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Abstract
It is well-established that long-term stress leads to induction of tyrosine hydroxylase (TH) mRNA
and TH protein in adrenal medulla and brain. This induction is usually associated with stimulation
of TH gene transcription rate. However, a number of studies have reported major discrepancies
between the stress-induced changes in TH gene transcription, TH mRNA and TH protein. These
discrepancies suggest that post-transcriptional mechanisms also play an important role in regulating
TH expression in response to stress and other stimuli. In this report we summarize some of our
findings and literature reports that demonstrate these discrepancies in adrenal medulla, locus
coeruleus and midbrain dopamine neurons. We then describe our recent work investigating the
molecular mechanisms that mediate this post-transcriptional regulation in adrenal medulla and
midbrain. Our results suggest that trans-acting factors binding to the polypyrimidine-rich region of
the 3′UTR of TH mRNA play a role in these post-transcriptional mechanisms. A hypothetical cellular
model describing this post-transcriptional regulation is proposed.
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Text
Most forms of repeated or chronic stress induce tyrosine hydroxylase (TH) in adrenal medulla,
sympathetic ganglia and locus coeruleus, and some types of stress induce TH in midbrain
dopamine neuron1-4. Current hypotheses describing the molecular and signaling mechanisms
responsible for this response focus primarily on transcriptional regulation and are based
primarily on results of studies performed in vivo using adrenal medulla or in cultured PC12
and neuroblastoma cells. According to these models, stress leads to increased firing of afferent
nerve fibers, like the splanchnic nerve for the adrenal medulla, resulting in enhanced activation
of multiple plasma membrane receptors on postsynaptic catecholaminergic cell bodies by
neurotransmitters released from these afferents. This receptor activation causes stimulation of
multiple signaling pathways, leading to activation and/or induction of transcription factors that
stimulate the TH gene promoter. The resulting increase in TH gene transcription rate leads to
induction of TH mRNA. The consequent increase in TH protein is presumably responsible for
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maintaining the appropriate levels of catecholamine neurotransmitters during periods of
sustained catecholamine release, which occur during chronic or repeated stress.

This model is supported by a large amount of evidence. TH mRNA is induced by almost all
stressors and this induction precedes the increases in TH protein 1-4. Using a number of
technically-difficult assays, including nuclear run-on assays, measurement of changes in the
levels of nuclear RNA primary transcripts, and measurement of changes in expression of
reporter genes driven by the TH gene promoter in transgenic mice, a number of laboratories
have shown that TH gene transcription rate increases in response to stress and other stimuli in
both adrenal medulla and locus coeruleus. Finally, stress leads to expected changes in
transcription factors that are known to regulate the TH gene promoter 5-11. Interestingly, in
the adrenal medulla, the time course of this transcriptional response is dependent on the
duration of the stress. Short-term stress leads to rapid, but transient transcriptional activation,
whereas chronic or repeated stress is associated with sustained stimulation of the TH gene
5-14. This sustained stimulation is apparently mediated by different transcription factors than
those that regulate the gene during short-term stress and results in long-term induction of TH
mRNA and TH protein.

Even though this model is consistent with much of the available evidence, there are a number
of important discrepancies that do not fit well. (1) The observed effect of a particular stressor
on TH expression differs depending on the tissue being studied 2, 15, 16. For instance, the
responses observed in the adrenal medulla are not always identical to those observed in brain
regions. (2) Increases in TH mRNA levels do not always correlate closely with increases in
TH gene transcription rate in response to some stressors 8, 9, 17-19, suggesting that TH mRNA
stability is regulated. (3) Induction of TH mRNA does not always lead to induction of TH
protein, suggesting that either TH protein synthesis or degradation is regulated by stress 14,
20-24. In this report, we will briefly discuss some of these discrepancies and relate them to the
hypothesis that trans-factors binding to the 3′UTR of TH mRNA may be regulated by stress,
resulting in regulation of TH mRNA stability and translation in different catecholaminergic
cell types.

Adrenal Medulla
Since most of the research in this field has been performed using either the adrenal medulla or
pheochromocytoma cells that are derived from the adrenal medulla, the evidence from this
system fits most closely the transcriptional hypothesis of TH regulation. However, even in the
adrenal, discrepancies exist. The best-studied example of post-transcriptional regulation of TH
expression involves stabilization of TH mRNA by hypoxia. Early studies showed that TH
mRNA in adrenal medulla is regulated in a complicated manner by oxygen deprivation
25-27. Subsequent studies using PC12 cells showed that hypoxia induces TH mRNA by both
transcriptional and post-transcriptional mechanisms 28-30. The post-transcriptional
mechanism involves stabilization of TH mRNA and is mediated by trans-acting proteins
binding to a 27 nt polypyrimidine-rich sequence within the 3′UTR of rat TH mRNA. One
candidate for this trans-acting factor is the poly-C binding protein (PCBP), which is discussed
in more detail below.

