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Accurate Tissue-Specific, Developmental, and Transsynaptic 
Expression in Transgenic Mice 

Shilpi A. Banerjee,’ Peter Hoppe,3 Murray Brilliant,3sa and Dona M. Chikaraishi* 

‘Department of Microbiology and Molecular Biology and *Neuroscience Program, Tufts University School of Medicine, 
Boston, Massachusetts 02111 and 3Jackson Laboratory, Bar Harbor, Maine 04609 

Transgenic mice were generated in which sequences that 
flank the rat tyrosine hydroxylase (TH) gene were linked to 
the bacterial chloramphenicol acetyl transferase (CAT) gene. 
Mice bearing 4.8 kilobases (kb) of 5’ flanking DNA exhibited 
correct tissue-specific expression in the CNS and periphery. 
Expression was more robust in the CNS than in the periphery, 
although CAT activity was clearly detected in sympathetic 
ganglia (superior cervical ganglia) and the adrenal, the two 
peripheral tissues that contain TH-positive cells. Within the 
brain, CAT expression was seen in all the expected areas 
containing TH-positive cell bodies, with little or no expres- 
sion in other regions. 

In the olfactory bulb, which contains the majority of the 
CNS TH cells, developmental expression of CAT was quan- 
tifiable and was found to parallel the postnatal rise in en- 
dogenous TH, with both TH and CAT reaching adult levels 
by postnatal day 21. Since TH activity in the olfactory bulb 
requires afferent input, the dependence of CAT activity on 
transsynaptic input was also assayed in transgenic mice. 
Like the endogenous TH activity, CAT levels were also re- 
duced by deafferentation, in parallel with loss in endogenous 
dopamine levels. 

While previous experiments demonstrated that shorter 5’ 
flanking regions (2.5 kb and 3.5 kb of 5’ upstream sequences 
of the human and mouse TH gene, respectively) failed to 
direct accurate tissue-specific expression, our data dem- 
onstrate that 4.8 kb of 5’ flanking sequence of the rat TH 
gene contains sufficient regulatory information to mediate 
appropriate tissue-specific expression in all CNS and PNS 
tissues, as well as to mediate developmental and transsy- 
naptic expression in the olfactory bulb. 

Expression of tyrosine hydroxylase (TH), the first and rate-lim- 
iting enzyme of catecholamine neurotransmitter biosynthesis, 
is limited to discrete sets of cells in the CNS and PNS. TH 
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neurons of the CNS include the adrenergic and noradrenergic 
cells in the brainstem, dopaminergic cells of the midbrain and 
diencephalon (periventricular and hypothalamic nuclei), and the 
retinal amacrine cells and the dopaminergic cells in the olfactory 
bulb (OB). In the periphery, TH expression is largely limited to 
sympathetic ganglia and the adrenal medullary chromaffin cells. 
These peripheral TH cells are closely related: they derive from 
a common precursor that originates in the neural crest (Ander- 
son and Axel, 1986; Anderson et al., 199 l), and chromaffin cells 
from neonates can be transdifferentiated into cells that resemble 
sympathetic neurons by NGF (Aloe and Levi-Montalcini, 1979; 
Naujoks et al., 1982; Doupe et al., 1985). In contrast, CNS TH 
neurons arise from independent cell groups during neurogenesis, 
express TH at different times, and are functionally and anatom- 
ically distinct (Specht et al., 198 la; Bjorklund and Lindvall, 
1984). The mechanism responsible for TH expression in such 
disparate cell groups might be expected to rely on multiple reg- 
ulatory elements, some that may be needed in all TH tissues 
and others that may mediate expression in a particular cell 
group. As a first step in defining elements that direct cell-specific 
expression of TH, we sought to identify those DNA regions 
flanking the rat TH gene that mediate correct expression in all 
the appropriate TH cell groups. 

Previous studies aimed at defining &acting DNA elements 
that direct TH expression have been of two sorts: those per- 
formed in vitro in cultured cells and those performed in vivo in 
transgenic mice. The in vitro work from our laboratory com- 
pared expression of a chloramphenicol acetyl transferase (CAT) 
reporter gene under the transcriptional control of 5’ flanking 
TH DNA in a TH-expressing pheochromocytoma (PC) cell line 
with that in a variety of non-TH-expressing lines. These ex- 
periments demonstrated that 212 base pairs (bp) of DNA up- 
stream of the transcription start site were sufficient for TH tran- 
scription in PC cells and that sequences between -2 12 and 
- 187 (where + 1 is the start of transcription) were required 
(Cambi et al., 1989; Fung et al., 1992). Further experiments 
using site-directed mutagenesis to pinpoint functional elements 
demonstrated that two sites known to bind transcription factors 
work together to direct appropriate expression in cultured cells 
(Yoon and Chikaraishi, 1992). One site is an API element 
(TGATTCA) at -205 that is bound by members of the Fos- 
Jun family of transcription factors (Cm-ran and Franza, 1988); 
the other contains an E-box motif (CAXXTG) at - 194 that 
interacts with transcription factors containing a helix-loop-helix 
motif like myc, MyoD, the products of achaete-scute, and E2A 
(Murre et al., 1989; Blackwell and Weintraub, 1990). While 
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these experiments provide fine resolution mapping of sites im- 
portant for transcription in adrenal medullary PC cells, they 
give no information about tissue-specific expression in the neu- 
rons of the CNS or in sympathetic neurons, that is, in true 
neurons. In addition, the PC lines represent a limited range of 
developmental stages that may not reflect the mature state of 
differentiation. Due to the paucity of TH-expressing CNS cell 
lines, investigations of TH regulation in the CNS have used 
transgenic mice, where fine mapping is very difficult due to the 
time and expense involved in maintaining transgenic lines. 

