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We have previously demonstrated that one member of the
a-tubulin
multigene
family, termed Tori in rats, is regulated
as a function of neuronal growth and regeneration.
To elucidate the molecular
mechanisms
responsible
for coupling
gene expression
to morphological
differentiation,
we have
isolated the Tal gene, have fused 1 .l kb of the 5’ flanking
region to a nuclear IacZ reporter gene, and have generated
transgenic
mice. Analysis
of these transgenic
mice demonstrated
that marker gene expression
was specific to the
CNS and PNS, with expression
in vivo at embryonic day 13.5
being similar to expression
of the endogenous
gene. Moreover, the induction
of transgene
expression
was correlated
temporally
with neuronal
commitment
in developing
neural
crest-derived
peripheral
neurons and in the developing
retina. lmmunocytochemical
analysis of mixed primary embryonic brain cultures confirmed that transgene
expression
was
specific to neurons, with the majority of neurons, but not
astrocytes
or oligodendrocytes,
expressing
B-galactosidase. Transgene
expression
in viva was maintained
in developing neurons until early in postnatal life, subsequent
to
which its expression
decreased
coincident
with neuronal
maturation.
The transgene
was then reinduced
in regenerating facial motoneurons
following
unilateral axotomy of the
facial nerve. Thus, 1.1 kb of 5’ flanking sequence
from the
Tal gene contains the sequence
elements responsible
for
specifying
gene expression
to embryonic
neurons and for
subsequently
regulating
gene expression
in both developing
and mature neurons as a function of morphological
growth.
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Microtubules, which are assembledfrom LY-and P-tubulins,
comprisethe major cytoskeletal component of growing neurites
(Daniels, 1972). In mammals, at least six different ol-tubulin
genes(Villasante et al., 1986) and five different P-tubulin genes
(Wang et al., 1986) are expressedin neural and non-neural tissuesat various times during development. We have previously
demonstrated that, of two ol-tubulin genesknown to be expressedin the embryonic nervous systemof the rat, one, termed
Tot1, is abundantly expressedin developing neuronsduring morphological growth, while a second,termed T26, is constitutively
expressedin neuronsand non-neuronal cells(Miller et al., 1987).
Moreover, it is likely that the Tal isotype is incorporated in
the majority of neuronalmicrotubulesduring development,since
Tori mRNA comprisesl-2% of the total mRNA, and >95% of
the total a-tubulin mRNA in the embryonic nervous system.
Expression of Tal or-tubulin mRNA is also correlated with
the growth of mature neurons. Following axotomy of motor
(Miller et al., 1989) and sympathetic (Mathew and Miller, 1990)
neurons, Tc~l mRNA increasesrapidly, and then decreasesto
control levels following target reinnervation. If regenerationis
unsuccessful(Miller et al., 1989) aswith CNS neurons(Tetzlaff
et al., 199l), Tal mRNA levelsremain elevated. Theseincreases
appear to be due, to a great extent, to loss of repressivehomeostatic signalsarising from the nonterminal axon (Mathew
and Miller, 1993; Wu et al., 1993). Tal a-tubulin mRNA levels
are also increasedduring collateral sprouting of adult sympathetic neurons (Mathew and Miller, 1990), presumably in responseto increasedtarget-derived NGF, sinceexogenousNGF
can increaseTal cY-tubulinmRNA levels in theseneuronsboth
in viva (Mathew and Miller, 1990; Miller et al., 1994) and in
culture (Ma et al., 1992). Thus, expressionof T&l mRNA is
high during developmental growth, is downregulatedasa function of neuronal maturation, and is then increasedin response
to extrinsic cuesthat regulate the growth of mature neurons.
The functional role of these high levels of expressionof one
particular cu-tubulin isotype during neuronal growth remains
speculative. The rat T~vl mRNA is homologousto the human
bal, and mouseMa1 mRNAs (Lemischkaet al., 1981; Cowan
et A, 1983,-tiH2 et&g 1933 l,%??&H.?tkm;
(Ginzburget al., 1986)is homologousto the humankal (Cowan
et al., 1983), and mouseMa2 (Lewis et al., 1985)mRNAs. The
Tallbal/Mal
oc-tubulinisotype differs from the T26/kal/Ma2
isotype by virtue of a single amino acid difference (glycine to
serine)at residue 232. We have therefore previously speculated
that Tot1 and T26 mRNAs encodefunctionally equivalent nro-
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teins, but that the Tal gene itself is specialized to produce a
large pool of a-tubulin
monomers when this is in high demand
for neurite extension.
To define the molecular genetic mechanisms responsible for
coupling gene expression to neuronal growth, we have isolated
the putative promoter region of the Tal gene, and in this article
we report that 1.1 kb of this promoter region is sufficient to
regulate gene expression as a function of the growth of developing and regenerating neurons in transgenic mice.

Materials and Methods
Library screening. A Wistar rat X-DASH genomic library purchased
from Stratagene was plated on a lawn of Escherichia coli strain LE392.
Plaque lifts-were mahe onto nitrocellulose filters, which were probed
with the end-labeled olieomers S-GGCAGGTTCTCTTACATCGA.
and
S’CTCTGGGCAGACGGAGGGGT,
which were derived from the 5’
untranslated region and the immediately 5’ upstream flanking region of
the previously published sequence of the Tar 1 ol-tubulin gene (Lemischka
and Sharp, 1982). Two identical lambda clones were identified.
