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Abstract
THYmocyte differentiation antigen 1 (Thy-1), is a cell surface glycoprotein found on T cells and
neurons and is involved in cell-to-cell interactions. In addition, Thy-1 knockouts (KO) are a
potential mouse model of restless legs syndrome (RLS) based on clinical observations and the role
of dopamine in the disease. In this study, we analyzed the activity and quantity of tyrosine
hydroxylase (TH; the rate-limiting enzyme in dopamine production) and determined
phosphorylation levels for the enzyme (phospho-serine-40 (pSer-40)). There was no significant
difference in the total TH activity and pSer-40 TH levels between Thy-1 KO and control groups;
however, TH specific activity was significantly lower (by 26%) in Thy-1 KO mice. This
difference is, in part, due to increased TH protein levels in this group (increased by 29%). When
analyzed by gender, we determined that Thy-1 KO female mice striata contained less TH specific
activity compared to control females (decreased by 41%) and male control or Thy-1 KO animals
(decreased by 30%). TH specific activity and pSer-40 TH levels between male Thy-1 KO and
control displayed no differences. However, pSer-40 TH was significantly higher in control
females (38%) compared to control or Thy-1 KO males. The Thy-1 KO females exhibited
significantly lower (28%) pSer-40 TH (normalized to GAPDH or TH) than control females.
Indeed, the Thy-1 KO females had 50% of the pSer-40 TH found in controls. Our results suggest a
gender effect on TH specific activity, TH protein levels and serine-40 phosphorylation of TH in
Thy-1 KO female mice.
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1. Introduction
Thy-1 (THYmocyte differentiation antigen 1) is a glycoprotein originally associated with T
cells (Letarte-Muirhead et al. 1975; Raff 1971). More recently, it has been associated with
cell-cell communication and development in the central nervous system. Thy-1 is an
abundant neuronal surface glycoprotein and it plays a role in vesicular release of
neurotransmitter at the synapse. It is expressed at very high levels on neurons after axonal
growth is complete. Moreover, Thy-1 protein is thought to contribute to neuronal plasticity
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in the grey matter areas of brain (Mayeux-Portas et al. 2000). The highest concentrations of
Thy-1 protein in the brain are reported in the striatum and hippocampus (Seki et al. 2002).

Thy-1 is an iron responsive protein that has been shown to be reduced in the dopamine-rich
substantia nigra of postmortem restless leg syndrome (RLS) patients (Wang et al. 2004).
RLS is a neurological condition characterized by abnormal leg sensations and an
uncontrolled urge to move the lower extremities during rest periods. RLS has an estimated
prevalence of as high as 10% of the population with a marked female bias (Bjorvatn et al.
2005) in which RLS is observed two-times more frequently in females than males (Berger et
al. 2004). In fact, it has been reported that 25–40% of pregnant women can be affected by
RLS (Cesnik et al. 2010). Moreover, recent studies have shown that Thy-1 forms a physical
interaction with sex hormone-binding globulin (SHBG) (Gnanasekar et al. 2009) and that
SHBG is transported into brain cells in a sex hormone specific manner (Caldwell et al.
2007).

Thy-1 knockout dramatically alters dopaminergic systems and may modulate dopamine
metabolism (Connor et al. 2008). Tyrosine hydroxylase (TH) catalyzes the rate-limiting and
committed step in catecholamine biosynthesis (Levitt et al. 1965). TH requires iron (the
ferrous form) as a cofactor and utilizes O2 and biopterin (BH4) as co-substrates and is the
subject of extensive transcriptional and post-translational regulation (Dunkley et al. 2004;
Kumer and Vrana 1996). Phosphorylation of serine-40 plays a dominant role in the post-
translational regulation of the enzyme (Campbell et al. 1986; Haavik et al. 1997; Itagaki et
al. 1999; Kleppe et al. 2001; Kumer and Vrana 1996) and increases the activity to a much
greater extent than phosphorylation of serine-31 or serine-19 (Dunkley et al. 2004). Among
the downstream signaling elements of Thy-1, protein kinase A (cAMP-dependent PKA),
protein kinase C (phospholipid-dependent PKC), and calcium/calmodulin-dependent kinase
(CaMPK) are prominent (Chen et al. 2007; Haeryfar and Hoskin 2001; Haeryfar and Hoskin
2004; Rege and Hagood 2006b; Yang et al. 2008). These specific systems uniquely
converge on the regulation of serine-40 phosphorylation in TH.