A second example of post-transcriptional regulation in adrenal medulla occurs in response to
treatment with the muscarinic agonist bethanechol. Both short-term and long-term treatment
with bethanechol leads to 2-3 fold increases in adrenal TH mRNA 14, 23. However, TH protein
and TH activity are not induced in response to this drug. This discrepant response suggests that
stimulation of muscarinic acetylcholine receptors on adrenal chromaffin cells activates
signaling pathways that induce TH mRNA, but either do not activate or inhibit post-
transcriptional pathways that regulate TH protein synthesis or degradation.
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A third apparent post-transcriptional mechanism in adrenal medulla involves differences in
expression of TH mRNA and TH protein in response to either a single or repeated stress. For
instance, after a single immobilization stress, TH mRNA increases dramatically (8-fold at 3 hr
after immobilization) and remains elevated ∼2-fold after 24 hr. Yet, this large effect produces
very small or insignificant increases in TH protein and TH activity 22. In contrast, repeated
immobilization stress over 2-7 days results in large increases in TH mRNA, TH protein and
TH activity. We have confirmed this difference in response to single versus repeated
immobilization stress in adrenal medulla 24. This discrepancy between changes in TH mRNA
and TH protein also are observed in response to other short-term stressors 24. Recently, we
tested whether this discrepancy is due to regulation of TH mRNA translation 24. Polysomal
distribution assays were used to assess the percentage of TH mRNA associated with
polyribosomes in adrenal medullae isolated from control rats or rats subjected to a single or
repeated immobilization stress. TH mRNA was induced 2-fold 24 hr after a single
immobilization, but the percentage of TH mRNA associated with polysomes was decreased
significantly (from 33% ± 3 in controls to 21% ± 1.5 in singly-immobilized rat, N=3). In
contrast, the percentage of TH mRNA associated with polysomes was essentially unchanged
relative to controls in repeatedly-immobilized rats, even though TH mRNA was induced ∼2-
fold. These results suggest that TH mRNA is induced to approximately the same extent in
response to either single or repeated immobilization stress, but that the induced TH mRNA is
not efficiently translated after a single immobilization. These findings support a model in which
a single immobilization stress activates signaling pathways that stimulate TH gene transcription
and induce TH mRNA, but do not activate mechanisms that are essential for translating the
induced TH mRNA into TH protein. Repeated stress apparently activates both transcriptional
and translational mechanisms, such that TH protein is induced. More work is needed to
delineate the precise molecular mechanisms responsible for this translational response and to
confirm that it occurs in response to other short-term stressors and that it plays a role in the
lack of induction of TH protein observed in response to bethanechol treatment.

Locus Coeruleus
Stress, nicotine, antidepressants and many other stimuli regulate TH expression in the locus
coeruleus 1-4. One of the most interesting findings over the past few years is that this regulation
is apparently mediated by different mechanisms than that which occurs in the adrenal medulla.
Our laboratory has shown that TH gene transcription increases in response to nicotine or stress
in both LC and adrenal medulla, and that in the adrenal this activated transcriptional response
is sustained for long periods of time when the animal is subjected to either drug treatment or
stress repeatedly over many days 7, 8, 10, 11, 14. In contrast, the transcriptional response to
each nicotine injection is short-lived or insignificant in the LC, even when the drug is
administered repeatedly for 14 days 8, 10. Sabban and coworkers 31, 32 have recently shown
that different transcription factors regulating TH gene promoter activity are induced in locus
coeruleus during stress compared to those induced in adrenal medulla. These results suggest
that the transcriptional response to stress or nicotine in these two tissues is mediated by different
signals and molecular mechanisms.

Discrepant changes between TH gene transcription and TH mRNA induction have also been
observed in response to stress or nicotine in the LC. Foot shock is associated with induction
of TH mRNA in the LC that lasts for at least 24 hr 9. In contrast, TH gene transcription, assessed
by measuring changes in TH gene primary RNA transcripts, increases for 15 min and 6 hr after
foot shock, but not at 24 hr. Similar discordant changes occur in response to nicotine in LC.
Sun et al 8 showed that chronic nicotine injections elicit a 2-3 fold induction of TH mRNA in
LC and that this induction persists for at least 24 hr after the final nicotine injection. This
induction is long-lasting, since TH mRNA remains elevated (∼1.5-fold) at 3 days after the final
nicotine injection. In contrast, TH gene transcription increases 2-3 fold 2 hr after the final
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nicotine injection, but returns to control activity by 24 hr. Similarly, sustained increases in TH
mRNA are observed after repeated immobilization stress in the LC (at least 48 hr after the final
stress), but TH gene transcription is stimulated at 2 hr, not at 24 hr after the final stress 8. These
discrepant time courses suggest that the long-term changes in TH mRNA that occur in response
to stress or nicotine are not solely due to activation of transcriptional mechanisms, but may be
mediated by post-transcriptional mechanisms that decrease TH mRNA degradation rate, as
seen in response to hypoxia in PC12 cells.

