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We have initiated a characterization of the c&acting reg- 
ulatory elements of the murine low-affinity NGF receptor 
(~75~~9 gene. Despite studies in cultured cells that sug- 
gest the ~75~~~~ promoter is constitutive, a detailed analy- 
sis of this promoter in five lines of transgenic mice dem- 
onstrated a high degree of cell-type specificity: 8.4 kb of 5’ 
flanking sequence directs expression of a /acZ reporter to 
retinal and CNS neurons normally expressing ~75~~~~. A 
transgene with 470 bp of 5’ flanking sequence is also ex- 
pressed in the CNS, but its regulation is aberrant, with a 
loss of basal forebrain expression. In non-neural tissues, 
both transgenes were expressed only in the testis, kidney, 
anterior pituitary, and pancreatic islets; with the exception 
of the renal pattern of expression, transgene activity was 
confined to appropriate cells within these tissues. In con- 
trast, although expression of both transgenes was promi- 
nent in adrenal medulla and gastrointestinal myenteric 
neurons, neither construct was active in several sensory 
or sympathetic ganglia that strongly express the endoge- 
nous ~75~~~~ gene, indicating that genetic elements nec- 
essary for expression in these neurons are not present in 
these promoter sequences. In addition, neither transgene 
was activated in Schwann cells during Wallerian degener- 
ation of sciatic nerve. We conclude that regulation of the 
p75NGFR gene is complex, with the first 470 bp of 5’ flanking 
sequence sufficient for expression in enteric and CNS neu- 
rons and additional elements within the first 8.4 kb of 5’ 
flanking sequence required for restriction to appropriate 
CNS neurons. Further regulatory elements are possibly re- 
quired for expression in at least some sensory and sym- 
pathetic neurons in the PNS and in Schwann cells. To iden- 
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tify potential regulatory elements in the 470 bp of 5’ flank- 
ing sequence from the smaller transgene, we compared the 
sequences of equivalent regions from the mouse, rat, and 
human ~75~~~~ genes. This “phylogenetic footprint” iden- 
tified conserved motifs potentially important for the regu- 
lation of this gene in the CNS. 

[Key words: low-affinity NGF receptor, gene regulation, 
transgenic mice, neurotrophins, developmental expres- 
sion, IacZ] 

During development, many more neurons are produced than will 
survive to form the mature nervous system. According to the 
neurotrophic hypothesis, developing neurons compete for a lim- 
ited quantity of target-derived neurotrophic factors and only neu- 
rons that establish connections with an appropriate target cell 
avoid programmed cell death. The first neurotrophic molecule 
identified was nerve growth factor (NGF; Levi-Montalcini, 
1987) an important regulatory molecule in the developing PNS. 
In the PNS, NGF supports the survival of sympathetic (Thoenen 
and Barde, 1980) and a subset of neural crest-derived sensory 
(Goedert et al., 1984) neurons during critical developmental pe- 
riods and may influence the differentiation of these same cells 
(Macdonnell et al., 1977; Otten et al., 1977; Max et al., 1978; 
Thoenen and Barde, 1980; Gage et al., I99 I ). NGF also affects 
the development and differentiation of several neuronal popu- 
lations in the CNS (Mobley et al., 1985; Bothwell, 199la), in- 
cluding notably the intrinsic (Mobley et al., 1985) and projection 
(Gnahn et al., 1983; Hefti, 1986; Williams et al., 1986) cholin- 
ergic neurons of the mammalian striatum and basal forebrain, 
respectively. NGF belongs to a family of neurotrophins (neu- 
ronal survival and differentiation factors) that includes brain- 
derived neurotrophic factor (BDNF; Leibrock et al., 1989) neu- 
rotrophin-3 (NT-3; Hohn et al., 1990; Maisonpierre et al., 1990; 
Rosenthal et al., 1990), and neurotrophin-4/S (NT-4/5; Hallbook 
et al., 1991; Berkemeier et al., 1992). Considerable evidence 
suggests that these other factors promote the survival and dif- 
ferentiation of distinct subpopulations of neurons in a fashion 
similar to NGF (Barde et al., 1982; Lindsay and Rohrer, 1985; 
Davies et al., 1986; Hofer and Barde, 1988; Lax et al., 1988; 
Maisonpierre et al., 1990; Rosenthal et al., 1990). 

Two classes of NGF receptor with low (K,, = IO ‘) M) and 
high (K,, = IO ‘I M) affinity have been identified (Sutter et al., 
1979; Landreth and Shooter, 1980; Schecter and Bothwell, 
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I98 I ). The biological actions of NGF are believed to be pri- 
marily mediated by the high-affinity receptor (Bothwell, 1991 b; 
Meakin and Shooter, 1992), a 135-145 kDa integral membrane 
glycoprotein (Hosang and Shooter, 198.5; Radeke and Feinstein, 
199 I) with tyrosine kinase activity (Kaplan et al., 1991 b), which 
is the product of the trk proto-oncogene (Kaplan et al., 1991a; 
Klein et al., 1991). The role played by the low-affinity receptor, 
a 75-80 kDa integral membrane glycoprotein (~75~(+~), is less 
clear (Rodriguez-Tebar et al., 1990; Hempstead et al., 1991; 
Bothwell, I99 I b; Kaplan et al., 1991a, b; Klein et al., 1991; Lee 
et al., 1992), as this receptor binds all known neurotrophins with 
similar affinities (Rodriguez-Tebar et al., 1990; Squint0 et al., 
199 I) and may not be expressed by some NGF-responsive neu- 
ronal and non-neuronal cells (Holtzman et al., 1992; Pryor et 
al., 1992). In at least some cell types, however, interaction be- 
tween ~75~“~‘~ and trk may be necessary to mediate NGF’s ef- 
fects (Hempstead et al., 1991; Lee et al., 1992; Meakin and 
Shooter, 1992). Alternatively, ~75~“~” may have specialized 
functions distinct from trk; notably, recent work suggests that 

P75Y”‘K may promote neuronal apoptosis (Rabizadeh et al., 
1993). Investigations into these disparate possibilities could be 
facilitated by identifying the genetic elements responsible for 
regulation of this gene during development and adulthood and 
using this information to manipulate the expressing cell types. 

The human (Chao et al., 1986; Johnson et al., 1986), rat (Ra- 
deke et al., 1987), and chicken (Large et al., 1989; Heuer et al., 
1990) low-affinity NGF receptor genes have been characterized. 
Although this has provided useful information on the structure 
of the protein, the regulation of this locus remains poorly un- 
derstood (Sehgal et al., 1988; Patil et al., 1990). Previous studies 
have been interpreted as indicating that the 3 kb of 5’ flanking 
sequence adjacent to the transcription initiation site of the human 

P75”“i+ gene contains a constitutive promoter incapable of di- 
recting cell-type-restricted expression in cultured cells (Sehgal 
et al., 1988; Patil et al., 1990). However, a cosmid containing 8 
kb of 5’ flanking sequence, the entire NGF receptor gene and 
7.5 kb of 3’ flanking sequence was appropriately regulated in 
transgenic mice (Patil et al., 1990). To resolve these apparently 
contradictory results and identify relevant regulatory sequences, 
we initiated a characterization of the regulatory elements of the 
mouse ~75”“~~ gene. In this article we present an analysis of 
five lines of transgenic mice in which a /acZ reporter gene is 
driven by either an extensive region of 5’ flanking sequence (8.4 
kb) expected to perform all genetic functions or a presumptive 
minimal promoter (470 bp). Contrary to the results obtained in 
cultured cells, 8.4 kb of 5’ flanking sequence directs spatially 
correct transgene expression in the retina, CNS, enteric neurons, 
adrenal medulla, and several non-neural tissues. A transgene 
with 470 bp of 5’ flanking sequence also directs expression in 
CNS neurons, although in an aberrant pattern. Neither construct, 
however, produces transgene expression in several sensory or 
sympathetic ganglia that strongly express the endogenous 

P75N”F’K gene nor are they activated in Schwann cells during 
Wallerian degeneration of the sciatic nerve. We conclude that 
regulation of the ~75~~~~ gene is complex, with distinct elements 
necessary for expression in enteric and CNS neurons and addi- 
tional elements required for expression in at least some sensory 
and sympathetic neurons in the PNS and in Schwann cells. Sev- 
eral conserved elements have been identified within this pro- 
moter that are candidate regulatory elements. 