Based on these observations, experiments were undertaken to measure the levels of TH
activity, TH total protein, and the levels of pSer-40 TH. Findings suggest that there are
gender-specific differences in TH regulation in Thy-1 KO mice.

2. Experimental Procedures
This study utilized Thy-1 knockout mice (Nosten-Bertrand et al. 1996) compared with
normal animals of the C57BL/6 genetic background. The mice (30g each) were killed by
deep anesthesia with sodium pentobarbital (Nembutal) (60 mg/kg i.p.) at about 1 year of
age. The brains were quickly removed, and striata were dissected. All procedures involving
animals were in accordance with guidelines of the Institutional Animal Care and Utilization
Committee of the Pennsylvania State University. Striatal samples were frozen on dry ice and
stored at −80°F until analyzed. Samples were pulverized in liquid nitrogen and then
homogenized in ten volumes (w/v) buffer [25mM PIPES (pH 6.0), 250mM Sucrose, 100µM
EDTA, protease inhibitor cocktail, 1mM DTT, 10µM Fe(NH4)2(SO4)2·6H2O, 0.2% Triton-
X-100], sample homogenates were prepared by sonication on ice, and immediately subjected
to protein determination, enzyme activity assay and western blot analysis.

2.1. TH Activity Assay and Specific Activity Determination
TH activity was assayed using a radio-enzymatic 3H2O release assay as previously described
by Reinhard et al. (Reinhard et al. 1986) and modified by Walker et al. (Walker et al. 1994).
Activity values were normalized to total protein present in the homogenized striatal tissue.
Protein concentrations were determined by Bradford protein assay (Bradford, Bio-Rad,
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Hercules, CA), and were expressed as nmol/h/mg. In addition, in selected experiments, TH
specific activity was determined by normalization to the amount of immunoreactive TH
protein as determined by quantitative western blots (Horellou et al. 1988; Walker et al.
1994). All materials for activity assays were obtained from Sigma (St Louis, MO, USA)
with the exception of activated charcoal (Darco G-60; Fisher Scientific, Pittsburgh, PA).

2.2. SDS-PAGE and Western Blot Analysis
The protein signals for detection of TH and pSer-40 TH were determined by SDS-PAGE
and western blot analysis. Criterion (4–12% gradient) Tris/Glycine gels were resolved in
Tris/Glycine buffer at 200 V, 115 Amp for 50 minutes. The gels were transferred to
polyvinylidene fluoride (Immobilon P, Millipore Corporation, Billerica MA.) membrane
using a semidry electro-blot apparatus set at 30 V for 1.5h (Owl Scientific, Cambridge, MA,
USA). TH was detected by probing with a 1:1500 dilution of affinity-purified mouse anti-
TH monoclonal antibody (Sigma). Phospho-serine-40 TH was detected by probing with a
1:1500 dilution of affinity-purified mouse serine-40-specific anti-phospho-TH polyclonal
antibody (Sigma, St Louis, MO, USA). A 1:3000 dilution of donkey anti-mouse IgG
secondary HRP conjugate (GE Healthcare, Lombard, Illinois) was used for signal detection
followed by chemiluminescence (ECL; Amersham, Buckinghamshire, England). The bands
were visualized following exposure to x-ray film. All film exposures were made in the linear
range of response (data not shown). The x-ray films were scanned and densities were
quantified using “ImageQuant TL v2005” software from GE Healthcare (Lombard, Illinois).
The quantified intensities were then adjusted to an external standard present on all blots.
Western blot signal intensity was normalized to GAPDH (glyceraldehyde-3-phosphate
dehydrogenase) as a measure of TH or pSer-40 TH in a sample. In selected analyses,
pSer-40 TH signals were normalized to total TH signals as a metric of relative percentage of
TH that is phosphorylated.

