The Journal of Neuroscience, December 1994, 14(12): 7319-7330

The Ta1 a-Tubulin Promoter Specifies Gene Expression as a
Function of Neuronal Growth and Regeneration in Transgenic Mice
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We have previously demonstrated that one member of the
a-tubulin multigene family, termed Ta1 in rats, is regulated
as a function of neuronal growth and regeneration. To elu-
cidate the molecular mechanisms responsible for coupling
gene expression to morphological differentiation, we have
isolated the Ta1 gene, have fused 1.1 kb of the 5’ flanking
region to a nuclear lacZ reporter gene, and have generated
transgenic mice. Analysis of these transgenic mice dem-
onstrated 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. More-
over, the induction of transgene expression was correlated
temporally with neuronal commitment in developing neural
crest-derived peripheral neurons and in the developing ret-
ina. Inmunocytochemical analysis of mixed primary embry-
onic brain cultures confirmed that transgene expression was
specific to neurons, with the majority of neurons, but not
astrocytes or oligodendrocytes, expressing g-galactosi-
dase. Transgene expression in vivo was maintained in de-
veloping neurons until early in postnatal life, subsequent to
which its expression decreased coincident with neuronal
maturation. The transgene was then reinduced in regener-
ating facial motoneurons following unilateral axotomy of the
facial nerve. Thus, 1.1 kb of 5’ flanking sequence from the
Ta1 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 assembled from «- and B-tubulins,
comprise the major cytoskeletal component of growing neurites
(Daniels, 1972). In mammals, at least six different a-tubulin
genes (Villasante et al., 1986) and five different 8-tubulin genes
(Wang et al., 1986) are expressed in neural and non-neural tis-
sues at various times during development. We have previously
demonstrated that, of two a-tubulin genes known to be ex-
pressed in the embryonic nervous system of the rat, one, termed
Tal, is abundantly expressed in developing neurons during mor-
phological growth, while a second, termed T26, is constitutively
expressed in neurons and non-neuronal cells (Milleretal., 1987).
Moreover, it is likely that the Tal isotype is incorporated in
the majority of neuronal microtubules during development, since
Tal mRNA comprises 1-2% of the total mRNA, and >95% of
the total a-tubulin mRNA in the embryonic nervous system.
Expression of Tal a-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, Tal mRNA increases rapidly, and then decreases to
control levels following target reinnervation. If regeneration is
unsuccessful (Miller et al., 1989), as with CNS neurons (Tetzlaff
etal.,, 1991), Tal mRNA levels remain elevated. These increases
appear to be due, to a great extent, to loss of repressive ho-
meostatic signals arising from the nonterminal axon (Mathew
and Miller, 1993; Wu et al., 1993). Tal a-tubulin mRNA levels
are also increased during collateral sprouting of adult sympa-
thetic neurons (Mathew and Miller, 1990), presumably in re-
sponse to increased target-derived NGF, since exogenous NGF
can increase Tal a-tubulin mRNA levels in these neurons both
in vivo (Mathew and Miller, 1990; Miller et al., 1994) and in
culture (Ma et al., 1992). Thus, expression of Tal mRNA is
high during developmental growth, is downregulated as a func-
tion of neuronal maturation, and is then increased in response
to extrinsic cues that regulate the growth of mature neurons.
The functional role of these high levels of expression of one
particular a-tubulin isotype during neuronal growth remains
speculative. The rat Tal mRNA is homologous to the human
bal, and mouse Mal mRNAs (Lemischka et al., 1981; Cowan
et 2, 1983 Lewis £t 2l, )983) wheieas Hr iy T AV
(Ginzburget al., 1986) is homologous to the human kal (Cowan
et al., 1983), and mouse Ma2 (Lewis et al., 1985) mRNAs. The
Tal/bal/Mal a-tubulin isotype 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 Tal and T26 mRNAs encode functionally equivalent pro-
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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 devel-
oping and regenerating neurons in transgenic mice.

