dence interval indicates that our present data
are not precise enough to pinpoint the
mean. As additional data are collected, esti-
mates of the characteristics of the incubation
period for AIDS can be improved.
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Location and Chemical Synthesis of a Binding Site for

HIV-1 on the CD4 Protein

BRADFORD A. JAMESON, PATRICIA E. RAO, LiLLy 1. KoNG,
Beatrice H. HAHN, GEORGE M. SHAW, LEROY E. HooOD,

STEPHEN B. H. KENT

The human immunodeficiency virus type 1 (HIV-1) uses the CD4 protein as a receptor
for infection of susceptible cells. A candidate structure for the HIV-1 binding site on
the CD4 protein was identified by epitope mapping with a family of eight functionally
distinct CD4-specific monoclonal antibodies in conjunction with a panel of large CD4-
derived synthetic peptides. All of the seven epitopes that were located reside within two
immunoglobulin-like disulfide loops situated between residues 1 and 168 of the CD4
protein. The CD4-specific monoclonal antibody OKT4A, a potent inhibitor of HIV-1
binding, recognized a site between residues 32 and 47 on the CD4 protein. By analogy
to other members of the immunoglobulin superfamily of proteins, this particular
region has been predicted to exist as a protruding loop. A synthetic analog of this loop
(residues 25 to 58) showed a concentration-dependent inhibition of HIV-1—induced
cell fusion. It is proposed that a loop extending from residues 37 to 53 of the CD4
protein is a binding site for the AIDS virus.

HE AIDS virus, HIV-1, sHOWS A

preferential tropism toward helper T

cells. The gp120 envelope protein of
HIV-1 directly interacts with the CD4 pro-
tein of helper T cells (I, 2). Cell surface
expression of the CD4 protein on a nonper-
missive cell line (HeLa cells) can enable the
virus to bind and infect this cell type (3).
Monoclonal antibodies to the CD4 protein
can prevent HIV-1 from infecting permis-
sive cells (1, 2, 4, 5), and soluble constructs
of the CD4 protein are able to inhibit HIV-
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1-induced cell fusion (6-10).

The CD4 protein serves as a phenotypic
marker for the separation of helper T cells
from lymphocyte populations and plays an
essential role in the recognition by helper T
cells of foreign antigen in the context of the
polymorphic class IT major histocompatibil-
ity complex (MHC) (11). The CD4 protein
is encoded by a single gene and is of invari-
ant sequence, in contrast to the class II
MHC molecules or the T cell antigen recep-
tor. It is therefore thought that the structure

or structures recognized by the CD4 protein
on the MHC is conserved in spite of the
polymorphic nature of the MHC. This argu-
ment appears to apply to the HIV-1 gpl120
as well. The region (or regions) on the
gp120 that have been implicated in binding
to CD4 reside within highly variable por-
tions of the gpl20 (12, 13), yet all known
isolates of HIV-1, as well as HIV-2, appear
to use the CD4 protein as a receptor and
show the same inhibition profiles in re-
sponse to CD4-specific monoclonal anti-
bodies (14, 15). Furthermore, CD4-specific
monoclonal antibodies (mAbs) that block
the binding of HIV-1 also inhibit the pre-
sentation of foreign antigen and the subse-
quent stimulation of helper T cells (16-23).
This suggests that the same site on CD4 is
used both for binding to the class II MHC
and to the gp120 of HIV. Thus, identifica-
tion and characterization of this binding
domain on the CD4 is not only important
for understanding the virus/receptor interac-
tion, but will aid in the basic understanding
of interactions of antigen-presenting cells
with helper T cells.

In these studies we used a panel of eight
CD4-specific mAbs (Table 1). Antibodies
MT-151, OKT4F, and OKT4A are the
most potent inhibitors of HIV-1 binding to
the CD4 protein, while OKT4D and
OKT4E show intermediate inhibitory ef-
fects, OKT4B shows only a weak effect, and
OKT#4 and OKT4C show no effect on virus
binding (4, 5, 24). Sattentau et al. (5)
suggested that two independent binding
domains can be discerned by this panel of
CD4-specific  mAbs, one defined by
OKT4A and the other by MT151.