Materials and Methods 

I.so/ution mnd chamctrrization of gmomic~ clorzes. A rat low-affinity 
NGF receptor exon I probe was produced by the polymerase chain 
reaction utilizing rat sciatic nerve cDNA as template and oligonucleo- 
tides predicted by the sequence of the rat cDNA (nucleotides l-24, 
152-176; Radeke et al., 1987). This probe was “P-labeled by the ran- 
dom oligonucleotide priming method (Feinberg and Vogelstein, 1984) 
and hvbridized to duolicate tilter lifts of 5 X IO‘ plaques from a AFIX 
genomic library (Stratagene) under conditions ofbecreased hybridiza- 
tion stringency (10% formamide, 2X SSC at 42°C); filters were washed 
in 0.5X SSC/O.S% SDS at 50°C. Three clones (hMNRS, XMNRh, 
XMNR7) were isolated, and restriction mapping demonstrated these 
phage to represent overlappin, 0 DNA fragments from the same locus. 
Southern blots of phage DNA hybridized to the rat exon I probe allowed 
the identification of a 857 bp BumHI fragment that was subcloned into 
the BarnHI site of pGEM-7Zf(-) (Promega) to produce p7Bam0.7. Se- 
quence analysis of this subclone demonstrated it to contain exon 1 of 
the mouse NGF receptor gene and established the identity and orien- 
tation of the genomic clones. Comparison of the first exon sequence to 
equivalent regions of the rat cDNA (Radeke et al., 1987) demonstrated 
absolute conservation of the nucleotide and predicted protein sequences 
within the coding region of this exon with lower, but nonetheless sig- 
nificant, sequence identity in the portion of the exon encoding the 
mRNA 5’ untranslated region (data not shown). 

The human p7S1~“‘.~ 5’ flanking sequences were isolated from cosmid 
clone 37-l (generously provided by -Dr. Garrett Brodeur) as a 97 I bp 
Ncol-Sac11 fragment and cloned into BSKS(+) (Stratagene) to oroduce 
~429-215. - 

Sequerlce trrztr/ysis. Nucleotide sequence was determined from both 
strands of overlapping deletion clones by the dideoxy chain termination 
or cycle sequencing methods (Sanger et al., 1977). A portion of these 
sequences was determined with an automated sequencing machine (ABI 
model 373A). Sequence assembly was performed using PC/GENE soft- 
ware (version 6.26, Intelligenetics, Inc.). Differences between our hu- 
man ~75~~“~ promoter sequence and the smaller previously published 
human sequence (Sehgal et al., 1988) may be a consequence of se- 
quence polymorphisms. 

Construction of NGF rece/,tor-IacZ trrrnsgene,s. A 9 kb Sal1 fragment 
from XMNRS containing 8.4 kb of 5’ flanking sequence, exon I, and a 
portion of intron I was subcloned into the Srr/I site of pGEM-SZf(-) 
to produce pSSa18.4. Plasmid pSSa18.4 was digested with HssHII and 
polished with DNA polymerase I (Klenow); synthetic l2-mer XhoI link- 
ers (#1074, New England Biolabs) were then ligated to the unique 
RssHII site 82 nucleotides 3’ of the transcription initiation site (within 
the sequence encoding the mRNA 5’ untranslated region). Following 
digestion with .%/I and XhoI, this 8.4 kb fragment was cloned into 
pBluescript KS (Stratagene) to produce pMMOM8.4. Plasmid p- 
MMOM8.4 was digested with XhoI and S&I to release the 8.4 kb insert, 
which was then cloned into the .%/I site of placF (Mercer et al., 1991) 
to produce p8.4MNRlnc.Z. Plasmid pMMOM8.4 digested with EcoRV 
was then digested with XhoI and the released fragment cloned into 
.SmctIISa/I-digested placF to produce p470MNRlocZ (470 bp of 5’ flank- 
ing sequence). 

Derivation of tmnsgmic mice. Plasmid DNA was cut with Sal1 and 
Hind111 for p8.4MNRlncZ and with KprzI and HirrdIII for 
p470MNRlucZ to remove vector sequences. Appropriate fragments 
were separated by electrophoresis through 0.9% agarose gels and pu- 
rified by the method of Vogelstein and Gillespie ( 1979). DNA fragments 
were diluted to 2.5 ng/p,I in 5 mM Tris (pH 7.5)/0.25 mM EDTA/S mM 
NaCI. 

DNA was microinjected into the male pronuclei of fertilized eggs 
from F, hvbrid mice (CS7BL/6 X B6C3H) as described by Hogan et 
al. (1986). Oocytes surviving microinjection were implanted inio the 
oviducts of pseudopregnant Swiss-Webster foster mothers following es- 
tablished protocol (Hogan et al., 1986). Transgenic founders were iden- 
tified by polymerase chain reaction using the triple primer system of 
Zack et al. (1991) and confirmed by Southern blot analysis with a mu- 
rine protamine-I (mPl) probe that recognizes both the endogenous mPI 
gene and the 3’ sequences of the /acZ transgenes. Transgene copy num- 
ber was estimated by comparing the intensity of the mP1 band to that 
of the transgene. Transgene copy number ranged from 8-10 copies per 
haploid genotne (8.4MNRlacZ line 19) to IS-20 copies (47OMNRltrc.Z 
line 6). Founder mice were mated to (CS7BL16 X B6C3H) F, mice to 
establish transgenic lines. 

Hktochemiccd stuining of tissues. Adult mice were deeply anesthe- 
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tired and perfused transcardially with room temperature phosphate-buf- 
fered saline (pH 7.3) followed by freshly prepared 2% paraformalde- 
hyde in 1 X PBS (pH 7.3). Tissues of interest were dissected and post- 
fixed for 60 min at 4°C in 2% paraformaldehyde in I X PBS (pH 7.3). 
Tissues were then transferred to 30% sucrose in I X PBS (pH 7.3) and 
allowed to equilibrate at 4°C for 18-24 hr. Tissues were then oriented 
in OCT (Tissue-Tek), frozen on dry ice, and stored at -70°C until use. 

Eight-micrometer sections of the sucrose cryoprotected tissues were 
cut on a cryostat and thaw-mounted on Superfrost/Plus slides (Fisher 
Scientific). Bacterial /rrrZ histochemistry was performed as described 
by Sanes et al. (1986) in a reaction solution containing I mglml X-gal, 
5 mM potassium ferrocyanide, 5 mM potassium ferricyanide, 0.02% 
NP40, 0.01% sodium deoxycholate, and 2 mM magnesium chloride in 
IX PBS (pH 7.3). After staining for 12-16 hr. slides were refixed in 
2% formaldehyde/2% glutaraldehyde in I X PBS (pH 7.3) for 24 hr at 
room temperature. Slides were then either counterstained with I YO neu- 
tral red and mounted or mounted unstained in glycerol-gelatin (Sigma). 
Slides were examined by light microscopy using standard bright field 
or Nomarski optics. 