Construction of the pToll:nlacZ transgene and transgenic mice. A 1.9
kb PstI fragment containing 1.6 kb of 5’ genomic flanking sequences,
the region corresponding to the 5’ untranslated sequences, the translation start site (exon l), and 200 nucleotides of intervening sequences
(intron 2) was subcloned into the PstI site of pGEM-4Z. An SstI/NcoI
partial digestion product that contained 1028 nucleotides of 5’ flanking
sequence, the 5’ untranslated region (99 nucleotides), and the ATG
translational start site was isolated. We then cut the plasmid pMaori3
with SstI and NcoI (which cuts at the translational start site of the nlacZ
gene in this plasmid), and ligated in the Tal SstI/NcoI fragment, thereby
replacing the CMV promoter with the T~vl 5’ flanking region. pMaori3,
which is a derivative of pnlacF (Mercer et al., 199 l), was kindly provided
by Dr. Eric Mercer. This plasmid contains a CMV promoter linked to
a 1acZ gene that has had a nuclear translocation signal (Landford et al.,
1988) inserted in frame with the 1acZ coding sequence to encode a
nuclear-targeted version of E. coli P-galactosidase. pMaori3 also includes, downstream to the 1acZ gene, the murine protamine-1 gene
(Peschon et al., 1987) from +95 relative to the transcription start site
to +625, which provides an intron and a polyadenylation signal. The
Tal :nlacZ transgene was then excised from this plasmid using Sal1 and
EcoRI, and subcloned into the same two sites in the pUC 19 polylinker.
The transgene fragment was isolated free of vector sequences from this
plasmid by digestion with Hind111 and XbaI. Sequencing of the Tal
promoter fragment was performed using the Sanger dideoxy method
(Sanger et al., 1977), thereby obtaining completely overlapping sequence
information in both directions.
Transgenic mice were generated by the Networks of Centers of Excellence for Neural Regeneration and Recovery transgenic core facility.
Presence of the transgene was identified by tail blots. Animals from
eight Tel 1:nlacZ lines were identified, five of which showed expression.
Animals and surgical procedures. For developmental studies, transgenie CD1 mice were bred, and the morning of the plug was counted
as day 0.5. Whole embryos were fixed and stained as described below.
For regeneration studies, adult male or female transgenic mice were
anesthetized with sodium pentobarbital(35 mg’kg), and the main branch
ofthe facial nerve was transected or crushed as it exited the stylomastoid
foramen, taking care not to injure the adjacent blood vessels. Five days
following axotomy, animals were anesthetized with sodium pentobarbital and transcardially perfused with 4% paraformaldehyde. The mouse
brains were then dissected, and sliced into sections 1-2 mm thick prior
to X-gal staining. In total, nine animals were examined, with five undergoing a unilateral transection, and four undergoing a unilateral crush.
No difference in response was noted between male and female mice.
LacZ staining technique. Embryos and brains were prepared for E.
co/i @-galactosidase staining by fixing for 60 min at 4°C in fresh 4%
paraformaldehyde, 0.1 M NaH,PO, (pH 7.3). They were then rinsed
three times, for 30 min each, with a wash containing 0.1 M NaH,PO,
(pH 7.3), 2 mM MgCl,, 0.01% sodium deoxycholate, and 0.02% NP40. The staining reaction was performed by incubating the tissue at 37°C
in a reaction mix containing all the components of the rinse buffer with
the addition of 1 mg/ml X-gal, 5 mM K,Fe(CN),, and 5 mM &Fe(CN),
(at pH 7.3-7.6). For the 454 line, staining was done for 12-24 hr, and
for the K6 line, for 3-5 hr. For embryos, a postfixation was performed
for 24-48 hr in 4% paraformaldehyde. Brain slices were instead left in

rinse buffer for a similar time period. Embryos and brain slices to be
used for sectioning were cryoprotected in graded sucrose solutions, as
we have previously described (Miller et al., 1987), and sectioned on the
cryostat.
Western blot analysis. Frozen tissues were crushed and homogenized
in lysis buffer (20 mM Tris, 1% T&on-X,
5 mM EDTA, 100 mM PMSF,
1: 1000 leupeptin, 1: 1000 aprotinin) by passing the homogenate through
a 22 gauge needle. Protein concentrations were determined using a
bicinchoninic acid protein assay (Sigma). Proteins were separated on
an 8% SDS polyacrylamide gel. The gel was rinsed in Towbin buffer,
and the proteins transferred to nitrocellulose using a Hoefer semidry
transfer unit. The nitrocellulose was blocked for 1 hr with 5% dried
milk in PBS with 0.3% Tween, washed three times in PBS with 0.1%
Tween, and incubated with 1:5000 rabbit anti-p-galactosidase for 1 hr
(Caupel, Durham. NC). The filters were subseauentlv washed three
times with PBS plus 0. i% Tween, and incubated \;ith a-l:5000 dilution
of peroxidase-conjugated goat anti-rabbit antibody for 1 hr (Jackson
Labs). The ECL system was used to visualize reactive proteins (Amersham).
In situ hybridization. In situ hybridization on El6 rat embryos was
performed as we have previously described (Miller et al., 1987). Briefly,
embryos were isolated, immersion fixed in 4% parafonnaldehyde overnight, cryoprotected through graded sucrose solutions (12%, 16% and
18%), frozen, and sectioned onto chrom-alum-subbed
slides. Antisense
35S-RNA probes specific for Ta 1 or-tubulin mRNA were generated and
hybridized to these sections as described (Miller et al., 1987, 1989).
Slides were then dipped in Kodak NTB-3 emulsion, exposed for 5-10
d, developed, and analyzed using dark-field microscopy.