To map the epitopes of the CD4-specific
mAbs, we synthesized a panel of CD4-
derived peptides (see Fig. 1). We have
found that longer peptides (approximately
30 amino acids in length) give more consist-
ent results in direct binding assays than do
shorter peptides (6 to 12 amino acids in
length) and that antibodies to the longer
peptides cross-react better with the native

target protein. We therefore used peptides

of about 30 amino acids in length. The
CD4-specific mAbs were directly assayed for
their ability to bind to each synthetic pep-
tide (Fig. 2). Only three of the mAbs consis-
tently recognized any of the CD4-derived
peptides in the solid-phase radioimmuno-
assay (RIA). OKT4C and OKT4F both
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gave reproducible strong signals in the as-
say, whereas OKT4A, although consistently
positive, gave a much weaker signal
OKT4C reacted positively with peptides
18-47 and 25-58. The reaction with pep-
tide 18—47 was consistently the stronger of
the two. OKT4A reacted equally well with
peptides 18—47 and 25-58. This can be
consistently interpreted as follows. Both
OKT4C and OKT4A map to the amino-
terminal portion of the first disulfide loop of
the CD4 protein (see Fig. 1), with OKT4C
binding near the amino terminus of 25-58
and to the middle of 18—47, while OKT4A
binds toward the middle of both peptides.
This implies that OKT4C binds to a region

slightly amino terminal to the OKT4A epi-
tope. OKT4F, which inhibits HIV-1 from
binding to the CD4, bound only to peptide
139-168. Thus, this antibody interacts with
residues within the second disulfide loop of
the CD4 protein (sce Fig. 1).

Although neither MT151 nor OKT4B
recognized any of the CD4-derived synthet-
ic peptides in the solid-phase RIA, they
specifically recognized one peptide in a solu-
tion competition binding assay. Each mAb
was titrated against a constant number of
CD4" CEM cells (8 x 10° cells per well).
An antibody concentration (8 pg/ml) was
selected that was in the presaturation por-
tion of the binding curve and peptide 139-

1-25 40-72
18-47

Fig. 1. The panel of CD4-derived synthetic pep- 187-218
tides. The heavy line in the center represents the
first 218 amino acids of the extracellular domain
of the CD4 protein, showing the positions of the
first two disulfide loops of the protein as deter-
mined by Classon e al. (30). The short lines at the 25 93 139 168

top of this figure depict the family of CD4- §S— s s s
derived peptides that were synthesized for this T L L L

study. All of the peptides were synthesized on an 2 Loop #1 Loop #2 2

Applied Biosystems 430A automated peptide syn-
thesizer according to the procedures of Kent and c A D E B

Clark-Lewis (31) using a paramethylbenzhydryla- L_L___',‘——'< MT151

mine resin (U.S. Biochemicals). Letters at the F

bottom indicate the relative linear order of the epitopes of the CD4-specific mAbs: OKT4C (C), OKTA
(A), OKT4D (D), OKT4E (E), OKT4 (B), and MT151 and OKT4F (F). The solid lines connecting

the various monoclonal antibodies indicate antibodies which displayed reciprocal binding interference
patterns in the cross-competition assays.

