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A series of recombinant
herpes simplex
virus (HSV-1) vectors have been constructed
that encode either the full-length
cDNA of the human p75 NGF receptor (~75~~9
or truncated
forms of the receptor.
Infection
of cultured
fibroblast
cells
with viral stocks results in abundant
expression
of all three
cDNAs, as detected
by affinity
cross-linking,
immunoblot
analysis,
and equilibrium
binding.
Furthermore,
viral infection of primary neuronal
cultures gives easily detectable
p75
expression
by immunofluorescence
and affinity cross-linking. When p75 was introduced
by viral infection
into fibroblast cells expressing
the frkproto-oncogene,
a new binding
site was created,
consistent
with high-affinity
NGF binding.
This site is not created
by the coexpression
of truncated
forms of p75 that lack either the extracellular
ligand binding
domain
or the cytoplasmic
domain
of the receptor,
suggesting
that both of these regions
of the receptor
are required for the formation
of the high-affinity
NGF binding
site.
Hence, these HSV-1 vectors
give rise to appropriate
NGF
receptor binding after viral infection.
The application
of these
HSV-1 constructs
to primary
neuronal
culture
and in vivo
models
of ~75~~~~ function
is discussed.
[Key words: NGF receptor,
herpes simplex
virus, primary
culture, trk oncogene,
neurotrophin,
receptor
binding]

NGF signal transduction results in cell survival and maintenance of discrete neuronal populations, including sensory neurons of neural crest origin and sympathetic neurons (Thoenen
and Barde, 1980; Levi-Montalcini,
1987). NGF also regulates
neural populations in the brain, most notably cholinergic fibers
of the basal forebrain (Gnahn et al., 1983; Hefti, 1986; Mobley
et al., 1986). The identification of neurotrophic factors BDNF,
NT-3, NT-4, and NT-5 has uncovered a family of related polypeptide differentiation
factors with similar biological effects
(Leibrock et al., 1989; Emfors et al., 1990; Hohn et al., 1990;
Maisonpierre et al., 1990; Rosenthal et al., 1990; Berkemeier
et al., 1991; Hallbook et al., 1991). Furthermore, a primary
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signaling mechanism for these factors has been defined with the
discovery that the p140proto1rkreceptor tyrosine kinase (trk) interacts specifically with NGF, resulting in increased tyrosine
phosphorylation of cellular substrates in PC1 2 cells (Kaplan et
al., 1991 b; Klein et al., 1991a). Other trk family members, including trkB and trkC, have since been found to interact with
multiple neurotrophic ligands (Cordon-Card0 et al., 199 1; Klein
et al., 199 la,b; Lambelle et al., 199 1; Soppet et al., 199 1; Squint0
et al., 1991).
An important question concerning the action of neurotrophins is how the functional receptor complex is encoded and
specified. NGF and the other neurotrophin family members are
known to interact with a 75,000 Da transmembrane receptor,
~75~~~~ (Johnson et al., 1986; Radeke et al., 1987; Emfors et
al., 1990; Rodriquez-Tebar
et al., 1990; Squint0 et al., 1991).
NGF binds to this receptor with low affinity (Kd = 1O-9 M), but
this interaction does not initiate any measurable signal transduction in fibroblast cells expressing ~75~~~~ (Hempstead et al.,
1989). Only in NGF-responsive
cells are high-affinity (Z& =
lo-” M) and low-affinity binding sites displayed (Sutter et al.,
1979; Schechter and Bothwell, 198 1; Green and Greene, 1986).
High-affinity binding is required for functional responses to NGF
both in culture and in vivo and can be reconstituted in cultured
cells that express p140prototrk(Hempstead et al., 1991; Klein et
al., 1991a). Whether this binding requires the concomitant expression of p7YGFR has been the subject of debate (Bothwell,
199 1; Chao, 1992).
Both receptors are known to be colocalized in sensory, sympathetic, and central cholinergic neurons during NGF-responsive periods (Buck et al., 1987; Hohaman et al., 1992; Schechterson and Bothwell, 1992), and monoclonal antibodies against
~75 have been shown to display inhibitory effects upon neurite
regeneration (Chandler et al., 1984) and c-fos induction in PC1 2
cells (Milbrandt,
1986). Previous equilibrium binding studies
have indicated that ~75~~~~ participates in high-affinity NGF
binding(Green and Greene, 1986; Hempstead et al., 1989, 199 1;
Pleasure et al., 1990; Matsushima and Bogenmann, 199 1) and
that ~14.0~~~~~‘~~
binds to NGF with low affinity (Kaplan et al.,
199 1a). Other experiments, however, have reached the opposite
conclusion, suggesting that the unique expression of p140pro101rk
defines a high-affinity receptor for NGF (Klein et al., 1991a).
The involvement of ~75~~~~ in NGF signal transduction was
recently discounted with results demonstrating that p 140prolo1rk
and the other trk receptor tyrosine kinase family members could
function independently in fibroblast cells without the coexpression of ~75~~~~ (Cordon-Card0 et al., 199 1; Glass et al., 199 1).
Moreover, use of anti-p75NCFR antibodies and site-directed mutants of NGF has implied that the biological effects of NGF
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may be mediated through the trk receptor alone, without binding
to p7YGFR (Weskamp
and Reichardt,
199 1; IbZnez et al., 1992).
To address the functional
role of the ~75~~~~ in mediating
the differentiative
effects of NGF action, we have sought to
express
_
_~75 cDNAs in defective herpes simplex virus (HSV-1)
vectors (Geller and Breakefield,
1988; Geller et al., 199 1). Here
we report the construction
and expression of three novel HSV- 1
vectors carrying a full-length
human ~75 receptor cDNA as well
as two mutant receptor clones, each lacking an essential domain
of the receptor.
Our results confirm
that the coexpression
of
both p75NoFR and ~140~~~‘~~~~ is required
for the functional
reconstitution
of a high-affinity
binding
site for NGF. The expression of trk with either the ligand binding
domain
or the
cytoplasmic
domain
of p75, however, was not sufficient to mediate this high-affinity
interaction.
Moreover,
expression studies
in primary
culture indicate that the HSV-1 vectors employed
in this study are capable of faithfully
delivering
high levels of
receptors into neurons, and therefore these HSV- 1 vectors will
be useful in addressing questions about the physiological
roles
that ~75~~~~ plays in nerve cells.