Midbrain Dopamine Neurons
Very little is known about TH regulation in midbrain dopamine neurons. Severe stress, chronic
nicotine treatment and reserpine treatment induce TH gene expression in these neurons, with
ventral tegmental neurons being more responsive than those in the substantia nigra 33-36.
However, this induction has not been observed in all studies and when observed, the effects
are usually small or short-lived compared to those seen in adrenal medulla or locus coeruleus
37-39

Lesioning using neurotoxins like MPTP, 6-hydroxydopamine or high doses of amphetamines
is another form of stress used commonly to study adaptive changes in dopamine neurons.
Interestingly, only modest or insignificant increases and even decreases in TH mRNA levels
are observed in surviving midbrain dopamine cell bodies after partial lesioning with these
neurotoxins 40-44. In agreement, TH gene transcription rate does not increase in midbrain after
treatment with 6-hydroxydopamine 45. In human Parkinsonian patients, decreases in midbrain
TH mRNA levels have been observed 46, 47. This lack of compensatory induction of TH
mRNA in the midbrain is puzzling, since one would expect the existence of homeostatic
mechanisms to elevate TH gene expression in dopamine cell bodies to replenish
neurotransmitter levels lost due to the lesion; compensatory induction of TH gene expression
occurs in the peripheral nervous system in response to catecholamine-depleting neurotoxins
or drugs 48-51. One explanation for this lack of response is that the signaling pathways
mediating TH mRNA induction are not activated. However, to test this hypothesis is difficult,
because so little is known about the regulation of TH in midbrain neurons. Hence, our
laboratory initiated an extensive set of experiments to investigate the signaling mechanisms
and receptors regulating midbrain TH mRNA.

In vivo studies
Our initial studies were performed in vivo, by microinjecting drugs either into the lateral
ventricles or intranigrally at the same coordinates used by Leviel et al 52 in their studies on
forskolin. The drugs that we chose were those that induce TH mRNA and stimulate TH gene
transcription rate in other model systems, such as cAMP analogs, forskolin, phorbol esters or
stimulatory agonists like glutamate, neurotensin, muscarine, nicotine or PACAP. To our
surprise, none of these drugs reproducibly induced TH mRNA in the midbrain at any of the
time points tested. Perhaps most surprising was the lack of response to forskolin, since Leviel
et al 52 reported a dramatic induction (∼10-fold) of TH mRNA in substantia nigra 24 hr after
a single injection of this drug. We performed the same experiment as in this previous report
using the same dose and brain coordinates to inject forskolin intranigrally in both anesthetized
(as in Leviel et al 52) and unanesthetized rats. We also injected 5 or 25 nmol of the membrane-
permeable cAMP analog, 8-CPT-cAMP in the same manner and measured TH mRNA levels
in the substantia nigra 4 or 24 hr after the injection. In all cases we observed no significant,
reproducible effects on TH mRNA levels. We were concerned that the induction of TH mRNA
might be short-lived and we were not measuring it at the appropriate time point (in Leviel et
al 52 the induction of TH mRNA by forskolin was observed at 24 hr, but not at any time point
before or after 24 hr). Hence, we used a semiquantitative RT-PCR assay to measure the levels
of TH gene primary transcripts containing intron-2 sequences. An increase in the levels of TH
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gene primary transcripts is an indirect measurement of an increase in TH gene transcription
rate. Using this assay, we repeated our in vivo experiments to test whether TH gene transcription
rate increased rapidly in response to forskolin, cAMP analog or other stimulatory drugs. Again,
our results were negative, in that significant and reproducible increases in TH intron-2-
containing primary transcripts were not observed at either 15 min or 1-2 hr after intraventricular
or intranigral injection of these drugs.

