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Abstract

Parkinson’s disease is a debilitating neurodegenerative condition for which there is no cure. 

Converging evidence implicates gangliosides in the pathogenesis of several neurodegenerative 

diseases, suggesting a potential new class of therapeutic targets. We have shown that interventions 

that simultaneously increase the neuroprotective GM1 ganglioside and decrease the pro-apoptotic 

GD3 ganglioside—such as inhibition of GD3 synthase (GD3S) or administration of sialidase—are 

neuroprotective in vitro and in a number of preclinical models. In the present study we 

investigated the effects of GD3S deletion on parkinsonism induced by 1-Methyl-4phenyl-1,2,3,6-

tetrahydropyridine (MPTP). MPTP was administered to GD3S−/− mice or controls using a 

subchronic regimen consisting of three series of low-dose injections (11 mg/kg/day x 5 days each, 

3 weeks apart), and motor function was assessed after each. The typical battery of tests used to 

assess parkinsonism failed to detect deficits in MPTP-treated mice. More sensitive measures—

such as the force-plate actimeter and treadmill gait parameters—detected subtle effects of MPTP, 

some of which were absent in mice lacking GD3S. In wild-type mice MPTP destroyed 53% of the 

tyrosine-hydroxylase (TH)-positive neurons in the substantia nigra pars compacta (SNc) and 

reduced striatal dopamine 60.7%. In contrast, lesion size was only 22.5% in GD3S−/− mice and 

striatal dopamine was reduced by 37.2%. Stereological counts of Nissl-positive SNc neurons that 

did not express TH suggest that neuroprotection was complete but TH expression was suppressed 

in some cells. These results demonstrate that inhibition of GD3S has neuroprotective properties in 

the MPTP model may warrant further investigation as a therapeutic target.
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Introduction

Parkinson’s disease is one of the most common neurodegenerative disorders of aging, 

characterized neuropathologically by progressive loss of dopaminergic neurons in substantia 

nigra pars compacta (SNc) and depletion of striatal dopamine (Anglade et al., 1997; 

Bernheimer et al., 1973; Forno et al., 1986). Parkinsonian motor symptoms include akinesia, 

bradykinesia, rigidity, tremor, and gait impairment. Investigation into the pathogenesis of 

Parkinson’s disease has intensified over the past few decades, but there is still no cure. 

Current therapies are only partially or transiently effective or are only effective in a minority 

of patients (Connolly & Lang, 2014; Lukins et al., 2014; Poulopoulos et al., 2012). None can 

stop the ongoing degenerative process.

The cause of dopaminergic cell death in Parkinson’s disease is not known, although 

converging evidence implicates the ceramide/sphingomyelin-dependent apoptotic pathway 

(Abbott et al., 2014; Anglade et al., 1997; Ariga et al., 1998; Brugg et al., 1996; Mochizuki 

et al., 1996). A number of papers have shown that de novo synthesis of GD3 ganglioside is 

required for Fas- and ceramide-mediated apoptosis (De Maria et al., 1997; De Maria et al., 
1998; Melchiorri et al., 2002; Morales et al., 2004). We have shown that deleting St8sia1, 

the gene that codes for GD3 synthase (GD3S), protects against apoptosis induced by the 42-

amino-acid amyloid-β sequence (Aβ42) or folate deficiency in primary neurons (Bernardo et 
al., 2009). We have also shown that intraventricular infusion of sialidase from Vibrio 
cholerae (VCS), which produces a ganglioside profile similar to that of GD3S deletion (Fig. 

1), protects against kainate-induced destruction of pyramidal neurons in the CA3 

hippocampal subfield (Dhanushkodi & McDonald, 2011). VCS has also been shown to 

protect against neurodegeneration induced by 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine 

(MPTP; Schneider et al., 2015).

In addition to the elimination of GD3, another beneficial effect of GD3S deletion is a 

compensatory increase in GM1 ganglioside (Ariga et al., 2013; Bernardo et al., 2009; 

Dhanushkodi & McDonald, 2011; Kawai et al., 2001; Zhou et al., 2011). Exogenous GM1 

has been shown to inhibit aggregation of α-synuclein in vesicle cultures and prevent 

destruction of dopaminergic neurons in the SNc after MPTP exposure (Fazzini et al., 1990; 