Primary neuronal cultures. Whole brains from El4 Tal cu-tubulin
CD 1 transgenic mice (bred and maintained by the transgenic facility at
the Universitv of Alberta) were stored ovemiaht in 30 mM KCl. 5 mM
glucose, 0.24-rn~ MgCl,; 10 mM NaH,PO,, 3 mM Na,HPO,, i0 mM
lactic acid, and 140 mM sorbitol, and then were mechanically dissociated
with a fire-polished Pasteur pipette in serum-free medium composed
of 1: 1 mixture of Dulbecco’s modified Eagle’s medium (DMEM) and
F-12 nutrient (GIBCO), including glucose (0.6Oh), glutamine (2 mr&
sodium bicarbonate (3 mM). HEPES buffer (5 rnr+i) (all from Sigma
except glutamine, frod GIBCO), and a definei hormbne mixture. cells
(0.5 x 106/ml) were plated on poly-L-omithine-coated
(15 pg/ml; Sigma)
glass coverslips in 24-well Nunclon (1 .O ml/well) culture dishes.
Antibodies. Rabbit anti-human @-galactosidase serum @-gal; used at
1:500 for immunocytochemistry and 1:5000 for Western blot analysis)
was purchased from Cappel. Alternatively, a mouse monoclonal anti/3-galactosidase serum (the kind gift of Dr. Alan Peterson, and the Hybridoma Core Facility of the NCE for Neural Regeneration and Recovery, both of McGill University) was used for some studies. Rabbit
anti-human neuron-specific enolase serum (NSE, used at 1:2000) was
purchased from Polysciences. Mouse monoclonal antibody to human
glial fibrillary acidic protein (GFAP; used at 1: 100) was purchased from
Boehringer Mannheim. Rabbit antiserum to human galactocerebroside
(GC, used at 1:200) was purchased from Chemicon. Fluorescein- or
rhodamine-conjugated
affinipure goat antibodies to mouse or rabbit
IgGs were obtained from Jackson.
Zmmunocytochemistry and qua&cation.
Indirect immunocytochemistry was carried out on cells that were cultured for 1, 2, 3, 6, and
8 d in vitro (DIV) on glass coverslips. All coverslips were fixed with 4%
paraformaldehyde for 30 min followed by three (10 min each) washes
in phosphate buffered saline (PBS). The cells were then permeabilized
with 0.1% T&on-X in PBS for 5 min followed bv three (10 min each)
washes in PBS. For dual-labeling ex‘periments thk prim&y antibodies
were added together. Following the PBS rinse the coverslips were incubated in the primary antibodies in PBS/IO% normal goal serum for
2 hr at 37°C. Coverslips were rinsed three times (10 min each) in PBS
and incubated in secondary antibodies ( 1: 100 for lluorescein-conjugated
antibodies and 1:200 for rhodamine-coniuaated
antibodies) in PBS for
30 min at 37°C. Coverslips were then washed three times (lb min each)
in PBS, and then rinsed in water, placed on glass slides, and coverslipped
with Fluorsave as the mounting medium. Fluorescence was detected
and photographed with a Zeiss photomicroscope.
To determine the percentage of cells that were dual labeled with
B-galactosidase and NSE. GFAP. or GC. the cells that were immunopositive for P-gal were cdunted t&t, and’then the fluorescent filter was
changed to count the cells within that population that were positive for
a phenotype marker. The count was random across four or five fields
on each coverslip and carried out with a Zeiss photomicroscope. In each
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Figure I. Sequence
of the Tal a-tubnlingene5’ flankingregionusedin the Tal:nlacZ transgenicmice.The transcriptionalstartsiteis indicated
by an arrow; the 5’ untranslatedregionof the mRNA is indicatedwith 5’ UT, and the initiator ATG is underlined. ZVSZ indicatesthe start of
intron 1. Consensus
sequence
elementsare underlined andidentifiedabove the element.In the caseof overlappingelements,
the secondelement
is in boldface, with identificationunderthe element.In onecasewherethreeelementsoverlapped(-664), the y-interferonresponse
elementis
italicized. ERE, estrogen
response
element;VGFIPERZPHERZN, sequence
that is homologous
betweenthe Tal promoterandthesetwo nervous
system-specific
genes;GAMMA-IRE,
y-interferonresponse
element;E-BOX, bHLH consensus
sequence;
RARE, retinoicacid response
element;
HOMEODOMAZN,
tandemconsensus
motifsfor Drosophila antennapedia,
fnshitarazu,andultmbithoraxhomeodomain
proteins;bal, sequence
that is conservedbetweenthe 5’ flankingregionsof the Tal andha1 genes;C/EBP, CCAAT enhancerbindingprotein.NF-ZL6, AP-2, PEA-3,
and TATAA areself-explanatory(seetext).

experiment,at leastthreecoverslipswereexamined,andthiswasdone
in threeindependentcultureexperiments.
Results

Sequence of the Td cy-tubulin gene S/flanking region
The transcriptional start site of the TCX~gene, and the DNA
sequencesimmediately 5’ to the start site have previously been
characterized (Lemischka and Sharp, 1982). To isolate a genomic clone containing further 5’ flanking sequences,oligonucleotideshomologousto the 5’ untranslatedregion ofthe mRNA
and to the region immediately 5’ to the start site were usedto
screena rat genomic library. Two identical lambda cloneswere
identified, and a 1.9kb PstI fragment wassubclonedinto pGEM-

42. This insert contained 1.6 kb of 5’ genomic flanking sequences, the region correspondingto the 5’ untranslated sequencein
the mRNA aswell asthe translation start site (exon l), followed
by 200 nucleotides of intervening sequences(intron 1). This
subclone was used to generate an SstI/NcoI partial digestion
product that contained 1028nucleotidesof 5’ flanking sequence,
the entire 5’ untranslated region (99 nucleotides),and the ATG
translational start site. This fragment was used to construct a
Tal:nlacZ fusion gene(seebelow) for generation of transgenic
mice.
