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Abstract

Compensatory mechanisms in dopamine (DA) signaling have long been proposed to delay onset

of locomotor symptoms during Parkinson’s disease (PD) progression until ~80% loss of striatal

DA occurs. Increased striatal dopamine turnover has been proposed to be a part of this

compensatory response, but may occur after locomotor symptoms. Increased tyrosine hydroxylase

(TH) activity has also been proposed as a mechanism, but the impact of TH protein loss upon site-

specific TH phosphorylation in conjunction with the impact on DA tissue content is not known.

The tissue content of DA was determined against TH protein loss in the striatum and substantia

nigra (SN) following 6-OHDA lesion in the medial forebrain bundle in young Sprague-Dawley

male rats. Although DA predictably decreased in both regions following 6-OHDA, there was a

significant difference in DA loss between the striatum (75%) and SN (40%), despite similar TH

protein loss. Paradoxically, there was a significant decrease in DA against remaining TH protein

in striatum, but a significant increase in DA against remaining TH in SN. In the SN, increased DA

per remaining TH protein was matched by increased ser31, but not ser40, TH phosphorylation. In

striatum, both ser31 and ser40 phosphorylation decreased, reflecting decreased DA per TH.

However, in control nigral and striatal tissue, only ser31 phosphorylation correlated with DA per

TH protein. Combined, these results suggest that the phosphorylation of ser31 in the SN may be a

mechanism to increase DA biosynthesis against TH protein loss in an in vivo model of PD.

INTRODUCTION

Bradykinesia is a cardinal symptom of both Parkinson’s disease (PD) and age-related

Parkinsonism (Bennet et al, 1996; Prettyman, 1998). Despite established side effects, L-

DOPA, the product of tyrosine hydroxylase (TH), has been the gold standard to treat

locomotor impairment in PD for over 50 years. Still, the major loss of TH is a significant

hurdle to overcome to improve locomotor deficits of PD. Prior to the onset of locomotor

impairment, the progressive loss of TH protein occurring during PD progression may be

countered with compensatory mechanisms that may maintain normal locomotor activity
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until 70–80% TH loss in striatum (Bernheimer et al, 1973; Hornykiewicz, 1993), or ~50%

loss in the substantia nigra (SN) (Bezard et al., 2001). Dopaminergic compensation in PD

progression was first proposed ~40 years ago, with evidence that remaining nigrostriatal

neurons were hyperactive (Agid et al., 1973). Axonal sprouting in striatum has also been

observed in the established 6-OHDA PD model (Stanic et al., 2003), but may also play a

role in motor complications from L-DOPA with increasing lesion severity (Lee et al., 2008).

Increased DA turnover has also been proposed to be associated with prevention of

locomotor symptoms until there is severe TH loss (Pifl and Hornykiewicz, 2006). However,

the observations that increased DA turnover occurs only after locomotor symptoms are

present (Bezard et al., 2001) or that it may contribute to toxicity (Zigmond et al., 2002) casts

some doubt on the efficacy of this mechanism to compensate for loss of TH protein. Other

evidence of compensation is seen with increased D2 receptor expression or activity of the

subthalamic nuclei, which are argued to maintain basal ganglia function during progressive

DA loss (Bezard et al., 2003). Finally, increased activity of remaining TH protein has also

been proposed, as increased TH activity has been observed in post-mortem PD tissue

(Nagatsu, 1990, Nagatsu and Sawada, 2011; Nakashima et al., 2013a) or recovery of TH

expression after 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP) (Jackowec et al.,

2004). However, the mechanism by which TH activity may be enhanced or how it may

affect DA tissue content in either striatum or SN in a progressive PD animal model is

unknown.

To better elucidate the role of DA in locomotor function, the differences in DA regulation

between the terminal versus somatodendritic compartments must be considered. Altered DA

signaling in the SN may affect locomotor activity, independent of any change in striatum

(Bergquist et al., 2003; Trevitt et al., 2004; Anderson et al., 2006; Salvatore et al., 2009a;

Pruett and Salvatore, 2013). Furthermore, comparatively less TH protein loss in the SN

(~40–50%) than in striatum is associated with locomotor deficits in animal models of PD or

aging (Emborg et al., 1998; Bezard et al., 2001; Salvatore et al.,2009a). In PD models, basal

levels of extracellular DA in SN are unaffected by 6-OHDA lesion, despite loss of TH-

positive cells, unless there is amphetamine challenge (Sarre et al., 2004). Together, these

observations lend support to the prospect that compensatory changes in DA signaling may

occur in the SN, in addition to striatum, and may contribute to locomotor capacity. For

example, in aging models, GDNF, which increases locomotor activity, notably increases DA

tissue content in the SN, and not striatum (Hoffer et al.,1994; Gerhardt et al., 1999; Grondin

et al., 2003). GDNF also increases TH phosphorylation in the SN (Salvatore et al., 2004).

