies of mice that
overexpress NGF and NT-3 in the skin have shown that, in vivo,
increased ligand expression can cause a doubling in the percent of
neurons that expressed mRNAs encoding the cognate receptors
(trkA and trkC, respectively) (Albers et al., 1996; Goodness et al.,
1997). This increase in trk-expressing neurons could be explained
by the increased survival of the respective neuronal population, as
indicated by the increase in total neuron number in the NGF and
NT-3 lines. BDNF mice did not have an increase in neuron
number, raising the question of whether trkB expression would be
modified in sensory neurons of the BDNF transgenics. In situ
hybridization to examine expression of the full-length trkB re-
ceptor mRNA showed BDNF-overexpressors did have a statisti-
cally significant increase in the number of trkB-expressing neu-
rons in trigeminal and DRG ganglia (292 and 60%, respectively)
(Table 4). Because neuron number did not increase (Table 2),
increased levels of BDNF in the skin must have caused upregu-
lation of trkB mRNA in neurons that normally were either trkB-
negative or expressed trkB at undetectable levels, i.e., phenotypic
switching to a trkB phenotype must have occurred. This inter-
pretation is also supported by grain counting analysis of neurons
processed for in situ hybridization, which showed trkB expression
did not change on a per cell level, i.e., the average somal area
covered by autoradiographic grains was not significantly different

between transgenics (8.2 6 1.0%) and controls (7.45 6 1.1%; p ,
0.05). The consequence of the trk receptor switching may be
reflected, at least in part, by the increased innervation surround-
ing hair follicles (Fig. 2) and enhanced innervation to Meissner
corpuscles and Merkel cells of the foot pad (Figs. 3, 4). Future
studies to define the physiological profile of neuronal populations
in the BDNF skin will determine whether this is the case.

Receptor binding studies and analysis of trk expression in
BDNF gene knock-out mice indicates BDNF also interacts with
and activates the trkA receptor (Rodriguez-Tebar et al., 1990;
Liebl et al., 1997). In particular, BDNF mutants showed a 20–
30% loss of trkA-expressing neurons, which may reflect depen-
dence of some trkA neurons on BDNF during development. In
support of these findings, our in situ analysis showed that over-
expression of BDNF increased the trkA-expressing population by
70% in trigeminal ganglia (Table 4). In addition, size distribution
analysis of trkB-positive neurons in the trigeminal ganglia showed
that the number of trkB neurons was increased in all size ranges
(Fig. 5A), with many in the small cell population (13–15 mm).
Similarly, an increased number of trkA-positive neurons was also
found, primarily in the small-sized neuronal populations (13–15
mm) (Fig. 5B), suggesting overlap of the trkA and trkB popula-
tions. In contrast, no change in either the number or size distri-
bution of the trkC population was found (data not shown).

TrkB receptor isoform expression is modified by
overexpression of BDNF
Alternative RNA splicing generates at least three trkB isoforms
that all bind BDNF (Klein et al., 1990a; Middlemas et al., 1991).
The full-length tyrosine kinase form, trkB.FL, contains an extra-
cellular ligand-binding domain, a transmembrane domain, and a
tyrosine kinase-containing intracellular domain. Truncated
forms, trkBT.1 and trkBT.2, contain extracellular and transmem-

Table 2. Neuronal counts of adult K14-BDNF transgenic and control mice

Mouse genotype
Dorsal root ganglia
(L4/L5) Trigeminal ganglia

Superior cervical
ganglia Nodose–petrosal complex

Control 12,350 6 1,411 (n 5 3) 33,433 6 3,119 (n 5 3) 14,284 6 942 (n 5 3) 4850 6 223 (n 5 5)
BDNF transgenic 12,177 6 1,748 (n 5 3) 34,567 6 3,925 (n 5 3) 15,342 6 1,008 (n 5 3) 6670 6 639* (n 5 6)

Values are shown for BDNF transgenic line 632. Statistical significance was determined using a t test; values are expressed as SEM.
*Indicates significance ( p , 0.05).

Table 3. Counts of saphenous axon counts in K14-BDNF transgenic
and control mice

Mouse genotype Myelinated Unmyelinated

Control 610 6 28 (n 5 7) 3,318 6 158 (n 5 7)
BDNF transgenic 606 6 21 (n 5 5) 2,663 6 213* (n 5 4)

Values are shown for BDNF transgenic line 632. Statistical significance was deter-
mined using a t test; values are expressed as SEM. n, The number of mice analyzed.
*Indicates significance ( p , 0.05).