Materials

and Methods

Materials. Restriction endonucleases were purchased from New England
Biolabs (Beverly, MA), Mouse NGF (p-dimer) was obtained from Bioproducts for Science (Indianapolis,
IN). Anti-2.5s NGF antiserum, a
rabbit anti-mouse polyclonal antibody, was purchased from Collaborative Research (Bedford, MA), and anti-p75 antibody, a polyclonal
antibody that was generated against the cytoplasmic domain of the lowaffinity NGF receptor, was generously supplied by Dr. S. J. Decker
(Parke-Davis, Ann Arbor, MI). Antibody ME20.4 against the human
NGF receptor (hNGFR; Ross et al., 1984) was harvested from cultured
hybridoma cell line supematants (from American Type Culture Collection), and rhodamine-conjugated
goat anti-mouse (Fab’), antibody was
purchased from Jackson Labs (Bar Harbor, ME). Ethyl-3-(dimethylaminopropyl) carbodiimide
(EDAC) was purchased from Pierce Chemical
Co. (Rockford, IL). lZ51-NGF was prepared by the lactoperoxidase method as described previously (Green and Greene, 1986).
CelI culture. PC 12 cells were maintained in Dulbecco’s modified Eagle’s medium (DMEM)
with 10% fetal bovine serum and 5% horse
serum (GIBCO, GrandIsland,
NY). NIH-3T3
cells, which overexpress
~140~~~‘~~~~ (3T3-trk
cells) (Kaplan et al.. 1991a). were maintained
in
DMEM with 10% fetal bovineserum and 0.4 mg&tl of G4 18 (GIBCO).
Construction of vectors and packaging of HSV-I virus particles. ~75
human NGF receptors pSL and pxl were constructed as described previously (Hempstead et al., 1990). For mutant p5A, a 1.5 kilobase (kb)
hNGFR cDNA was digested with both StuZ and Sau3A and religated.
The resulting 1.O kb fragment lacking nucleotides 2 15-682 was recovered. The pSL, pxl, and p5A cDNA inserts were then isolated from
carrier sequence by EcoRI digestion and subcloned into the recipient
HSV-1 vector pHSVPrpUC
(Geller and Breakefield, 1988). pHSVhNGFR. DHSV-xl, and DHSV-5A contain the DSL insert (2.3 kb), the
px 1 insert (2.3 kb),’ and the p5A insert (1 .O kb), respectively. The orientation of each insert was verified by restriction enzyme analysis.
pHSVlac contains the 1acZ gene and was constructed as previously
described (Geller and Breakefield, 1988).
The packaging system for HSV- 1 viral particles has been previously
reported (Spaete and Frenkel, 1982; Geller, 1988). In brief, 1.5 x 10s
CVl cells were plated on 60 mm dishes and transfected with 0.5 ml of
a calcium phosphate precipitate containing 1 pg of pHSV- 1 vector DNA
and 9 pg of salmon sperm DNA. Four hours later the cells were treated
with 15% glycerol (Parker and Stark, 1987) and incubated at 37°C for
24 hr. Cells were then infected with 1.5 x 1O6 plaque-forming
units of
HSV-1 strain 17 ts K (Davison et al., 1984) in 100 ~1 of medium. HSV- 1
ts K is a mutant HSV-1 strain that contains a temperature-sensitive
mutation in the IE3 gene, resulting in an immediate-early
phenotype
and no viral replication at the restrictive temperature of 37°C. After 1
hr at room temperature, an additional 5 ml of medium were added to
each infected plate. Cultures were then incubated for 72 hr at 3 1°C and