Therefore, the regulation of DA biosynthesis in the SN during loss of TH protein could be

an important mechanism for maintaining DA signaling associated with locomotor function.

Using the 6-OHDA model of PD, the relationship of how site-specific TH phosphorylation

and DA tissue content may be affected by TH protein loss was determined in the stratum

and SN, therefore examining the nature of dopaminergic neurotransmission at the

biosynthesis step in the nigrostriatal pathway using an established PD model.
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METHODS

6-OHDA lesion

Male Sprague-Dawley rats were purchased from Harlan and were 4–6 months of age. Rats

were anesthetized with 40 mg/kg Nembutal intraperitoneal (i.p.) (pentobarbital Lundbeck

Inc, Deerfield, IL) with supplement of 9.0, 0.6, and 0.3 mg/kg ketamine, xylazine, and

acepromazine, respectively and then placed into a stereotaxic frame. 6-OHDA was delivered

unilaterally to the medial forebrain bundle at coordinates ML +1.5, AP −3.8, DV −8.0

relative to Bregma according to Paxinos and Watson rat brain atlas, 4th ed. A total of 9 or 16

µg of 6-OHDA in a total of 4 µl in 0.02% ascorbic acid (concentrations of 2.25 or 4 mg/ml)

was infused unilaterally at a rate of 1 µl/minute. Notwithstanding possible bilateral effects of

the 6-OHDA infusion (see section Phosphorylation of TH), the contralateral striatum was

left intact as a naïve tissue control. The syringe was left in place for 10 min before removal

to allow for maximal diffusion of drug and to avoid further mechanical damage to the tissue.

Body temperature was maintained during surgery using a temperature monitor with probe

and heating pad (FHC, Bowdoingham, ME). This protocol produces a range of 60–95% TH

and dopamine transporter loss within 9–16 days (Chotibut et al., 2012), with mean loss of

77%, 11 days post lesion. Eleven test subjects were analyzed in this study and exhibited loss

of TH protein ranging from 22–98% in striatum and 28–79% in substantia nigra. As the

intent of this study was to analyze DA tissue content and TH phosphorylation during

progressive TH loss, we dissected striatum and substantia nigra no earlier than 9 days and no

later than 16 days after 6-OHDA. Most dissections (9 of 11) were done at 9 or 12 (± 1) days

following 6-OHDA. Lesion predictability was previously demonstrated in our laboratory, in

which case we addressed dopamine transporter function following 6-ODHA (Chotibut et al.,

2012).

On day 7 following lesion, amphetamine (2 mg/kg, i.p.) was given in order to test for

behavioral confirmation of lesion onset. A lesion of > 50% can be detected by rotational

behavior following amphetamine (Hudson et al., 1993). At least 2 days following

amphetamine were allowed to pass before dissection to allow for its virtually complete

elimination. The protocols used were approved by the Animal Care and Use Committee of

LSU Health Sciences Center-Shreveport. ARRIVE guidelines were observed in the conduct

of this study.

Tissue analysis for dopamine and tyrosine hydroxylase

The procedure for dissection and neurochemical analyses is fully explicated in Salvatore et

al., (2012a), but a brief description is provided as follows. All rats were very briefly

rendered unconscious by isoflurane and decapitated for immediate removal of the whole

brain. The brain was briefly rinsed in cold water and placed into an ice-cold rodent brain

matrix for coronal dissection, each tissue slice being 1 mm. The substantia nigra was

isolated from the ventral tegmental area (VTA) using a #11 scalpel blade to dissect it away

free-hand from 2 to 3 coronal slices containing midbrain, as illustrated in Salvatore et al.,

(2012a), and also conducted previously (Salvatore et al., 2004; 2009a; 2009b; Salvatore and

Pruett 2012; Pruett and Salvatore, 2010; 2013). Frozen tissues were sonicated immediately

after removal from dry ice in perchloric acid/EDTA solution (Salvatore et al., 2012a). The
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solubilized sample was spun to precipitate inherent protein and the supernatant was

processed for analysis of DA and the DA metabolite dihydroxyphenylacetic acid (DOPAC)

by HPLC. The solution is aliquoted in quantities to detect DA and DOPAC in linear range

and the resulting ng quantities of DA or DOPAC are normalized, at first, to recovered

protein and then, following western blot assay to be described, to total TH protein (fully

described in methodological detail in Salvatore et al., 2012a). The protein pellet was

sonicated in 1% SDS solution (Salvatore et al., 2012a) and processed for analysis of total

protein and then further processed for western blot analyses of TH and site-specific TH

phosphorylation (Salvatore et al., 2012a; Salvatore and Pruett, 2012). The primary antibody

sources were from the following sources; total TH protein (Millipore (Temecula, CA,

cat#AB152, diluted 1:1000), ser19 and ser40 phospho-specific primaries were purchased

from PhosphoSolutions (Aurora, CO, cat#p1580-19, diluted 1:1000 (ser19) and

cat#1580-40, diluted 1:1000 (Ser40)). The phospho-specific antibody to ser31 is an in-house

antibody raised and affinity-purified by 21st Century Biochemicals and phosphorylation-

state specificity was verified by the vendor and in-house verification against TH standards

with verified differences in phosphorylation (as previously reported in Supplemental