111-139
139-168

58-93

25-58 93-119 168-196

parg I

Table 1. The antisera were prepared with an initial intradermal inoculation of keyhole limpet
hemocyanin (KLH)-linked peptide (1 mg) mixed 1:1 with Freund’s complete adjuvant. Three weeks
later, the animals received an intramuscular inoculation of 1 mg of free peptide mixed 1:1 with Freund’s
incomplete adjuvant. After this, the animals were inoculated in the same manner at 2-week intervals.
The antibody titers were measured at 10 weeks after inoculation as described by Emini ez al. (32). The
ability of antisera to bind to native CD4 protein was assayed as described in Fig. 3, except that an '*°I-
labeled goat antibody to rabbit IgG second antibody (ICN Biochemicals) or an FITC-labeled donkey
antibody to rabbit IgG second antibody (Jackson Immunologicals) was used. Competition between
CD#4-specific mAbs and a 1:100 dilution of the rabbit antisera was performed as described in the text.
The letters shown in either the RIA or FITC columns refer to the last letter of the mAb for which strong
competition (>80% reduction of antibody-CD4 binding) was observed, for example, OKT4A = A.
The mAbs that are preceded by three dots were observed to significantly compete with the antipeptide
sera (>40% binding reduction), but to a lesser extent than those antibodies that appear before the three
dots. The results shown for syncytia inhibition with respect to the CD4-specific mAbs were taken from
McDougal ez al. (4) and Sattentau et al. (5). The antisera were not assayed for cross-reactivity, for
example, whether or not anti(25-58) cross-reacts with the peptide 40-72.

Anti- Competing monoclonal Solid-phase Peptides
. CD4 antibodies Syncytia P competin;
Antibody reac- inl};ibci)gon peptide for %D4g
tivity RIA FITC reactvity binding
Anti(25-58) + A ND 25-58
Anti(40-72) + ND D.. A E 40-72
Anti(58-93) + E..D E 58-93
Anti(111-139) - ND ND 111-139
Anti(139-168) + B, MTI51...F B 139-168
Anti(187-218) +  None None 187-218
OKT4 + ND None Negative None Negative
OKT4A + ND E, B Strong 25-58,18-47 ND
OKT4B + ND A F Weak None 139-168
OKT4C + ND E Negative 18-47, (25-58) ND
OKT4D + ND None Intermediate None Negative
OKT4E + ND C Intermediate  None Negative
OKT4F + ND AB Strong 139-168 139-168
MTI51 + ND ND Strong None 139-168
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168 was used to compete (in a concentra-
tion-dependent manner) for the binding of
the mAb to native CD4 presented on the T-
helper lymphocytes (CEM cells). With this
assay we were able to map the binding sites
of MT151 and OKT4B, and confirm that of
OKT4F (Fig. 3). From the data we con-
clude that OKT4B, OKT4F, and MT151 all
bind to the second disulfide loop (139-
168).

We then inoculated CD4-derived pep-
tides (25-58, 40-72, 58-93, 111-139,
139-168, and 187-218) into female New
Zealand White rabbits. All of the peptides
elicited high titers of antibody and, except
for the antiserum to peptide 111-139, the
antibodies bound specifically to CD4"
CEM cells. (The binding of the rabbit anti-

8 —{V OKT4A

N

\

OKT4C

NN

w
o
T

Radioactivity (cpm x 10‘3)
3 8

mmRW@@

OKT4F

1-25 }

1847 [
2558 [k
sa.938 [/}

93-119

111-139 @

139-168

2‘ §
o K<
8
%
3

CD4-specific peptides

Fig. 2. Solid-phase RIAs of the synthetic peptides
with the CD4-specific mAbs OKT4A, OKT4C,
and OKT4F. The data show averages of triplicate
assays (mean deviation shown by bars; back-
ground cpm subtracted). Twenty micrograms of
peptide was adsorbed to the bottom of microtiter
plates. After washing (tris-buffered saline with
0.1% calf serum), the plates were blocked with
0.1% swine skin gelatin (Sigma) before the addi-
tion of the mAb (20 ng/ml), according to the
procedure of Emini et al. (32), except that the
binding of the mAbs was monitored with an '*’I-
labeled goat antibody to mouse IgG (ICN Bio-
chemicals).
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bodies was monitored either with an '*I- or
FITC-labeled second antibody.) Saturating
amounts (20 pg/ml) of the CD4-specific
mAbs were used to competitively inhibit the
binding of each of the rabbit antibodies to
the CD4* cells. As shown in Table 1,
antibody to peptide 187-218 bound to the
native CD4 protein, but was not inhibited
by any of the CD4-specific mAbs. Binding
of OKT4A to the CD4 protein abolished
the binding of anti(25-58), consistent with
the data from the solid-phase RIA direct
binding assay. OKT4D strongly inhibitec
the binding of anti(40—72) to CD4 in the
fluorescence (FITC) assay. However, the
antibodies to 40—72 did not show reproduc-
ible binding to the CD4 protein in the
RIAs. Incubation of the CD4* cells with
OKTH4E inhibited the binding of anti(58-
93). In the RIAs, OKT4D also inhibited the
binding of the anti(58—93) but to a lesser
extent. These data suggest that OKT4E
must bind to the CD4 protein at or very
near to the region bound by the antibodies
to 58-93, and that OKT4D binds in a
region defined by residues 40-72. These
data and the direct epitope location data
above indicate that the linear order of the
epitopes to which the CD4-specific mono-
clonals bind on the first disulfide loop (see
Fig. 1) must be OKT4C, OKT4A, OKT4D,
and OKT4E.