Sur,yiccr/ prowdure.s. All animals were cared for and surgical proce- 
dures performed in accordance with the guidelines of the NIH Guide 
,jbr the Care rmcl USC of‘ Lrrhonrtory Animtrls. For unilateral axotomy 
with prevention of regeneration, the sciatic nerve was exposed in the 
midgluteal region and transected, with reflection of the distal stump 
caudally. At appropriate times postaxotomy, animals were taken for 
lac.2 histochemistry as described above. 

Results 

Earlier work (Sehgal et al., 1988; Patil et al., 1990) suggested 

that regulatory elements directing cell-type-specific expression 

might be located 3-8 kb upstream of the transcription initiation 
site of the human ~75~‘;~~ gene. To identify potential regulatory 

elements within comparable regions of the mouse ~75~“~~ gene, 
lambda clones spanning I4 kb of 5’ flanking sequence and the 
first exon were isolated and characterized (see Materials and 
Methods for details). A deletion series with 8.4 kb to 235 bp of 
5’ flanking sequence driving a luciferase reporter was construct- 
ed and introduced into p75NC’t.K -expressing neuronal (PC I2 pheo- 
chromocytoma) and glial (JS I schwannoma) cell lines and three 
nonexpressing cell lines (NIH 3T3 fibroblasts, K5h2 erythroleu- 
kemia cells, PEER T cell lymphoma cells). In agreement with 
previous work (Sehgal et al., 1988; Patil et al., 1990), we found 
high levels of reporter expression in all cell lines except PEER 
cells; expression was not appropriately cell-type restricted even 
when extensive portions of 5’ flanking sequence were included 
(data not shown). 

Although our initial experiments suggested that the promoter 
regions we had tested contained only a constitutive promoter, 
we were aware of instances in which promoters that were in- 
appropriately expressed in cultured cells were properly regulated 
when introduced into the germline of mice (Dente et al., 1988; 
Zimmerman et al., 1990). We therefore decided to examine the 
regulatory capabilities of these sequences in transgenic mice. To 
compare the regulation conferred by an extensive portion of 5’ 
flanking sequence (X.4 kb) to that directed by a presumptive 

minimal promoter (470 bp), two p75N’;~1~-/ucZ fusion genes were 
constructed that contained either 8.4 kb or 470 bp 5’ of the 
~75~‘+~ transcription start (Patil et al., 1990) fused to the E. coli 
1ucZ gene in placF (Zack et al., 1991; see Materials and Methods 
for details). These plasmids, known as p8.4MNRlacZ and 
p470MNR&Z, respectively, were used to produce transgenic 
mice. Four 8.4MNRlucZ and nine 470MNRZucZ founders were 
identified and back-crossed to wild-type mates to produce F, 
offspring. Analyses of transgene activity by histochemical stains 

with X-gal or a monoclonal antibody directed against E. coli 
P-galactosidase were performed on 4-week- to 4-month-old 
transgenic mice and nontransgenic littermates from F, and sub- 
sequent generations. Bacterial P-galactosidase expression was 

detectable in multiple lines produced from each construct and 
was similarly distributed in these lines. After an initial survey 
of transgene expression in all available lines, two representative 
lines of mice carrying the 8.4MNRlucZ transgene and three rep- 
resentative lines carrying the 470MNRbcZ transgene were se- 
lected for extensive analysis and histochemical mapping. 

Trunsgene expression in the CNS 

Prominent IacZ activity was present in the retina and brain of 
all 8.4MNRlacZ and 47OMNRlucZ lines examined. The majority 
of the cells expressing the transgene were neurons, and staining 
of these cells, as elsewhere in the body, consisted of one or two 
punctate areas of staining that was typically juxtanuclear (Fig. 
IA). In some lines with a high level of expression, however, 
staining was also present in the projections of the positive neu- 
rons (e.g., stratum moleculare of the hippocampus; data not 
shown); this localization was confirmed by careful examination 
of counterstained sections that consistently showed an absence 
of lacZ staining in glial cells. LacZ activity was also noted in 
subpopulations of ependymal cells lining the olfactory ventri- 

cles, the lateral recesses of the lateral ventricles, and the inferior 
portion of the third ventricle, particularly in the 470MNRlacZ 
lines (Fig. IB, Table I); these findings are consistent with the 
results of several previous immunohistochemical mapping stud- 
ies (Koh et al., 1989; Yan and Johnson, 1989). 

Prominent ~75 N~;“K immunoreactivity has been found in mul- 
tiple locations in the brain including the olfactory bulbs (Koh et 
al., 1989; Yan and Johnson, l989), basal forebrain cholinergic 
nuclei (Hefti et al., 1986; Springer et al., 1987; Koh et al., 1989; 
Yan and Johnson, l989), some hypothalamic nuclei (Yan and 
Johnson, 1989; Pioro and Cuello, 1990a), and the cerebellum 
(Koh et al., 1989; Yan and Johnson, l989), with lesser degrees 
of staining found in other structures such as the cortex (Koh and 
Loy, 1989; Pioro and Cuello, 199Oa), striatum (Koh et al., l989), 
and hippocampus (Yan and Johnson, 1989; Pioro and Cuello, 
1990a). Prior in situ hybridization studies demonstrated expres- 
sion of the ~75~“~~ gene to be somewhat more restricted (Koh 

et al., l989), suggesting that much (although not all) of the im- 

munoreactivity in areas such as the olfactory bulbs, neocortex, 
and striatum is produced by projections from p7S”‘+K-expressing 
neurons. To determine how closely the pattern of transgene ex- 
pression in our five transgenic lines recapitulated the transcrip- 
tion of the endogenous gene, serial sections through the brains 
of transgenic mice were prepared and stained for 1acZ activity. 
Transgene expression was thoroughly mapped in 8.4MNRlacZ 
line 2 and 470MNRlacZ line I I mice, and areas found to be 
positive in these mice were then examined in the remaining three 
lines. We concentrated our efforts on the structures of the olfac- 
tory system, telencephalon, diencephalon, and cerebellum as 
these areas have been most extensively studied in previous work 

and therefore provide the most reliable descriptions of the ex- 
pression of the endogenous ~75~‘;~” gene. 

Neuronal expression in the brains of mice from the 
8.4MNRlucZ lineages was confined to specific structures. We 
found that, in general, the pattern of expression of the 
8.4MNRlucZ transgene recapitulated that of the endogenous 
gene (Table I) and was readily detectable in structures such as 
olfactory bulb (Fig. IC), the basal forebrain (Fig. ID), and spe- 
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Figure 1. Patterns of p75NGFr~-l~~Z 
transgene expression in the CNS of 
transgenic mice. A, typical pattern of 
neuronal 1ucZ activity in hippocampal 
region CA3 of a 470MNRlacZ transgen- 
ic mouse (line 11). In these neurons, as 
i? all cell types expressing the p75NC.rR- 
1acZ transgenes, /acZ activity was de- 
tected as punctate juxtanuclear areas of 
blue-green staining. The amount of hip- 
pocampal staining seen with this trans- 
gene is much higher than that observed 
in either of the 84MNRlncZ lineages, 
which had only rare &Z-positive neu- 
rons m this structure. This section has 
been hghtly counterstained with neutral 
red and visualized with Nomarski optics 
to demonstrate neuronal morphology. B, 
Transgene expression in ependy- 
mal/subependymal cells in the ventral 
portion of the third ventricle from a 
470MNRlacZ mouse (dorsal, left; ven- 
tral, right). Similar staining was found 
in the lateral recesses of the lateral ven- 
tricles and m the olfactory ventricles. C, 
Section from the olfactory bulb of an 
8.4MNRlacZ mouse. Bacterial P-galac- 
tosidase activity was detected in a sub- 
population of periglomerular cells (ar- 
rows) surrounding the glomeruli (x) 
throughout the olfactory bulb. ql, ex- 
ternal plexiform layer. D, LacZ expres- 
sion by neurons in the vertical limb 
of the diagonal band of Broca 
(8.4MNRlacZ line 2). E, Section from 
the cerebellum of a 4-month-old (adult) 
84MNRlacZ line 2 mouse. Although a 
pair of hghtly /u&positive Purkinje 
cells are present in thiq field (arrows), 
transgene activity was undetectable in 
most of these cells even when sertal sec- 
tions through a specific area were ex- 
amined. Relatively more Purkinje cells 
were noted to be positive in the vermis. 
F, Section through the cerebellum of a 
postnatal day 8 84MNRlucZ lme 2 pup. 
Consistent with previous reports of 
higher levels of ~75~“‘~ mRNA in Pur- 
kinje cells during the first 2 postnatal 
weeks, transgene expression is almost 
universal in Purkinje cells from these 
younger animals. For E and F: gc, gran- 
Ular Cdl layer; IX’, Purkinje cell layer; 
ml, molecular layer; ~111, white matter; 
f’, fetal layer of Obersteiner. 