Information in Salvatore et al, 2009a). Site-specific TH phosphorylation standards used have

been described and characterized in previous studies (Salvatore et al., 2009a; Salvatore and

Pruett, 2012; Salvatore et al., 2012a). To be clear, every phosphorylation and TH protein

assessment was done in independent assays (blots were not stripped and re-probed with

primary antibodies). Phosphorylation stoichiometry was determined against a standard curve

generated within the linear dynamic range of the antibody in use and values were

normalized to total TH protein loaded for each assay. Comparisons were directly made

between lesioned and contralateral control tissues for each test subject.

Phosphorylation of TH

We noted that in the assessment of ser19 and ser40 phosphorylation in the 6-OHDA study

only that there were lower bands of ~50 kDa present below the 60 kDa band for TH protein

and these were more prominent in the lesioned striatal tissue. There is evidence that both

ser19 and ser40 phosphorylation may predispose TH to proteosomal degradation

(Nakashima et al, 2011). We assumed these bands reflected a non-functional component of

total TH protein and therefore determined phosphorylation stoichiometry (ps) by quantifying

the 60 kDa bands alone. However, we also quantified the lower bands to determine if a

relationship existed between their relative abundance and lesion severity, as indicated by TH

loss against TH protein recovered in the contralateral control.

Measures of DA, TH protein, and site-specific TH phosphorylation from the striatum and

SN of the 6-OHDA lesioned side were compared against values obtained from the

inherently-matched intact contralateral tissues, respectively. It is known that a unilateral 6-

OHDA lesion can produce bilateral effects on neuronal activity in the basal ganglia (Breit et

al., 2008), striatal DA release and turnover (Dzahini et al., 2010), and striatal glutamate

release (Lindefors and Ungerstedt, 1990). These neuronal events could conceivably affect

the dependent measures in the contralateral control tissues. Therefore, a comparison of

control values to previously published data on these measures (Salvatore et al., 2009a;

Salvatore and Pruett, 2012; Pruett and Salvatore, 2013) was done. In the contralateral
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control tissues, DA per protein (as ng/mg protein) in striatum was ~225 and in SN ~7.5, and

was in range of previously reported values (striatum 190 –300, SN 7.0 – 8.0), TH protein (as

ng/µg protein) in striatum was ~0.4 and in SN ~0.07, and was in range of previously

reported values (striatum 0.3 –0.5, SN 0.05 – 0.10), ser19 phosphorylation stoichiometry in

striatum was ~0.15 and in SN ~0.20, and was above or in range of previously reported

values (striatum 0.06 – 0.10, SN 0.15 – 0.25), ser31 phosphorylation stoichiometry in

striatum was ~0.4 and in SN ~0.08, and was in range of previously reported values (striatum

0.3 – 0.4, SN 0.05 – 0.10), ser40 phosphorylation stoichiometry in striatum was ~0.06 and in

SN ~0.05, and the value for striatum was above previously reported values (striatum 0.02 –

0.04, SN 0.03 – 0.05). Finally, DA turnover (DOPAC: DA ratio) in the contralateral control

in striatum was ~0.06 and in SN ~0.14, and for the striatum, this value was higher than

previously reported value (0.02), but the value in SN was lower than previously reported

value (0.2) (Salvatore and Pruett, 2012). While it is possible that the unilateral 6-OHDA

lesion contributed to the differences, primarily seen in striatum, in values as compared to

previously reported measures, it stands to reason that an inherent contralateral tissue control

still serves as the best possible control, given the variance in measures that occur among rats

from bilateral analyses. This design controls for such variance in these measures among rats.

Statistics

With the exception of the correlational analyses, the data are presented as mean and S.E.M.

The DA, DOPAC, and TH protein and phosphorylation measures in the lesioned side were

compared against the values obtained from the contralateral control tissue, and therefore a

two-tailed paired Student’s t-test was used for each region (striatum or SN). In both

experiments, outliers were detected with alpha set to 0.05 as dictated by the sample size. A

Pearson correlational analysis was done to compare DA turnover (as the ratio of ng

DOPAC: ng DA) to the % of 6-OHDA-induced loss of TH against contralateral striatum, to

determine if significant relationships of TH phosphorylation for each phosphorylation site

existed with inherent recovered DA tissue content (control tissues and lesioned and control

together) in the striatum and SN, and to examine the relationship of lower than 60 kDA

immunoreactive bands against TH loss. The Grubb’s test was employed to detect outliers in

the data sets presented.