2.3. Statistical Analysis
The TPH activity and immunoreactive protein determinations were analyzed using
GraphPad Prism 5. We analyzed the data for four groups using one-way analysis of variance
(ANOVA), followed by the Newman-Keuls Multiple comparison test and for two groups by
using a Student's t-test. Statistical significance was associated with values of *p <0.05; **p
<0.01, ***p<0.001.

3. Results
Given the proposed link between Thy-1, RLS, and dopamine systems, we undertook
experiments to examine TH regulation in Thy-1 KO transgenic mice. In an initial
assessment of striatal TH activity, there were no differences between control and Thy-1 KO
animals (p=0.59; Figure 1A). However, there were differences in the amount of
immunoreactive protein as assessed by western blot analysis (29% increase in the Thy-1
KO; p=0.022; Figure 1B, see Figure 3E for primary western blot data). As a result, dividing
enzyme activity by immunoreactive signals illuminates a statistically significant reduction in
TH specific activity – a surrogate measure of the individual activity of an enzyme molecule
(decreased by 26%, p=0.01; Figure 1C).

The preceding studies were conducted in a mixed gender design. Given the suggestion that
there may be a gender-specific expression of RLS (Garcia-Borreguero et al. 2006), the data
were further analyzed by sex. While there were no differences in total TH activity (p=0.84,
Figure 2A), there was significantly more striatal immunoreactive TH protein in Thy-1 KO
female mice (p=0.003, Figure 2B) that resulted in a significantly lower TH specific activity
in females (p=0.003, Figure 2C). Thy-1 KO female mice striata exhibited 41% less TH
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specific activity compared to control female and 30% less than males of either genotype.
Therefore, the entire decrease in TH specific activity in Thy-1 KO animals can be attributed
to the total amount of TH protein in female knockout animals.

There is a rich history demonstrating that TH specific activity is regulated, in large measure,
by phosphorylation of TH at serine-40 (Dunkley et al. 2004; Kumer and Vrana 1996).
Therefore, using a phospho-specific antibody, we assessed the phosphorylation status
(pSer-40) of TH (see Figure 3C for primary data). We found no significant difference in
total striatal pSer-40 TH immunoreactivity when normalized to GAPDH (p=0.16, Figure
3A). However, pSer-40 TH protein, normalized to the amount of total immunoreactive TH,
paralleled the TH enzyme specific activity (Figure 3B). That is, a smaller percentage of the
total TH protein was phosphorylated in the Thy-1 KO and this corresponds to reduced TH
specific activity. As with the preceding results, these differences could be ascribed
completely to the female genotypes (Figure 3C and 3D).

4. Discussion
Our results show that there is a gender effect on TH specific activity, total TH quantification
and pSer-40 TH quantification in Thy-1 KO female mice. Thy-1 is implicated in the
coordination of dopaminergic innervation of the striatum during development (Shults and
Kimber 1993). Thy-1 expression occurs prior to maturation of dopaminergic terminals and
may thus serve to guide outgrowth in the striatum and to suppress further outgrowth from
dopaminergic axons (Shults and Kimber 1993). This may contribute, in part, to documented
deficits in long-term potentiation and mild learning deficits in the Thy-1 KO (Rege and
Hagood 2006a).