Although limited in number, previous experiments in which 
TH regulatory regions were used in transgenic mice have failed 
to demonstrate correct tissue-specific expression, although some 
TH cell groups were appropriately targeted. In a recent study, 
the human TH gene, including the entire coding sequence, 2.5 
kilobases (kb) of 5’ flanking region, and 0.5 kb of 3’ flanking 
region, was expressed in transgenic mice (Kaneda et al., 199 1). 
The transgene was expressed in the brain and the adrenal, both 
TH-expressing tissues. However, primer extension analysis per- 
formed on RNA from various brain regions revealed inappro- 
priate expression of human TH message in regions that lack 
TH-positive cell bodies; these regions included the frontal cor- 
tex, striatum, and the hippocampus. In fact, expression in the 
inappropriate areas appeared at least as strong as expression in 
TH-positive areas. Unfortunately, this study did not examine 
expression in the sympathetic ganglia or in the main OB. In our 
laboratory, 2.8 kb of 5’ flanking rat TH sequences directed re- 
porter gene expression to the adrenal chromaffin cells and to 
CNS midbrain neurons, but not to sympathetic ganglia or the 
OB. In addition, expression was observed in non-TH-expressing 
cells in the CNS (Suri and Chikaraishi, 1991; S. A. Banerjee 
and D. M. Chikaraishi, unpublished observations). Similar re- 
sults were obtained by Morgan and Sharp using sequences from 
the mouse TH gene linked to /3-galactosidase. They reported 
that transgenic mice carrying 3.5 kb of 5’ flanking DNA dem- 
onstrated appropriate p-galactosidase expression in the brain- 
stem, midbrain, and adrenal, but ectopic reporter expression in 
other CNS regions, which may have been due to the site of 
integration (Morgan and Sharp, 1991; W. Morgan, personal 
communication). Taken together, these studies indicate that none 
of the transgenic lineages so far examined have demonstrated 
completely correct tissue-specific expression. In all cases, some 
appropriate TH-positive cell groups do express the linked re- 
porter, while others do not; in addition, ectopic CNS expression 
was observed in all three studies. 

Therefore, this study was undertaken to determine if the full 
repertoire of TH-expressing cells could be appropriately targeted 
by 5’ flanking sequences from the rat gene. More importantly, 
we wanted to assess whether regulatory sequences that confer 
correct tissue-specific expression could also mediate response 
to developmental and transsynaptic cues. These studies were 
performed in the OB, which contains the majority of TH neu- 
rons in the CNS and hence would be expected to provide the 
strongest reporter expression. In addition, while TH is first ob- 
served at embryonic day 14.5 (E14.5) in most TH-expressing 
CNS neurons, its onset in the OB is postnatal, eliminating the 
need to dissect separate catecholaminergic loci cleanly from 
embryonic brain (Specht et al., 198 la; McLean and Shipley, 
1988). Furthermore, the OB provides the best CNS model for 
transsynaptic regulation of TH, since deafferentation has been 
shown to reduce TH protein and RNA dramatically (Baker et 
al., 1988; Ehrlich et al., 1990). Hence, we also assessed the ability 

of the TH sequences to regulate physiologically relevant induc- 
tion during development and in response to afferent innervation. 

Materials and Methods 
The plasmid -4.8 THCAT has been previously described (Cambi et 
al., 1989). In order to eliminate plasmid sequences from the injected 
DNA, -4.8 THCAT plasmid DNA was partially digested downstream 
from the SV40 polyA site at bp 1923 with ApaI (Fig. 1) and at either 
the unique Hind111 site immediately preceding the TH DNA (to generate 
the -4.8 THCAT lineages) or the SstI site at bp -272 (to generate the 
-272 THCAT lineages). The appropriate fragment was gel purified and 
injected into fertilized B6 x LT/Sv Fl eggs. Transgene-positive animals 
were identified by dot blots or Southern blots of DNA obtained from 
tail biopsies. The radioactive probe used was generated by random 
primed synthesis from the plasmid pucCAT. Subsequent transgenic 
progeny were bred with B6D2 Fl hybrid animals (Taconic) to maintain 
transgenic lines. 