Table 4. Relative number of trk receptor neurons in sensory ganglia

TrkB neurons TrkA neurons TrkC neurons

Trigeminal
Control (n 5 11) 56 6 6 121 6 20 144 6 26
Line 632 (n 5 9) 164 6 26* 215 6 36* 220 6 42

L4 DRG
Control (n 5 7) 53 6 7 177 6 27 110 6 12
Line 632 (n 5 9) 85 6 8* 236 6 32 147 6 16

In situ hybridization was performed on control and transgenic ganglia using 35S-
labeled riboprobes to either trkA, trkB, or trkC mRNA. Positive neurons were
counted in every 10th section of serial sectioned ganglia, and neuronal counts were
corrected using recursive translation. In trigeminal ganglia, line 632 had a 292%
increase in the number of trkB-expressing neurons (p # 0.05) and a 70% increase in
trkA-expressing neurons (p , 0.05). Transgenic DRG had a 60% increase in trkB
neurons, although no significant difference in the number of trkA neurons. Both
ganglia had no statistically significant change in trkC neurons. Counts are 6 SEM.
*Indicates significance ( p , 0.05).
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brane domains but lack intracellular kinase domains. The kinase
domain is replaced by two unique short sequences containing 23
(trkBT.1) or 21 (trkBT.2) amino acids (Middlemas et al., 1991).
Truncated isoforms are proposed to modulate BDNF activity by
sequestering it from the surrounding tissue and thereby reducing
full-length trkB binding (Biffo et al., 1995). Similarly, truncated
forms may also negatively regulate kinase signaling by forming
nonfunctional, heterodimer (full-length and truncated) receptor
complexes (Eide et al., 1996). In addition, cellular level physiology
measures have suggested truncated forms may stimulate kinase
signaling pathways, as measured by generation of glycolytic and
respiratory products (Baxter et al., 1997). In vivo, truncated trkB
receptor expression is upregulated in developing neurons and in

response to injury, suggesting a role for truncated forms in reg-
ulating the impact of BDNF on neuron development and repair
processes (Ninkina et al., 1996; Wheeler et al., 1998a).

To determine whether increased levels of BDNF in the skin
affected receptor isoform expression in sensory populations, the
relative level of mRNAs encoding each isoform was measured
using Northern hybridization and reverse transcriptase-PCR
(RT-PCR) (Fig. 6). Northern analysis using either a probe that
recognized all forms of trkB (kinase and truncated) (Fig. 6A,
TrkB-all) or a probe specific for the full-length kinase form (Fig.
6A, TrkB.FL) detected numerous splice variants, as documented
previously (Klein et al., 1990a). Densitometric analysis of specific
bands (8.2 and 5.5 kb) showed transgenic ganglia had approxi-
mately double the amount of both full-length and truncated
mRNAs, which was consistent with the increase in trkB-
expressing neurons detected by in situ hybridization.

To determine more precisely the expression levels of trkB
mRNAs in trigeminal ganglia, RT-PCR using primers specific for
full-length (trkB.FL) and truncated (trkB.T1 and trkB.2) mRNAs
was performed. cDNAs generated by reverse transcription were
PCR amplified in the presence of 32P-dCTP, and product levels
were quantified using a phosphorimager (Fig. 6B). Image analy-
ses showed transgenic ganglia had approximately double the
amount of trkB.FL mRNA compared with control ganglia and
that truncated trkB.T1 was expressed at levels slightly above
control (0.19-fold; p , 0.05), whereas trkB.T2 was unchanged.

TrkB protein levels were also increased in transgenic mice as
measured by Western immunoblotting of protein samples isolated
from trigeminal ganglia and nerves projecting to the periphery
(Fig. 6C). Densitometric measure of bands representing the 145
kDa full-length form and 95 kDa truncated form showed full-
length trkB was slightly increased in transgenic ganglia and vir-
tually undetectable in nerve. Truncated forms predominated in
control and transgenic ganglia and appeared slightly increased in
transgenic ganglia (;25% by densitometry) (Fig. 6C, lef t panel).
Interestingly, the amount of truncated trkB protein was doubled
in nerve fibers projecting to the skin (Fig. 6C, right panel).
Collectively, these results indicate that synthesis and peripheral
transport of truncated trkB, which from RT-PCR analysis was
most likely TrkB.T1, was enhanced in BDNF transgenics.