virus subsequently harvested, passaged, and titered (8 x lo5 infectious
particles/ml)
as described previously (Miller and Hyman, 1978).
Northern blot analysis. Cells were grown to 70% confluence on 100
mm tissue culture dishes, infected with 0.4 ml of viral stock at a multinlicitv of infection (MOB of 0.25. and incubated for 6-24 hr at 37°C.
and total mRNA was prenared usinn the RNASol B method (Chom:
czynski and Nicoletta,-1987).
For Northern blot analysis, mRNA (20
&sample)
was separated by electrophoresis in 1% agarose gels containing 2.2 M formaldehyde,
transferred to nitrocellulose
filters, and
baked in vacua at 80°C for 4 hr (Sambrook et al., 1989). The presence
of mRNA species was confirmed by ethidium bromide visualization.
Filters were then prehybridized
in 50% formamide, 5 x SSC, and 5 x
Denhardt’s solution with 500 &ml of denatured salmon sperm DNA
at 42°C for at least 4 hr. Hybridization
with radiolabeled probe was
carried out at 42°C in 50% formamide,
5 x SSC, and 1 x Denhardt’s
solution with 100 pg of denatured salmon sperm DNA. Randomly
primed restriction fragments were generated to specific activity of 5 x
lo8 cpm/pg. Filters were washed to 0.4 x SSC at 68°C and exposed to
x-ray film at -70°C with an intensifying screen.
Immunoblotting.
For immunoblot
analysis, infected cell cultures were
prepared as above. Infected fibroblasts were washed in phosphate-buffered saline (PBS; pH 6.4) and rapidly solubilized in 1 ml of solubilization buffer [lo mM Tris-HCl (pH 7.4) 1% SDS, and 0.1 mM each of
phenylmethylsulfonyl
fluoride (PMSF)/aprotinin/leupeptin].
Cell lysates were incubated on ice for 15 min and then pelleted at top speed in
a microfuge at 4°C for 10 min. Supematants were assayed for protein
concentrations with a protein assay kit from Bio-Rad (Richmond, CA).
Proteins (200 pg) were immunoprecipitated
with anti-p75 antibody,
electrophoresed by SDS-PAGE (8%), and electrophoretically
transferred
to nitrocellulose.
Filters were then incubated with anti-p75 antisera
followed by lZ51-labeled protein A from Amersham (Arlington Heights,
IL). Autoradiography
was carried out at -70°C with an intensifying
screen.
Affinity cross-linking and immunoprecipitation.
3T3-trk cells infected
at an MO1 of 0.25, and uninfected control cells were harvested for
affinity cross-linking. NGF receptors were labeled by affinity cross-linking methods previously described (Green and Greene, 1986; Hempstead
et al., 1989). For EDAC cross-linking to ‘Y-NGF,
cells were washed
in PBS (pH 6.5) and resuspended to a final concentration of 2 x lo6
cells/ml in PBS containing 1 mg/ml each of glucose and bovine serum
albumin. lZ51-NGF was then added to each cell suspension at a final
concentration of 25 r&ml, in the presence or absence of 5 wt~ unlabeled
NGF for 2 hr on a rotator at 4°C. EDAC was next added to a final concentration of 4 mM at room temperature for 30 min. Alter cross-linking,
cells were centrifuged, washed in PBS-lysine (50 mM), andsolubilized
in lysis buffer (10 mM Tris, pH 7.6, 66 mM EDTA, 1% NonidetP40,
0.4% deoxycholate, and 0.1 mM each of PMSF/aprotinin/leupeptin)
at
4°C for 20 min. Lysates were immunoprecipitated
with anti-2.5s NGF
antisera at 4°C for 2 hr and washed extensively in RIPA buffer (10 mM
Tris-HCl, pH 8.0, 150 mM NaCl, 10 mM KCl, 1% deoxycholate, 1%
Nonidet P-40, 0.1% SDS, and 1 mM EDTA). The samples were then
resuspended in sample buffer, boiled for 5 min, and subjected to electrophoresis on a 7.5Oh SDS-polyacrylamide
gel. The dried gels were
exposed to autoradiographic
film at - 70°C with an intensifying screen.
Equilibrium
binding analysis. Infections were carried out as described
above. Equilibrium
binding of 12’I-NGF to crude cellular membrane
preparations was performed as described previously (Hempstead et al.,
1989). All measurements were verified in trinlicate.
_
I and the data were
assessed by Scatchard analysis (Scatchard, 1949). Only binding values
above 50% specific binding were used in the final analysis. The LIGAND
program was used to analyze the data (Munson and Rodbard, 1980).
Primary neuronal cultures and immunohistochemistry.
Timed-preanant Sprague-Dawley rats [embryonic day 16 (E 16)] were purchased
from Charles River Labs (Wilmington,
MA) and embryos removed
under sterile conditions. Brain tissue was isolated and the cerebral cortex
was carefully dissected away from hippocampus, basal forebrain, and
olfactory bulbs. Meninges were also removed. Cortical cells were then
manually dissociated and plated on poly-D-lysine-coated
dishes. Cultures were enriched for nerve cells by maintaining
cultures in serumfree conditions for at least 5 d as described previously (di Porzio et al.,
1980).
For immunohistochemistry,
primary cortical cells were infected at an
MO1 of 0.25 for 8 hr at 37°C. Fresh media was then added and the cells
were placed at 37°C for an additional 36 hr mior to fixation. Cells were
fixed -in buffered 4% paraformaldehyde
for 1 hr on ice, washed with
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PBS, and preincubated in PB buffer (0.1 M PBS, pH 7.4, with 0.1%
Triton X-100 and 1 mg/ml BSA) for 1 hr at room temperature. ME20.4
hybridoma supematants were diluted 1:5 in PB buffer and incubated
with cells overnight at 4°C. Cells were thoroughly washed and then
incubated in a 1:250 dilution of a rhodamine-conjugated
goat antimouse secondary antibody (Jackson Labs). Cells were washed extensively and mounted. Control cultures were assayed in the absence of
primary antibody.