Midbrain slice explant studies
Since these in vivo experiments produced negative findings, we reasoned that the injection of
these drugs might be producing effects on non-dopaminergic afferent neurons and hence,
confounding our studies by potentially increasing inhibitory input to the the midbrain, which
theoretically could inhibit TH gene activation. To avoid this potential confound, we developed
an organotypic explant slice culture model system to test whether TH mRNA levels increased
in response to treatment with different agonists for stimulatory receptors that are present on
midbrain DA neurons. We did not observe an increase in TH mRNA levels in midbrain slices
treated for 6 hr with any of these stimulatory drugs (Figure 1). In other experiments we treated
slices with these drugs for 24 hr and still did not observe significant changes in TH mRNA
levels. We also treated slices with GDNF, phorbol ester, and bicuculline (to block inhibitory
GABA receptors); none of these drugs induced TH mRNA after 6 hr or 24 hr of treatment.

Finally, we tested whether cAMP induced TH gene expression in midbrain slices using
forskolin or the cell-permeable cAMP analog, 8-CPT-cAMP. cAMP is a powerful inducer of
both TH mRNA and TH protein in almost every other system tested 4, 53. In contrast, when
midbrain slices were treated with 1 mM 8-CPT-cAMP or 10 uM forskolin, there was no
induction of TH mRNA at any time point tested from 30 min to 36 hr (Figure 2). The only drug
that induced TH mRNA in the midbrain slices was the synthetic glucocorticoid dexamethasone
(P. Radcliffe, Ph.D. thesis, University of Rochester, 2006). This glucocorticoid induced TH
mRNA 2-3 fold after 24 hr of treatment (Figure 1).

We have described in detail these mostly “negative findings” for three major reasons: (1) These
are extremely surprising results! It is generally accepted that TH mRNA is induced by drugs
that depolarize catecholamine neurons or stimulate PKC or PKA. Clearly, this assumption is
not applicable to midbrain DA neurons. (2) To demonstrate that TH gene expression is
apparently regulated by different mechanisms in midbrain DA neurons than in peripheral
systems or noradrenergic LC neurons. (3) These findings may partially explain why a
compensatory induction of TH mRNA is not observed in neurotoxin-lesioned animal models.

cAMP-mediated induction of TH protein by a translational mechanism in midbrain
During the experiments with the midbrain slice explants, we also measured the effect of some
of these drugs on TH protein levels. To our surprise, forskolin and cAMP analogs induced TH
protein 2-3 fold in a dose-dependent manner, even though TH mRNA levels were not altered
(Figure 2). This finding suggested that post-transcriptional mechanisms regulate TH protein
expression in the midbrain. We have performed extensive studies characterizing this response
in both midbrain slice cultures and MN9D cells, a cell line that is derived from the fusion of
neuroblastoma cells with embryonic mouse midbrain neurons 54, Both of these cultured cell
models respond to cAMP in similar manners (ie, induction of TH protein without induction of
TH mRNA) (see Figure 2 for cAMP response in midbrain slice cultures). We show that TH
protein synthesis rate increases in both models in response to cAMP, even though TH mRNA
levels do not rise, and that cAMP elicits a greater percentage of TH mRNA associated with
polysomes. These results suggest that cAMP produces an increase in TH mRNA translation
in midbrain neurons.
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To further investigate the mechanisms responsible for this translational regulation, we
constructed TH-luciferase reporter genes, in which TH mRNA sequences were linked upstream
and/or downstream of the luciferase coding region, introduced these reporters into MN9D cells
and determined the effect of cAMP on luciferase activity and luciferase mRNA levels
(unpublished data). TH mRNA sequences within the 280 nt 3′UTR conferred a cAMP response
on luciferase activity, but not luciferase mRNA. Deletion and mutagenesis studies showed that
the polypyrimidine-rich region within the TH mRNA 3′UTR was responsible for this response.
Interestingly, this region is similar, if not identical to the one characterized by Czyzyk-Krzska
and coworkers 29, 30, which mediated the stabilization of TH mRNA in response to hypoxia
in PC12 cells. Since these workers present evidence that PCBPs bind to this polypyrimidine-
rich region and may act as trans-factors mediating the hypoxic response, we tested whether
PCBPs mediate the cAMP-mediated translational response. Our results indicate that the PCBP2
isoform is induced by cAMP in MN9D cells and that overexpression of this isoform leads to
induction of TH protein, but not TH mRNA, even without an increase in cAMP (unpublished
data).

Conclusions
There is considerable evidence that post-transcriptional mechanisms play a major role in
regulating TH mRNA and TH protein expression. Regulation of TH mRNA stability and
translation has been observed in adrenal medulla, locus coeruleus and midbrain in response to
stress or chronic drug treatments. The best-characterized examples of post-transcriptional
regulation are stabilization of TH mRNA by hypoxia in PC12 cells, changes in TH mRNA
translational efficiency in response to short-term or long-term stress in adrenal medulla and
regulation of TH mRNA translation by cAMP in midbrain dopamine neurons. However, it is
likely that other examples will be identified as techniques and model systems necessary to
study post-transcriptional regulation improve.