Materials and Methods

Library screening. A Wistar rat A-DASH genomic library purchased
from Stratagene was plated on a lawn of Escherichia coli strain LE392.
Plaque lifts were made onto nitrocellulose filters, which were probed
with the end-labeled oligomers 5'-GGCAGGTTCTCTTACATCGA, and
5'-CTCTGGGCAGACGGAGGGGT, which were derived from the 5
untranslated region and the immediately 5’ upstream flanking region of
the previously published sequence of the Tal a-tubulin gene (Lemischka
and Sharp, 1982). Two identical lambda clones were identified.

Construction of the pTal:nlacZ transgene and transgenic mice. A 1.9
kb Pstl fragment containing 1.6 kb of 5’ genomic flanking sequences,
the region corresponding to the 5 untranslated sequences, the transla-
tion start site (exon 1), and 200 nucleotides of intervening sequences
(intron 2) was subcloned into the Pstl site of pPGEM-4Z. An SstI/Ncol
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 Sstl and Ncol (which cuts at the translational start site of the nlacZ
gene in this plasmid), and ligated in the Tal Sstl/Ncol fragment, thereby
replacing the CMV promoter with the Tal 5’ flanking region. pMaori3,
which is a derivative of pnlacF (Mercer et al., 1991), was kindly provided
by Dr. Eric Mercer. This plasmid contains a CMV promoter linked to
a lacZ gene that has had a nuclear translocation signal (Landford et al.,
1988) inserted in frame with the lacZ coding sequence to encode a
nuclear-targeted version of E. coli 8-galactosidase. pMaori3 also in-
cludes, downstream to the lacZ 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 vsing Sall and
EcoRI, and subcloned into the same two sites in the pUC19 polylinker.
The transgene fragment was isolated free of vector sequences from this
plasmid by digestion with HindIII and Xbal. 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 Ex-
cellence for Neural Regeneration and Recovery transgenic core facility.
Presence of the transgene was identified by tail blots. Animals from
eight Tal:nlacZ lines were identified, five of which showed expression.

Animals and surgical procedures. For developmental studies, trans-
genic 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
of the 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 pentobar-
bital 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 un-
dergoing 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.
coli B-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% NP-
40. 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 mMm K ,Fe(CN),
(at pH 7.3-7.6). For the Q54 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% Triton-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—8-galactosidase for 1 hr
(Cappel, Durham, NC). The filters were subsequently washed three
times with PBS plus 0.1% Tween, and incubated with a 1:5000 dilution
of peroxidase-conjugated goat anti-rabbit antibody for 1 hr (Jackson
Labs). The ECL system was used to visualize reactive proteins (Amer-
sham).

In situ hybridization. In situ hybridization on E16 rat embryos was
performed as we have previously described (Miller et al., 1987). Briefly,
embryos were isolated, immersion fixed in 4% paraformaldehyde over-
night, cryoprotected through graded sucrose solutions (12%, 16% and
18%), frozen, and sectioned onto chrom-alum-subbed slides. Antisense
338-RNA probes specific for Tal a-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 510
d, developed, and analyzed using dark-field microscopy.

Primary neuronal cultures. Whole brains from E14 Tal a-tubulin
CD1 transgenic mice (bred and maintained by the transgenic facility at
the University of Alberta) were stored overnight in 30 mm KCl, 5 mm
glucose, 0.24 mM MgCl,, 10 mM NaH,PO,, 5 mM Na,HPO,, 20 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 (0.6%), glutamine (2 mm),
sodium bicarbonate (3 mm), HEPES buffer (5 mm) (all from Sigma
except glutamine, from GIBCO), and a defined hormone mixture. Cells
(0.5 x 10%/ml) were plated on poly-L-ornithine—coated (15 ug/ml; Sigma)
glass coverslips in 24-well Nunclon (1.0 ml/well) culture dishes.

Antibodies. Rabbit anti-human B-galactosidase serum (8-gal; used at
1:500 for immunocytochemistry and 1:5000 for Western blot analysis)
was purchased from Cappel. Alternatively, a mouse monoclonal anti—
B-galactosidase serum (the kind gift of Dr. Alan Peterson, and the Hy-
bridoma Core Facility of the NCE for Neural Regeneration and Re-
covery, 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.