‘OOH

Schematic representation of
p75hNGFR and receptor mutants. Constructs were generated as outlined in the
Materials and Methods. The hNGFR
construct represents the full-length
cDNA of the human low-affinity NGF
receptor, ~75. Mutant-xl encodes for
an intracellular deletion receptor that is
truncated 4 amino acids after the transmembrane domain at amino acid DOsition 248. Mutant-5A encodes for an
extracellular
deletion mutation
that
lacks the NGF binding domain due to
a large deletion (Welcher et al., 199 1;
Yan and Chao, 199 1) spanning amino
acids 34-191.

defective HSV-1 vector (Geller and Breakefield,
1988), which
is shown in Figure 2, and then packaged into HSV-1 particles
as outlined
in the Materials
and Methods.

Expression studies in cell culture
To determine
if the HSV- 1 vectors appropriately
express human
P75 NGFR(P75hNGFR ) and mutant receptor constructs, 3T3-t&cells

were infected with 8 x lo5 infectious particles/ml of viral stock
and analyzed for both mRNA
and cell surface protein. These
cells were chosen as the recipient
cell line because they lack

Results
hNGFR constructs and HS V- 1 vectors

endogenous p7YGFR (Kaplan et al., 199 1a; Klein et al., 199 la).

The NGF receptor constructs used in this study are shown schematically
in Figure 1. The hNGFR
construct is a 2.3 kb fulllength cDNA
of the human NGF receptor that contains
the
entire coding region of the receptor but lacks most of the 3’untranslated
sequences.
The cytoplasmic
deletion
mutant
hNGFR-xl
was generated
by the site-directed
insertion
of a
universal
Xba-termination
linker 4 amino
acids beyond the
transmembrane
domain at amino acid position 248 (Hempstead
et al., 1990). The extracellular
deletion mutant hNGFR-SA
contains a large deletion in the ligand binding
domain
(Welcher et
al., 199 1; Yan and Chao, 199 I), spanning amino acids 34-l 9 1.
Each of these receptor constructs was subcloned into the 4.8 kb

ly detectable by Northern blot analysis (Fig. 3A). In Figure 3A,
a prominent
2.3 kb message was detected in pHSV-hNGFR
and
pHSV-xl lanes (lanes 2 and 3) while in mock-infected 3T3-trk
cells, no signal was detected (lane 1).
Cells infected with pHSV-5A also expressed a message of
about 2.3 kb in size (Fig. 3A, lane 4). Though the cDNA insert
of this construct was approximately
1.0 kb, the increased size

Expression

of all three receptor

constructs

in fibroblasts

is readi-

of this primary
transcript
was likely due to an alternative
polyadenylation
event. Unlike
the pHSV-hNGFR
and pHSV-xl
constructs, which contain an endogenous polyadenylation
signal
in their cDNA insert, the pHSV-5A
construct does not. Therefore, pHSV-5A must rely on the SV40 polyadenylation signal

HSV-1 IE 415
Figure 2. Structure of pHSV-hNGFR.

p75NGFR
gene

SW0
~01~ A
site

This HSV-1 expression vector is a 4.8
kb plasmid that contains the 2.3 kb
hNGFR insert and the following set of
genetic elements: (1) sequences from
pBR322 that allow for bacterial replication and selection of the plasmid, including the ColEl origin of DNA replication and the ampicillin-resistance
gene; (2) sequences from the HSV- 1 genome that allow for packaging of the
plasmid into viral particles, including
the HSV-1 packaging site and herpes
simplex virus DNA replication
ori,
(Davison and Wilkie, 198 1; McGeoch
et al., 1986); and (3) sequences from
both HSV-1 and SV40 to compose elements of the transcription
unit, including the HSV-1 IE 4/5 promoter
(McGeoch et al., 1986) and the SV40
early region polyA site (Hall et al., 1983).
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HSV-1 vectors. A, Northern blot analysis of RNA
Figure 3. Expression of p7YNGFR and receptor mutants in 3T3-trk cells using recombinant
isolated from 3T3-trk cells infected with HSV- 1 viral stocks. Cells were infected for 6-24 hr at 37”C, and RNA was isolated 36 hr later as described
in Materials and Methods. Northern blots were probed with radiolabeled B9 fragment, a probe specific to ~75”~~~ cDNA. Each lane contained
20 pg of total RNA. Lane I is RNA harvested from fibroblasts following mock infection. Lanes 2-4 contain RNA from fibroblasts infected with
0.4 ml ofHSV-hNGFR,
HSV-x 1, and HSV-SA, respectively. pHSVlac virus, a vector that expresses the E. coli @galactosidase (Geller and Breakefield,
1988) was used for control infection. Positions of 28s and 18s ribosomal markers are indicated. B, Immunoblot
analysis with anti-p75 antibody
of HSV-l-infected
3T3-trk cells. Proteins (200 fig) from infected cells were immunoprecipitated
and blotted with anti-p75 antibody as described
in Materials and Methods. Anti-p75 antibody recognizes the cytoplasmic domain of human ~75. Lane I represents mock-infected 3T3-trk cells.
Lanes 2-4 are 3T3-trk cells infected with HSV-hNGFR,
HSV-x 1, and HSV-SA, respectively. Molecular mass markers (in kilodaltons) are indicated.
An unlabeled arrow indicates the position of the HSV-5A protein at about 35 kDa. The broad IgG band (arrow) runs at approximately
50 kDa.
pHSVlac virus was used for control infection (Geller and Breakefield, 1988). C, Affinity cross-linking of NGF receptors in cultured cell lines. NGF
receptors were cross-linked to 1251-NGF using EDAC in the presence (+) or absence (-) of excess unlabeled NGF as outlined in Materials and
Methods. Samples were loaded as indicated above the lanes. pHSVlac virus was used for control infection (Geller and Breakefield, 1988). Molecular
mass markers (in kilodaltons) are indicated on the left. Arrows indicate the position of cross-linked ~75 at 100 kDa and the cross-linked HSV-x 1
protein at approximately
68 kDa.