CAT ussuys. Tissues were excised and quickly frozen on dry ice and 
stored at -70°C until further use. Tissue extracts were made by ho- 
mogenization in 250 mM Tris, 1 mM EDTA, pH 7.6. These were heated 
at 65°C for 5 min to inactivate deacetvlases (Mercola et al.. 1985). The 
insoluble fraction was removed by centrifugation, and the’supernatant 
was used in the assay. Assays were performed in a 180 ~1 volume 
containing final concentration of 3.3 mM acetyl coenzyme A (Phar- 
macia) and 0.5 PCi of 14C-chloramphenicol (New England Nuclear; 54.9 
mCi/mol), 250 mM Tris, and 1 mM EDTA. Reactions were incubated 
overnight at 37°C and then extracted with ethyl acetate. Thin-layer 
chromatography and autoradiography were performed on these samples 
to separate and visualize the acetylated and unacetylated forms of chlor- 
amphenicol. The spots corresponding to each form on the thin-layer 
chromatography plate were counted in a scintillation counter in order 
to determine the percentage conversion of chloramphenicol to its acet- 
ylated forms. Protein assays were performed using the MicroBCA re- 
agent (Pierce). For brain, liver, heart, kidney, and spleen, 60 pg ofprotein 
was used in each assay. For superior cervical ganglion (scg) and adrenals, 
up to six organs were pooled for each assay; that is, approximately 200- 
300 pg of protein was used in each assay. The olfactory bulb determi- 
nations were carried out on single bulbs. 

Dopamine assays. Dopamine from bulbs was analyzed by HPLC 
followed by electrochemical detection (HPLC-ECD) as previously de- 
scribed (Kawano and Margolis, 1982), with modifications. Briefly, OBs 
from the killed animals were excised and immediately homogenized in 
200 pl of 0.1 M HClO,, 1 mM EDTA. After centrifugation of these 
extracts, the supematant (the acid extract) was frozen until further use. 
After thawing, Tris (pH 8.6) was added to 0.67 M and the extract was 
adsorbed onto an alumina minicolumn to bind the catecholamines. 
Columns were washed twice with ice-cold water and then eluted with 
120 ~1 of 0.4 M HClO,, 0.1 mM EDTA. Eluents were then injected onto 
a reverse-phase C- 18 column (Beckman), and catechols were detected 
by a Bioanalytical Systems model 460 liquid chromatograph with an 
electrochemical detector. The mobile phase contained 50 mM NaH,PO,, 
0.387 mM sodium octyl sulfate, 0.1 mM EDTA, and 5-7.5% methanol, 
and the flow rate was maintained at 1.5 ml/min. 

TH assays. TH enzyme activity was analyzed from various organs as 
described before (Rittenhouse et al.. 1988). with slight modifications. 
Excised tissues were homogenized in cold’5 mM Trii, 0.1% Triton X- 
100, pH 6.0. After centrifugation, 10 ~1 of homogenate was used per 
assay. These assays were performed in 20 pl volume, containing a final 
concentration of 300 PM brocresine (an inhibitor ofdopa decarboxylase), 
80 mM tyrosine, 40 mM &mercaptoethanol, 3.2 rnM-6-methyl-5;6,7& 
tetrahydronterine. 2 x lo5 U/ml catalase. and 200 mM notassium nhos- 
phate buffer, pH 6.0, for 6 min at 37°C. The reaction was stopped with 
addition of 1 ml of 0.5 M Tris (pH 8.6) containing 0.1 mM EDTA, and 
the dopa generated was adsorbed onto alumina columns and washed 
twice with cold 1 mM NaHSO,, 5 mM Tris (pH 8.6). The dopa was 
eluted in 100 hl of 150 mM H,PO,, 0.1 mM EDTA from the column 
and detected by HPLC-ECD as described above. Protein content in the 
homogenates was determined by the MicroBCA reagent (Pierce). 

Deuj2rentution. A single intranasal dose of 50-100 ~1 of solution was 
administered to unanesthetized mice (260 d of age) using a syringe 
needle that was clipped to approximately 3 mm in length and filed to 
a blunt end. Experimental mice received 0.17 M ZnSO, in 0.15 M NaCl, 
and control mice received saline. The mice were killed 8 d following 
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Figure 1. Map of -4.8 THCAT. The 
fragment injected into fertilized eggs in 
order to generate the -4.8 THCAT lines 
of transgenic mice was the 6.7 kb 
HindIII-ApaI fragment that included 
the CAT gene, the SV40 polyA, and 
splice sites. The fragment used to gen- 
erate the -272 THCAT lines of mice 
was the 2.4 kb SstI-ApaI fragment. The 
lower part depicts the restriction map 
of the TH sequences present in the 
transgene. 

TH 

SV40 tintron ~~40 

-4.8 -4.5 -4.2 -3.3 -3.0 -2.6 -2.2 -1.1 -1.0 -0.77 -0.5 -0.27 +0.03 +0.81 +1.65 +1.92 

this procedure and single OBs were used for CAT assays and dopamine 
assays. 