The rabbit antibodies to 139-168 were
used to confirm the epitope location of
OKT4B and MT151. Prior binding of ei-
ther OKT4B or MT151 inhibited the bind-
ing of the anti(139-168) antibodies. Al-
though OKT4F maps to the region 139—
168, preincubation of this monoclonal anti-
body with CD4"* cells had only a slight
effect on the binding of the anti(139-168)
antibodies.

Except for OKT4, which has no effect on
HIV-1 binding to T cells, all of the mAbs
we tested bind to either the first or second of
the amino-terminal disulfide loops (see Fig.
1). This result is consistent with the observa-
tions of Traunecker et al. (7) that indicate
that a truncated soluble CD4 protein con-
sisting only of these two domains is suffi-
cient to competitively inhibit HIV-1 from
binding to the CD4 protein.

To obtain information about the steric
interactions of the mAbs when bound to the
CD4 molecule, each mAb in our panel was
FITC-labeled and tested with all members of
the panel to probe for binding competitions.
The results of these assays are shown in Fig.
4. FITC-OKT4B showed a wide array of
competitive binding effects (data not
shown). This may be explained by the fact
that this protein is a (pentameric) IgM class
antibody and is a very large protein com-
plex. All the other members of the panel are
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monomeric IgG-type antibodies (24). Of
the antibodies tested, only FITC-OKT4 and
FITC-OKT4D were unaffected by the bind-
ing of the other mAbs. In the other cross-
competition studies, only two patterns of
reciprocal binding interference were ob-
served. OKT4C and OKT4E exhibited mu-
tually competitive binding while OKT4A,
which binds near the amino terminal por-
tion of the first disulfide loop, showed recip-
rocal competitive binding with the CD4-
specific mAbs that we have mapped to the
small disulfide loop, 139-168, that is,
OKT4F and OKT4B.

Results of the cross-competitions be-
tween the various mAbs (Fig. 4) were con-
sistent with the idea that the folded structure
of the CD4 protein is such that the two
disulfide loops must be close to one another.

Fig. 3. CD4-specific mAb competitions with
peptide 139-168. For this assay, the mAbs used
were: OKT4A (A), OKT4 (O), OKT4F (W),
OK4B (O) and MT151 (OJ). The y-axis shows
percentage of mAb bound at various concentra-
tions of the 139-168 peptide. We used 8 x 10°
cells per well in a round bottom microtiter plate,
and various concentrations of peptide were incu-
bated with 8 pg/ml of the mAb for 30 min at
room temperature before they were added to the
CEM cells. The mAb-peptide mixture was al-
lowed to bind for 5 min at room temperature
before centrifugation at 1000y for 3 min. The
cells were then washed three times for 3 min in a
tris-buffered saline solution containing 0.1% calf