Our results indicate that, while total TH activity in Thy-1 KO mice remains constant, both
the total levels and specific activity of the TH protein are altered. While TH recovery
following dissection could be possible source of the difference between TH quantity and TH
activity levels in Control and Thy-1 KO samples, we note consistency in GAPDH and total
TH (with the exception of female Thy-1 animals; see Figure 3E for representative primary
data). While levels of TH protein are increased in Thy-1 KO samples, the specific activity is
decreased, signifying a decrease in the activity of each individual TH molecule. This effect
can be attributed to a gender-specific (female) change in expression of TH protein and
specific activity. Indeed, a number of studies report gender-specific expression of TH in
various brain regions of the rat (Abreu et al. 1988; Gomes-da-Silva et al. 2000; Ovtscharoff
et al. 1992; Thanky et al. 2002). The change in specific activity is further explained upon
examination of levels of phosphorylated TH (pSer-40). Phosphorylation of TH at serine-40
has been shown to increase levels of activity (Dunkley et al. 2004; Haycock 1990; Kumer
and Vrana 1996). Levels of pSer-40 TH in control females are significantly increased
compared with males but, in female Thy-1 KO mice, phospho-TH levels are significantly
lower than control animals. This would account for the observed decrease in specific
activity. It is noteworthy that these differences were not detected using less sensitive
immuno-dot blots in an earlier report (Connor et al. 2008). Moreover, this is clearly not the
entire story. Specifically, there are two additional important TH phosphorylation sites
(serine-19 and serine-31) that contribute to TH regulation. These sites were not assessed in
the present study, primarily because Thy-1 signaling would appear to converge on serine-40
(PKA, PKC, CaMPKII). It is interesting that while pSer-40 and TH specific activity are
linked in females (Figures 2C and 3C), males fail to exhibit statistically-significant
reductions in TH specific activity, even though their pSer-40 levels are lower than female
controls. It seems likely that other sites (ser-19 and/or ser-31) are therefore involved in male
TH regulation.
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Thy-1 expression persists in the adult brain and is thought to stabilize synapses and
modulate kinase activity through the phosphorylation of a number of protein targets (Jeng et
al. 1998). Additionally, Thy-1 has been shown to be a component of many types of secretory
vesicles, plays a regulatory role in vesicular release of neurotransmitters at the synapse (Jeng
et al. 1998), and is involved in trafficking of proteins, including neurotransmitter receptors,
to the membrane (Sudhof 1995; Takamori et al. 2000). Several factors are involved in
regulating the activity of TH (Kumer and Vrana 1996). In our previous report on the Thy-1
KO (Connor et al. 2008), we observed a dramatic increase in total striatal dopamine in the
KO which would be predicted to decrease enzyme phosphorylation and activity (as rev. in
(Kumer and Vrana 1996)). On the basis of these observations, we hypothesize that Thy-1
plays a significant role in the dopaminergic system in the brain which, when dysregulated,
causes alterations in dopamine synthesis and signaling. The possibility that Thy-1
contributes to gender specific serine-40 TH phosphorylation, and therefore specific activity,
could help explain its role in dopamine signaling, and may point to mechanisms of gender-
bias in RLS.
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Figure 1.
The amount of TH activity (A), TH protein quantification (B) and TH specific activity (C)
in the striata of Thy-1 KO mice and controls were measured (as described in Methods). The
results shown are the mean of 9 control (4 female; 5 male) and 9 Thy-1 KO (5 female; 4
male) animals. Results were analyzed using a GraphPad Prism5 student t-test. The error bars
represent standard error of the mean. Statistical significance * p<0.05; ** p<0.01; ***
p<0.001.
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Figure 2.
Gender-based TH activity (A), TH protein quantification (B) and specific activity (C) were
measured in the striata of Thy-1 KO (5 female; 4 male) and control (4 female; 5 male) mice.
TH and GAPDH protein levels in striatal tissue homogenates were quantified by measuring
the optical density of bands detected by western blot. Results were analyzed by using one-
way ANOVA followed by a Newman-Keuls post-hoc test. The error bars represent standard
error of the mean. Statistical significance * p<0.05; ** p<0.01; *** p<0.001.
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Figure 3.
Phospho-serine-40 (pSer-40) TH protein quantification (A); Controls and Thy-1 KO pSer-40
TH protein quantification (corrected for GAPDH) (B); Controls and Thy-1 KO pSer-40 TH
protein quantification (corrected to TH) (C); Gender-based pSer-40 TH protein
quantification (corrected for GAPDH) Thy-1 KO (5 female; 4 male) and control (4 female; 5
male) mice, (D). Total TH, pSer-40 TH and GAPDH protein levels in striatal samples were
determined by quantitative western blots. Results were analyzed by using one-way ANOVA
followed by a Newman-Keuls post-hoc test. The error bars represent standard error of the
mean. Statistical significance * p<0.05; ** p<0.01; *** p<0.001. Representative primary
western immunoblot signals from two gels are provided in panel (E).
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