The sequenceof the 5’ flanking region contained in the fusion
geneis shownin Figure 1. As previously reported, this genehas
a consensusTATAA box commencing at -30 relative to the
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Figure 2. P-Galactosidase reporter
gene expression in Ta 1 :nlacZ transgenic mice. a-d, El 3.5 embryos from three
different lines were stained with X-gal
and photographed. a represents the pattern of staining in line K6, which is the
highest-expressing line. b is a dorsal view
ofan E13.5 embryo from line012, with
the arrow denoting the dorsal root ganglia, which stain intensely with X-gal.
c and d are side and frontal views of
El 3.5 and E14.5 embryos, respectively,
from line Q54. The arrow in c indicates
the staining that is observed in the gut
at this age. Note that in all three lines,
expression is detected throughout the
nervous system and in the developing
eye (the CD1 mice are albinos). e, An
El 1.5 embryo from line K6, with the
arrow indicating the developing sympathetic chain. Note that at this age, the
telencephalon is relatively devoid of
transgene expression. f; An E10.5 embryo from line Q54, with the arrow indicating the first positively staining dorsal root ganglia.
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transcriptional start site (Lemischka and Sharp, 1982). Analysis
of this sequence revealed a number of consensus sequence elements that might be important both for developmental regulation and for responses to extrinsic cues.
Immediately upstream of the TATAA box are a retinoic acid
receptor half-site (Schule et al., 1990), one of four such elements
that are located at -41, -496, -618, and -669, and an AP2
site (Mitchell et al., 1987) one of five such elements located at
-54, -214, -260, -291, and -508. Other sites that could
potentially mediate responses to environmental cues include a
PEA-3 site (Wasylyk et al., 1990) at -69, a CCAAT-enhancer
binding protein site (Umek et al., 199 1) at - 143, two imperfect
estrogen response elements (Green et al., 1986) at -676 and
-959, three y-interferon response elements (Yang et al., 1990)
at -392, -468, and -664, and an NF-IL6 consensus element
(Faisst and Meyer, 1992) at -899. These latter two elements
are notable because the Tal cY-tubulin gene is induced following
neuronal injury (Miller et al., 1989; Tetzlaff et al., 1991).
Commencing at -280 is a region of the Tal promoter that
shows high homology to the human bal a-tubulin flanking sequences; of 330 upstream nucleotides from this latter gene that
have been characterized (Hall and Cowan, 1985), this is the only
region of homology. Moreover, embedded within this 19 nucleotide region is a sequence that has been found at approximately the same location in two other neuron-specific, NGFinducible genes, the peripherin (Thompson and Ziff, 1989) and
VGF (Salton et al., 1991) genes. Finally, the region between
-680 and -490 of the promoter contains a number of elements
that are interesting from a developmental perspective. In addition to the aforementioned retinoic acid receptor half-sites
(three of them occur within this region), there are two consensus
E-box binding sites (Weintraub et al., 199 1) for members of the
basic helix-loop-helix (bHLH) family (Murre et al., 1989) at
-53 1 and -633, and two tandem consensus elements from
-57 1 to -541 for the Drosophila homeodomain proteins antennapedia, ultrabithorax, and fushi tarazu (Biggin and Tjian,
1988).
Td:nlacZ transgeneexpressionin the embryonic nervous
system
To determine whether 1.1 kb of 5’ flanking sequencesfrom the
Tal a-tubulin genewas sufficient to direct geneexpressionto
developing neurons, a Tcvl :nlacZ fusion gene was made and
testedin transgenicmice. The 1127nucleotide SstI-NcoI partial
digest fragment (described above) was fused to an NcoI site
located at the ATG translational start site of a modified E. coli
1acZ gene derived from pMaori3. This 1acZgene contains an
SV40 T-antigen nuclear localization signalinserted in front of
the 1acZgene,and has previously been usedin transgenicmice
(Mercer et al., 1991). A DNA fragment containing the Tal:
nlacZ construct free of vector sequenceswas isolated and injected into fertilized mouseeggsto generatetransgenicfounder
animals. Transgenicanimalswere assayedfor nlacZ expression
by incubating tissuesin a staining solution containing X-gal, a
reagent that leadsto deposition of blue crystals in cellswith an
active E. coli /3-galactosidase.
A total of eight lines bearing Toll:nlacZ transgeneswere examined. For all founder lines, embryonic day 13.5 (E13.5) embryos were assessed
by histochemical staining with X-gal. At
this developmental stage, expression of the endogenousTal
geneishighly abundant in the embryonic nervoussystem(Miller
et al., 1987). Bacterial P-galactosidaseactivity was detected in
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Figure 3. Western blot analysis of P-galactosidase protein in equal
amounts of total protein isolated from, 1, control adult CD1 liver; 2,
line K6 adult liver; 3, line K6 adult neocortex; 4, line K6 Pl neocortex;
5, line Q54 adult liver; 6, line Q54 adult neocortex; 7, line Q54 Pl
neocortex; 8, control adult CD1 kidney; and 9, line Q54 adult kidney.
The arrowdenotes the mobility of &galactosidase. Note that only the
cortical samples from lines 454 and K6 contain a @-galactosidaseimmunoreactive band of the appropriate size, although there is a somewhat larger background band that is present in the control (lanes 1 and
8) as well as transgenic (lanes 2 and 9) liver and kidney. Note also that
,&galactosidase levels are higher in the adult than in the newborn cortex
in both lines of transgenic mice.
embryos derived from five of theselines. Levels of expression
of the transgenein thesefive lines did not correlate with transgenecopy number.