Hadjiconstantinou et al., 1989; Martinez et al., 2007). One mechanism by which GM1 exerts 

neurotrophic effects on dopaminergic neurons is by enhancing glial cell-line-derived 

neurotrophic factor (GDNF) signaling through the “rearranged during transcription” (RET) 

receptor tyrosine kinase and GDNF family receptor α1 (GFRα1) components of the GDNF 

receptor complex (Hadaczek et al., 2015; Newburn et al., 2014). GM1 has also been 

demonstrated to be effective in clinical studies with Parkinson’s patients (Schneider, 1998; 

Schneider et al., 1995, 2010, 2013).
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Despite the promising effects of exogenous GM1, it poorly crosses the blood-brain barrier 

and requires repeated injections (Ledeen & Wu, 2007; Wu et al., 2012). The present study 

was conducted to provide a proof-in-principle test of whether a genetic approach that 

chronically increases endogenous GM1 and eliminates GD3 would be neuroprotective in the 

MPTP model of Parkinson’s disease. The typical MPTP regimens induce a “sledge-

hammer” lesion that is uncharacteristic of the slow neurodegeneration of Parkinson’s 

disease. In the present study we used a lower dose of MPTP administered more often, an 

approach that has been used successfully in non-human primates (Schneider, 1990; 

Schneider & Roeltgen, 1993; Schneider et al., 1994a, b). Our hypothesis was that targeted 

deletion of GD3S would protect nigrostriatal dopaminergic neurons and prevent motor 

deficits associated with MPTP administration.

Methods

Subjects

Mice lacking the gene encoding GD3 synthase (ST8 α-N-acetyl-neuraminide α-2, 8-

sialyltransferase 1; St8sia1) on a hybrid B6129F1 background (C57BL/6N;129S6/SvEvTac) 

were purchased from MMRRC (#000037-MU; Columbia, MO). Although this hybrid strain 

is seldom used for MPTP studies, our pilot data as well as a report by Rommelfanger et al. 

(2007) showed robust loss of striatal dopamine similar to that seen in inbred C57BL/6N 

mice. Because our primary purpose was to evaluate the effect of GD3S deletion on neuronal 

loss before moving to knock-down studies in inbred mice, we chose not to spend several 

years back-crossing the knockout mice to an inbred strain. Mice were bred in-house and 

genotyped by polymerase chain reaction and identified by subcutaneous radio-frequency 

tags. The effects of GD3S deletion are well-established, primarily the elimination of all b-

series gangliosides. In addition, there is an increase in GM1 and an even greater increase in 

GD1a, as constitutively high levels of ganglioside are synthesized but converted to a-series 

instead of b-series (Fig. 1; Ariga et al., 2013; Bernardo et al., 2009; Kawai et al., 2001; Zhou 

et al., 2011). Hydrolysis of terminal α(2→3) sialic acid bonds on GD1a by membrane-

bound sialidase may also contribute to increased GM1 levels in these mice. Subjects were 48 

male mice, 24 GD3S+/+ and 24 GD3S−/− littermates generated from heterozygous matings, 

approximately 3 months old at the start of testing. Mice were housed five per cage in 

microisolator cages under standard conditions in an AALAC-approved vivarium, except for 

the 5 days during and 5 days following the MPTP injection regimens as described below. 

Food and water were freely available for the duration of the study, and the vivarium was 

maintained on a 12:12-h light:dark cycle with lights on at 6 am. All procedures were 

conducted during the light cycle. All experimental procedures were approved by the 

Institutional Animal Care and Use Committee and were conducted in accordance with NIH 

guidelines.

1-Methyl-4phenyl-1,2,3,6-tetrahydropyridine (MPTP)

MPTP HCl (#0896, lot 48K1861; Sigma-Aldrich, St. Louis, MO, USA) was dissolved in 

physiological (0.9%) saline at a concentration of 1.1 mg/ml free base (1.2892 mg/ml salt). 

Mice were given one injection of MPTP or saline per day for 5 consecutive days, three 

times, each separated by 21 days. This MPTP regimen was used in an attempt to better re-
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capitulate the slow neurodegeneration of Parkinson’s disease compared to the more typical 

25 or 30 mg/kg regimens. Injections were administered subcutaneously at a volume of 10 

ml/kg to achieve dose of 11 mg/kg body weight. The 11 mg/kg dose was chosen based on 

literature showing significant lesions and/or behavioral deficits induced by doses this low or 

lower (D’Astous et al., 2006; Ding et al., 2012; Goldberg et al., 2012), and our own pilot 

data in four mice per group showing that five injections over 5 days reduced striatal 

dopamine 54% in wild-type mice but only 27% in GD3S knockouts. In order to ensure 

behavioral deficits at this low dose, we administered the 5-injection, low-dose MPTP 

regimen three separate times approximately 21 days apart. Each regimen was followed by 

assessment of motor function.