Immunocytochemistry and quantification. Indirect immunocyto-
chemistry 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% Triton-X in PBS for 5 min followed by three (10 min each)
washes in PBS. For dual-labeling experiments the primary antibodies
were added together. Following the PBS rinse the coverslips were in-
cubated in the primary antibodies in PBS/10% 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 fluorescein-conjugated
antibodies and 1:200 for rhodamine-conjugated antibodies) in PBS for
30 min at 37°C. Coverslips were then washed three times (10 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 immuno-
positive for 8-gal were counted first, 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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5 !
'-)GGCAGGTTCTCTTACATCGAC CGCTTAAGAGTCGCGCTGTAAGAAGCAACACC

Met 1IVS1
ATG GTGAGCAAAC

Sequence of the Tal a-tubulin gene 5’ flanking region used in the Tal:nlacZ transgenic mice. The transcriptional start site is indicated

by an arrow; the 5' untranslated region of the mRNA is indicated with 5’ UT, and the initiator ATG is underlined. IVS1 indicates the start of
intron 1. Consensus sequence elements are underlined and identified above the element. In the case of overlapping elements, the second element
is in boldface, with identification under the element. In one case where three elements overlapped (—664), the y-interferon response element is
italicized. ERE, estrogen response element; VGF/PERIPHERIN, sequence that is homologous between the Tal promoter and these two nervous
system—specific genes; GAMMA-IRE, vy-interferon response element; E-BOX, bHLH consensus sequence; RARE, retinoic acid response element;
HOMEODQOMAIN, tandem consensus motifs for Drosophila antennapedia, fushi tarazu, and ultrabithorax homeodomain proteins; bal, sequence
that is conserved between the 5' flanking regions of the Tal and bal genes; C/EBP, CCAAT enhancer binding protein. NF-IL6, AP-2, PEA-3,

and TATAA are self-explanatory (see text).

experiment, at least three coverslips were examined, and this was done
in three independent culture experiments.

Results

Sequence of the Tal a-tubulin gene 5’ flanking region

The transcriptional start site of the Tal gene, and the DNA
sequences immediately 5’ to the start site have previously been
characterized (Lemischka and Sharp, 1982). To isolate a ge-
nomic clone containing further 5’ flanking sequences, oligonu-
cleotides homologous to the 5’ untranslated region of the mRNA
and to the region immediately 5' to the start site were used to
screen a rat genomic library. Two identical lambda clones were
identified, and a 1.9 kb PstI fragment was subcloned into pGEM-

47Z. This insert contained 1.6 kb of 5’ genomic flanking sequenc-
es, the region corresponding to the 5' untranslated sequence in
the mRNA as well as the translation start site (exon 1), followed
by 200 nucleotides of intervening sequences (intron 1). This
subclone was used to generate an SstI/Ncol partial digestion
product that contained 1028 nucleotides of 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 (see below) for generation of transgenic
mice. '

The sequence of the 5’ flanking region contained in the fusion
gene is shown in Figure 1. As previously reported, this gene has
a consensus TATAA box commencing at —30 relative to the
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Figure 2. p-Galactosidase reporter
gene expression in Tal:nlacZ transgen-
ic mice. a-d, E13.5 embryos from three
different lines were stained with X-gal
and photographed. a represents the pat-
tern of staining in line K6, which is the
highest-expressing line. b is a dorsal view
ofan E13.5 embryo from line 012, with
the arrow denoting the dorsal root gan-
glia, which stain intensely with X-gal.
¢ and d are side and frontal views of
E13.5and E14.5 embryos, respectively,
from line Q54. The arrow in ¢ 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
El1l.5 embryo from line K6, with the
arrow indicating the developing sym-
pathetic chain. Note that at this age, the
telencephalon is relatively devoid of
transgene expression. f; An E10.5 em-
bryo from line Q54, with the arrow in-
dicating the first positively staining dor-
sal root ganglia.




transcriptional start site (Lemischka and Sharp, 1982). Analysis
of this sequence revealed a number of consensus sequence el-
ements that might be important both for developmental regu-
lation 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., 1991) at — 143, two imperfect
estrogen response elements (Green et al., 1986) at —676 and
—9059, 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 a-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 se-
quences; 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 nu-
cleotide region is a sequence that has been found at approxi-
mately the same location in two other neuron-specific, NGF-
inducible 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 ad-
dition 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., 1991) for members of the
basic helix-loop-helix (bHLH) family (Murre et al., 1989) at
—531 and —633, and two tandem consensus elements from
—571 to —541 for the Drosophila homeodomain proteins an-
tennapedia, ultrabithorax, and fushi tarazu (Biggin and Tjian,
1988).