In all five positive lines, expressionof the transgenewas detected only within the developing nervous system(Fig. 2) consistent with the nervous system-specificexpressionof the endogenousgene in rat embryos. In four of the five lines, 454,
K6, 012, and 427, expressionof the transgeneat E13.5 was
detected throughout the developing CNS, including the brain,
spinal cord, and retina, and, within the PNS, in sympathetic,
parasympathetic, and sensory ganglia (Fig. 2a-d). In the fifth
line, line Ta! lZ1, expressionof the transgeneat E 13wasdetected
only in a subsetof these sites,including the retina, dorsal root
ganglia, and the developing mesencephalon(data not shown);
thesesitesappearedto be thosewith the highestlevels of staining
in the other lines.
Two ofthe lines,454 and K6, werechosenfor more extensive
analysis. The pattern of expressionof the Ta 1:nlacZ transgene
was similar in embryos derived.from both lines, although the
K6 line expressedhigher levels of the transgene,as indicated
by the rapidity and intensity of staining with X-gal (Fig. 2a,c).
This difference was confirmed by Western blot analysisof the
neonatal cortex, which revealed that line K6 expressedmuch
higher levels of ,&galactosidasethan did line 454 (Fig. 3).
To determine precisely the location of the cellsexpressingthe
transgene, E13.5 embryos from both lines were stained with
X-gal and sectioned.For line Q54, nuclei positive for P-galactosidase were distributed throughout the embryonic nervous
system(Figs.2c, 4). P-Galactosidase-positivecellsweredetected
in the sensoryganglia, including the developing cranial ganglia
(Fig. 4a) and all of the dorsalroot ganglia(Figs. 2c, 4b). Positive
cellsweredistributed throughout the developing autonomic ner-
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vous system, in both sympathetic neurons (Fig. 4c) and parasympathetic neurons of, for example, the gut (Fig. 4d). Within
the CNS, transgene-positive nuclei were detected in the retina,
and throughout the spinal cord, myelencephalon, metencephalon, diencephalon, and the developing olfactory lobes (Fig. 2~).
At this age, some positive nuclei were detected in the developing
neocortex, but 1 d later, at E14.5, numerous positive cells were
detected in the cortical plate region (Fig. 2d). All of these neuronal populations also express the endogenous Ta 1 gene at high
levels in the El6 rat embryo (Miller et al., 1987).
In line K6, where transgene expression is many times higher
than in 454, ,&galactosidase staining was detected throughout
the E13.5 nervous system in a pattern that appeared to be panneuronal (Fig. 2~). However, at this developmental stage, the
P-galactosidase gene product was not limited to nuclei, presumably because of the very high levels of expression, making mapping of positive cells less definitive than in line Q54.
The endogenous Tal a-tubulin gene is expressed at the highest
levels in those locations within the developing nervous system
where neurons are undergoing extensive morphological growth
(Miller et al., 1987). Expression of the transgene was similarly
regulated, as exemplified by its expression in the developing
retina (Fig. 4eJ). At El 6 in the rat, many retinal ganglion cells
have been born, have migrated, and are extending their axons
to form the nascent optic nerve (Horsburgh and Sefton, 1986).
At this developmental stage, the endogenous Tcvl gene is expressed at high levels within the retina and, more specifically,
within the retinal ganglion cell layer, as detected using in situ
hybridization (Fig. 4e). At E13.5 in the mouse, the transgene is
also expressed at the highest levels in the retinal ganglion cell
layer (Fig. 4f). Interestingly, P-galactosidase-positive nuclei were
also noted in the ventricular zone of the developing retina, where
retinal precursor cells are dividing, and in the neuroblast layer,
where neurogenesis is occurring, and through which the newly
committed retinal ganglion cells migrate prior to undergoing
differentiation and axogenesis in the retinal ganglion cell layer
(Sidman, 196 1). These transgene-positive cells might represent
either neuroblasts that are committed to a neuronal fate, but
are still undergoing division or, alternatively, newly postmitotic
neurons prior to their migration from the ventricular zone.
To determine the time of onset of Ta 1:nlacZ expression, embryos from lines K6 and Q54 were examined at earlier time
points. At E10.5 (Fig. 2f), @-galactosidase-positive cells were
detected throughout the developing spinal cord and, in the brain,
in the myelencephalon, metencephalon, and diencephalon. By
El 1.5, the level and location of /3-galactosidase expression in
the developing CNS were similar to that seen in the E13.5
embryo, with the exception that staining was not yet detected
in the retina or in the developing cortical plate (Fig. 2e).
The onset of transgene expression within peripheral ganglia
over this time frame was coincident with, and potentially prior
to, the birth of sensory and sympathetic neurons. In animals
from line Q54, @-galactosidase-positive nuclei were detected in
the region of the coalescing dorsal root ganglia, as soon as the
first ganglia were recognizable at E10.5 (Fig. 2f), a time point
at which the first neural crest-derived sensory neurons are born
(Lawson and Biscoe, 1979). By El 1.5, all of the dorsal root
ganglia stained intensely for /3-galactosidase (Fig. 2e). Similar
early expression of the transgene was observed in the developing
sympathetic chain. In line Q54 at E10.5, P-galactosidase-positive cells were detected around the dorsal aorta at the level of
the superior cervical ganglia, but, at this developmental stage,

no ganglionic organization was yet apparent. By El 1.5, the superior cervical ganglia were readily distinguishable, and contained numerous P-galactosidase-positive
nuclei. Since the first
postmitotic neurons are born at around El 2 in the mouse SCG
(Hall and Landis, 199 l), these correlative data suggest that the
transgene may be induced in sympathoblasts prior to terminal
mitosis.
Expression of the Tal:nlacZ transgene in cultured neurons
and glial cells
To determine the identity of the transgene-positive cells that
were observed in vivo, primary mixed cultures derived from line
K6 were analyzed immunocytochemically.
More specifically,
mixed cultures derived from whole brains of El4 transgenic
embryos were plated onto poly+-omithine-coated
glass coverslips, and were cultured for 1, 2, 3, 6, and 8 d in vitro (DIV).