While receiving MPTP injections, mice were housed in disposable cages in a dedicated 

room under negative pressure to protect personnel from the aeration of the toxic MPP+ 

metabolites excreted in the urine and feces. The cages remained in the room for 5 days after 

the last injection, when mice were transferred to clean microisolator cages and returned to 

the vivarium. MPTP and associated hazardous waste were handled in strict accordance with 

the safety guidelines outlined by Przedborski et al. (2001), and all procedures were approved 

by the Institutional Biosafety Committee.

Behavior

Mice are particularly resistant to the effects of MPTP compared to non-human primates, and 

mouse strains vary widely in their sensitivity to the toxin (Blesa et al., 2012). The present 

study was the first investigation of MPTP in GD3S knockout mice, and the effects of this 

particular dosing regimen or in the B6129S hybrid strain were not known. Because of this, 

we conducted a comprehensive battery of motor tests. Mice were first given a baseline 

locomotor activity session, then trained to perform the rotorod and horizontal beam tasks to 

ensure proficient pre-lesion performance. Mice were assigned to MPTP or saline groups 

based on pre-MPTP locomotor activity data, with the constraint that all mice within a cage 

were assigned to the same lesion condition to avoid adventitious exposure to aerated MPP+ 

within the cage. Thus the cages were stratified by the mean distance traveled in the activity 

monitor, and assigned sequentially to lesion groups. There were no differences between 

those assigned to the two lesion groups, no genotype difference, and no Genotype X Lesion 

interaction [F’s < 1.31, p’s > .26]. The behavioral assessments were conducted after each of 

the three MPTP regimens, during a 16-day period beginning the day after mice were 

removed from quarantine. Except for the force-plate actimeter, all tasks were conducted after 

each of the three MPTP injection regimens. All mice performed the tasks in the same order, 

as listed below. Although there is a learning curve for some sensorimotor tests, such as the 

rotorod, we expected the lesioned mice to have progressively worse behavior with each 

MPTP repetition on many of the tasks.

Locomotor activity—Mice were placed in commercially-available activity monitors 

(MED Associates, Inc., Georgia, VT, USA) for a 30-min session as previously described 

(Dhanushkodi et al., 2013; Harrison et al., 2010; Harrison et al., 2008; Siesser et al., 2006). 

The activity monitors measured 27 × 27 cm, with 16 infrared photocell beams equally 
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spaced in the x and y axes of the horizontal plane, 1 cm from the floor of the monitor. An 

additional vector of 16 photo beams was situated 5 cm above the floor to track rearing.

Motor function—A battery of motor tasks was conducted to measure balance, 

coordination, and agility, as previously described (Dhanushkodi & McDonald, 2011; Liu et 
al., 1997; McDonald et al., 2001; Norflus et al., 1998; Sango et al., 1996; Sango et al., 
1995). Most of the motor testing occurred following MPTP lesions, but mice were pre-

trained on the rotorod and horizontal beam tasks to ensure proficient performance before the 

first MPTP administration. Balance and coordination were accessed using a Rotamex-5 

rotorod (Columbus Instruments, Columbus, OH, USA). After a single practice trial, mice 

were trained for three trials per day for 15 consecutive days to balance on a rotating rod 3 

cm in diameter. The rotation speed increased from 0 to 80 RPM over a 5-min period, 

incrementing 0.8 RPM every 3 s. If a mouse fell within 15 s it was given a second 

opportunity, but the latency on the second opportunity was recorded as the score regardless 

of the first score. In some cases mice would grasp the rod and rotate around with it. When 

this occurred, the time at which the first rotation occurred was recorded, and latency to fall 

or to the first rotation was the measure of interest. Mice were given an additional three trials 

per day following the first two MPTP regimens, and three trials per day for 3 days following 

the last regimen. For data analytic purposes, the nine sessions following the last regimen 

were averaged and analyzed with the others in a repeated-measures analysis.

The horizontal beam task required the mouse to traverse a 0.64-cm diameter, 81-cm-long 

beam elevated 40 cm above a blanket. Mice were motivated by a 25-W white light bulb at 

the starting platform, and reinforced with entry into a dark box on the other side of the beam. 