Figure 2. Coexpression of native 
p75wc+K and bacterial 1acZ activity. 
Shown is a 100 km vibratome section 
of the basal forebrain of an 8.4MNR- 
1acZ mouse histochemically stained for 
bacterial 1acZ activity (the juxtanuclear 
punctate blue stuinq) and immunoh- 
tstochemically stained with a rabbit 
polyclonal antibody directed against the 
extracellular domain of ~75~“~~ (the 
brown stain marking the neuronal cell 
body as well as adjacent neuronal pro- 
cesses). In the basal forebrain, as well 
as in other CNS regions, transgene ex- 
pression colocalized with immunohisto- 
chemically detectable ~75~~~~ 
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Table 1. Transgene expression in the CNS of p75NGFH-ZacZ transgenic mice 

CNS region 8.4MNR/2 470MNR/ll References 

Basal forebrain 
Horizontal limb, diag. band 

Lateral septal nucleus 

Magnocellular basal nut. 

Magnocellular preoptic nut. 

Medial septal nut. 
Olfactory tubercle 
Substantia innominata 
Ventral pallidum 
Vertical limb, diag. band 

Caudate-putamen 

Cerebellum 
Purkinje cell layer 
Granular cell layer 

Cortex 
Neocortex 

Ependyma 
Globus pallidus 
Hippocampus 

Dentate gyrus 
CA4 
CA3 
CA2 
CA1 

Hypothalamus 
Arcuate nut. 
Dorsomedial nut., diffuse 
Lateral 
Medial preoptic area 
Periventricular nut. 
Suprachiasmatic nut. 
Supraoptic nut. 

Olfactory bulb 
Glomerular layer 
Mitral cell layer 

+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
rare + 

rare + (adult) 

+ (rare; V) 
+ 
+ (rare) 

+ (rare) 
- 

+ (rare) 

+ 
+ 

+ 
- 
- 

+ 
- 
- 
- 

rare + 

rare + 
- 

0, c, e, .f 
(‘2 e, f 

+ (1, 11, V) I 
+ u 
+/- b, c, tl 

+ (rare) 
+ 
+ 
- 

+ (rare) 

c 

b 

a, Yan and Johnson (1989); b, Pioro and Cue110 (1990a); c, Koh et al. (1989); d, Springer et al. (1987): e, Pioro 
and Cuello (1990b); f Wanaka and Johnson (1990). 

cific hypothalamic nuclei (Table 1). Double-label immunohis- 
tochemistry with a mouse monoclonal antibody specific for bac- 
terial P-galactosidase (courtesy of J. Sanes) and either a chicken 
(courtesy of E. M. Johnson, Jr.) or rabbit (Weskamp and Rei- 
chardt, 1991) polyclonal serum directed against p7YFR con- 
firmed that transgene expression in the basal forebrain (Fig. 2) 
as well as in other CNS strucfures was localized to p75N”FR- 
expressing neurons. Lower levels of transgene expression were 
noted in other structures where staining was confined to specific 

subpopulations previously reported to express p7YFR (e.g., very 
rare small neurons in the caudate-putamen; Koh et al., 1989; 
Pioro and Cuello, 1990a). Structures in which ~7.5~“~~ expres- 
sion was believed to be primarily due to the presence of im- 
munoreactive projections from other areas of the brain showed 
very little evidence of transgene activity. We did, however, note 
low levels of expression in some neuronal populations not pre- 
viously reported to express ~75~“‘~ such as the supraoptic nu- 
cleus, lateral septal nucleus (Table I), and rare neurons in lamina 
V of the neocortex (see below). Although we did not map ex- 
pression in the brainstem as rigorously as we did in the higher 

structures, we again noted expression was confined to specific 
nuclei (e.g., prepositus hypoglossal nucleus, interpeduncular nu- 
cleus, vestibulocochlear nucleus) known to express ~75~“~~ pro- 
tein or mRNA (Koh et al., 1989; Pioro and Cuello, 1990b). 

In addition to the basal forebrain, the Purkinje neurons of the 
cerebellum have been extensively studied as a site of ~75~“~~ 
expression. Only rare ZucZ-positive Purkinje cells were found in 
the cerebellum of adult (4-month-old) mice from the 
8.4MNRlucZ lines (Fig. 1E). It is, however, well established that 
expression of the ~75~~~~ gene is developmentally regulated in 
Purkinje cells, with high levels of ~75~~‘~ mRNA being found 
only in the first 2 postnatal weeks in the rat (Wanaka and John- 
son, 1990; Friedman et al., 1991). We therefore examined trans- 
gene activity in the cerebellum of postnatal day 8 mice from 
8.4MNRlacZ line 2. Unlike the Purkinje cells of the adult, the 
majority of these neurons in younger mice were 1ucZ positive 
(Fig. 1F); in accordance with the in situ hybridization mapping 
studies of Friedman et al. (1991), transgene expression was not 
seen in the external granular or other cerebellar layers. These 
results suggest that in the cerebellum, the 8.4MNRlucZ trans- 
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Figure 3. Transgene expression in specific CNS structures. A, Section through the basal forebrain of a 470MNRlacZ line 11 mouse showing 
neuronal transgene expression in the olfactory tubercle. This section has not been counterstained and is visualized with Nomarski optics. B, LucZ 
expression in an island of Calleja; this section is from a 470MNRlacZ mouse. C and D, LacZ activity in the paraventricular (C) and supraoptic 
(D) nuclei of a 470MNRlacZ line 11 mouse. Note that the plane of section in C is slightly skewed so that the left paraventricular nucleus is more 
completely visualized than the right. Localization of transgene activity in the hypothalamus of mice from this line was confined to the same 
structures that were 1acZ positive in the 8.4MNRlacZ lineages. For C and D: 3rd, third ventricle; pv, paraventricular nucleus; oc, optic chiasm. E 
and F, Coronal sections through the parietal somatosensory cortex of 8.4MNRlacZ line 2 (E) and 470MNRlacZ line 11 (F) mice. Only rare positive 
neurons are present in the deeper cortical laminae of the 8.4MNRlacZ animal (E, arrow). LacZ-expressing neurons are present in relatively larger 
numbers in the 470MNRZucZ animals (F, arrows). Some variation in the number of transgene-expressing cells was noted between different cortical 
regions with the highest levels noted in the frontal (olfactory) cortex. 