Results 
Transgenic analysis 
Since cell culture experiments suggested that only 2 12 nucleo- 
tides of the 5’ flanking sequence of the rat TH gene were required 
to confer expression in PC cells, we generated three transgenic 
lines bearing 272 nucleotides of TH upstream sequence linked 
to a CAT reporter gene. The founders and two generations of 
progeny were analyzed for transgene expression. None of the 
animals expressed CAT activity in any tissue including TH- 

Table 1. Tissue-specific CAT and TH activity in -4.8 THCAT mice 

Tissue 

CAT TH activity 
(O/o conversion/ (pmol dopa/mg 
mg protein) proteimmin) 

CAT/TH 
(x 10-2) 

OB 

scg 
Brain 
Adrenal 
Liver 
Heart 
Spleen 
Kidney 

26.7 f 10 
8.33 iI 2.0 

0.67 + 0.5 

2.83 f 0.5 

ND 
ND 
ND 
ND 

152.3 i 53.2 17.5 
1667 + 523 0.5 

38.7 f 1.2 1.73 

2915.6 f 706 0.1 
NT 
NT 
NT 
NT 

Extracts for the CAT assays were made from z60-d-old animals identified as 
transgenic by dot blot assays. For all negative tissues and for brain, individual 
assays were performed on a small fraction of the extract made from a single organ. 
For the adrenal and scg, four to six organs were pooled for individual assays. For 
the OB, individual assays were performed on whole bulbs. Numbers are mean 
CAT activities from these individual assays f SEM. Protein assays were per- 
formed using the MicroBCA reagent (Pierce). TH assays were performed on trans- 
genie animals and on their nontransgenic littermates, with no significant difference 
being observed between the two groups. All assays were performed on extracts 
from single organs (see Materials and Methods). TH assays were not performed 
on liver, heart, spleen, or kidney, which lack TH activity. Protein assays were 
performed by the method of Lowry. ND, Not detectable; NT, not tested. 

positive regions. It is not clear whether this was due to a lack 
of sequences important for in vivo expression, or whether all 
three lines were nonexpressors due to integration site effects. 
We therefore generated transgenic founders carrying a much 
larger piece of DNA, that is, 4.8 kb of 5’ flanking TH sequence. 
This construct utilized the TH transcriptional start site (+ l), 
the CAT translational initiation site, and the SV40 polyA and 
splice sites (Fig. l), such that the CAT gene was under the 
transcriptional control of the TH 5’ sequences. 

Four transgenic founders were obtained that carried an un- 
rearranged transgene determined by Southern blot analysis. Only 
one line expressed the transgene and was therefore analyzed in 
this study. The founder was apparently a germline chimera 
since only 3 out of 24 Fl progeny inherited the transgene. In 
subsequent generations, the transgene was present in a single 
copy, which was inherited in a Mendelian manner consistent 
with an autosomal site of integration. During the course of this 
study, over 75 transgenic mice from eight generations were an- 
alyzed. In all cases, expression of the transgene was detected 
with no extinction in any of the progeny. In addition, transgene 
expression, as quantitated by CAT activity, was dose dependent, 
with homozygotes showing a twofold higher level of CAT ex- 
pression than heterozygotes (data not shown). The animals re- 
ported here were all heterozygous for the CAT transgene. 

Tissue-specific expression 

Tissue extracts were prepared from TH-positive tissues: whole 
brain excluding the OB (henceforth referred to as “brain”), the 
OB, a sympathetic ganglion (the scg), and the adrenal glands, 
as well as from TH-negative tissues like the heart, liver, kidney, 
and spleen. CAT activity was detected in all tissues in which 
TH cells are found, although it was very low in whole brain, 
due to the dilution of the CAT-expressing cells with nonex- 
pressing cell types (Table 1). No activity was seen in any TH- 
negative tissue. 

To assess how the activity of the CAT reporter compared to 
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endogenous TH activity, TH assays were performed on the all 
TH-positive tissues (Table 1, column 2). Since TH assays were 
performed in vitro under fully activating conditions, activity 
should reflect TH protein levels. When CAT levels were nor- 
malized to endogenous TH enzyme activity, the adrenal showed 
lower CAT activity than would be predicted based on its en- 
dogenous TH enzyme activity (Table 1, column 3). This was 
also true for the scg, although to a lesser extent. In addition, 
TH activities from brain, adrenal, scg, and OB of nontransgenic 
animals were not significantly different from those of transgenic 
animals, suggesting that transgene expression did not alter the 
expression of endogenous TH (data not shown). 

These data demonstrate that 4.8 kb of 5’ flanking TH sequence 
is sufficient to direct appropriate tissue-specific expression of 
CAT, but at a lower level in the periphery than would be pre- 
dicted by the endogenous TH activity. 