in the HSV- 1 vector about 1.15 kb downstream
of the cloning site (Hall et al., 1983).
To verify further that the HSV- l-infected cells appropriately
expressed these cDNAs, we assayed both for cell surface protein
expression and for ligand binding. Figure 3B shows an immunoblot of proteins immunoprecipitated
with anti-p75 antibody.
The polyclonal anti-p75 antibody was raised against the cytoplasmic domain of ~75~~~~ and was used to confirm the expression ofthe pHSV-5A construct. Cells infected with the HSV5A virus demonstrated a major 35 kDa protein of predicted
size (Fig. 3B, lane 4). No signal was detected in this range in
mock-infected fibroblasts (Fig. 3B, lane 1) or in cells infected

that is present

with

either

the full-length

receptor

HSV-hNGFR

or the intra-

cellular deletion mutant HSV-xl (Fig. 3B, lanes 2,3). The broad
IgG band is observed across the top of each lane at approximately 50 kDa.
To detect the hNGFR and mutant-xl
proteins, an affinity
cross-linking
assay was used (Fig. 3C). This cross-linking reaction results in a 90-100 kDa labeled species in PC12 cells,
human melanoma cells, and rat brain, and has been shown to
represent a complex between labeled NGF and the ~75 receptor
(Grob et al., 1983; Green and Greene, 1986). Infected 3T3-trk
fibroblast and PC1 2 cells were incubated with lZ51-NGF in suspension for 2 hr, cross-linked with EDAC, and then immuno-
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Figure 4. Equilibrium binding and Scatchard plot analysis of NGF receptors in PC 12 cells and HSV- l-infected 3T3-trk

cells. 3T3-trk cells were
infected with viral stocks for 6-24 hr and crude membrane preparations were prepared 36 hr later as described previously (Hempstead et al., 1989).
Binding assayswere performed as presented in the Materials and Methods. Binding data were graphed according to Scatchard (1949). A is the
Scatchard plot of uninfected PC 12 cells. B is the Scatchard plot of uninfected 3T3-trk cells. C is the Scatchard plot of mock-infected 3T3-trk cells.
D-F show the binding curves for 3T3-trk cells infected with the HSV-hNGFB, HSV-xl, and HSV-SA viruses, respectively. Control infections were
performed using pHSVlac (Geller and Breakefield, 1988).

precipitated with anti-NGF antibody (see Materials and Methods). 3T3-trk cells infected with HSV-hNGFR
viral stock
demonstrated the same cross-linked complex as PC1 2 cells (100
kDa), while cells infected with the mutant construct HSV-xl
show a specific cross-linked species with lZ51-NGF that migrated
with a slightly faster mobility (68 kDa). Proteins from HSVSA-infected and mock-infected cells, however, did not crosslink lZ51-NGF in the 70-100 kDa range as expected. The specificity of the observed reaction can be seen in adjacent lanes in
which an excess of unlabeled NGF (5
is added.
In these same experiments, affinity cross-linking of lZ51-NGF
to p140proto1rkis also detected, producing a species of approximately 160-l 70 kDa (Fig. 3C) in mock, HSV-x 1, and HSV-5A
lanes. However, it is of interest to note that in 3T3-trk cells that
have been infected with the full-length receptor HSV-hNGFR,
the trkJ51-NGF
cross-linked complex is no longer observed at
170 kDa. Instead, a new band can be observed, slowly migrating
at about 200-240 kDa. This effect was not observed either in
mock-infected cells or in cells infected with either of the mutant
~75 constructs. A similar phenomenon in several independent
trk-positive cell lines into which the full-length ~75 receptor has

PM)

been introduced has also been observed (B. L. Hempstead, unpublished observations). The significance of this event is presently <unclear and may represent either the downregulation of
p 140pT0101rk
protein at the cell surface or, more likely, the specific
association of the trkJZ51-NGF cross-linked product with other
signaling proteins.
These expression data indicate that the pHSV-hNGFR
and
the pHSV-x 1 constructs are appropriately expressed in infected
cells and are capable of binding ‘Y-NGF. The absence of a
specific cross-linked product in cells infected with HSV-5A confirms that this extracellular deletion mutant will not bind NGF
even though it is being transcribed and expressed correctly in
infected cells (Fig. 3AJ).

Equilibrium binding of lz51-NGF
NGF-responsive
sensory neurons in culture demonstrate highand low-affinity ligand binding (Sutter et al., 1979). Furthermore, the presence of high-affinity receptor binding has been
shown to be correlated with NGF-responsive
periods in vivo
(Herrup and Shooter, 1975; Godfrey and Shooter, 1986). As a
functional assay for the HSV-l-encoded
constructs, we set out
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Table 1. Summary

of Scatchard plot analysis

Affinity site 1
Cell line

Infection

Temperature

Kd (M)

PC12

Uninfected
Uninfected
pHSVIac

30°C
30°C
30°C
30°C
30°C
30°C

4.15
4.23
5.61
3.99
4.81
10.46

3T3-trk
3T3-trk
3T3-trk
3T3-trk
3T3-trk

HSV-hNGFR
HSV-x 1

HSV-5A

x
x
x
x
x
x

10-P
1O-9
lo+
10-g
10e9
lo+’

Affinity site 2
Sites/mg of protein

Kd (M)

Sites/mg of protein

Site 1:
Site 2

8.54
4.53
6.76
4.69
3.12
5.53

6.62 x lo-”
N.A.
N.A.
5.11 x 10-I’
N.A.