K14-BDNF transgenic mice showed no change in
nociceptive behavioral response
BDNF has been implicated as a regulatory molecule of pain and
mechanosensation (Siuciak et al., 1994; Zhou and Rush, 1996;
Carroll et al., 1998). This possibility and the preferential increase
in small-diameter neuron populations in BDNF transgenic gan-
glia prompted us to measure nociceptive responses in BDNF
mice. Temperature sensitivity was measured using a hot plate set
at 52°C on eight transgenic and eight control mice tested over 4
consecutive days (Fig. 7A). Although control mice averaged a 26.7
sec latency and transgenic mice averaged a 23.5 sec latency, this
trend was not statistically significant.

Nociceptive behavioral response to mechanical stimulation was
also tested in BDNF transgenic mice by measuring von Frey hair
thresholds on foot pad skin. Mice were tested over a 4 d period,
and the response data was plotted using the Kolmogorov–Smir-
nov analysis (Davis et al., 1993). Similar to thermoception, no
statistically significant change in behavioral response was mea-
sured in BDNF transgenic mice (Fig. 7B).

Although no change in nociceptor response was elicited, it is
likely that, given the increased neurite innervation to hair folli-

Figure 5. Size distribution of trk receptor-expressing neurons in trigem-
inal ganglia. Size distributions of trkB- and trkA-expressing neurons of
trigeminal ganglia from K14-BDNF transgenic and control mice are
plotted as the number of cells per radius. In transgenic trigeminal ganglia
(A), trkB neurons were increased in all size ranges (11–27 mm radius).
TrkA neurons in transgenic ganglia were predominantly in the small
neuron (13–15 mm) populations, indicating that small trkA neurons were
most affected by increased BDNF. Data were analyzed using the Kol-
mogorov–Smirnov statistic to identify differences in size distributions as
in Goodness et al. (1997). Asterisks denotes bins in the trkA distribution
(B) that had statistically significant increases in the number of trkA
neurons.
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cles, Merkel cells, and Meissner corpuscles, changes in sensory
perception occurred in BDNF overexpressors. At present, no
behavioral testing paradigm for measure of these slowly and
rapidly adapting mechanoreceptors is available, although future
in vitro electrophysiological assays using an isolated skin prepa-
ration are planned to examine possible alteration of the sensory
neuron population.

DISCUSSION
Previous studies of transgenic mice that overexpressed either
NGF or NT-3 in a target-derived manner showed these neuro-
trophins caused a significant increase in the survival of trigeminal
and DRG neurons and altered sensory innervation to the skin
(Albers et al., 1994, 1996). These changes were consistent with
cell culture and gene knock-out studies showing these neurotro-
phins supported developing embryonic neurons in culture and
were survival factors for specific types of sensory neurons. To
determine whether increased levels of target-derived BDNF
could also impact neuron survival, transgenic mice that overex-
pressed BDNF in the skin were analyzed. In contrast to NGF and
NT-3, overexpression of BDNF did not increase the number of
trigeminal or DRG neurons, although it did induce a 38% in-
crease in the placode-derived nodose–petrosal ganglia complex, a
result consistent with the 43–66% loss of nodose neurons in
BDNF knock-out mice (Ernfors et al., 1994; Jones et al., 1994;
Erickson et al., 1996). Thus, NPG neurons and neurons of cranial
and spinal ganglia appear to have inherent differences in their
response to target-derived BDNF; NPG neurons had increased
survival, whereas survival of cranial and spinal sensory neurons
was unaffected.

That the number of trigeminal and DRG neurons was un-
changed in BDNF overexpressors was surprising in light of neu-
ron counts of BDNF and trkB knock-out mice, which showed a
20–44% neuronal loss in these ganglia (but see Silos-Santiago et
al., 1997). The simplest explanation for the lack of BDNF-
induced enhancement of trigeminal and DRG neurons would be
that BDNF produced by the skin does not function as a target-
derived survival factor for developing sensory neurons that in-
nervate the skin but rather as a regulator of neuronal differenti-
ation once their axons reach their target. This would agree with
studies of LoPresti and Scott (1994) that showed BDNF had
slight affect on survival of chicken cutaneous neurons and sug-
gests neurons other than cutaneous types are lost in the BDNF-
deficient DRG and trigeminal ganglia.