CAT expression in various brain regions 

To determine if the expression of CAT within the brain was 
restricted to the regions known to contain TH-positive cells, we 
assayed CAT activity in dissected brain regions. Since CAT is 
a bacterial protein and presumably lacks axonal transport sig- 
nals, most of the protein should remain in the cell bodies of 
TH-expressing neurons. Therefore, we assayed CAT activity in 
extracts from regions containing TH-positive cell bodies such 
as the ventral midbrain (containing the ventral tegmental area 
and the substantia nigra; SN-VTA), pons-medulla (containing 
the locus coeruleus and the lateral tegmental area), and hypo- 
thalamus. Areas that have no TH-positive cell bodies but receive 
catecholaminergic projections were also assayed. These included 
the hippocampus, striatum, cerebellum, anterior olfactory nu- 
cleus (AON), and cortex. 

All areas containing TH-positive nuclei showed significant 
levels of CAT activity (Fig. 2). A much lower level of activity 
was observed in some areas like the striatum and the AON, 
which contain no TH-positive cell bodies but are heavily in- 
nervated by projections from TH-positive cells. Sparsely in- 
nervated regions such as the cortex and hippocampus showed 
levels of activity that were statistically background. It is likely 
that a small amount of CAT protein is found in the axoplasm 
in areas innervated by TH cells resulting in the low activity 
observed in heavily innervated regions. However, the possibility 
that there are a small number of cells in these regions that are 
ectopically expressing CAT cannot be ruled out, since CAT 
cannot be localized by immunohistochemical methods (Wuen- 
scell et al., 1990; Banerjee and Chikaraishi, unpublished obser- 
vations). 

Developmental regulation of CAT in the OB 

To determine whether 4.8 kb of 5’ flanking rat TH DNA could 
direct accurate developmental expression, we assayed for CAT 
activity in OBs of transgenic animals at various times after birth. 
Unlike most other TH-positive neurons, the onset of TH ex- 
pression in the OB is almost entirely postnatal. TH-positive 
neurons of most catecholaminergic groups in the rat brain are 
present by E14.5; in contrast, TH-immunoreactive cells first 
appear in the OB at E2 1, shortly before parturition, and continue 
to increase until 2 months after birth (Specht et al., 198 la,b; 
McLean and Shipley, 1988). 

Because of the robust CAT activity in the OB, we were able 
to quantitate CAT levels from a single bulb, using the other 
bulb for TH activity. As shown in Figure 3A, CAT expression 
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Figure 2. Specificity of CAT expression in dissected brain regions. 
CAT assays were performed on extracts made from dissected regions 
from transgenic mice >60 d old as identified previously by dot blots. 
Up to 200 pg of protein was used for each assay. Each bar represents a 
mean k SEM of CAT assays from four transgenic animals. 

increased steadily until day 2 1, after which there was no further 
increase. The rise in CAT activity coincided closely with that 
of endogenous TH, which also increased until postnatal day 2 1 
(Fig. 3B). The large SDS observed at each time point are prob- 
ably the result of the mixed genetic background of individual 
progeny, caused by breeding of the transgenic animals to B6D2 
hybrids at every generation. It has previously been shown that 
significant strain-specific differences exist in the levels of TH in 
the brain (Reis et al., 1978). Nevertheless, the developmental 
pattern of CAT expression parallels that of endogenous TH 
activity, suggesting that 4.8 kb of upstream region of TH se- 
quences directs appropriate developmental regulation in the OB. 

Transsynaptic regulation in the OB 

To determine whether our construct could mediate responsive- 
ness to an authentic transsynaptic stimulus, we examined the 
dependence of CAT on afferent innervation in the OB. This 
paradigm was studied for three reasons. First, because robust 
expression of CAT was observed in the OB, transgene expression 
could be assayed in single animals. Second, the OB is a well- 
studied model for the transsynaptic regulation of TH. Finally, 
these studies would allow a functional demonstration of CAT 
expression in the appropriate subset of cells in the OB, since 
deafferentation specifically affects the TH-positive cells in the 
OB. 

TH in the OB is expressed in the periglomerular and external 
tufted cells (together known as the juxtaglomerular neurons), 
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Table 2. Regulation of CAT activity in response to deafferentation 

CAT activity 
(O/o conver- Dopamine 
sion/bulb (pmol/bulb ~fr 

Animals n f SD) SD) 

Transgenic, untreated 6 1.4 +- 0.34 NT 
Transgenic, deafferented 8 0.56 + 0.17 1.5 * 0.41 

Transgenic, saline treated 8 1.37 f 0.5 4.94 f 1.78 

Nontransgenic, saline treated 4 ND 5.36 + 1.38 

Animals that were 260 d old were subjected to an intranasal lavage with 50-100 
pl of 0.17 M ZnSO, in 0.15 M NaCl or with saline alone. Both sets were killed 8 
d following treatment. CAT activity was assayed from the left OB and dopamine 
assays were performed on the right bulb of each animal. The number of animals 
used in each category is denoted by n. ND, Not detectable; NT, not tested. 

the continued presence of dopa decarboxylase (Baker et al., 
1984). 