Tal:nlacZ transgene expression in the embryonic nervous
system

To determine whether 1.1 kb of 5' flanking sequences from the
Tal a-tubulin gene was sufficient to direct gene expression to
developing neurons, a Tal:nlacZ fusion gene was made and
tested in transgenic mice. The 1127 nucleotide SstI-Ncol partial
digest fragment (described above) was fused to an Ncol site
located at the ATG translational start site of a modified E. coli
lacZ gene derived from pMaori3. This lacZ gene contains an
SV40 T-antigen nuclear localization signal inserted in front of
the lacZ gene, and has previously been used in transgenic mice
(Mercer et al., 1991). A DNA fragment containing the Tal:
nlacZ construct free of vector sequences was isolated and in-
jected into fertilized mouse eggs to generate transgenic founder
animals. Transgenic animals were assayed for nlacZ expression
by incubating tissues in a staining solution containing X-gal, a
reagent that leads to deposition of blue crystals in cells with an
active E. coli 3-galactosidase.

A total of eight lines bearing Tal:nlacZ transgenes were ex-
amined. For all founder lines, embryonic day 13.5 (E13.5) em-
bryos were assessed by histochemical staining with X-gal. At
this developmental stage, expression of the endogenous Tal
gene is highly abundant in the embryonic nervous system (Miller
et al., 1987). Bacterial $-galactosidase activity was detected in
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Figure 3. Western blot analysis of §8-galactosidase protein in equal
amounts of total protein isolated from, /, control adult CD1 liver; 2,
line K6 adult liver; 3, line K6 adult neocortex; 4, line K6 P1 neocortex;
5, line Q54 adult liver; 6, line Q54 adult neocortex; 7, line Q54 P1
neocortex; &, control adult CD1 kidney; and 9, line Q54 adult kidney.
The arrow denotes the mobility of 8-galactosidase. Note that only the
cortical samples from lines Q54 and K6 contain a g-galactosidase—
immunoreactive band of the appropriate size, although there is a some-
what larger background band that is present in the control (lanes I and
8) as well as transgenic (lanes 2 and 9) liver and kidney. Note also that
B-galactosidase levels are higher in the adult than in the newborn cortex
in both lines of transgenic mice.

embryos derived from five of these lines. Levels of expression
of the transgene in these five lines did not correlate with trans-
gene copy number.

In all five positive lines, expression of the transgene was de-
tected only within the developing nervous system (Fig. 2), con-
sistent with the nervous system—specific expression of the en-
dogenous gene in rat embryos. In four of the five lines, Q34,
K6, 012, and Q27, expression of the transgene at 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 Ta1Z1, expression of the transgene at E13 was detected
only in a subset of these sites, including the retina, dorsal root
ganglia, and the developing mesencephalon (data not shown);
these sites appeared to be those with the highest levels of staining
in the other lines.

Two of the lines, Q54 and K6, were chosen for more extensive
analysis. The pattern of expression of the Tal:nlacZ transgene
was similar in embryos derived.from both lines, although the
K6 line expressed higher 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 analysis of the
neonatal cortex, which revealed that line K6 expressed much
higher levels of g-galactosidase than did line Q54 (Fig. 3).

To determine precisely the location of the cells expressing the
transgene, E13.5 embryos from both lines were stained with
X-gal and sectioned. For line Q54, nuclei positive for §-galac-
tosidase were distributed throughout the embryonic nervous
system (Figs. 2c, 4). 8-Galactosidase—positive cells were detected
in the sensory ganglia, including the developing cranial ganglia
(Fig. 4a) and all of the dorsal root ganglia (Figs. 2c, 4b). Positive
cells were distributed throughout the developing autonomic ner-
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vous system, in both sympathetic neurons (Fig. 4¢) and para-
sympathetic 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, metenceph-
alon, 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 neu-
ronal populations also express the endogenous Tal gene at high
levels in the E16 rat embryo (Miller et al., 1987).