RESULTS

TH protein and DA tissue content

As expected, 6-OHDA lesion to the medial forebrain bundle decreased TH protein in both

striatum and SN, with a mean TH loss ranging from 22–98% in striatum and 28–79% in SN,

with no significant difference in TH loss between striatum and SN (Fig. 1).

There was also a significant loss of DA in both regions, but there was significantly greater

loss in striatum (75%) compared to that in the SN (40%) (Fig. 2A). Examined in another

way with regard to remaining DA, there was a significant increase (2.4-fold) in DA in the

lesioned SN compared to striatum, despite the similar decrease in TH protein arising from 6-

OHDA lesion (Fig. 1). These differences in DA recovery between the striatum and SN were

reflected in differences in DA recovered per remaining TH protein, being significantly
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decreased in striatum, but increased in SN, as compared to this index in the respective

contralateral control tissues (Fig. 3 A,B).

Dopamine turnover

There was no significant increase in DA turnover in either the striatum or substantia nigra

(data not shown). However, with increasing TH protein loss in the striatum, there was a

significant correlation with the DOPAC:DA ratio difference between lesioned and

contralateral control striatum (Fig. 4), indicating that when DA loss exceeded 80%, striatal

DA turnover increased.

Relationship of ser 19, ser31, and ser40 TH phosphorylation to DA tissue content

Increased TH phosphorylation at either ser31 or ser40 affects TH activity in vitro or in situ

(Salvatore et al., 2001; Dunkley et al., 2004), but recent evidence suggests that ser31

phosphorylation may affect TH regulation in vivo (Salvatore et al., 2009a; Damanhuri et al.,

2012; Salvatore and Pruett, 2012; Shi et al., 2012). In control striatal and nigral tissue

together (data not shown), there was a significant correlation of DA recovered per TH

protein with ser31 (p<0.0001, Pearson r=0.945, n=14), but not ser40 (p=0.16, Pearson

r=0.397, n=14), or ser19 (p=0.087, Pearson r= −0.473, n=14). This relationship of site-

specific TH phosphorylation with DA per recovered TH protein was then analyzed to

include the tissues from the lesioned striatum and SN, which provided a larger range of

recovered DA against recovered TH protein. We note these comparisons were made from

the same tissue sources, with repeating the phosphorylation assessment for each

phosphorylation site as described in the methods. In striatum, there was a significant

correlation of ser31 (Fig. 5A) or ser40 (Fig. 5B) TH phosphorylation versus DA recovered

to TH protein. However, in the SN, ser31, and not ser40, TH phosphorylation had significant

correlation with DA recovered to TH protein (Fig. 5C, D). No significant correlation was

observed between ser19 TH phosphorylation and DA recovered to TH protein in the

striatum or SN (n=14 for striatum, 13 for SN).

Impact of 6-OHDA on TH phosphorylation

As with DA recovered to remaining TH protein, the 6-OHDA lesion also produced

significant differences in ser31 TH phosphorylation compared to control tissues between the

striatum and SN. Whereas ser31 TH phosphorylation significantly decreased in the striatum

following 6-OHDA, there was a significant increase in the SN (Fig. 6A). This pattern of

phosphorylation differences between lesioned and contralateral intact tissue matched the

differences in DA recovered per TH protein (Fig. 3A) between the striatum and SN,

suggesting ser31 phosphorylation, as affected by 6-OHDA, plays a significant role in

affecting DA tissue content in the nigrostriatal pathway.

There was a significant decrease in ser40 TH phosphorylation (~28%) in striatum, but there

was no significant difference observed in the SN (Fig. 6B).

Ser19 TH phosphorylation does not directly affect TH activity. However, the impact of 6-

OHDA on ser19 may reveal several changes in signaling or pathology within and outside of

the nigrostriatal neurons, given its Ca2+-dependence (Salvatore et al, 2001), influence by
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glutamate uptake dynamics (Salvatore et al., 2012b; Chotibut et al., 2013), and possible

association with TH proteolysis (Nakashima et al., 2011). In the SN, there was a significant

increase in ser19 TH phosphorylation (60 kDa band only) in the lesioned side (Fig. 6D). A

trend toward an increase (p<0.06) was observed in striatum (Fig. 6D).

In the 6-OHDA-lesioned striatal tissue, there was an increase in the presence of ser40-

reactive bands, other than the ~60 kDa TH protein band (Fig. 7, top panel). These bands

were also present in the lesioned SN and contralateral SN. Their proportion in the lesioned

SN trended toward an increase with >50% TH protein loss, (a low n made statistical

conclusion inconclusive (data not shown)). When accounting for the lower band, in addition

to the ~60 kDa TH band, there was no difference in ser40 immunoreactivity following 6-

OHDA in striatum and the result in SN remained insignificant. However, the overall ser40

stoichiometry in the SN, when accounting for both the 60 kDa and lower band, was ~0.2,

(data not shown), a stoichiometry that has yet to be reported in any previous in vivo study.