Because TH is specifically lost after destruction of direct syn- 
aptic inputs to the juxtaglomerular neurons, it is likely that 
ectopically expressed CAT, that is, in nonjuxtaglomerular neu- 
rons, would not be reduced by deafferentation. It was therefore 
expected that CAT would be transsynaptically regulated only if 
expressed in the TH-expressing cells of the bulb and if our 
construct contained sequences capable of mediating this effect. 
We therefore assayed the loss of CAT activity in response to 
afferent denervation. 

Deafferentation can be experimentally induced by ZnSO, la- 
vage of the nasal epithelium, which destroys olfactory receptor 
neurons (Harding et al., 1978; Cancalon, 1982). Under certain 
conditions, ZnSO,-induced deafferentation does not result in 
permanent loss of olfactory epithelial neurons (Harding et al., 
1977; Cancalon, 1982) such that regeneration of the olfactory 
neurons occurs over time. An 8 d time point was chosen in our 
experiments because previous work (M. Schwartz-Levey, un- 
published observations) has shown that at 8 d, no regeneration 
should have ensued. Transgenic animals were deafferented by 
a bilateral intranasal irrigation with 0.17 M ZnSO,. Eight days 
later, one OB from each animal was assayed for CAT expression, 
and endogenous dopamine was quantitated in the other bulb. 
Previous work had shown that ZnSO, deafferentation reduces 
dopamine to 15-30% of control levels (Nadi et al., 198 1; Ka- 
wano and Margolis, 1982). 

Control saline-treated animals had CAT expression compa- 
rable to untreated transgenic mice, establishing that intranasal 
irrigation had no effect on CAT activity (Table 2). Dopamine 
levels in these animals were also comparable to levels in saline- 
treated wild-type littermates of the transgenic animals. In con- 
trast, the dopamine levels in the ZnSO,-treated transgenic mice 
were about 30% of those from the saline-treated animals after 
8 d, demonstrating that the deafferentation was successful. CAT 
activity in the same animals dropped to 4 1% of levels in control 
animals (saline-treated and untreated transgenic animals), sim- 
ilar to the reported decrease in TH enzyme activity assayed 7 
d after lavage (Nadi et al., 1981). Therefore, the reduction in 
CAT expression in these animals shows that the transgene is 
regulated by afferent input, arguing that CAT expression is cell 
specific, and the TH DNA elements in the transgene are capable 
of mediating the transsynaptic effect. 

Discussion 
We generated four lines of transgenic mice bearing 4.8 kb of 5’ 
TH flanking sequences linked to CAT. Only one line expressed 

DAYS POSTNATAL 
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Figure 3. CAT and TH development in transgenic and nontransgenic 
mice. A, Developmental expression of CAT in the OB of transgenic 
mice. CAT assays were performed on single bulbs of transgenic mice 
previously identified by dot blots, on postnatal days 1, 4, 10, 21, 40, 
60, and >200. Each point represents mean + SEM assays on four or 
five mice. ANOVA analysis of the data revealed that CAT levels at 
postnatal day 2 1 were significantly different from those at day 1, day 4, 
and day 10, but not at day 40, day 60, or day >200 (p < 0.05). B, 
Developmental expression of TH in the OB of transgenic mice and their 
nontransgenic littermates. TH assays were performed on the remaining 
OB of the same animals used for CAT activity at postnatal days 1, 4, 
10, 21, 40, 60, and >200. Two or three transgenic mice and two or 
three nontransgenic littermates were used for each time point. Since no 
significant difference was observed, the data were pooled. Each point 
represents mean + SEM of assays on four to six mice. ANOVA analysis 
of the data revealed that TH levels at postnatal day 2 1 were significantly 
different from those at day 1, day 4, and day 10, but not at day 40, day 
60, or day >200 (p < 0.05). 

which receive afferents from olfactory neurons whose cell bodies 
reside in the nasal epithelium. Expression of TH in these OB 
neurons requires that these inputs be intact (Baker et al., 1983). 
If destroyed, TH activity (Baker et al., 1988), immunoreactivity 
(Baker et al., 1983, 1984), and RNA (Ehrlich et al., 1990) are 
severely reduced. Although deafferentation induces loss of TH, 
the juxtaglomerular neurons do not die, and can be detected by 
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the transgene in any tissue and was analyzed further. Presum- 
ably, the transgene integrated in a region of DNA that did not 
allow transcription in the other three lines, although we cannot 
rule out that posttranscriptional mechanisms may be respon- 
sible for the lack of CAT enzyme activity. Likewise, it is possible 
that the correct expression we detect in the expressing line is 
due to an integration site effect, specific for that particular lin- 
eage; however, given the number of different tissues assayed, 
the regional specificity within the brain and the appropriate 
developmental and transsynaptic regulation in the OB, it seems 
unlikely that the expression we observe is due to a random, 
fortuitous event. 

Kaneda et al. (199 1) demonstrated a similar disparity in the 
RNA expression. 