Furthermore, the antibodies that exhibit the
strongest effects on the ability of HIV-1 to
bind to the CD4 protein, that is, OKT4A
and OKT4F, must have epitopes that are
close to one another and lie in a similar plane
so that the bound antibodies interfere with
one another. It is significant that data from
our solid-phase RIAs show that OKT4A
and OKT4C have adjacent epitopes on a
linear map (Fig. 1) yet display radically
different properties (see Table 1) and do not
compete with one another in cross-competi-
tion assays, despite the fact that the relative
size of each mAb is very large compared to
the disulfide loops of the CD4 protein.
These geometric implications of the epitope
location and competitive binding data can
be explained by examining the known three-
dimensional structures of proteins related to

mAb bound (%)

-4 -3 -2 -1 0 1
Log peptide 139-168 conc. (mg/ml)

serum. After washing, the cells were incubated with 10° cpm of an '*I-labeled goat antibody to mouse
IgG second antibody or, in the case of OKT4B, an '*I-labeled goat antibody to mouse IgM for 15 min
at room temperature before washing as described above. At the end of the experiment, the cells were
removed from the microtiter plates and radioactivity was monitored in a gamma counter. The data
shown here are the averaged results from triplicate assays.

FITC-OKT4

FITC-OKT4A

FITC-OKT4C

Number of cells stained (%)

Competing antibody (ug)

Fig. 4. Cross-competitions within the CD4-specific mAbs. The mAbs OKT4, OKT4A, C, D, E, and F
were coupled to FITC and diluted in RPMI with 5% calf serum to concentrations that resulted in
slightly subsaturating staining of 5 X 10° PBL or CEM cells. This amount of labeled antibody was then
added to 5 x 10° cells in the presence of increasing concentrations of unlabeled mAbs. After 30 min at
4°C, cells were washed free of unbound antibodies in two washes of diluent. Cells were then
resuspended in 1 ml of medium and analyzed for fluorescently stained cells on the cytofluorograph. The

percent of cells stained by each FITC-coupled antibody is shown in the

presence of increasing

concentrations of OKT4 (<), OKT4A (M), OKT4B (X), OKT4C (@), OKT4D (A), OKT4E (X), or

OKT4F (V).
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the CD4 molecule.

The CD4 protein has been classified as a
member of the immunoglobulin superfamily
of proteins on the basis of sequence similar-
ities, both on the nucleic acid and the amino
acid levels (11). It has been suggested that
the amino acid sequence alignments and
secondary structure predictions indicate that
the folding architecture of the family of
immunoglobulin-like proteins is highly con-
served (25, 26). For this reason, we exam-
ined the three-dimensional structures of a
series of immunoglobulin regions analogous
to residues 1-93 of the CD4 molecule. (The
sequence alignments used here in comparing
the CD4 protein with the immunoglobulin
proteins were derived from published con-
sensus alignments (11, 25, 26).) Figure 5
shows the main chain alpha-carbon back-
bone of one of those structures, an immuno-
globulin light chain variable loop, based on
the high resolution x-ray diffraction data of
Epp et al. (27). We have examined all of the
three-dimensional immunoglobulin struc-
tures deposited in the Brookhaven Database
and, although the exact shape and composi-
tion of various loops may differ slightly from
one protein to the next, the overall folding
architecture is conserved and is exemplified
by the human IgG structure shown in Fig.

Immunogenic structures are often found
to be loops protruding from the surface of a
protein domain. Four protruding loops can
be identified in all the CD4-like immuno-
globulin structures examined (see Fig. 5).
The assignment of these four loops to the
epitopes for OKT4C, OKT4A, OKT4D,
and OKT4E, respectively, is consistent with
our epitope location data. Furthermore,
cross-competition studies with OKT4C and
OKT4E indicated that their respective epi-
topes must be spatially close and oriented
such that bound mAbs interfere with one
another. In Fig. 5, the blue (OKT4C) and
orange (OKT4E) loops fulfill these criteria.
The red loop (Fig. 5) assigned to OKT4A,
neighbors the blue loop assigned to
OKT4C, yet the two loops are oriented in
opposite directions, consistent with our ob-
servation that OKT4A and OKT4C do not
cross-compete. Finally, the green loop
(OKT4D) protrudes in such a way that an
antibody binding to this loop would not be
expected to interfere with the binding of any
of the other antibodies. These data strength-
en the notion that the three-dimensional
structure of the first 93 amino acids of the
CD4 protein is analogous to the corre-
sponding region of the immunoglobulin
structure.