With regard to ser31 phosphorylation, these lower MW bands were not observed in either

region under equivalent assay parameters (Fig. 7, middle panel).

In striatum, but not SN, a lower molecular weight band reactive to the phosphospecific ser19

antibody (Fig. 7, lower panel), was correlated with TH protein loss following 6-OHDA (Fig.

8). This relationship was not observed in the case of ser40 in striatum, but there was a two-

fold increase in percentage of lower band immunoreactivity observed in verified lesion of

>75% (data not shown).

DISCUSSION

Presynaptic plasticity, or dopaminergic compensation, has been long proposed to be one

possible mechanism by which locomotor impairment does not manifest until loss of TH

protein exceeds 70% (Agid et al, 1973; Bezard et al., 2001; Zigmond et al., 2002). Here, the

results reveal that the impact of 6-OHDA on TH regulation in the nigrostriatal pathway has

distinct and dichotomous effects on ser31 TH phosphorylation between the striatum

compared with the SN. Notably, on our assumption that DA tissue content can at least

partially reflect TH activity, there is an overall decrease in DA per remaining TH protein in

the striatum, whereas this index of DA biosynthesis is increased in the SN, following 6-

OHDA. In so far as other mechanisms of DA regulation in the 6-OHDA model, increased

reuptake of DA per remaining dopamine transporter in striatum has been recently reported

(Chotibut et al., 2012). Accelerated DA turnover is also reported in lesioned striatum,

(Bezard et al., 2001; Pifl and Horykiewicz, 2006). Our data indicate such increases occur

only when TH loss exceeds 75% (Fig. 4). Increased DA release occurs in striatal slices from

6-OHDA-lesioned rats (Snyder et al., 1990). Therefore, these results add additional insight

in how DA is regulated with TH protein loss.

The loss of TH protein following 6-OHDA was comparable between the striatum and the

SN at the time of analysis, averaging ~60%, but the inclusion of tissues wherein there was

less and greater than 60% TH loss allowed for determining if phosphorylation changes were

consistent during TH protein loss. Overall, the results indicate that ser31 phosphorylation is

differentially regulated between the striatum and SN during TH protein loss, as it is under
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basal conditions (Salvatore et al., 2004; 2009a; 2009b; Salvatore and Pruett, 2012).

Determining TH phosphorylation in response to 6-OHDA may indicate whether increased

DA biosynthesis occurs to offset TH loss. The results indicate that such a compensatory

mechanism does not exist in striatum in this PD model, given a decrease in either ser31 or

ser40, and DA recovered per remaining TH protein. However, increased ser31

phosphorylation and DA recovered per remaining TH protein in the SN suggests increased

DA biosynthesis may occur in response to 6-OHDA-induced TH loss in the SN.

Consequences of TH phosphorylation in response to 6-OHDA

Multiple protein kinase signaling cascades regulate site-specific TH phosphorylation

(Haycock, 1993; Dunkley et al., 2004). Thus, differences in TH phosphorylation following

6-OHDA may reveal potential signaling mechanisms associated with loss of TH protein.

Recent studies support that ser31 may regulate DA biosynthesis in vivo (Salvatore et al,

2009a; Damanhuri et al., 2012; Salvatore and Pruett, 2012; Shi et al., 2012; Ong et al., 2013)

and in the current study (Fig. 5). The increase in nigral ser31 may be related to ERK

activation (Haycock et al., 1992; Salvatore et al., 2001; Lindgren et al., 2002; Salvatore et

al., 2004). ERK activation can be accomplished by growth factors (Haycock, 1993),

including GDNF (Salvatore et al.,2004; 2009b). Studies indicate 6-OHDA can increase

GDNF-signaling (Smith et al., 2003), and ERK activation (Kulich and Chu, 2001; Lin et al.,

2008). Therefore, ERK activation in SN may maintain DA signaling during nigrostriatal

neuron loss. Our data support this possibility, given that ERK phosphorylates ser31, and the

dichotomous changes between striatum and SN at ser31 that are congruent with DA

recovered per remaining TH protein.

Recent evidence also suggests that TH phosphorylation at ser19 or ser40 could contribute to

proteolytic loss of TH or DA neuron function (Nakashima et al., 2011; Nakashima et al.,

2013b; Shi et al., 2012). As PD lesion progresses, increased TH proteolysis in striatum may

be followed by TH loss in the SN by this mechanism, given that DA terminal fields may be

more vulnerable (Chu et al., 2012). Increased TH phosphorylation at ser19, as TH protein

loss increases in the striatum (Fig. 8), may be a key regulatory component for increased

proteosomal digestion via the ubiquitin-proteasome pathway (Nakashima et al., 2011;

2013a; 2013b). Hyperactive nigrostriatal neurons have been thought to hasten progressive

loss of DA neurons (Agid et al., 1973; Zigmond et al., 2002; Nakashima et al., 2013).