gene is appropriately expressed and recapitulates the develop- transgene, like that of the 8.4MNRZucZ transgene, was confined 
mental pattern of expression of the endogenous p7YoFR gene. to specific structures in the CNS (Fig. 3A-D). An examination 

Although we expected the 470MNRfucZ transgene to contain of the same structures studied in the 8.4MNRZucZ mice, how- 
a minimal promoter capable only of directing constitutive ex- ever, showed that the pattern of expression of the 470MNRlucZ 
pression, this was not the case. Expression of the 470MNRlucZ transgene differed from that of the 8.4MNRlucZ construct (Table 
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Figure 4. Transgene expression in the retina. A, Section of the neural 
retina from an adult 8.4MNRZucZ mouse. Prominent 1acZ staining is in 
a subpopulation of cells in the ganglion cell layer (arrows), faint stain- 
ing is also seen in scattered cells in the vitread portion of the inner 
nuclear layer (arrowheads). B, Section of the neural retina from an adult 
470MNRlacZ line 6 mouse. The distribution of transgene expression in 
these mice, although more intense, was identical to that seen in 
8.4MNRZucZ lineages. Arrows. transgene expression in ganglion cell 
layer; arrowheads, 1acZ activity in the inner nuclear layer. For A and 
B: gc, ganglion cell layer; ipZ, inner plexiform layer; id, inner nuclear 
layer; opZ, outer plexiform layer; onl, outer nuclear layer; pr, photore- 
ceptors (rods and cones). 

1). Particularly notable was a lack of transgene activity in 
regions of the basal forebrain. In addition, ZucZ activity in the 
neocortex and hippocampus of the 470MNRZacZ mice was much 
more prominent than that seen in 8.4MNRlacZ mice (compare 
Fig. 3E,F). Although regulatory elements capable of directing 
appropriate CNS expression must be present in the first 470 bp 
of the mouse p7YGFR promoter, their activity is apparently mod- 
ified by additional regulatory elements contained within the 
8.4MNRZucZ transgene and upstream of the first 470 bp of 5’ 
flanking sequence. 

We next examined the eyes of transgenic animals to determine 
whether transgene expression in the neural retina recapitulated 
that of the endogenous gene. The retinas of mice from both 
8.4MNRlacZ and 470MNRlacZ lineages contained readily de- 
tectable subpopulations of lucZ-expressing neurons in the gangli- 
on cell layer (Fig. 4A,B, arrows) and a lesser degree of histo- 
chemical staining of some cells within the vitread side of the inner 
nuclear layer (Fig. 4A,B, arrowheads); no 1ucZ activity was de- 

Table 2. Transgene expression in the PNS of p7SNGFR-1acZ 
transgenic mice 

Neuron population 
8.4MNRlacZ 470MNRlacZ 
lines lines 

Adrenal medulla + + 
Coeliac ganglion Very rare + Very rare + 
Dorsal root ganglia 

Cervical Very rare + Very rare + 
Lumbar Very rare + Very rare + 

Nodose - - 

Superior cervical ganglion Very rare + Very rare + 
Superior mesenteric ganglion Very rare + Very rare + 
Trigeminal ganglion Very rare + Very rare + 

tectable in the outer nuclear layer. Muller glia express p7YGFR 
(Carmignoto et al., 1991) and the somata of these cells are located 
in the inner nuclear layer (Drager et al., 1984). It therefore seems 
likely that the lucZ-positive cells seen in this layer are Muller 
glia. This overall pattern of retinal expression is consistent with 
that reported by Carmignoto et al. (1991) in the adult rat retina, 
indicating that the first 470 bp of 5’ flanking sequence is sufficient 
to direct spatially correct expression in the neural retina. 

Transgene expression in the PNS 

The sensory and sympathetic ganglia of the PNS are classic sites 
of NGF action (Thoenen and Barde, 1980; Goedert et al., 1984) 
and expression of ~75~~‘~ has been described in numerous neu- 
rons in these structures (reviewed in Bothwell, 1991a), including 
some that are apparently unresponsive to NGF (Loeb et al., 1992). 
We found, however, that neither transgene was expressed in many 
sensory [cervical and lumbar dorsal root ganglia (DRG), nodose 
and trigeminal ganglia] or sympathetic [superior cervical (KG), 
superior mesenteric (SMG), and coeliac ganglia] neurons of the 
PNS (Table 2, Fig. 5A-C); the single exception was the adrenal 
medulla, which was intensely positive in all five lines (Fig. SD). 

To confirm the lack of transgene expression, we analyzed se- 
rial 8 pm sections through lumbar DRG from our transgenic 
mice. We found only rare (one to six neurons/ganglion) lacZ- 
positive neurons in DRG from both 8.4MNRlacZ and 
470MNRlucZ lineages (Fig. 5C). In rats, 75-80% of DRG neu- 
rons have been found to express ~75~6~~ mRNA (Carroll et al., 
1992) and thus it seems apparent that the number of transgene- 
expressing neurons observed in the DRG of these mice falls far 
below the expected number. Although similar systematic anal- 
yses of the number of p75NGFR- expressing neurons in the other 
ganglia examined in this study have not been performed, mul- 
tiple neurons expressing ~75~~“~ mRNA can be demonstrated in 
single sections of the superior cervical, superior mesenteric, and 
coeliac ganglia (M. L. Miller and S. L. Carroll, unpublished 
observations). It therefore seems likely that only a few of the 
p75NGFR-expressing neurons in these ganglia express either of the 
transgenes. 

Although we observed only minimal 1acZ activity in sensory 
and sympathetic ganglia, a subpopulation of myenteric neurons 
throughout the digestive system were intensely 1acZ positive in 
both 8.4MNRlacZ (Fig. 5.E) and 470MNRZacZ (Fig. 5F) lin- 
eages. We conclude that regulation of the ~75~6~ locus in myen- 
teric neurons and the adrenal medulla uses elements distinct 
from those utilized by most PNS sensory and sympathetic neu- 
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Figure 5. Transgene expression in the PNS. A, Section of the superior cervical ganglion of an adult 8.4MNRlacZ mouse. LacZ activity is virtually 
undetectable. B, Section through the trigeminal ganglion from an adult 8.4MNRZucZ mouse. Again, no transgene expression is seen. C, Section of 
a lumbar dorsal root ganglion from an adult 8.4MNRlacZ line 2 mouse. An extremely rare lightly staining neuron is indicated by an arrow. D, 
Section of adrenal gland from a 470MNRlucZ line 11 mouse. Extensive 1ucZ activity was found in the adrenal medulla. E, Transgene expression 
in myenteric neurons in the colon of an 8.4MNRlacZ line 2 mouse (arrows). LacZ activity was also found in myenteric neurons from the esophagus, 
stomach, duodenum, jejunum, and ileum of this line. F, Transgene expression in myenteric neurons (arrow) in the ileum from a 47OMNRZucZ line 
11 animal. The pattern of expression in this line was virtually identical to that seen in the 8.4MNRZucZ lines. 

rons and that these elements are contained in the first 470 bp of 
5’ flanking sequence. 