These cultures were then double labeled with antibodies specific
for P-galactosidase, and for one of three different markers: neuron-specific enolase (NSE) for neurons, glial fibrillary acidic protein (GFAP) for astrocytes, and galactocerebroside (GC) for oligodendrocytes.
To determine the identity of transgene-expressing cells in these
cultures, p-galactosidase-positive
cells were first identified, and
then the filter was changed to determine whether these cells were
positive for a second, cell type-specific marker (Fig. 5). In cultures that were double labeled with GFAP, of 1964 P-galactosidase-positive cells that were counted (ranging from 3 12 to 496
cells at each of 1, 2, 3, 6, and 8 DIV), none were positive for
this astrocytic marker (Fig. 5C.D). Similarly, in cultures ranging
from 1 to 8 DIV that were double labeled with GC, of 576
/3-galactosidase-positive cells that were counted (ranging from
90 to 183 at each time point), none were positive for this oligodendrocyte marker (Fig. 5E.F). Thus, neither astrocytes nor
oligodendrocytes expressed the Tal:nlacZ transgene.
In contrast, at all time points from 1 to 8 DIV, a large percentage of @-galactosidase-positive cells were positive for NSE
(Fig. 5AJ). At 1, 2, 6, and 8 DIV, of 400-600 P-galactosidasepositive cells counted at each time point, 50-60% were NSE
positive. At 3 DIV, the percentage of fl-galactosidase-positive,
NSE-positive cells was somewhat lower, being approximately
3540%. Thus, the Tal:nlacZ transgene was expressed in neurons. This conclusion was confirmed on the basis of morphology
of the P-galactosidase-positive
cells. The identity of the fi-galactosidase-positive
cells that were not NSE-positive is somewhat speculative, since they were not, on the basis of the GFAP
and GC double-label studies, glial cells. Instead, they may represent early postmitotic neurons that have not yet induced NSE
or, in light of the in vivo data, they may represent neuroblasts
that have not yet become postmitotic.
Expression of the Totl:nlacZ transgene during neuronal
maturation and regeneration
These developmental data indicated that the Tal:nlacZ transgene was induced parallel with the neuronal commitment decision, and was then expressed, like the endogenous gene, at the
highest levels in neuronal populations that were undergoing
extensive axonal outgrowth. We have previously demonstrated
that Tcu1 cu-tubulin mRNA levels decrease coincident with neuronal maturation (Miller et al., 1987). To determine whether
the Ta 1 promoter region utilized in the transgene contained the
sequences responsible for this developmental downregulation,
we examined marker gene expression in the brains of mature
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4. Detection of &galactosidase-positive
nucleiin sections
of El 3.5
embryosderivedfrom line 454. a, A
horizontal sectionthrough the developinghead,showingthedevelopingtrigeminalganglion(arrow). b, A sag&al
sectionthroughthe dorsalroot ganglia
(arrow), all of which containpositive
nuclei,althoughthedensityislowerthan
that observedin the superiorcervical
ganglion(c),aswouldbeexpectedif the
positivecellswereneurons.c, A sag&al
sectionthroughthedevelopingsuperior
cervicalganglion(arrow) showingnumerouspositivecells.d, A sagittalsection throughthe developinggut, with
the arrow denotingpositivenucleithat
correspond,
presumably,
to developing
parasympathetic
neurons.e andL A
comparisonof the distributionof the
endogenous
Tal cY-tubulinmRNA in
the developingrat eyeat E16(e)versus
the Tal:nlacZ transgenein line 454
transgenicmice at El35 (fl. e, In a
horizontalsectionof thedeveloping
eye,
Tcvl mRNA levelswerehighestin the
developingretinal ganglioncell layer,
asdetectedusingin situ hybridization
and emulsionautoradiography.Similarly, in horizontalsections
ofthe transgeniemouse
eyeu), positivenucleiwere
primarily localizedto the developing
retinal ganglioncell layer (arrow), but
a significantnumber of fl-galactosidase-positivecellswerealsolocalized
to the ventricularzone(the outermost
layerofthe retina)andto theneuroblast
layer.
Figure

transgenic animals. X-gal staining of 1-mm-thick brain sections
from adult animals of line Q54 (Fig. 6~) revealed that P-galactosidase expression was significantly downregulated relative to
that observed in embryos of the same line (Figs. 2, 4). More
specifically, most neurons in the adult Q54 brain (Fig. 6a), spinal
cord, and peripheral ganglia (data not shown) did not stain with
X-gal, although staining was still detectable in neurons such as
those of the hippocampal formation (Fig. 6a), where the endogenous Tcvl gene is expressed at the highest levels in the adult

brain (W. Colmersand F. Miller, unpublishedobservations). In
contrast, in line K6, where ,8-galactosidaseexpression in the
embryo was many times higher than in line Q54 (Fig. 3) X-gal
staining was still detectable in neurons throughout the adult
nervous system (e.g., seeFig. 6b), in a pattern similar to that
observed for the endogenousgene(data not shown).
To confirm, in a more quantitative fashion, that transgene
expressionwas decreaseddevelopmentally, we comparedp-galactosidaselevels in the neocortex of adult versusnewborn Tcu1:
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Figure 5. Coiocalization of B-galactosidase immunoreactivity with neuronal but not &al cells in primary mixed cultures derived from transgenic
El4 brains of line K6. A and B, A majority of the neuron-specific enolase (NSE)-immunoreactive cells (A) also contained @galactosidase immunoreactivity (B) (arrowheads),
although the occasional NSE-immunoreactive cell was negative for the reporter gene(arrows). C-F, Neither astrocytes,
labeled with GFAP antibody (c), nor oligodendrocytes, labeled with galactocerebroside antibody (E), indicated by the arrows, contained @-galactosidase immunoreactivity (D and F, respectively). Scalebars, 50 pm.