Mice were placed on the 5-cm2 starting platform, and latency to initiate (all four paws on the 

beam), latency to traverse, and the number of paw slips were recorded. The sessions were 

video-recorded for scoring of foot slips. Mice were trained gradually, before the first MPTP 

administration, by placing them close to the dark box. Following entry into the box mice 

were re-placed on the bar at greater distances from the dark box, and required to traverse the 

remaining length of the bar. When mice reliably and quickly crossed the bar from the 

platform they were deemed trained and pre-MPTP trials were recorded. For analysis, trials 

on which the latency to leave the platform exceeded 10 s were assigned a score of 10 s; these 

trials were not scored for total latency or foot-slips.

On the block test, mice were placed on a clean acrylic block, 10 × 10 cm and 3 cm high. The 

latency to put its forepaws and then all four paws on the table were recorded. The sticker test 

is the standard test of MPTP-induced loss of fine motor skills (Dhanushkodi et al., 2013). In 

this test, mice were gently restrained by the scruff and a 0.64-cm diameter sticker placed on 

the mouse’s nose. They were then immediately placed into a clean tub cage free to move 

about. Normal mice will rapidly and reliably remove a sticker from the nose once it is 

detected. The latency to the first attempt to remove the sticker was recorded, as well as the 

latency to remove the sticker following the first attempt. Grip strength was measured using a 

commercially-available meter (Columbus Instrument, Columbus, OH). In this test, the 

subject was lowered by the base of the tail to the grid attached to the meter. Upon grasping 

the grid, the experimenter then pulled the tail gently but firmly, and with consistent force, 

until the mouse released the grid. The maximal force was recorded. Mice were given three 
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trials using all four limbs followed by three trials using forelimbs only. On the vertical 

screen test, mice were placed on a vertical section of hardware cloth. The amount of time to 

start moving and the latency to move all four paws were recorded.

Gait analysis—A DigiGait apparatus (Mouse Specifics, Inc., Framingham, MA) was used 

to assess gait parameters. Mice were placed individually on a motor-driven treadmill at 20 

cm/s with a transparent treadmill belt in a small testing chamber. Mice that did not keep up 

with the treadmill speed were excluded from the analyses. A high-speed camera mounted 

below the belt captured digital video images of the underside of the mouse (80 frames/s). 

The frames were recorded using the Mouse Specifics DigiVideo software and data were 

analyzed by the DigiGait software. Figure 2 illustrates some of the measures collected by the 

DigiGait software. Additional measures included 1) step angle, the angle at the intersection 

of lines extending caudally from the long axes of the two hind paws; 2) paw angle, the angle 

at the intersection of a line extending caudally from long axis of each of the four paws and 

the direction of movement, and 3) paw area, the area of the paw that comes in contact with 

the belt. Most measures were averaged to create a single value for forepaws and a single 

value for hindpaws. The absolute values of the paw angles were summed.

Force-plate analysis—A force-plate actimeter (BASi, West Lafayette, IN, USA) was 

used to probe for tremor as well as to measure gait and locomotor activity as previously 

described (Fowler et al., 2001, 2002; Fowler & Muma, 2015; McKerchar et al., 2006). The 

FPA consists of a 42-cm2 carbon fiber plate suspended on four force transducers, one in each 

corner. The plate is located within a clear acrylic box, and the entire apparatus is housed 

within a sound-attenuating chamber outfitted with a house light and a fan for ventilation. 

Mice were habituated to the apparatus in groups (one cage at a time), for 3 hours before 

receiving MPTP. Following the last MPTP session each mouse was given a 5-min session 

individually, and the computer tracked force variations 200 times per second. The forces 

exerted across all four force transducers per unit time were summed and normalized for 

body weight to produce a vertical-force time series for each mouse. Time series were then 

Fast Fourier Transformed (MATLAB, The Mathworks, Inc.,Natick, MA) into the frequency 

domain to yield power spectra. Spectra during bouts of low mobility were integrated 

(summed) across the 5 to 15 Hz frequency band. These integrated power values were 

averaged across low mobility bouts to produce a single measure of integrated power per 

mouse. Additional measures of “long runs” and “crossings” were scored with the aid of a 

scrolling graphics program, written in Visual Basic to extract gait parameters that are not 

included in the commercial software (Fowler et al., 2017; Stanford et al., 2015). Long runs 

refers to the number of runs for which gait data were calculated (runs had to be long, fast, 

straight, and continuous with well-formed force-time waveforms), and crossings were 

counted on the basis of being long and straight (by visual inspection) but not necessarily fast 

and not having well-formed rhythmic waveforms.