In line K6, where transgene expression is many times higher
than in Q54, B-galactosidase staining was detected throughout
the E13.5 nervous system in a pattern that appeared to be pan-
neuronal (Fig. 2a). However, at this developmental stage, the
B-galactosidase gene product was not limited to nuclei, presum-
ably because of the very high levels of expression, making map-
ping 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. 4¢,/). At E16 in the rat, many retinal ganglion ceils
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 Tal gene is ex-
pressed at high levels within the retina and, more specifically,
within the retinal ganglion cell layer, as detected using in situ
hybridization (Fig. 4¢). At E13.5 in the mouse, the transgene is
also expressed at the highest levels in the retinal ganglion cell
layer (Fig. 4f). Interestingly, 3-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, 1961). 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 Tal:nlacZ expression, em-
bryos from lines K6 and Q54 were examined at earlier time
points. At E10.5 (Fig. 2f), 8-galactosidase-positive cells were
detected throughout the developing spinal cord and, in the brain,
in the myelencephalon, metencephalon, and diencephalon. By
E11.5, 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. 2¢).

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, 8-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 E11.5, all of the dorsal root
ganglia stained intensely for §-galactosidase (Fig. 2¢). Similar
early expression of the transgene was observed in the developing
sympathetic chain. In line Q54 at E10.5, §-galactosidase—pos-
itive 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 E11.5, the su-
perior cervical ganglia were readily distinguishable, and con-
tained numerous S-galactosidase—positive nuclei. Since the first
postmitotic neurons are born at around E12 in the mouse SCG
(Hall and Landis, 1991), 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 E14 transgenic
embryos were plated onto poly-L-ornithine—coated glass cov-
erslips, and were cultured for 1, 2, 3, 6, and 8 d in vitro (DIV).
These cultures were then double labeled with antibodies specific
for B-galactosidase, and for one of three different markers: neu-
ron-specific enolase (NSE) for neurons, glial fibrillary acidic pro-
tein (GFAP) for astrocytes, and galactocerebroside (GC) for oli-
godendrocytes.

To determine the identity of transgene-expressing cells in these
cultures, g-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 cul-
tures that were double labeled with GFAP, of 1964 §-galacto-
sidase—positive cells that were counted (ranging from 312 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
B-galactosidase—positive cells that were counted (ranging from
90 to 183 at each time point), none were positive for this oli-
godendrocyte marker (Fig. 5SE,F). Thus, neither astrocytes nor
oligodendrocytes expressed the Tal:nlacZ transgene.

In contrast, at all time points from 1 to 8 DIV, a large per-
centage of 8-galactosidase—positive cells were positive for NSE
(Fig. 54,B). At 1, 2, 6, and 8 DIV, of 400-600 8-galactosidase—
positive cells counted at each time point, 50-60% were NSE
positive. At 3 DIV, the percentage of 8-galactosidase—positive,
NSE-positive cells was somewhat lower, being approximately
35-40%. Thus, the Tal:nlacZ transgene was expressed in neu-
rons. This conclusion was confirmed on the basis of morphology
of the B-galactosidase—positive cells. The identity of the 8-ga-
lactosidase—positive cells that were not NSE-positive is some-
what speculative, since they were not, on the basis of the GFAP
and GC double-label studies, glial cells. Instead, they may rep-
resent 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 Tal:nlacZ transgene during neuronal
maturation and regeneration

These developmental data indicated that the Tal:nlacZ trans-
gene was induced parallel with the neuronal commitment de-
cision, 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 Tal a-tubulin mRNA levels decrease coincident with neu-
ronal maturation (Miller et al., 1987). To determine whether
the Tal promoter region utilized in the transgene contained the
sequences responsible for this developmental downregulation,
we examined marker gene expression in the brains of mature