nlacZ mice (Fig. 3). We have previously demonstrated that, in
the rat neocortex, over this same time course, endogenous Tcvl
a-tubulin mRNA levels decrease (Miller et al., 1987). Western
blot analysis revealed that, in lines Q54 and K6, transgene expression was downregulated as the neocortex matured (Fig. 3),
in agreement with the results obtained from X-gal staining of
line Q54. Western blot analysis also confirmed the tissue specificity of transgene expression in the mature animals: detectable
P-galactosidase was present only in the cortex samples, and not
in adult liver and kidney of either line (Fig. 3).
To determine whether the transgene was upregulated in mature neurons following axonal injury, as is the endogenous Ta! 1
mRNA (Miller et al., 1989) we unilaterally crushed or tran-

sected the main branch of the facial nerve in adult animals of
the K6 line. Five days following axotomy, a time point when
the endogenous Tcvl mRNA reaches peak levels (Miller et al.,
1989), facial motoneurons were assayed for marker gene expression by staining with X-gal. This analysis revealed that
staining was detectable in control (Fig. 6b) facial motoneurons,
and that the level of expression was greatly increased in the
axotomized motoneurons (Fig. 6~). Similar results were obtained following nerve crush versus transection, as has been
observed for the endogenous gene (Miller et al., 1989). These
data therefore demonstrate that the axotomy-induced increase
in the Tal gene expression is mediated, at least partially, at the
transcriptional level, and that the elements responsible for this
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Figure 6. Expression of the Ta 1:nlacZ
transgene in mature neurons. u, Sections l-2 mm thick of adult brains derived from line Q54 were stained with
X-gal overnight and photographed.
Note that the majority of the brain was
negative for transgene expression, with
the exception of a number of neuronal
populations where expression of the endogenous Tal mRNA remains high
such as, for example, neurons of the
hippocampus (arrow). b and c, Expression of P-galactosidase, as detected by
X-gal staining and eosin counterstaining, in control (b) and regenerating (c)
facial motor neurons from the same
section 5 d following a unilateral crush
injury to the main branch of the facial
nerve of an adult animal from line K6.
Note that nuclei of the regenerating facial motor neurons (c) are stained significantly more intensely than nuclei
from the control, uninjured motor neurons (b). Scale bar (for b and c), 50 pm.
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transcriptional increase are present within the 1.1 kb of promoter region described here.
Discussion
The endogenous Tcu1 cY-tubulin gene is expressed at high levels
in developing neurons during morphological growth, is downregulated following neuronal maturation, and is then expressed
in mature neurons as a function of extrinsic cues that regulate
growth. In this report, we demonstrate that 1.1 kb of 5’ flanking
region from the Ta 1 gene is sufficient to specify a similar pattern
of gene expression in transgenic mice. More specifically, the
Ta 1:nlacZ transgene described here is induced early during neuronal development, and is then regulated as a function of neuronal growth and regeneration. Thus, although we have not
ascertained whether this promoter fragment contains all of the
DNA sequence elements responsible for regulating relative levels of expression, we can definitively state that it is sufficient to
regulate gene expression in a cell type-specific, temporally appropriate fashion.
Data presented in this report indicate that the Tal:nlacZ
transgene was induced specifically in neurons early during their
development. Although it is difficult to establish definitively a
relationship between transgene expression and the birth of neurons using the approaches we describe here, our data do suggest
that transgene expression is correlated, in at least some neurons,
with terminal mitosis. In the embryonic mouse retina at El 3.5
(the stage that we examined), progenitor cells undergo neurogenesis in the neuroblast layer, and subsequently migrate to the
ventricular zone to undergo mitosis (Sidman, 1961). Some of
these cells migrate back to the neuroblast layer, only to return
to the ventricular zone for subsequent mitoses. Others commit
to a retinal ganglion cell or amacrine cell fate, and migrate
through the neuroblast layer to the retinal ganglion cell layer or
to the immediately adjacent region. In this system, we observed
transgene-positive cells not only in the retinal ganglion cell and
neuroblast layers, but also in the ventricular zone, indicating
that the Tcrl:nlacZ transgene was induced either prior to or
immediately subsequent to terminal mitosis. Similarly, numerous /I-galactosidase-positive
cells were detected in the superior
cervical ganglion at E 11.5, a time point when sympathetic neurons are just starting to be born (Hall and Landis, 1991). Furthermore, at E10.5, when the ganglion itself was not yet anatomically distinct, transgene-expressing
cells, presumably
dividing neuroblasts, were detected in the appropriate region
adjacent to the dorsal aorta. Precedent for expression of neuronal characteristics in dividing sympathoblasts derives from
experiments demonstrating that these cells are catecholaminergic well before they undergo terminal mitosis (Rothman et al.,
1978; 1980).
Our in vitro observations are consistent with these in vivo
observations; in primary mixed cultures derived from the El4
brain, two populations of P-galactosidase-positive
cells were
detected. One population, which comprised approximately 50%
of the total, expressed both P-galactosidase and neuron-specific
enolase and, on the basis of this biochemical marker and their
morphology, presumably represented postmitotic neurons. The
second population of P-galactosidase-positive cells, which comprised the other 50%, expressed none of the cell type-specific
markers that were used in this study and therefore likely represented neuroblasts that were still dividing and/or neurons that
were just postmitotic and that were not yet expressing detectable
levels of neuron-specific enolase.

These studies also indicate that, subsequent to its initial induction, the Tal:nlacZ transgene is regulated as a function of
neuronal growth, as is the endogenous gene (Miller et al., 1987,
1989; Mathew and Miller, 1990). Three observations support
this conclusion. First, at E13.5, the transgene was expressed at
the highest levels in those neuronal populations that were undergoing extensive axogenesis, such as retinal ganglion cells.