4.93 x 10””

17:l

1.44 x 10”’

32:l

x
x
x
x
x
x

10”’
lo”2
lo+‘*
lo+‘*
lo+‘*
lo+‘2

N.A.

All binding data presented above were analyzed using the WGAND program (Munson and Rodbard, 1980). N.A. indicates that only one kinetic site was identified.
Temperatures refer to the equilibrium binding assay conditions.

to determine if we could reconstitute high-affinity NGF binding
in 3T3-trk cells, a recipient fibroblast cell line that overexpresses
the trk proto-oncogene at high levels (> 200,000 sites per cell).
Since the high-affinity NGF binding complex can be distinguished from low-affinity complex by equilibrium binding, Scatchard analysis was conducted. A membrane binding assay was
employed in order to minimize the effects of internalization of
NGF. Crude cell membranes were prepared from PC1 2 cells
and HSV- l-infected 3T3-trk cells. PC 12 cell membranes (Fig.
4A) displayed two binding sites for NGF as previously reported
(Landreth and Shooter, 1980; Block and Bothwell, 1983). The
high-affinity binding site represents only about 5% of the total
number of NGF binding sites and demonstrates a Kd of 6.62 x
lO-L* M. The low-affinity site has a Kd of 4.15 x 1O-9 M.
Multiple binding studies of the 3T3-trk recipient cell line
demonstrate that this cell line contains predominately low-affinity receptors for NGF. A representative Scatchard plot is
shown in Figure 4B. A single binding site with a Kd of 4.23 x
10-P M is observed, consistent with a low-affinity interaction.
pHSVlac infections of 3T3-trk cells generated a similar binding

PC12
uninfected
I-I+

Figure 5. EDAC affinity cross-linking
of NGF receptors in primary cortical
neurons infected with HSV-hNGFR.
Primary cortical cultures were dissected
from El6 rat brain and cultured for 5
d in serum-free media as indicated in
Materials and Methods. Neuronal cultures were then infected with either
pHSVlac virus or HSV-hNGFR
virus
for 6 hr. Following this incubation period fresh medium was added, and cells
were harvested 36 hr later. Uninfected
PC1 2 cells and mock-infected
3T3-trk
cells were used as controls. NGF receptors were labeled by the cross-linking
to Y-NGF
as described in Figure 3C.
Lanes are loaded as indicated at the top,
and all samples contain 2 x lo6 cells.
Molecular
weight standards (in kilodaltons) are shown on the left.

200

97
68
43

curve, with a Kd of 5.67 x 1O-9 M (Fig. 4C). In contrast, when
membranes were assayed from 3T3-trk cells infected with HSVhNGFR, a biphasic Scatchard plot was observed, consisting of
two discrete binding sites (Fig. 40). Similar to PC12 cells, the
reconstituted high-affinity site represents a small percentage of
the total number of NGF binding sites and has a Kd of 5.11 x
10-l’ M. The low-affinity site in the HSV-hNGFR-infected
cells
has a Kd of 3.99 x 1O-9 M. A summary of these results is shown
in Table 1. From these data, we conclude that infection of 3T3trk cells with HSV-hNGFR
is capable of creating a new binding
site for NGF, and therefore p7SNGFRappears to be required in
the high-affinity NGF binding complex.
To investigate the nature of the high-affinity binding site more
completely, we sought to express and characterize the binding
properties of our mutant constructs of p75 in the presence of
pl 40pr0M’rk.In these experiments, 3T3-trkcells were infected with
either the HSV-xl or the HSV-SA virus and assayed by Scatchard analysis as above. Representative binding curves are shown
in Figure 4, E and F. In both cases, linear binding curves were
generated with a Kd of 4.81 x 1O-9 M for HSV-xl and a Kd of

3T3-frk
Mock
-

+

Cortex
Mock
-

+

Cortex
HSV-hNGFR
-

+
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Fzgure 6. Immunofluorescent
localization of hNGFR in primary cortical neurons infected with HSV-hNGFR.
Primary cultures of cortical neurons
were prepared as described in Figure 5. Following infection, cells were fixed in 4% paraformaldehyde
for 1 hr at room temperature, washed
extensively with PBS, and incubated overnight at 4°C with ME20.4 antibody. Cells were again thoroughly washed and then stained with a 1:250
dilution of a rhodamine-conjugated
goat anti-mouse antibody (Jackson Labs). D demonstrates the imrnunoreactivity
of cortical cultures infected
with HSV-hNGFR.
C is the corresponding bright field. B demonstrates the immunoreactivity
of cultures infected with pHSVlac. A is the corresponding bright field. Note that the ~75”~~~~ is highly expressed both in the nerve cell body as well as in the distal processes.
10.46 x 10 9 M for HSV-SA.
This binding
profile is quantitatively similar
to that of membranes
from control
cells (Fig.
4&C). Thus, overexpression
ofeither the ligand binding domain
or the cytoplasmic
domain
of ~75 in the presence of high levels
of p 140~~~‘~~~~gives rise to only low-affinity
binding of rZ51-NGF,
suggesting that neither of these two domains
of ~75, when independently
expressed, is sufficient for the functional
reconstitution of the high-affinity
NGF binding site.