Increased ser40 TH phosphorylation is also seen in post-mortem tissue of Restless Legs

Syndrome patients (Connor et al., 2009) and is observed in models of iron dysregulation,

wherein mild TH protein loss occurs (Salvatore et al., 2005). One could presume with our

results that phosphorylation, at least at ser19, with the lower MW band suggesting TH

proteolysis, may contribute to at least some level of proteolytic TH loss in the striatum (Figs.

7,8). The presence of a band slightly above the 60 kDa band with the ser19 phosphorylation

state specific antibody has only been observed in one other in vivo study, which also

employed the use of 6-OHDA (Chotibut et al., 2013). The etiology of this band therefore

appears to be associated with molecular events associated with 6-OHDA alone or in

combination with TH protein loss. It is also important to note that in our study and of

Nakashima (2011) that ser31 phosphorylation assessment did not detect proteolytic TH

bands to an extent near that observed for ser19 or ser40 (Fig. 7). Nonetheless, a 60 kDa band
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was detected in assessment of all three phosphorylation sites and for total TH protein,

indicating that a functional component of TH still remains following 6-OHDA.

Both ser31 and ser40 TH phosphorylation were significantly correlated with DA per

recovered TH protein only in the striatum. However, only ser31 phosphorylation was

significantly correlated with DA per TH protein in the control striatal and nigral tissue, an

observation that has been previously reported (Salvatore et al., 2009a; Salvatore and Pruett,

2012). A summary is presented in table 1.

Relevance of Ser 19 & 31 TH phosphorylation to upstream signaling

The increase in ser19 and ser31 TH phosphorylation in SN following 6-OHDA may signify

increased DA neuron excitability. However, under depolarizing conditions, a Ca2+-

dependent increase in TH phosphorylation also occurs at ser40, in addition to ser19 and

ser31 (Haycock and Haycock, 1991; Salvatore et al., 2001). Under basal conditions in vivo,

there is a significant correlation of ser19 TH phosphorylation with ser31, but not ser40, TH

phosphorylation in the midbrain DA centers (Salvatore and Pruett, 2012). However, in the

striatum, ser19 TH phosphorylation correlates with ser40, but not ser31 phosphorylation

(Salvatore and Pruett, 2012). However, the data herein indicate decreased ser40

phosphorylation in the striatum. GDNF also increases TH phosphorylation at all three sites

(Salvatore et al., 2004; 2009b), which may be related to increased DA neuron excitability

(Yang et al., 2001). Yet, the results herein indicate incongruent relationships; in the SN,

increased ser19 and ser31 occur with 6-OHDA without increase in ser40. These

phosphorylation changes represent end-points in signal transduction that are affected in the

nigrostriatal neuron compartments with TH loss. The extracellular signal driving these

changes may be related to differences in growth factor expression and the innervation by

glutamatergic inputs from the subthalamic nucleus (Reese et al., 2007; Spieles-Engemann et

al., 2010; 2011). The impact of such signaling on human TH may differ compared with PD

models, given differential expression of TH isoforms (Gordon et al, 2009).

Significance of the differences in striatum v. substantia nigra

It is not particularly surprising that there was a dichotomous response to 6-OHDA in terms

of DA regulation with TH protein loss, given that compartmental differences exist between

striatum and SN in the intact nigrostriatal pathway in TH phosphorylation (Salvatore and

Pruett, 2012), DA uptake (Cragg et al., 1997; Chen and Rice, 2001), and DA biosynthesis

(Nissbrandt et al., 1989; Salvatore and Pruett, 2012). Disparities in TH expression between

SN and striatum are reported in aging and PD models. In aging, there is direct and indirect

evidence of decreased TH expression in SN (Fearnley and Lees, 1991; Emborg et al., 1998;

Rudow et al., 2008; Salvatore et al., 2009a) but no loss of striatal TH in rats (Salvatore et al.,

2009a; Salvatore and Pruett, 2012) or in the human lifespan (Haycock et al., 2003). In PD

models, TH loss may be more severe in striatum, followed by loss of a lesser magnitude in

SN at the locomotor symptom stage (Bezard et al., 2001; Sarre et al., 2004; Chu et al.,

2012). Thus, less striatal DA recovery per TH, compared with opposite impact in SN, in our

study indicates increased vulnerability of nigrostriatal terminals from the additional

perspective of decreased DA biosynthesis (inferred by decreased ser31 TH phosphorylation)

during nigrostriatal degeneration.
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From another perspective, it has also been observed that despite more than 90% nigral TH

loss following 6-OHDA, extracellular levels of DA in SN remain normal; only amphetamine

challenge reveals decreased DA release capabilities (Sarre et al., 2004). Thus, increased

ser31 in the SN may be a mechanism by which DA signaling can be maintained. However,

PD is a disease of aging, wherein in the SN there is decreased ser31 TH phosphorylation and

DA (Cruz-Miros et al., 2007; Salvatore et al., 2009a), which are associated with aging-

related bradykinesia (Salvatore et al., 2009a). Notably, reversing such losses is associated

with increased locomotor activity in aged rats (Pruett and Salvatore, 2013). Thus, if

increased ser31 following 6-OHDA in the SN can offset TH protein loss, aging-related

decreases in TH protein and phosphorylation, on top of PD pathology, could diminish any

impact of increased ser31 TH phosphorylation to maintain normal DA signaling. Other work

also suggests aging exacerbates aspects of PD pathology (Collier et al., 2007).