Our results differ from previous studies (Kaneda et al., 199 1; 
Morgan and Sharp, 199 1; Suri and Chikaraishi, 199 1) by dem- 
onstrating CAT expression in the OB and in the sympathetic 
ganglia (scg). Furthermore, our data on dissected brain regions 
reflects accurate expression of CAT in all the appropriate brain 
regions; in contrast, previous studies using up to 3.5 kb of up- 
stream sequences from the mouse TH gene and the entire coding 
region including introns as well as 0.5 kb of downstream region 
from the human gene demonstrated ectopic expression in the 
brain. Although some regions were correctly targeted, inappro- 
priate reporter expression occurred in a variety of CNS loci. 

4.8 kb of 5’ TH sequences is sujicient for 
Taken together, these data imply that elements between -3.5 
and -4.8 kb may be important for restricting ectopic CNS 

tissue-specific expression expression. Studies in our laboratory using 2.8 kb of the 5’ 
The 4.8 kb ofupstream TH sequence used in these studies targets flanking region of the rat TH gene resulted in a similar mixed 
expression of CAT exclusively to tissues containing TH-ex- pattern of appropriate and ectopic expression (Suri and Chi- 
pressing cells: we observed expression in the adrenal, scg, and karaishi, 199 1). This indicates that at least in the rat gene, ele- 
regions of the brain that contain TH-positive neurons. CAT ments that lie between -2.8 and -4.8 kb are important for 
activity was undetectable in all of the other tissues assayed allowing full expression in all TH-positive areas, and suppress- 
including liver, heart, spleen, and kidney. Areas of the brain ing ectopic expression. These data imply that multiple elements 
that are innervated by TH neurons, but do not contain TH cell spread over as much as 4.8 kb of flanking DNA may mediate 
bodies, contained very low levels of CAT activity, perhaps due activation and repression to generate the final pattern of TH 
to small amounts of transported CAT protein. expression. Although our data implicate a long 5’ flanking region 

The total amount of CAT per region, calculated from the for correct cell specificity, it does suggest that coding, intronic, 
amount of protein recovered from each region and the specific and 3’ flanking sequences are not necessary. Unfortunately, these 
activities in Figure 2, roughly paralleled the number of TH studies cannot address the contribution of other important se- 
neurons in each area. Although exact counts of TH neurons are quences that lie closer to the transcription start site, which work 
not available in the mouse, if mice and rats have the same in conjunction with more distal elements. 
proportion of TH neurons in various regions, the OB has the Although the regulatory regions of only a few neuronal genes 
largest number of TH neurons [ 150,OO per bulb in the rat (Mc- have been studied in transgenic mice, two genes, phenylethan- 
Lean and Shipley, 1988)] and by far the greatest CAT activity. olamine N-methyltransferase (Baetge et al., 1988) and neuron- 
The next largest group of TH neurons, the SN-VTA (Bjorklund specific enolase (Forss-Petter et al., 1990) have regulatory el- 
and Lindvall, 1984), has about one-quarter the number of TH 
neurons in the OB and about one-quarter as much CAT. Like- 
wise, the pons-medulla has one-quarter as many cells as the SN- 
VTA and proportionately less CAT. The hypothalamus has the 
fewest TH neurons but has disproportionately high CAT activ- 
ity, with levels between that of the SN-VTA and the pons- 
medulla. Part of this activity may be due to axonally transported 
CAT, since the hypothalamus is heavily innervated by TH- 
positive neurons. Nevertheless, CAT expression in dissected 
brain regions is specific to areas bearing TH cell bodies, and 
largely reflects the number of TH cells in each region. 

When compared to endogenous TH activity in a given region, 
CAT expression was higher in the CNS (OB and brain) than in 
the PNS (adrenal or scg). This suggests that the TH regulatory 
sequences used in this study preferentially target expression to 
the CNS, although CAT activity is clearly present in the adrenal 
and the scg. These data are consistent with a recent study (Ka- 
neda et al., 199 1) in which the entire human TH gene (including 
2.5 kb of upstream TH sequences, the entire coding region with 
introns, and 0.5 kb of downstream sequences) directed a lo- 
fold lower expression of the human TH transgene in the adrenal 
as compared to the brain. Although our construct includes an 
extra 2.3 kb of 5’ DNA (from -2.5 to -4.8 kb), there is still a 
20-50-fold higher CAT expression in the CNS compared to 
adrenal. Therefore, elements required for full PNS expression 
may still be lacking in the -4.8 construct. Since our study mea- 
sured TH and CAT enzyme activities, the observed disparity 

ements capable of directing correct reporter expression within 
2 kb of their RNA initiation sites. Appropriate expression has 
been demonstrated for several other neuronal genes using 4-5 
kb of upstream information (olfactory marker protein, Danciger 
et al., 1989; amyloid precursor protein, Wirak et al., 1991; 
SCG 10, Wuenschell et al., 1990); however, since deletional anal- 
ysis has not been performed, it is unclear what minimum length 
is required for correct specificity. Recently, it was shown that 
5.8 kb of the 5’ region of the dopamine @-hydroxylase (DBH) 
gene is sufficient to target reporter expression to the appropriate 
areas (Mercer et al., 1991). DBH is the third enzyme of the 
catecholamine neurotransmitter pathway. 