The mechanisms and signaling pathways responsible for these post-transcriptional responses
remain obscure. The studies on hypoxia-mediated regulation of TH mRNA stability and
cAMP-mediated reguation of TH mRNA translation indicate that a polypyrimidine-rich region
within the 3′UTR of rat TH mRNA participates in this response (Figure 3A). This
polypyrimidine-rich region is conserved very closely between rat and mouse (only a three
nucleotide mismatch). Polypyrimidine-rich regions are also found in the 3′ UTRs of human
and bovine TH mRNAs at approximately the same position as that seen in the rodent TH
mRNAs (20-40 nt downstream from the translational stop codon), suggesting that this region
may play an important role in TH mRNA expression in numerous species. However, the trans-
acting factors that bind to this region and elicit the post-transcriptional responses remain
unclear. The best candidates for these trans-acting factors are the PCBPs 55. These are a family
of proteins derived from four genes that bind to single-stranded RNAs rich in polypyrimidines.
At least two of these PCBP isoforms are expressed in PC12 and MN9D cells; the other two
isoforms, PCBP3 and PCBP4, remain to be investigated. Hypoxia induces PCBP1 in PC12
cells, whereas cAMP induces PCBP2 in MN9D cells. Since these inductions correlate with the
effects on TH mRNA stability and translation, respectively, in these two cell lines, it is
reasonable to postulate that these factors play a role in these responses. A hypothetical model
based on the available evidence is presented in Figure 3B. We postulate that stress, hypoxia,
cAMP and probably many other stimuli induce PCBP isoforms that bind to the polypyrimidine-
rich region of TH mRNA. This binding leads to increased interaction of the PCBP-TH mRNA
complexes with other factors, stabiliizing the mRNA and/or increasing its association with
polysomes leading to increased translation. Numerous questions remain, including: Do these
PCBPs actually bind to the polypyrimidine-rich region of TH mRNA? Is there redundancy
between the different PCBP isoforms mediating these responses? Do other trans-factors
participate in the formation of this binding complex, such as micro RNAs? Why do these trans-
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factors elicit TH mRNA stabilization in PC12 cells, but activate TH mRNA translation in
MN9D cells? What proteins or factors interact with the PCBP-mRNA complexes to mediate
their effects on stability or translation? What signaling pathways and mechanisms regulate
PCBP levels and activities? Which of these isoforms exist in adrenal medulla and central
catecholamine neurons under in vivo conditions, and how are they regulated in response to
stress or drug treatments? Answers to these (and other) questions are necessary to fully
understand the mechanisms that regulate TH gene expression under different physiological,
pathological and pharmacological states.
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Figure 1. TH mRNA is induced by dexamethasone, but not by stimulatory receptor agonists in
midbrain slices
Organotypic midbrain slice cultures were incubated in the presence of 100 uM glutamate, 20
uM nicotine, 50 uM muscarine or 100 uM NMDA for 6 hr or by 1 uM dexamethasone for 24
hr. TH mRNA levels were measured using semiquantitative RT-PCR. The data represent the
means ± SE from 3 cultures for each of the agonists in the bar graph and 5 cultures for the
dexamethasone experiment.
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Figure 2. 8-CPT-cAMP elicits induction of TH protein, but not TH mRNA in midbrain slice cultures
Organotypic midbrain slice cultures were incubated in the presence of 1 mM 8-CPT-cAMP
for the periods of time designated in the figure. TH protein was measured using western analysis
(see representative western blot above bar graph) and TH mRNA was measured using
semiquantitative RT-PCR (see representative autoradiogram above bar graph). The bar graph
presents the changes in TH mRNA and TH protein expressed as fold-increases over control
values, which were 1.0 ± 0.1 for TH mRNA/28S and 12 ± 2 density units/ug protein for TH
protein. The autoradiograms showing the RT-PCR results were overexposed for display
purposes; quantification of the density values was made using a phosphorimager within the
linear range. The data represent the means ± SE from 3-4 cultures.
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Figure 3.
(A) Diagram of TH mRNA, showing the sequences comprising the putative polypyrimidine-
rich region of TH mRNA in different species. (B) Hypothetical mechanism by which cAMP,
stress and other stimuli regulate TH mRNA translation and degradation via the induction and
consequent increased binding of PCBP and possibly other unknown factors to the
polypyrimidine-rich region of the 3′UTR.
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