Histology and Immunohistochemistry

Mice were sacrificed 23–26 days following the last MPTP injection (2–5 days after the last 

day of behavioral testing). Food and water were freely available to the time of euthanasia. 

Mice whose brains were used for histology were perfused transcardially with ice-cold saline, 

Akkhawattanangkul et al. Page 6

Genes Brain Behav. Author manuscript; available in PMC 2018 June 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



followed with 4% paraformaldehyde in 0.1 mM PBS, pH 7.4. Brains were removed and 

post-fixed overnight in the same fixative, then cryo-protected in graded sucrose solutions 

(10–30%) over several days. 40-μm coronal sections were taken through the rostral-caudal 

extent of the substantia nigra (Bregma 1.4 to −3.8), and striatum using a cryostat. For 

immunohistochemistry, free-floating sections were treated first with phosphate buffered 

saline (PBS) containing 20% methanol and 0.3% hydrogen peroxide for 30 min., and rinsed 

thoroughly in PBS. Sections were then incubated in 10% normal horse serum in PBS 

containing 0.1% Triton X-100 for 30 min. and incubated overnight at 4° C with the rabbit 

primary antibody (1:1000) targeting tyrosine hydroxylase (TH; #AB152, Millipore, 

Billerica, MA). Following incubation sections were rinsed three times in PBS, incubated for 

1 h in a biotinylated goat anti-rabbit IgG (Vector Laboratories, Burlingame, CA), washed 

thrice, and treated with avidin–biotin complex (Vectastain Elite ABC kit, Vector 

Laboratories) for 1 h and visualized using diaminobenzidine. Sections were then mounted on 

slides and air-dried, but not cover-slipped, to allow subsequent staining with cresyl violet. 

Sections were re-hydrated through a graded series of ethanol solutions to ddH2O, then 

stained for 8 min. with 0.1% cresyl violet acetate (#C5042, Sigma, St. Louis, MO). Sections 

were then dehydrated in an increasing series of ethanol and finally xylene. Sections through 

the SNc were used for stereology as described below. Optical density of TH-positive fibers 

and terminals in the striatum was quantified from 8 to 11 (mean 9.6) grey-scale sections per 

subject in four subjects per group, using the public domain software ImageJ (http://

rsb.info.nih.gov/ij). An analysis of the entire visible striatum was made first, followed by a 

measurement of density in the dorsolateral striatal quadrant. Identical parameters were used 

for each measurement.

High-performance liquid chromatography (HPLC) with electrochemical detection

Mice used for neurochemistry were transported to the procedure room and remained 

undisturbed for 90 min. before being euthanized by cervical dislocation without anesthesia. 

All mice used for HPLC were euthanized between 9 am and noon. Brains were rapidly 

removed and a coronal section was taken from Bregma to 1.0 mm anterior to Bregma using 

a brain matrix. A tissue punch was used to extract a 1-mm diam. sample from the 

dorsolateral striatum of the left hemisphere, which was flash-frozen. Monoamines and their 

metabolites were measured from the 1-mm punches as previously described (Dhanushkodi 

et al., 2013; Maiti et al., 2016; Siesser et al., 2006), in 12 mice per group. Briefly, the 

punches were suspended in 400-μl artificial cerebrospinal fluid and 600-μl 0.2 mM 

perchloric acid, homogenized for 30 s, and then centrifuged at 10,000 RPM for 15 min at 4° 

C. The supernatant was filtered through a nylon syringe filter (0.2 μm) and frozen at −80° C. 

Frozen samples (20 μl; 1:1 dilution with polished HPLC-grade water) were automatically 

injected by an ESA 542 refrigerated auto sampler (ESA, Inc., Waltham, MA) onto a 150 ± 2 

mm ODS C18 column connected to an ESA model 580 HPLC pump. The mobile phase, 

containing 80 mM sodium dihydrogen phosphate monohydrate, 2.0 mM 1-octanesulfonic 

acid sodium salt, 100-μl/L triethylamine, 5 nM EDTA, and 10% acetonitrile, pH 3.0, was 

perfused at 0.25 ml/min. Monoamine levels were determined using an ESA 5041 high-

sensitivity analytical cell, an ESA 5020 guard cell, and an ESA Coulochem II 5200A 

electrochemical detector at a potential of 220 mV with the current gain at 10 nA and the 
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guard cell at +350mV. Under these conditions, the limit of detection for dopamine was 100 

fg per injection.