Expression of hNGFR in primary neuronal cultures
To demonstrate
that HSV- 1 vectors could be used efficiently to
introduce
~75 receptors into neurons, primary
cortical cultures
were employed.
Cultures were maintained
in serum-free
conditions
for at least 5 d. These culture conditions
have been
shown to enrich for nerve cells in the absence of mitotic
inhibitors (di Porzio et al., 1980). Neuronal
cultures were infected
with HSV-hNGFR
virus or pHSVlac
virus at 37°C. Following
infection,
cells were either harvested
for affinity cross-linking
experiments
or fixed in 4% paraformaldehyde
for immunohistochemistry.
An equal number
of PC12 cells and cortical neurons were

incubated with rZSI-NGF and chemically
cross-linked
with EDAC
as before. In comparison
to endogenous
levels of p75 in PC 12
cells, the cells infected with HSV-hNGFR
were readily detected
at high levels (Fig. 5). The addition
of excess cold NGF in
alternate lanes confirmed
the specificity ofthe cross-linked
product. Furthermore,
in uninfected
cultures, cross-linking
was not
detected, suggesting that NGF receptors were either absent or
at very low levels in E 16 cortical neurons.
For immunohistochemistry,
cultures were fixed in paraformaldehyde,
infected with either pHSVlac
or HSV-hNGFR
virus, and then stained with ME20.4
antibody,
a monoclonal
antibody
specific for the human p75 receptor (Ross et al., 1984).
Representative
immunofluorescent
photomicrographs
of these
cortical nerve cells are shown in Figure 6. In Figure 60, a brightly
stained nerve cell body with its less intcnscly stained processes
centers the field. The corresponding
phase-contrast
photomicrograph reveals a field of about 20 cells and is shown in Figure
6C. About 20-25%
of these surrounding
cells are expressing
lower levels of human
receptor that could be detected above
background.
Figure 6A is the phase-contrast
field ofcortical
cells
infected with the pHSVlac
virus. The corresponding
immuno-
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fluorescent field is shown in Figure 6B. These results indicate
that HSV-mediated expression of ~75~~~~ can be readily extended to primary nerve cell cultures.
Discussion
A central theme that has emerged from the study of NGF is
that a limited supply of neurotrophic factor is available for
developing neurons during target innervation (Levi-Montalcini,
1987; Barde, 1989; Oppenheim, 1989; Davies, 1991). Competition for target-derived factors therefore depends upon the
precise interaction of neurotrophins for specific receptors. For
NGF, two receptors have been identified, p7SNGFRand the product of the trk proto-oncogene, p 140 protofrk.The colocalization of
both of these receptors in the majority of NGF-responsive cells
in viva suggests that the specificity of NGF action must be derived from an interaction of NGF with both receptors. Furthermore, the equilibrium binding constants of NGF binding
to each of these receptors suggest that the sensitivity with which
responsive cells bind NGF may also depend upon an interaction
between both of these receptors.
Measurements of lZSI-NGF binding to ~75~~~~ reveal a single
low-affinity class of receptors with a Kd = 1O-9 M (Chao et al.,
1986; Radeke et al., 1987; Rodriquez-Tebar et al., 1990). Similar measurements of p140pro’01rkindicate that the majority of
sites display a low-affinity Kd (Hempstead et al., 199 1; Kaplan
et al., 199 la; Klein et al., 199 la). A small percentage of higheraffinity binding sites have been observed for the trk receptor
(Klein et al., 199 la). These results have led to several models
of high-affinity NGF binding, one including both ~75 and the
trk receptor and another in which p 140prototrkacts independently
as a high-affinity receptor site for NGF (Bothwell, 199 1; Ross,
1991).
In a further attempt to define the requirements for high-affinity NGF binding, we have expressed ~75 cDNAs in defective
HSV-1 vectors (Geller and Breakefield, 1988). Here we have
reported the construction of three novel HSV-1 vectors that
encode either p75hNGFRor mutant forms of the receptor. pHSVhNGFR contains the full-length human ~75 cDNA. The two
mutant constructs, pHSV-x 1 and pHSV-SA, represent large intracellular and extracellular deletions, respectively. Direct infection of cultured fibroblasts with each of these three HSV-1
vectors resulted in the transcription and correct processing of
receptor RNAs, such that high levels of surface-bound receptor
protein were detected. These high levels of expression for ~75~~~~
are required for high-affinity binding.
The binding properties of each virally encoded construct were
then assessed by equilibrium binding and Scatchard analysis
following direct infection into 3T3-trk cells, a fibroblast cell line
that stably overexpress the trk proto-oncogene (> 200,000 sites
per cell). HSV-hNGFR-infected
cells revealed a distinctive two
site Scatchard plot, consistent with both high- affinity (Kd = 5.11
x 10-l’ M) and low-affinity (Kd = 3.99 x 1O-9 M) NGF binding.
This binding curve parallels that of PC12 cells and sensory
neurons, which are known to possess both classes of receptors
(Schecter and Bothwell, 1981; Green and Greene, 1986). The
total number of high-affinity sites observed represents only a
small proportion of the total number of NGF binding sites.
However, from our studies it is difficult to assess the absolute
number of each of these two NGF binding sites on a per cell
basis because not every cell was infected with vector. At the
MO1 used in these experiments, 20-25% of the cells were expressing the transgene as detected by immunofluorescence.