We may now reach certain conclusions
concerning the CD4 interactions with HIV-
1. The red loop (Fig. 5) protrudes well away

1338

Fig. 5. Two views of the structure of an immuno-
globulin variable loop domain. The structure
shown here is that of the a-carbon backbone of
Fab fragment light chain, residues 1-88 (27). The
crystal coordinates were obtained from the
Brookhaven Database (database code: 1REI).
The image was constructed by use of the Biograf
program, version 1.4 (BioDesign). The blue loop,
light chain residues 23-33, is analogous to CD4
residues 25-35; the red loop, light chain residues
35-47, is analogous to CD4 residues 37-53; the
green loop, light chain residues 52—63, is analo-
gous to CD4 residues 58-68; the orange loop,
light chain residues 64—73, is analogous to CD4
residues 70-79. The blue and orange loops
shown here represent the antigen-combining
loops of this light chain structure.

from its surrounding chains such that it
looks like an extended finger. An antibody
to this “finger” (OKT4A) would prevent
HIV-1 from binding to the CD4 protein,
whereas an antibody binding to the blue
loop, which is adjacent but points in the
opposite direction, would have no effect on
the binding of HIV. The observation that
anti-idiotypes of OKT4A bind to the outer
envelope of HIV-1 (28) suggests that the
binding inhibition observed with OKT4A is
not due simply to neighboring steric effects,
but rather that at least portions of the
OKT4A epitope are directly involved in the
attachment of HIV-1 to the CD4 protein.
By analogy with the picornaviruses (29),
and according to the suggestion of Lasky et
al. (13), it seems likely that the receptor
attachment site on the surface of the HIV-1
occurs as a valley or invagination. Thus, our
data suggest that CD4 residues 37-53 (see

the red loop, Fig. 5) form a finger-like projec-
tion from the surface of the CD4 protein that
serves as a binding site for HIV-1.

We therefore tested the CD4-derived syn-
thetic peptide 25-58 in an HIV-1-induced
cell fusion (syncytium formation) assay us-
ing HIV-1/WM]J-infected cells mixed (1:5)
with uninfected SupT1 cells. This peptide
specifically inhibited syncytium formation in
a concentration-dependent manner, down
to concentrations of 200 pg/ml. Peptides 1-
25 and 40-72 were used as controls, but
neither inhibited the virus-induced cell fu-
sion at equivalent concentrations. When
peptide 25-58 was washed from the assay
after 2 hours, syncytium formation proceed-
ed normally, indicating that the peptide was
not exerting a toxic effect on the cells and
that the observed inhibition was due solely
to the presence of the 25-58 peptide.

Peptide analogs of the CD4 region 37-53
may be useful to more precisely determine
the fine structure of the HIV-binding site,
and may ultimately lead to the design of
small molecule inhibitors of the AIDS virus-
receptor interaction.
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Expression of the B-Nerve Growth Factor Gene in

Hippocampal Neurons

HRISTIANE AYER-LELIEVRE,* LARS OLSON, TED EBENDAL,

SEIGER, HAKAN PERSSON

In situ hybridization with complementary DNA probes for nerve growth factor (NGF)
was used to identify cells containing NGF messenger RNA in rat and mouse brain. The
most intense labeling occurred in hippocampus, where hybridizing neurons were
found in the dentate gyrus and the pyramidal cell layer. The neuronal identity of NGF
mRNA~—containing cells was further assessed by a loss of NGF-hybridizing mRNA in
hippocampal areas where neurons had been destroyed by kainic acid or colchicine.
RNA blot analysis also revealed a considerable decrease in the level of NGF mRNA in
rat dentate gyrus after a lesion was produced by colchicine. This lesion also caused a
decrease in the level of Thy-1 mRNA and an increase in the level of glial fibrillary acidic
protein mRNA. Neuronal death was thus associated with the disappearance of NGF
mRNA. These results suggest a synthesis of NGF by neurons in the brain and imply
that, in hippocampus, NGF influences NGF-sensitive neurons through neuron-to-

neuron interactions.