transgenic animals. X-gal staining of 1-mm-thick brain sections
from adult animals of line Q54 (Fig. 6a) revealed that §-galac-
tosidase 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 en-
dogenous Tl gene is expressed at the highest levels in the adult
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Figure 4. Detection of g-galactosi-
dase—positive nuclei in sections of E13.5
embryos derived from line Q54. a, A
horizontal section through the devel-
oping head, showing the developing tri-
geminal ganglion (arrow). b, A sagittal
section through the dorsal root ganglia
(arrow), all of which contain positive
nuclei, although the density is lower than
that observed in the superior cervical
ganglion (c), as would be expected if the
positive cells were neurons. ¢, A sagittal
section through the developing superior
cervical ganglion (arrow) showing nu-
merous positive cells. d, A sagittal sec-
tion through the developing gut, with
the arrow denoting positive nuclei that
correspond, presumably, to developing
parasympathetic neurons. ¢ and f, A
comparison of the distribution of the
endogenous Tal a-tubulin mRNA in
the developing rat eye at E16 (e) versus
the Tal:nlacZ transgene in line Q54
transgenic mice at E13.5 (f). ¢, In a
horizontal section of the developing eye,
Tal mRNA levels were highest in the
developing retinal ganglion cell layer,
as detected using in situ hybridization
and emulsion autoradiography. Simi-
larly, in horizontal sections of the trans-
genic mouse eye ( ), positive nuclei were
primarily localized to the developing
retinal ganglion cell layer (arrow), but
a significant number of B-galactosi-
dase—positive cells were also localized
to the ventricular zone (the outermost
layer of the retina) and to the neuroblast
layer.

brain (W. Colmers and F. Miller, unpublished observations). In
contrast, in line K6, where B-galactosidase expression 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., see Fig. 6b), in a pattern similar to that
observed for the endogenous gene (data not shown).

To confirm, in a more quantitative fashion, that transgene
expression was decreased developmentally, we compared g-ga-
lactosidase levels in the neocortex of adult versus newborn Tal:
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Figure 5. Colocalization of g-galactosidase immunoreactivity with neuronal but not glial cells in primary mixed cultures derived from transgenic
E14 brains of line K6. 4 and B, A majority of the neuron-specific enolase (NSE)}-immunoreactive cells (4) also contained §-galactosidase immu-
noreactivity (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 8-galac-

tosidase immunoreactivity (D and F, respectively). Scale bars, 50 pm.

nlacZ mice (Fig. 3). We have previously demonstrated that, in
the rat neocortex, over this same time course, endogenous Ta1
a-tubulin mRNA levels decrease (Miller et al., 1987). Western
blot analysis revealed that, in lines Q54 and K6, transgene ex-
pression 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 spec-
ificity of transgene expression in the mature animals: detectable
B-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 ma-
ture neurons following axonal injury, as is the endogenous Tal
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 Teel mRNA reaches peak levels (Miller et al.,
1989), facial motoneurons were assayed for marker gene ex-
pression 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 ob-
tained 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 Tl gene expression is mediated, at least partially, at the
transcriptional level, and that the elements responsible for this
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Figure6. Expression ofthe Tal:nlacZ
transgene in mature neurons. g, Sec-
tions 1-2 mm thick of adult brains de-
rived 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 en-
dogenous Tal mRNA remains high
such as, for example, neurons of the
hippocampus (arrow). b and ¢, Expres-
sion of §-galactosidase, as detected by
X-gal staining and eosin counterstain-
ing, 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 Ké.
Note that nuclei of the regenerating fa-
cial motor neurons (c) are stained sig-
nificantly more intensely than nuclei
from the control, uninjured motor neu-
rons (b). Scale bar (for b and ¢), 50 pm.
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transcriptional increase are present within the 1.1 kb of pro-
moter region described here.