Possible relationship to locomotor function

Studies indicate that DA regulation in the SN alone may affect open-field locomotor activity

(Bergquist et al., 2003; Trevitt et al., 2004; Andersson et al., 2006; Salvatore et al., 2009a;

Pruett and Salvatore, 2013). We have reported evidence that DA regulation and TH

expression in the SN alone have a temporal association with locomotor capabilities in aged

rats (Salvatore et al., 2009a; Pruett and Salvatore, 2013). The significance of an increase in

nigral ser31 TH phosphorylation following 6-OHDA, being associated with increased DA

per remaining TH protein, suggests the possibility that this mechanism could sustain normal

locomotor activity until a critical threshold of TH protein loss occurs. Indeed, locomotor

improvement following GDNF or neurturin is associated with increased levels of nigral DA,

without effect upon striatal DA tissue content (Hoffer et al., 1994; Gash et al., 1996;

Gerhardt et al., 1999; Grondin et al., 2003; Cass and Peters, 2010). GDNF also increases TH

expression in PD models (Grondin et al, 2002) and TH phosphorylation at ser31 in the SN

(Salvatore et al., 2004; 2009b). The GDNF receptor, GFRα-1, may also increase nigral TH

expression, DA tissue content, and locomotor function (Pruett and Salvatore, 2010; 2013).

Therefore, the CNS response in the SN may reflect an avenue of pharmacological treatment

(increasing GDNF-signaling) that has been previously shown to restore DA signaling and

locomotor function.

Conclusions

These studies indicate signaling pathways that target ser31 TH phosphorylation in vivo may

be involved in regulating DA with progressive TH protein loss in the nigrostriatal pathway.

In the striatum, there is decreased ser31 TH phosphorylation in association with less DA

recovery per remaining TH protein, whereas in the SN, there is increased ser31

phosphorylation in association with greater DA recovery per remaining TH protein. From

the perspective of whether such changes are important for locomotor function, future work

should delineate whether increasing ser31 TH phosphorylation in the striatum during TH

loss would increase DA signaling and increase locomotor activity in a PD model, given its

decrease shown here. Likewise, a role for increased nigral ser31 phosphorylation in

locomotor function could be revealed if the inhibition of this increase would hasten the

appearance of locomotor impairment during TH protein loss.
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Figure 1. Tyrosine hydroxylase (TH) loss in striatum and substantia nigra (SN) following 6-OHDA
TH protein decreased on average 63% following 6-OHDA lesion in striatum (n=11, *p=0.0002, t=5.76, df=10) and 52% in SN

(n=11, *p=0.0015, t=4.31, df=10). There was no significant difference in TH protein loss between these two regions following

medial forebrain bundle lesion with 6-OHDA (n=11, p=0.24, t=1.24, df=10).
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Figure 2. Dopamine (DA) tissue content in striatum and substantia nigra (SN) following 6-OHDA A
DA tissue content decreased on average 75% following 6-OHDA lesion in striatum (n=11, *p<0.0001, t=8.58, df=10) and 40%

in SN (n=11, *p=0.0016, t=4.29, df=10). The degree of tissue DA loss between these two regions following 6-OHDA differed

significantly (n=11, **p=0.0044, t=3.67, df=10). B. Remaining DA in the striatum versus the SN differed significantly, being

2.4-fold greater in the SN (60%) compared to striatum (25%) against corresponding contralateral tissues.
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Figure 3. DA tissue content normalized to remaining TH protein following 6-OHDA lesion
A. DA tissue content against recovered TH protein decreased on average 42% following 6-OHDA lesion in striatum (n=11,

*p=0.0025, t=4.01, df=10) but increased 37% in SN (n=11, *p=0.025, t=2.64, df=10). B. DA per TH against contralateral
control tissue, striatum vs. SN There was a significant difference in ng DA recovered per remaining TH protein in the striatum

(decreased 40 ± 9% (mean ± SEM) against the control value of the contralateral striatum), compared to that in SN (increased 42

± 17% (n=11, **p=0.005, t=3.54, df=10).
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Figure 4. Relationship of TH protein loss to DOPAC:DA ratio
As TH protein loss increased following 6-OHDA lesion, there was a significant positive correlation with DA turnover (as

determined by the DOPAC:DA ratio) in lesioned striatum compared with contralateral control striatum (p=0.014, Pearson r=