CAT expression in the OB parallels endogenous TH 
expression both in response to transsynaptic stimulation, and 
during development 

We show that 4.8 kb of TH 5’ flanking DNA directed accurate 
developmental regulation of CAT in the OB. The postnatal rise 
in endogenous TH activity was directly paralleled by a postnatal 
increase in CAT expression. Both activities increased until 3 
weeks after birth. This plateau at 3 weeks is in contrast with the 
results obtained by McLean and Shipley (1988) in the rat, using 
immunohistochemical methods in which they demonstrated that 
the number of TH-immunoreactive cells increase linearly until 
2 months after birth. However, a more prolonged time course 
for the development of TH in the rat as compared to the mouse 

could reflect post-transcriptional events, although the study by has been demonstrated in the scg (Black et al., 1974); perhaps 
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the same occurs in the OB. Nevertheless, in the mouse OB, the 
CAT reporter activity reflected endogenous TH activity. 

Unlike most other TH cell groups, OB neurons need to com- 
plete their migration and receive their afferent innervation be- 
fore they express TH, implying that developmental TH expres- 
sion is a manifestation of transsynaptic regulation. However, it 
has recently been suggested that the presence of intact afferent 
connections may not be sufficient for maintaining TH in the 
OB; rather, the maintenance of TH requires input electrical 
activity from afferent fibers. If the OB is allowed to develop 
normally, but odorant access is occluded by naris cauterization, 
there is a decrease in dopamine content (Brunjes et al., 1985), 
TH immunoreactivity, TH enzyme activity (Kosaka et al., 1987), 
and TH message (Stone et al., 1990), although the result is less 
dramatic than that resulting from chemical or surgical deaffer- 
entation. This indicates that development of TH expression in 
the OB is activity dependent. Thus, our construct contains se- 
quences to mediate the developmental induction of TH, which 
occurs in an activity-dependent manner. 

To demonstrate directly that CAT expression is transsynapt- 
ically regulated in a manner similar to the endogenous TH in 
the OB, we chemically deafferented the OB. ZnSO,-induced 
necrosis of the olfactory epithelial neurons removes afferent 
innervation to the dopaminergic neurons of the OB. This results 
in a progressive loss of TH expression such that 8 d after ZnSO, 
treatment TH activity is about 40% of normal levels, which is 
also reflected in dopamine levels (Nadi et al., 198 1; present 
results). After about 21 d, TH RNA (Ehrlich et al., 1990) and 
protein levels (Baker et al., 1983) are less than 10% of normal 
levels. 

In ZnSO,-treated transgenic mice, CAT levels dropped to 
about 40% to those of saline-treated controls, and dopamine 
levels fell to about 30% of control levels after 8 d, which are 
comparable to levels found by others for TH and dopamine, 
respectively (Nadi et al., 198 1; Kawano and Margolis, 1982). 

Transneuronal regulation is a selective process; TH is reduced, 
but other neurotransmitter enzymes like glutamic acid decar- 
boxylase (Kosaka et al., 1987) and amino acid (dopa) decar- 
boxylase (Stone et al., 1990), which colocalize with TH, are not. 
In addition, a variety of other molecules present in the OB, like 
PEP 19, cyclic nucleotides, ChAT, and neurotransmitter uptake 
systems, are not altered by deafferentation (Margolis et al., 1974; 
Ehrlich et al., 1990). PEP 19 is present in the granule cells of 
the OB that receive no input from the olfactory neurons. Thus, 
the specificity of transsynaptic TH regulation presumably de- 
pends partly on the restricted afferentation of the olfactory neu- 
rons onto the TH-expressing glomerular neurons, and partly on 
DNA elements in the regulatory region of the gene that are 
capable of mediating the effect. We hypothesize that the accurate 
transsynaptic regulation of CAT that we observe is consistent 
with CAT expression in the appropriate dopaminergic neurons. 
It also indicates that our construct contains sequences that me- 
diate the transsynaptic regulation of TH. 

Thus, the same cues that are required to induce initial TH 
expression during development may also maintain TH expres- 
sion in the adult. In the OB, these cues are activated by input 
electrical activity. The transcriptional activation of several genes 
have been shown to be mediated by depolarizing stimuli. In 
two well-studied cases, the human proenkephalin gene (Nguyen 
et al., 1990) and the immediate-early gene c-fos (Sheng et al., 
1990), a CAMP response element (CRE) has been shown to 
mediate depolarization-induced transcription. The TH gene has 

such an element at -45, although further experiments will be 
necessary to determine if the CRE mediates transsynaptic in- 
duction of TH. 

In conclusion, we have generated a line of transgenic mice 
that express a CAT reporter driven by 4.8 kb of 5’ TH sequences, 
in a manner reflecting endogenous TH expression in all tissues 
tested, including discrete brain regions. Furthermore, in the OB, 
there is accurate transsynaptic and developmental expression 
of CAT, suggesting that 4.8 kb is sufficient for mediating these 
events. 
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