That skin-derived BDNF does not increase trigeminal and
DRG neuron survival implies that trkB neurons must either be
supported by ganglionic sources of BDNF, i.e., in an autocrine or
paracrine manner, or that other growth factors, such as NGF or
NT-3, are required for embryonic survival of trkB neurons.
Autocrine or paracrine modes of support are less likely because
expression of BDNF in sensory (trigeminal) ganglia was not
detected by in situ hybridization until ;E14.5 (Schecterson and
Bothwell, 1992), a time past when developing neurons are lost in
BDNF mutants (;E13.5 in L4 DRG) (Liebl et al., 1997). If, on
the other hand, NGF and NT-3 neurotrophins support develop-
ing trkB neurons, overlap of trkB with trkA and trkC receptor
expressing populations would be expected. Indeed, recent studies
by Farinas et al., (1998) of E11 mouse L1 DRG support this
possibility, because 70% of developing neurons express trkC, 40%

Figure 6. Expression of trkB isoforms in
BDNF transgenic neuronal tissues. A,
Northern blot analysis of RNA from trans-
genic and control trigeminal ganglia was
done using a probe that detected mRNAs
encoding both full-length and truncated
trkB forms (TrkB-all ) or mRNAs encoding
only full-length forms (TrkB.FL). Hybrid-
ization signals for mRNAs encoding both
full-length and truncated forms were in-
creased compared with control samples.
Signal density measures were normalized to
actin. B, To better quantify relative levels
of expression, RT-PCR analysis of trigemi-
nal RNA from control and transgenic mice
was done using primers specific for full-
length trkB (trkB.FL) and truncated forms
(trkB.T1 and trkB.T2). Shown are represen-
tative data from a total of six transgenic and
six control mice analyzed. ImageQuant
software was used to measure band inten-
sity and showed that trkB.FL and trkB.T1
were increased in transgenic ganglia 1.8-
and 0.19-fold, respectively. A control brain
sample was used as an internal standard for
primer specificity and reaction efficiency.
Values were normalized to actin. C, West-
ern analysis of trkB expression in control
and transgenic trigeminal ganglia (lef t) and
infraorbital nerve (ION) (right) showed
prominent expression of the 95 kDa isoform
compared with the full-length 145 kDa
form. Densitometric measures showed a
modest increase (;25%) in truncated trkB
in transgenic ganglia (two samples per
group shown), whereas transgenic ION samples had double the amount of truncated trkB compared with control nerve samples. This distribution
suggests truncated forms were preferentially transported to the periphery. Protein samples from brain indicate mobility of the trkB isoforms. Mrk,
Molecular weight standards.
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express trkB, and 20% express trkA. By E13, a major shift in
expression was found, and only 8% of neurons expressed trkB,
whereas 80% expressed trkA, suggesting a switch in the neuro-
trophin responsiveness from NT-3 to NGF. Also important is the
finding that, in E11 DRG, ;40% of trkB-expressing neurons are
lost in NT-3-deficient mice (Farinas et al., 1998), demonstrating
an early dependence of at least some trkB neurons on NT-3
(Conover et al., 1995). Thus, these data are consistent with a
model in which trkB neurons are initially supported by NT-3.
However, our studies of adult BDNF transgenic ganglia showed
an increased number of trkB and trkA neurons, suggesting NGF
may also have acted as a trkB neuron survival factor during the
later period of neuronal death (E13–E15). If this is the case, the
neurons affected would express both trkB and trkA, a likely
possibility because 80% of E13 neurons were trkA-positive (Fa-
rinas et al., 1998). A model consistent with these data would be
one proposed by Buchman and Davies (1993) in which the type of

neurotrophin support required by sensory neurons varies tempo-
rally, i.e., NT-3 would support early (E11) trkB neuron survival,
whereas NGF would supports late (E13–E15) trkB neuron sur-
vival. In this paradigm, increased target-derived BDNF would
have no effect on survival and, because endogenous levels of NGF
and NT-3 remain at normal levels, no increase in cell number
would be expected.

Although not a target-derived survival factor for cutaneous
neurons, skin-derived BDNF did influence the establishment and
maintenance of sensory endings in the periphery. Thus, skin of
postnatal transgenic mice showed prominent hyperinnervation to
the epidermis and hair follicles. Interestingly, this epidermal
hyperinnervation retracted to lower dermal layers of the skin as it
matured. Although the cause of this retraction remains to be
determined, one possibility is that increased BDNF in epidermis
was repulsive to matured nerve endings. Precedent for such an
effect is found in studies of embryonic neurons grown in culture.
In vitro application of BDNF to neurite growth cones of rat DRG
explants grown in NGF-containing media caused dramatic retrac-
tion of lamellipodia and cessation of neurite growth (Paves and
Saarma, 1997), suggesting BDNF was inhibitory to NGF-
responsive endings. Because many unmyelinated peptidergic end-
ings that innervate the epidermis are NGF-dependent, these
terminals may be most affected, i.e., repulsed, by the increased
epidermally supplied BDNF. This retraction of nerve fibers ap-
peared specific to the epidermis and subjacent dermis, because
dermal regions surrounding hair follicles remained hyperinner-
vated in the adult BDNF skin.