ERVE GROWTH FACTOR (NGF) 1s
N essential in the development and
maintenance of sympathetic and
sensory peripheral neurons (I). In the cen-
tral nervous system, cholinergic neurons of
the septum-basal forebrain respond to exog-
enous NGF by increasing the levels of cho-
line acetyltransferase (2), and the target ar-
eas of these neurons (hippocampus and cor-
tex) contain the highest levels of NGF
mRNA in the brain (3). Septum-basal fore-
brain neurons also carry NGF receptors (4),
can retrogradely transport exogenous NGF
injected into the hippocampus (5), and can
be prevented from dying after axonal tran-
section by infusion of NGF (6).
The structure of the NGF precursor pro-
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tein has been deduced from DNA sequence
analysis of cloned NGF genes (7-9). NGF
mRNA has been detected in the brain of
several species, including rat (3), but the cell
types that synthesize NGF in the central
nervous system are not known. In the study
described here, we used in situ hybridization
and RNA blot analysis in normal rats and in
rats with experimental lesions to identify
NGF mRNA—containing cells in the rodent
brain.

In situ hybridization was performed with
a 32P-labeled 900-bp Pst I fragment from a
mouse NGF ¢cDNA clone. This fragment
shows 97% DNA sequence homology be-
tween mouse and rat (9) and hybridizes
strongly to rat NGF mRNA under stringent
conditions (3). Under the conditions we
used, a strong labeling occurred over NGF
mRNA—containing cells in male mouse sub-
mandibular glands (10). In rat and mouse
brain, the NGF ¢cDNA probe revealed NGF
mRNA in the dentate gyrus and in the
hippocampal pyramidal cell layer in areas
CA1l to CA4 (Fig. 1A). The same hybridiza-
tion pattern was also seen when the NGF
probe was mixed with an excess of unlabeled
pUC9 DNA to eliminate possible nonspe-
cific labeling over the hippocampus. Fur-
thermore, a nonoverlapping NGF cDNA
fragment, covering the 3’ untranslated re-

gion, showed an identical hybridization pat-
tern, thus providing evidence against a non-
specific cross-hybridization of the probes
with mRNA other than NGF mRNA.
Hybridization with a 900-bp Pst I frag-
ment from the chicken NGF gene, corre-
sponding to the 900-bp fragment of mouse
cDNA, gave only weak labeling on male
mouse submandibular gland (10) and no
labeling on sections of rat brain. This result
is consistent with previous RNA blot analy-
sis that showed limited cross-hybridization
between mouse NGF mRNA and chicken
NGF probes under high stringency condi-
tions of hybridization (8). No hybridization
was observed when pUC9 DNA was used as
a hybridization probe or after treatment of
sections with ribonuclease A (RNase A).
Furthermore, under the same hybridization
conditions, unrelated ¢cDNA probes for
genes expressed in rat and mouse brain gave

Fig. 1. In situ hybridization to sections of rat
hippocampus. The DNA probes were labeled
with  [a-*’P]deoxycytidine  5'-triphosphate
(dCTP) by nick translation to a specific activity of
approximately 10° cpm/pg, and 5 to 10 ng of
probe were added to each section. The conditions
for in situ hybridization were as described (10,
23). The slides were dehydrated and dipped in
50% Iiford K5 nuclear emulsion and exposed for
9 days. The following probes were used: (A) A
900-bp Pst I fragment from a mouse NGF cDNA
clone (7) and (B and C) a 400-bp Bst EII
fragment derived from a rat NGF receptor cDNA
clone (24). (A and B) Sagittal sections of rat brain
at hippocampus level. (C) Transverse section
through the ventral part of vertical limb of diago-
nal band of Broca (VDB). The sections are shown
in dark-field illumination (x18). Abbreviations:
P, pyramidal cell layer, and DG, granular cell layer
of dentate gyrus.
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