Transgene expression in non-neural tissues 
To establish whether the p7SNGFR transgenes were appropriately 
regulated outside of the nervous system, we examined their ex- 

pression in a variety of non-neural tissues (see Table 3 for com- 
plete listing). Expression was detected only in the testes, kidney, 
pancreas, and pituitary. The adult testis normally expresses high 
levels of p75NGFR mRNA (Ayer-Lievre et al., 1988), which is 
primarily found in Sertoli cells during specific stages of sper- 
matogenesis (Parvinen et al., 1992). In concordance with these 
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Table 3. Transgene expression in non-neural tissues of p7WvR- 
lad transgenic mice 

Tissue 
8.4MNRltrc.Z 47TIOMNRlncZ 
lines lines 

Epididymis 
Gastrointestinal tract” 

Esophagus 
Stomach 
Duodenum 
Jejunum 
Ileum 
Cecum 
Colon 

Heart 
Kidney’ 
Lacrimal gland 
Liver 
Lung 
Lymph nodes 
Muscle 

Diaphragm 
Gastrocnemius 
Ocular 

Ovary 
Pancreas 

Exocrine 
Endocrine 

Parathyroids 
Pituitary 

Anterior 
Posterior 

Seminal vesicle 
Spleen 
Submandibular gland 
Testis 
Thyroid 
Uterus 
Vasculature 

Aorta 
Vena cava 
Arteries 

NA" 

- 

- 

- 

Nh 

- 

NA- 

- 
- 

- 
- 

- 
- 
- 

- 
- 

- 

- 

- 
- 

NW 

- 
- 

” Endogenous neutral p-galactosidase activity was observed in the epididynk 
and submandibular gland, thereby compromising examination of these tissues. 

” Excludrs mycnteric neurons. 

Heart was positive only in 8.4MNRlucZ line 2 mice: as this tissue was con- 
sistently negative in all other lineages, this is presumed to represent an inte- 
gration site efl’ect. 

,‘See text for a precise description of localization in this tissue. 

studies, we found very strong expression of both transgenes in 
the testes (Fig. 6A). Expression was confined to a subset of cells 
within the seminiferous tubules and examination of semithin 
plastic sections of testis stained for P-galactosidase activity 
showed these cells to be morphologically consistent with Sertoli 
cells (data not shown); we could not, however, rule out some 
expression by immature spermatocytic forms. These results in- 
dicate that both transgenes are appropriately regulated in testes 
and that the relevant regulatory elements are contained within 
the first 470 bp of 5’ flanking sequence. 

In situ hybridization for ~75~“~~ mRNA shows prominent 
expression of this transcript in the developing nephrons of the 

embryonic kidney (Sariola et al., 199 I ; Wheeler and Bothwell, 
1992), with ~75~“~~ message being confined primarily to the 
mesangial cells of the glomerulus in the adult (Chesa et al., 
1988). Interestingly, our transgenic mice did not precisely 
mimic either the adult or embryonic pattern of expression. In 
all five transgenic lines examined we found very intense his- 
tochemical activity in the calyx of the kidney, a region that 
contains primarily the loops of Henle (Fig. 6B). A lesser degree 
of staining was also present in the proximal convoluted tubule 
adjacent to the glomeruli (data not shown). One possible ex- 
planation for the presence of bacterial p- galactosidase in the 
renal calyx is that this represents enzyme that has been released 
from other sites in the body and taken up again during urinary 
filtration. This explanation seems unlikely, however, since one 
line (47OMNRlacZ line 6) demonstrated expression of reporter 
enzyme only in “stripes” of cells that presumably are clonally 
derived. These observations suggest, rather, that additional ele- 
ments not present in our transgenes are required for appropriate 
restriction of p75N”‘.K expression in the kidney. Alternatively, 
we may be detecting this pattern of renal expression due to the 
increased sensitivity of the IacZ reporter or because our trans- 
gene product is not subject to a form of posttranscriptional 
regulation that acts through elements in the native ~75”‘;‘.~ 
mRNA. 

We found prominent transgene expression in the pancreatic 
islets (Fig. 6C) and weak to moderate 1acZ activity in anterior 
pituitary cells (Fig. 60). Although expression of ~75~“~~ has not 
been previously described in the anterior pituitary, pancreatic 
islet cells respond to NGF by extending neurite-like processes 
(Polak et al., 1993) and express ~75~“~” (Scharfmann et al., 
1994a,b). It is currently unclear which of the pancreatic islet cell 
and anterior pituitary cell subpopulations express our transgenes. 
No differences were noted between the expression patterns of 
the 8.4MNRlucZ and 470MNRlucZ transgenes, again indicating 
that the relevant regulatory elements are within the first 470 bp 
of 5’ flanking sequence. 

Trurwgene expression in oxotomized peripherul nerve 
Surgical axotomy of peripheral nerves such as the sciatic has 
been found to result in a 50-fold increase in ~75~“‘” mRNA by 
7 d postaxotomy due to increased synthesis of this transcript by 
Schwann cells distal to the site of injury (Taniuchi et al., 1986, 
1988; Heumann et al., 1987). Axotomy of the sciatic nerve has 
also been found to result in the reexpression of ~75”“‘-~ by the 
spinal cord motoneurons contributing fibers to the sciatic nerve 
(Ernfors et al., 1989). To determine whether the 8.4MNRlacZ 
transgene was similarly responsive to PNS injury, unilateral sci- 
atic axotomies were performed on male hemizygous mice from 
both of the 8.4MNRIucZ lines and transgene expression was 
examined I, 3, 7, and IO d postaxotomy. Serial sections through 
segments of nerve proximal and distal to the transection site as 
well as the contralateral nontransected nerve were examined. 
Transgene expression was undetectable in nontransected sciatic 
nerve (Fig. 7A). By 3-7 d postaxotomy, 1acZ activity had be- 
come detectable in clusters of spindle-shaped cells (presumably 
perineural cells or tibroblasts) adjacent to the site of axotomy in 
both the proximal and distal nerve segments (Fig. 7B). Unex- 
pectedly, however, /acZ expression was undetectable in 
Schwann cells throughout the nerve segment distal to the site of 
axotomy (Fig. 7C). In addition, no expression was identified in 
either the L4 and L5 DRG or lumbar motoneurons in these ax- 
otomized mice (data not shown). The ~75~‘;‘.~ gene is also 
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A. 

-473 GATATCCCAA ATTATGATAT TGGGATAGAT TTCACCTTGA AGGCCCCAAG GA?cATATCC CTCCACAAGT TGGAACAGAG 

-393 AGAGAATGGA ATAAGGTGTG TATCCAACCA TAAAAGGAGG GCAGCCTCAT TTTCGGAATA AGGGCTAGGT AGGCAATTAG 

-313 GCTAAAGATG TTTAAGAGAG TTAACCCCGA G~TC ATCAGTAGGA GAGCAATGGC CCCCGTTGGA TCCGAA&T 

-233 ~ATGCTCA GCATAACCGG AGTCCCTGGG TACGTGGGGC AGCCCACTGA GAAGCCACAG CGGCACACGG GTCGGTCTCC 
JP1 

-153 TCTGACGgx CACTlGACTG CTCTGGACTC CCCACCCTAG =CGGGC GGGCGGTTCC GGAGGU-KX GGGGGGGGGG 

BY, SPI SSl +1+ 
-73 GAGTTGGGCG GGCTGGGCGG GGACGAGGCG GCGCI’GCTGC ATTGCC- CCCAGCTGCT CCCGCCCGCX AGCAGCCAC/( 

*I3 CCCA(;TGGAG CcTCCGCCAG CTCCGGCGGG CAGCGGGCGC TGGAGCGCAG CGCAGCGCAG CTCAGCTCAG CGCGC 

B. 