Discussion

The endogenous Tal a-tubulin gene is expressed at high levels

in developing neurons during morphological growth, is down-
regulated 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 Tal gene is sufficient to specify a similar pattern
of gene expression in transgenic mice. More specifically, the
Tal:nlacZ transgene described here is induced early during neu-
ronal development, and is then regulated as a function of neu-
ronal growth and regeneration. Thus, although we have not
ascertained whether this promoter fragment contains all of the
DNA sequence elements responsible for regulating relative lev-
els of expression, we can definitively state that it is sufficient to
regulate gene expression in a cell type-specific, temporally ap-
propriate 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 neu-
rons 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 E13.5
(the stage that we examined), progenitor cells undergo neuro-
genesis 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 Tal:nlacZ transgene was induced either prior to or
immediately subsequent to terminal mitosis. Similarly, numer-
ous (-galactosidase—positive cells were detected in the superior
cervical ganglion at E11.5, a time point when sympathetic neu-
rons are just starting to be born (Hall and Landis, 1991). Fur-
thermore, at E10.5, when the ganglion itself was not yet ana-
tomically distinct, transgene-expressing cells, presumably
dividing neuroblasts, were detected in the appropriate region
adjacent to the dorsal aorta. Precedent for expression of neu-
ronal characteristics in dividing sympathoblasts derives from
experiments demonstrating that these cells are catecholamin-
ergic 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 E14
brain, two populations of 3-galactosidase—positive cells were
detected. One population, which comprised approximately 50%
of the total, expressed both 8-galactosidase and neuron-specific
enolase and, on the basis of this biochemical marker and their
morphology, presumably represented postmitotic neurons. The
second population of 3-galactosidase—positive cells, which com-
prised the other 50%, expressed none of the cell type-specific
markers that were used in this study and therefore likely rep-
resented 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 in-
duction, 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 un-
dergoing extensive axogenesis, such as retinal ganglion cells.
Second, transgene expression was downregulated in the devel-
oping brain as a function of neuronal maturation. Finally, trans-
gene expression was upregulated in mature, regenerating motor
neurons. Thus, the Tal a-tubulin' promoter does not simply
encode neuronal specificity, but somehow targets high levels of
gene expression to those neurons that are elaborating an exten-
sive axonal or dendritic arbor.

Such specification could be a function of intrinsic and/or ex-
trinsic mechanisms. Thus, the Tal a-tubulin gene might be
induced to low basal levels in all neurons, but increased levels
of expression might be intrinsically determined either as a func-
tion 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 a-tubulin
promoter might target basal levels of gene expression to all
neurons, with absolute levels of expression being entirely de-
pendent upon extrinsic cues within the environment of the neu-
ron, a possibility suggested by studies demonstrating that this
gene is regulated by growth factors (Mathew and Miller, 1990;
Miller et al., 1991; Ma et al., 1992). However, perhaps the most
plausible explanation invokes both of these mechanisms: neu-
ronal levels of Tal 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 Tal promoter region is capable of upregulating neu-
ronal 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., 1991) neurons, this is the first
evidence that this upregulation is mediated, at least partially,
at the transcriptional level. Although the cellular mechanisms
responsible for such a transcriptional upregulation remain large-
ly speculative, we have performed a number of previous studies
addressing this issue. First, we have demonstrated that the ax-
otomy-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 trans-
port, but did not induce a peripheral nerve axotomy response
(Wu et al., 1994) was sufficient to induce Tal mRNA in motor
neurons (Wu et al., 1993). On the basis of these results, we have
hypothesized that induction of the Tal 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 eluci-
dated.

Together, these studies indicate that 1.1 kb of 5’ flanking
sequences from the Tal a-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 morpho-
logical growth. Although the sequence elements responsible for



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 me-
diate responses to extrinsic cues. More specifically, this pro-
moter 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 half-
sites (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 Tl gene in response to ongoing environ-
mental 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 bal 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). Interest-
ingly, although the peripherin gene is not expressed in all neu-
rons (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 rein-
duced during neuronal regeneration (Oblinger et al., 1989; Es-
curat 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 el-
ements for a number of Drosophila homeodomain proteins,
including antennapedia, ultrabithorax, and fushi tarazu (Biggins
and Tjian, 1988). Each one of these three different classes of
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
etal., 1993; Kessel, 1993; Krumlaufetal., 1993), and this region
may therefore play a role in determining the early develop-
mental pattern of Tal a-tubulin gene expression.

In summary, the Tal a-tubulin promoter described here is
sufficient to specify gene expression coincident with commit-
ment to a neuronal phenotype and to regulate levels of gene
expression as a function of neuronal growth and regeneration.
Although we have, as of yet, no direct information regarding
the sequence elements responsible for determining this pattern
of neuronal gene expression, we feel that this issue is now ap-
proachable.
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