Second, transgene expression was downregulated in the developing brain as a function of neuronal maturation. Finally, transgene expression was upregulated in mature, regenerating motor
neurons. Thus, the Tal oc-tubulin promoter does not simply
encode neuronal specificity, but somehow targets high levels of
gene expression to those neurons that are elaborating an extensive axonal or dendritic arbor.
Such specification could be a function of intrinsic and/or extrinsic mechanisms. Thus, the Tal ol-tubulin gene might be
induced to low basal levels in all neurons, but increased levels
of expression might be intrinsically determined either as a function of whether a given neuron will be, for example, a projection
neuron versus an interneuron, or alternatively, as a function of
cytoskeletal status. At the other extreme, the Tal cr-tubulin
promoter might target basal levels of gene expression to all
neurons, with absolute levels of expression being entirely dependent upon extrinsic cues within the environment of the neuron, a possibility suggested by studies demonstrating that this
gene is regulated by growth factors (Mathew and Miller, 1990;
Miller et al., 199 1; Ma et al., 1992). However, perhaps the mosl
plausible explanation invokes both of these mechanisms: neuronal levels of Ta! 1 gene expression may be partially determined
as a function of the morphological phenotype of that particular
neuron, with absolute levels of expression being a function of
extrinsic cues like growth factors and cell-cell contact.
Perhaps one of the most intriguing observations reported here
is that the Tcvl promoter region is capable of upregulating neuronal gene expression in response to axonal injury. Although
the endogenous Tal mRNA is similarly upregulated following
axotomy of peripheral (Miller et al., 1989; Mathew and Miller!
1990) and central (Tetzlaff et al., 199 1) neurons, this is the firs1
evidence that this upregulation is mediated, at least partially,
at the transcriptional level. Although the cellular mechanisms
responsible for such a transcriptional upregulation remain largely speculative, we have performed a number of previous studies
addressing this issue. First, we have demonstrated that the axotomy-induced increase in Tal mRNA in mature sympathetic
neurons was not simply due to loss of target contact, but was
instead a function of the amount of axon that was lost (Mathew
and Miller, 1993). Second, we have demonstrated that local
cooling of the nerve, which selectively blocked fast axonal transport, but did not induce a peripheral nerve axotomy response
(Wu et al., 1994) was sufficient to induce Ta 1 mRNA in motor
neurons (Wu et al., 1993). On the basis ofthese results, we have
hypothesized that induction of the TCX~gene following axonal
injury is due to the loss of ongoing repressive homeostatic signals
that derive from the nonterminal axon. Whether the loss of such
ongoing cellular signals is translated, at the nuclear level, intc
transcriptional induction or derepression remains to be elucidated.
Together, these studies indicate that 1.1 kb of 5’ flanking
sequences from the Ta! 1 cu-tubulin gene is sufficient ( 1) to specify
gene expression to neurons early in their development and (2:
to regulate levels of gene expression as a function of morphological growth. Although the sequence elements responsible foi
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this pattern of gene expression are undefined, sequence analysis
of the promoter region utilized in this transgene revealed the
presence of a number of intriguing motifs. First, this promoter
region contains a large number of sequence elements that mediate responses to extrinsic cues. More specifically, this promoter fragment contains five AP-2 sites (Mitchell et al., 1987)
a PEA-3 site (Wasylyk et al., 1990), two imperfect estrogen
response elements (Green et al., 1986) four retinoic acid halfsites (Schule et al., 1990) an NF-IL6 binding site (Faisst and
Meyer, 1992) and three y-interferon response elements (Yang
et al., 1990). Any of these elements could play an important
role in regulating the Tal gene in response to ongoing environmental cues either during normal development and/or following
injury.
In addition to sequence elements that mediate responses to
the environment, the Tal promoter fragment includes two other
clusters of sequence motifs that are particularly interesting. One
cluster commences at -295 and includes, within 45 nucleotides,
two AP-2 sites and a 19 nucleotide region of homology with
the promoter of the human ba 1 a-tubulin gene (Hall and Cowan,
1985), a region that also bears high homology to a previously
noted sequence element found in the 5’ flanking regions of the
peripherin and VGF genes (Thompson et al., 1992). Interestingly, although the peripherin gene is not expressed in all neurons (as is the Tal gene), it is expressed in a subpopulation of
developing neurons early in embryogenesis, is downregulated
as a function of neuronal maturation, and is subsequently reinduced during neuronal regeneration (Oblinger et al., 1989; Escurat et al., 1990).
The second cluster of consensus elements occurs from -670
to -490 and includes three of the retinoic acid half-sites, two
E-box motifs (consensus elements for members of the bHLH
transcription factors), and two tandem consensus sequence elements for a number of Drosophila
homeodomain proteins,
including antennapedia,ultrabithorax, and fushi tarazu (Biggins
and Tjian, 1988). Each one of these three different classesof
transcription factors have been implicated during development
of the mammalian nervous system (Chisaka et al., 1991;
McGinnis and Krumlauf, 1992; Guillemot et al., 1993; Kaplan
et al., 1993;Kessel,1993;Krumlauf et al., 1993),and this region
may therefore play a role in determining the early developmental pattern of TU 1 cY-tubulingene expression.
In summary, the Tal ol-tubulin promoter describedhere is
sufficient to specify gene expression coincident with commitment to a neuronal phenotype and to regulate levels of gene
expressionas a function of neuronal growth and regeneration.
Although we have, as of yet, no direct information regarding
the sequenceelementsresponsiblefor determining this pattern
of neuronal geneexpression,we feel that this issueis now approachable.
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