MOZSE ATTTTCGGAA TAAGGGCTAG GTAGG----- -------m-C AATTAGGCTA AAGATG---- TTTAAGAGAG TTAACCCCGA 

HSTMAN -AGTTAGGGA GCAAGGCTCC AGGGAGAA-- -GGTGA-AGC C-AGAGGCGG AGGAAGATGG GTTAAGAWG TGA/LCC(TrGT 

RAT AT'?' ITCGGAA TAAGGGCTAG GTAGGGAACT AGGAATCAAC CGAGAGGCTG AAGAAGGCGT TTAAAGAWG TGAACCCCTA 

MO"SE GGCAGGCTTC ATCAGTAGGA GAGCAATGGC C--------- ---CCCGT-- -TGGATCCG AAGC.‘WC- TTATGCT 

H~JMAN GGCGGGCCGC AGCCGGAGAG GAACAGGAAC CGCAGTGGGG A~GCCCTGGT CCCGGG~~CA CAGC~TCCGG GACGG*CGCG 

RAT GGGlGGCCTC ATCAGTAGGA GAGCAGTGGC C--------- ---CCCTG-- -CTGGATCCG CII&&WLXGG GACTGATGCT 

P.,c,~,sE CZGCAT--AA CC------GG AGTCC----- CTGGGTACGT GGGGCRGCCC ACTGAGAAGC CACAGCGG-- CACACGG--G 
~-mm CAGTAGCGGG CCGGGRACTG GGTACCAGGG CGGGATGGG* m.c2*-~~cx mwxG*cm ~cxmxx*GA *cxxc*GcGG 
RAT CGGCAT--AA CC------CGC GGTGC----A CTGGGTATGT GGGACAGCCC ACAGAGAAGC CGCAGCGGGG CACACGG--G 

SP1 
MOUSP TCGGTCTCCT CT-GACGCCT CACnGACTG CTCTGGACTC CCCACCCTAG GCAGCCGGGC GGGCGGT--T CCGGAGGGTT 

HUMAN TGCGGGGAAC CGACGC-CCT CCCrPTGCCT CTGCTTCCCA CCCCG- -AG GCGGCAGGGC GGGCGGG- -CG- -CGGll 

RAT TGCGGCTCCT CG-CACGCCT CACTIGGCTG CTCCGGACTC CACAC- -AG G~3-c GGGCGCGGTT CCGGAC!XZI 
51: SP1 SP1 

MOUSE CGCGGCGGGG GGGAGTTGGG CGGGCTGGGC GGGGAGGAGG CGGGGCKCT GCATTGCCTI CMXXAGCTG CTCCCGCCCG 
HW CCGGGGG-.. ..~~.. 'TGGG CGGGCTGGGC GGGAcGGAGG CGGGGCCGCA GCACTGGCTT CACCCAGCCT CKCCGCCCG 

RAT GGGGGGGGGG GT-AGT.XGG CGGGCTGGGC GGGGAGGAGG CGGGGCKXT GCATTGCCTT CACCCAGC=G CTCCCCCCCG 
+1-P 

IY;OUSE CTAGCA~~~ GAGCGAGTGG -AGCCTCCGC ~AGCTCCGGC GGGCAGCGGG CGCTGG*GCG CAGCGCAGCG CAGCTC*GC* 
HUMAN ..mmaGcc~ GAGC(;AG..- . . . . ..~~-. ---..CCGAc ~.....~... -......_.. . ..CGCGG-. ~...-..... 

RAT CCCGCACCC.4 GAGCGAGTGG TAGCCTCCGC CAGCTCCGGC GGGCAGCAGG CGCTGGAGCG CATCGCAGTT CAGCTCAGCG 

FiLq~tre 8. Phylogenetic footprinting 
of the p7!1~(;‘~ promoter. A, Sequence 
of the 5’ flanking sequence and portion 
of mRNA 5’ untranslated region in the 
47OMNRltrc.Z transgene. The transcrip- 
tion initiation site (+I) is indicated by 
an orrow and is assigned based on Patil 
et al. (1990). The elements conserved 
in the promoters of all three mamma- 
lian ~75~“’ K genes are represented in 
urderlinrcl holtl ittrlics. SP I consensus 
sequences (GGGCGG) are as indicat- 
ed. H. Alignment of the mouse, rat, and 
human ~75~“” K promoters. Transcrip- 
tion initiation sites (+I) are indicated 
by an arrow. Elements conserved 
among all three species are represented 
in untlrrlinetl hold italic~s. SP I consen- 
sus sequences are as indicated. 

known to be expressed at high levels in Schwann cells during 
the first 3 postnatal weeks (Heumann et al., 1987). At postnatal 
day 8, however, we found only very rare &Z-positive cells in 
the sciatic nerve (Fig. 70). We conclude that our transgenes lack 
at least some elements required for appropriate postaxotomy and 
developmental regulation in Schwann ceils. 

Cornprison of 5’ jlunking seyurnce.s ,from the mouse, human, 
and chicken pwes 

Having established that the promoter contained within the 
47OMNRlacZ transgene was sufficient for expression in the 
CNS, retina, adrenal medulla, and myenteric neurons, we wished 
to identify candidate cis-acting regulatory elements within this 
DNA fragment. As an initial step, the sequence of this fragment 
was determined. The sequence of the 82 nucleotides encoding a 
portion of the mRNA 5’ untranslated region and 470 bp of 5’ 
flanking seyuence from this transgene is shown in Figure 8A. 
The promoter of the mouse ~75”“~~ gene is highly G+C rich 
(77% over the first I 1.5 bp; see below) and, like its human coun- 
terpart (Sehgal et al., 198X), has neither TATA or CCAAT con- 
sensus sequences (Fig. 8A). However, as is true for many genes 
that lack CCAAT and TATA boxes, several GGGCGG elements 
representing potential binding sites for the transcription factor 
SPI (Dynan and Tjian, 1983; Dynan et al., 19X6) are found 
within the first I I5 bp of 5’ flanking sequence. 

As a means of identifying additional regulatory elements 
within the mouse promoter, the sequence of 957 nucleotides of 

5’ flanking sequence from the human ~75~“~” gene was deter- 
mined (see Materials and Methods and Fig. 8 legend for further 
details). These promoter sequences as well as the published se- 
quence of the rat promoter (Metsis et al., 1992) were compared 
using both alignment (Cot-pet, 1988) and dot plot homology pro- 
grams (PUSTELL matrix comparison, Intelligenetics) to produce 
a “phylogenetic footprint,” a useful aid for the identification of 
potential regulatory elements. The greatest degree of homology 
was found between the mouse and rat ~75”‘;‘-~ promoters (83% 
sequence identity over the 470 nucleotides of the mouse pro- 
moter), as would be expected from the relatively smaller evo- 
lutionary distance separating these species. Alignment with the 
more distantly related human promoter, however, eliminated 
many of the sequences conserved between rat and mouse as 
candidate regulatory elements. Ten elements of at least 6 bp 
length were conserved among all three species (Fig. 8B). The 
majority of the conserved elements, including four consensus 
SPI binding sites, were contained within the first I 15 bp of the 
promoters. A second cluster of homology was identified, how- 
ever, approximately 300 bp 5’ of the transcription initiation site. 