Therefore, the percentage of reconstituted high-affinity binding
sites per cell may be significantly underestimated. For this reason, the relative number of high- and low-affinity sites for each
cell line was reported as sites per milligram of protein (Table
1).
Scatchard analysis of 3T3-trk cells infected with either HSVxl or HSV-5A has served to characterize further the nature of
the high-affinity NGF binding site. When either of these two
constructs were expressed to high levels in the presence of
p140proto’rk, only low-affinity NGF binding was observed, suggesting that an intact ~75 receptor is required to form the highaffinity complex. We can also conclude from these experiments
that ~75~~~~ is not merely functioning as a binding protein for
NGF. If p75 served to present NGF to the high-affinity receptor,
then the HSV-x 1 construct, which binds NGF, would have been
predicted to reconstitute a high-affinity binding site. The extracellular domain of ~75 alone is not sufficient to mediate this
high-affinity interaction. The lack of high-affinity binding in
HSV-x l-infected cells was not due to insufficient expression of
this construct at the cell surface, since a lo-fold increase in the
MO1 did not change the Kd (data not shown). Moreover, the
uninfected parental cell line, 3T3-trk fibroblasts, as well as control cells infected with pHSVlac virus displayed only a single
low-affinity (Kd = 10e9 M) binding site.
From these observations we can propose several hypothetical
models to describe the high-affinity receptor complex. Four of
these models are shown in Figure 7. Model A demonstrates a
p75NGFR-p 140 prototrkheterodimer.
This model assumes that
pl40~~~‘~“~ signals as a monomer. Models B-D assume that
p 140~ro101rk
is activated, like other receptor tyrosine kinases (Ullrich and Schlessinger, 1990), as a homodimer interacting with
~75~~~~. Whether this interaction requires a ~75~~~~ monomer
(model B), dimer (model C), or multimer (model D) is presently
unclear. In PC12 cells, ~75~~~~ appears to be in excess of the
trk receptor. Furthermore, membrane fusion data has suggested
that the stoichiometric ratio of ~75~~~~ to p140pro101rkfor the
reconstitution of high-affinity binding is about 10: 1 (Hempstead
et al., 1991). A trk dimer-p75 multimer (model D) may be
consistent with these observations.
An important next step toward the understanding of the physiological role of p75NGFR will be to assess the function of this
receptor in neurons, rather than in heterologous cultured cell
lines. HSV- 1 vectors offer an effective method to introduce cloned
genes in nerve cells (Geller, 1988; Geller and Breakefield, 1988;
Chiocca et al., 1990; Geller et al., 1991; Federoff et al., 1992).
In fact, recombinant HSV-1 vectors provide the only method
for direct gene transfer and stable gene expression in postmitotic
cells. Here, we have also demonstrated that the HSV-1 vectors
employed in this study can faithfully deliver high levels of NGF
receptors into neurons in primary culture with minimal cytotoxicity.
Infection of cortical neurons in culture with HSV-hNGFR
(MO1 = 0.25) resulted in high levels of receptor expression as
detected by both affinity cross-linking and immunofluorescence.
In mock-infected cortical neurons, ~75~~~~ was not detectable,
suggesting that endogenous receptor was either expressed at very
low levels or not present at this developmental stage in rat
cortex. Previous work in feline cortex has demonstrated a transient immunohistochemical
staining of p75 in subplate neurons
during brain development (Allendoerfer et al., 1990). However,
Yan and Johnson (1988) failed to detect ~75 expression in the
developing rat cortex. Moreover, if endogenous receptor were
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Figure 7. Hypothetical models of the high-affinity NGF receptor complex. Reconstitution of high-affinity NGF binding following infection of
3T3-t&cells with HSV-hNGFR suggests several possible models. ModelA represents a p75-~140 heterodimer. Models B-D depict a trk homodimeric
signaling receptor, interacting with either a p75 monomer (model B), dimer (model C), or multimer (model 0). See Discussion.

being expressedat significant levels in theseembryonic cells,it
would have beendetectedby affinity cross-linking,an assaythat
does not discriminate the human from the rat receptor. From
these data it would seemthat El6 cortex presentsa suitable
recipient nerve cell population for studiesof p7YGFRfunction
in primary culture and in vivo.
In summary,

we have confirmed

by equilibrium

binding

that

p 14Opm101*
binds to NGF with a single,low affinity in uninfected
in the
3T3-trk cells; that p7YGFRparticipates with p140~~~~~‘*
formation

of the high-affinity

NCF binding

complex,

following

direct infection of 3T3-trk cells with HSV-hNGFR; and that
neither the extracellular ligand binding domain nor the cytoplasmic region of the ~75 receptor when coexpressedwith
p140~0101rk
in fibroblasts is sufficient to mediate a high-affinity
interaction. We have also shown in this study that our HSV-1
vectors can rapidly deliver high levelsof functional p75 receptor
in both cultured cell lines and in primary neurons,and further,
we have identified E16 cortical neuronsas a suitable, p75-negative cell population for future investigations of the physiological significance

of high-affinity

NGF receptors.
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