The retraction of fibers in transgenic hairy skin contrasted with
that seen in glabrous foot pad skin in which fiber withdrawal was
not observed. In fact, in foot pad there was a marked increase in
Merkel cells and their associated nerve terminals. This finding is
of interest because (1) Merkel cell complexes are known to
require NT-3 for their development, and (2) studies of BDNF
(1/2) mice showed electrophysiological impairment of slowly
adapting mechanoreceptors (SAMs) that innervate Merkel cells
(Carroll et al., 1998). Although reduced BDNF impaired SAM
responses, it was not a survival factor for SAMs, because no
change in Merkel complexes of backskin nor reduction in myelin-
ated axon number in the saphenous nerve of BDNF knock-outs
were found. Our measures are in partial agreement with this
interpretation, because no change in myelinated axon number nor
number of Merkel cells in backskin of BDNF transgenics were
found. Interestingly, this was not the case in foot pad skin in
which Merkel cell–neurite complexes were markedly increased in
density, suggesting a site-specificity of BDNF action on Merkel
cell endings. This site-specific response to BDNF is consistent
with comparative studies of Merkel cells in rat backskin and foot
pad, which showed different responses to denervation, i.e., dener-
vation caused loss of Merkel cells in backskin but did not affect
Merkel cell number in foot pads (Nurse and Farraway, 1988; Mills
et al., 1989). Thus, Merkel endings in hairy and glabrous skin may
be trophically regulated in distinctly different manners, e.g., foot
pad Merkel cells may respond in a paracrine manner to BDNF,
whereas backskin Merkel cells do not, and this regulation may
confer different physiological properties appropriate for the skin
location.

Another sensory ending clearly affected by BDNF overexpres-
sion was the foot pad Meissner corpuscle. Although the number
of these low-threshold rapidly adapting mechanoreceptors ap-
peared unchanged, the complexity and size of the sensory pro-
jection to these endings was greatly enhanced. Once again,

Figure 7. Measure of nociceptive behavior of control and BDNF trans-
genic mice. Hot plate tests were used to determine whether peripheral
overexpression of BDNF affected nociception. Mice were placed on a
52°C heated surface, and the time interval between placement and a
behavioral escape response (i.e., paw lick or jump) was measured. Re-
sponse latencies compared using ANOVA showed no significant differ-
ence between control and transgenic mice (A). Measures of mechanical
sensitivity were done using von Frey hair analysis by placing mice on a
platform of mesh material and applying filaments of increasing stiffness to
the plantar surface of the hind paw to elicit a response (i.e., twitching or
licking of paw). BDNF transgenics (n 5 8) and controls (n 5 8) were
tested over 4 consecutive days, and the distribution of thresholds was
compared using the Kolmogorov–Smirnov statistic (B). No statistically
significant difference in response to mechanical stimuli between trans-
genic and control mice was measured.
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BDNF did not act as a survival factor but may act instead to
influence sensitivity of Meissner endings by enhancing neurite
ending morphology. Interestingly, Meissner endings were also
enlarged in NT-4 overexpressing transgenic mice (R. F. Krimm
and K. M. Albers, unpublished data), suggesting that an overlap-
ping trophic support mechanism mediated through trkB receptor
activation exists for these sensory complexes.

To understand on a mechanistic level how BDNF might elicit
the changes found in peripheral innervation, we examined how
overexpression in the skin affected full-length and truncated trkB
receptor expression in the ganglia. Accumulating evidence has
suggested truncated trkB receptors have important roles in me-
diating physiological effects of BDNF, either by direct signal
transduction (Baxter et al., 1997) or as modulators of ligand
binding to full-length receptors (Middlemas et al., 1991; Eide
et al., 1996). Analyses showed the trkB.T1 form was elevated,
albeit modestly, in trigeminal ganglia along with the full-length
mRNAs, suggesting the T1 form (more so than the T2 isoform)
was recruited in response to the increased levels of peripheral
BDNF. This increase in mRNA expression, coupled with the
doubling of truncated forms in nerves projecting to the skin,
suggests that preferential T1 synthesis and transport occurred in
neurons exposed to increased BDNF and that trkB.T1 can mod-
ulate BDNF signaling. Because BDNF is released after many
types of neuronal injury (Ernfors et al., 1993; Friedman et al.,
1995; Wheeler et al., 1998b), understanding the underlying mech-
anisms and consequence of this response has relevance in design
of therapeutic approaches to nerve injury.
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