Discussion 

In an effort to define the molecular mechanisms responsible for 
genetic regulation during the development and regeneration of 
the nervous system, we and others have begun to characterize 
the &s-acting regulatory elements of the low-affinity NGF re- 
ceptor locus, a model gene that may be of critical importance in 
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these processes. Initial descriptions of the transcriptional regu- 
lation of this gene were enigmatic, as up to 3 kb of 5 flanking 
sequence from the human gene demonstrated only constitutive 
activity in cultured cells (Sehgal et al., 1988) observations that 
were at variance with the exquisite cell-type specificity of the 
intact gene. It was subsequently found that a cosmid with 8 kb 
of 5’ flanking sequence, the entire human gene, and 7.5 kb of 
3’ flanking sequence precisely mimicked expression of the en- 
dogenous gene, including expression in sensory and sympathetic 
ganglia and following sciatic axotomy (Patil et al., 1990). We 
therefore hypothesized that additional regulatory elements nec- 
essary for appropriate expression are located between 3 and 8 
kb upstream of the human transcription start site. After extensive 
analysis of comparable regions of the mouse ~75~“~~ promoter 
in a variety of cell lines, however, we found no evidence for 
cell-type specificity conferred by these additional sequences. We 
also cloned internal fragments of the ~75~“~~ gene (beginning 
in intron I and proceeding systematically through the entire gene 
to a point 4.5 kb 3’ of the gene) upstream of the 5’ flanking 
sequence in a 470MNRluciferase reporter in order to identify 
internal enhancers or silencers. Screening of these regions for 
enhancers or silencers functional in JS I schwannoma, PC12 
pheochromocytoma, or NIH3T3 fibroblasts was similarily un- 
successful (data not shown). 

It has been noted that constructs inappropriately expressed in 
cell lines may be more properly regulated in transgenic mice 
(Dente et al., 1988; Zimmerman et al., 1990). We therefore de- 
signed two transgenes-one with an extensive (8.4 kb) portion 
of 5’ flanking sequence, the other with a presumably minimal 
promoter (470 bp)-and introduced them into the germline of 
mice. Despite the apparent constitutive nature of the ~75~“~~ 
promoter in cultured cells, we found that these sequences dem- 
onstrated a high degree of cell-type specificity in five lines of 
transgenic mice. The CNS was the most prominent site of trans- 
gene expression. With some minor exceptions, expression of the 
8.4MNRlacZ transgene was confined to neurons in specific 
structures in the brain previously found to express ~75~“~~ in- 
cluding the basal forebrain, specific hypothalamic nuclei, the 
olfactory system, and cerebellum. Occasional structures not pre- 
viously known to express ~75~‘;‘~ (e.g., lateral septal nuclei: 
Pioro and Cuello, 1990a) were found to express the 
8.4MNRlacZ transgene. As these structures were consistently 
positive in multiple transgenic lines, it seems this discrepancy is 
not a result of integration site effects; instead, it may be due to 
the increased sensitivity of the 1acZ reporter or a requirement 
for restrictive transcriptional elements not present in the tested 
portion of 5’ flanking sequence. Transcription of the 
470MNRlacZ construct was also confined to subpopulations of 
ependymal cells and neurons. The pattern of expression of this 
transgene differed from that of the 8.4MNRlucZ transgene, how- 
ever, in that expression in the basal forebrain was lost. In ad- 
dition, IucZ activity was much more prominent in several struc- 
tures (e.g., neocortex, hippocampus) not normally expressing 
p75 r\i(;FK; it is not clear whether this latter finding is truly aberrant 
expression or is merely the result of the generally higher levels 
of activity of the 470MNRlacZ transgene. These findings indi- 
cate that the lirst 470 nucleotides of 5’ flanking sequence from 
the mouse ~75~“~~ gene contains regulatory elements capable of 
directing transcription in the brain as well as in the neural retina 
and several non-neural tissues. At least in the case of the basal 
forebrain, additional regulatory elements farther upstream are 
apparently necessary. 

In contrast to the results obtained in the CNS, only minimal 
transgene activity was detected in several sensory (dorsal root) 
and sympathetic (coeliac, superior mesenteric, superior cervical) 
ganglia of neural crest origin that are classic sites of ~75~“~~ 
expression. There was not, however, a general absence of trans- 
gene expression in the PNS as prominent 1acZ activity was de- 
tected in the chromaffin cells of the adrenal medulla and myen- 
teric neurons. Regulation of our transgenes was apparently also 
aberrant in some peripheral neurons of non-neural crest origin 
as ZacZ expression was not found in the trigeminal ganglion 
(dual neural crest and placodal origin) or in the nodose ganglion 
(placodal origin). For reasons currently unclear, it seems that the 

P75 N~;PR locus is regulated differently in the adrenal medulla and 
myenteric neurons than in other PNS neurons and raises the 
question of whether the elements required for expression in these 
neurons may be similar, if not identical, to those utilized by CNS 
neurons. This further implies that different classes of PNS neu- 
rons regulate the expression of the ~75~“~~ gene through distinct 
sets of regulatory elements. 

Regulation of the 8.4MNRlacZ and 470MNRlucZ transgenes 
was aberrant in non-neural cells of the PNS as well. Surgical 
transection of the sciatic nerve results in a 50-fold elevation in 

P75 N(;FR mRNA in Schwann cells throughout the nerve segment 
distal to the site of axotomy by 7 d postlesioning (Taniuchi et 
al., 1986, 1988; Heumann et al., 1987). Although the temporal 
course of activation of our transgenes was virtually identical to 
that of the endogenous gene, 1acZ activity was confined to a 
population of spindle-shaped cells at the site of injury. It is cur- 
rently unclear whether this expression is in a population of cells 
found only at the site of injury (e.g., perineurial cells prolifer- 
ating at the site of injury) or whether cells immediately adjacent 
to the zone of injury are subject to regulatory influences not 
found throughout the distal nerve segment (e.g., diffusable fac- 
tors). In either instance, it seems likely that appropriate respon- 
siveness to injury requires additional regulatory elements not 
present in these transgenes. 

We have shown that elements contained within the 5’ flanking 
sequence from the mouse ~75~“~~ gene, although capable of di- 
recting spatially appropriate expression in the CNS and non- 
neural tissues, do not appear to direct expression to appropriate 
sites in the PNS or to respond as expected to sciatic axotomy. 
If  the regulatory elements of the human and mouse ~75~“~~ 
genes are similarly positioned, then the 8.4 kb of 5’ flanking 
sequence from the mouse gene should have been functionally 
equivalent to the sequences from the human ~75~~~~ cosmid 
previously found to be appropriately regulated in transgenic 
mice (Patil et al., 1990). Our findings suggest that additional 
regulatory elements are embedded within the body of the gene 
or in the 3’ flanking sequences. In this regard, our results are 
reminiscent of the recent report that basal and injury-responsive 
transcription of the peripherin gene is dependent upon intragenic 
elements (Belecky-Adams et al., 1991). An alternative possibil- 
ity that must be considered, however, is that regulation of the 

P75N”FR locus is not purely transcriptional and may involve post- 
transcriptional regulatory mechanisms such as mRNA stabili- 
zation. We have, in fact, identified several regions of unusually 
strong conservation in the untranslated regions of these mRNAs 
that may function as regulatory elements (data not shown). 

In summary, we have demonstrated the ability of the mouse 

P75 NGFR promoter to direct expression of the bacterial IacZ gene 
to appropriate neuronal subpopulations in the CNS. Our findings 
indicate that regulation of this locus in sensory and sympathetic 



The Journal of Neuroscience, May 1995, 1~75) 3355 

neurons in the PNS is accomplished through the utilization of 
regulatory elements at least partially distinct from those respon- 
sible for CNS transcriptional control. Although the identification 
of these PNS regulatory elements is likely to be technically chal- 
lenging due to the large size of the murine p7SNGFR gene (35- 
40 kb), their characterization is of strong interest due to the light 
this may shed on how distinct neuronal populations differentially 
regulate the same gene. It is additionally possible that the vari- 
ous populations of CNS neurons expressing the 8.4MNRlacZ 
transgene may utilize different subsets of regulatory elements 
contained within this 8.4 kb of 5’ flanking sequence. Our iden- 
tification of candidate regulatory elements within this region 
should be valuable in the identification of transcription factors 
binding to these sequences and a comparison of differential tran- 
scription factor expression in distinct neuronal populations. 
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