0.7119, n=11). Note, number on y-axis reflects the fold difference in the DOPAC:DA ratio value from lesioned side compared

to matched contralateral control value.
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Figure 5. Relationship of ser31 and ser40 TH phosphorylation in vivo
Striatal tissue from control (◆) and 6-OHDA lesioned mfb (X) sides was used to compare DA tissue content (normalized to

inherent TH protein to eliminate the influence of TH protein to inherent DA tissue content) with associated TH phosphorylation

stoichiometries. A. ser31 to striatal DA tissue content. There was a significant correlation of TH-normalized DA tissue content

with ser31 (n=14, ***p<0.0001, Pearson r=0.878). B. ser40 to striatal DA tissue content. There was a significant correlation of

TH-normalized DA tissue content with ser40 (n=14, ***p<0.0001, Pearson r=0.917) C. ser31 phosphorylation to nigral DA
tissue content. There was a significant correlation of TH-normalized DA tissue content with ser31 (n=14, ***p=0.0001,

Pearson r=0.853). ser40 to nigral DA tissue content. No significant correlation of TH-normalized DA tissue content existed in

the SN with ser40 (n=14, p=0.617, Pearson r= −0.147). As noted in the text, no relationship of striatal or nigral DA tissue

content existed with ser19 phosphorylation stoichiometries determined in the lesioned and control tissues.
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Figure 6. Impact of 6-OHDA lesion on TH phosphorylation stoichiometry. A. ser31 TH phosphorylation in striatum (str) vs.
substantia nigra (SN)

Ser31 decreased on average 28% following 6-OHDA lesion in striatum (n=11, *p=0.0195, t=2.78, df=10) but increased 37% in

SN (n=11, *p=0.0125, t=3.04, df=10). B. ser40 TH phosphorylation in striatum (str) vs. substantia nigra (SN) Ser40

decreased on average 22% following 6-OHDA lesion in striatum (n=7, *p=0.011, t=3.65, df=6) but did not produce a consistent

increase or decrease in the SN (n=5, p=0.27, t=1.32, df=3). C. representative western blot results from ser31
phosphorylation in the SN (top panel) and striatum (bottom panel). ng of phospho-ser31 loaded for standard curve is

indicated and selected image from a lesioned (L) and contralateral control tissue (C) from the same rat in the same assay to

show, with a comparable total TH protein load (~6 – 7 ng) that the phosphorylation at ser31 is increased in lesioned SN

(represented pair not adjacent to standard curve), but decreased in lesioned striatum, compared to corresponding contralateral

control tissue (represented pair adjacent to standard curve). D. ser19 TH phosphorylation in striatum (str) vs. substantia
nigra (SN). Following 6-OHDA (SN-L), Ser19 phosphorylation (60 kDa band only) increased 27% in SN relative to control

(SN-C) (n=7, *p=0.006, t=4.22, df=6). There was a trend (p=0.061) toward an increase in ser19 TH phosphorylation in the

lesioned striatum. Note: results reflect 60 kDa immunoreactive band only for all measures.
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Figure 7. Western blot depicting impact of 6-OHDA lesion on ser40-reactive (top panel), ser31-reactive (middle panel), and ser19 TH
protein in striatum

The presence of an upper and lower MW bands relative to ser40 TH immunoreactivity at ~60 kDa was evident with TH protein

loss following 6-OHDA lesion (L) as compared to contralateral control striatum (C). A predominant lower MW band was also

detected at ~50 kDa in the phospho-ser19 assay of striatum. These non ~60 kDa bands were not present in detection of phosho-

ser31. Standard curves of phosphorylated TH standards are presented and the relative loss of TH protein is described for two test

subjects above the pairs of striatal tissue analyzed. Note that the exposures were enhanced for this particular figure to

demonstrate that a 60 kDa band is still detected in the lesioned striatum.
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Figure 8. ser19 phosphorylation following 6-OHDA Relationship of striatal TH loss from 6-OHDA versus presence of lower MW
phospho-ser19-reactive band (as shown in Fig. 7, lower panel)

The y-axis depicts the percentage of the lower 50 kDa band detected against the sum of this band and the 60 kDa

immunoreactive band. This value is compared against the inherent loss of TH protein (60 kDa band only) detected for each 6-

OHDA lesioned rat. As TH protein loss increased, the proportion of this lower MW band significantly increased (n=8,

p=0.0002, Pearson r=0.956).
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TABLE 1

6-OHDA lesion impact vs.
contralateral control tissue

striatum Substantia nigra

DA (per protein) ↓ ↓

DA (per TH) ↓ ↑

TH ↓ ↓

Ser19 ns ↑

Ser31 ↓ ↑

Ser40 ↓ ns
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