Unbiased stereology

For unbiased stereological quantification of TH-positive cells, neurons in every fourth 

section through the rostro-caudal extent of the substantia nigra pars compacta (SNc) were 

counted in 6–12 sections (mean 8.5) from four mice per group using the optical fractionator 

method and Stereo Investigator software (MBF Bioscience, Williston, VT) as previously 

described (Dhanushkodi et al., 2013; Flanigan et al., 2014; Maiti et al., 2016). After 

delineation of the SNc at low magnification (4x objective), a point grid was overlaid onto 

each section. TH-positive cells were counted using a 60x objective. The grid size was chosen 

to achieve an average of 30 sampling sites per section. Gunderson coefficients (m=1) ranged 

from 0.04 to 0.09 (mean 0.059). The counting frames were selected using a systematic 

random sampling scheme, which provides an unbiased and efficient sampling technique. In 

every counting frame location, the top of the section was identified, after which the plane of 

the focus was moved 4 μm deeper through the section (guard zone) to prevent counting 

inaccuracies due to uneven section surfaces. The resulting focal plane served as the first 

point of the counting process, and TH-positive neurons that came into focus in the next 8-μm 

segment (dissector height) were counted if they were entirely within the 25 μm × 25 μm 

counting frame or intersecting the upper or right-side counting-frame boundaries. Based on 

the these parameters and counts, the total number of TH-positive cells per selected region 

were counted using the optical fractionator formula N = 1/ssf x 1/asf x 1/hsf x Q, where ssf 

is the section sampling fraction, asf is the area sampling fraction, hsf is the height sampling 

fraction (dissector height divided by the section thickness after shrinkage), and Q denotes 

the total count of particles sampled for each region. After TH-positive neurons were 

counted, sections were counterstained with cresyl violet (CV) and all neurons that were CV+ 

but TH- were counted in an identical fashion.

Statistical analyses

All statistical analyses were performed using JMP Pro 12.0.1 (SAS Institute, Cary, NC, 

USA). Most behavioral, histological and neurochemical data were analyzed using two-way 

analysis of variance (ANOVA) or repeated-measures ANOVA (RMANOVA), with lesion 

(saline or MPTP) and genotype (GD3S+/+ or GD3S−/−) as between-subjects variables. 

Follow-up tests were conducted using orthogonal contrasts or Fisher’s Protected LSD as 

appropriate. Heteroscedastic data were analyzed using Mann-Whitney U. Time-series data 

were analyzed using hierarchical linear modeling with subject as a random nominal variable 

nested within genotype and lesion, and time as a balanced continuous variable. Body weight 

differed across groups for the duration of the study, as detailed below. Because body weight 

has been shown to affect performance on the rotorod and other motor tasks, it was entered as 

a covariate in models assessing motor function after demonstration of homogeneity of 

regression slopes with genotype, lesion, and their interaction, and a linear relationship with 

the dependent measure of interest. The force-plate software contains internal controls for the 

subject’s mass so a covariate was not needed for these data. All tests used an α level of 0.05 

to determine statistical significance.
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Results

Mice were weighed at the beginning of the study, and again before each MPTP injection 

regimen. There was a significant Time X Lesion group interaction across measurements 

[Fig. 3a; F(3,129) = 3.6, p = .0164]; main effects for genotype and lesion were not 

significant [F’s < 2.6, p’s > .118]. Follow-up contrasts showed that knockout mice in the 

saline group were heavier than those assigned to the MPTP group at the first measurement, 

i.e., before mice were actually assigned to lesion groups [p = .0377]. These same mice were 

significantly heavier at the third and fourth [p’s < .0242] but not the second measurement [p 

= .0701]. There was no difference in body weight between the two wild-type groups at any 

time point [p’s = .303]. Notably, although Fig. 3a refers to pre- and post-MPTP 

measurements, this terminology is to maintain parallelism with the behavioral assessments; 

the first two body weight measurements were taken before any administration of MPTP. 

Because of these group differences, body weight was used as a covariate in the analysis of 

motor tests that met the appropriate assumptions as noted above. Mice were pre-trained on 

the rotorod and horizontal bar tasks to ensure proficient performance before lesioning. There 

were no significant effects of genotype or lesion, or their interaction, on the rotorod test [F’s 

< 2.3, p’s > .140]. There were no group differences in latency to initiate, latency to cross, or 

total latency to traverse the 81-cm beam [F’s < 4.1, p’s > .052]. However, there was a 

significant genotype effect on the number of foot-slips [F(1,43) = 7.4, p = .0094]. Follow-up 

tests showed that knockout mice assigned to the saline group made significantly more foot 

slips per trial [0.42 ± 0.19] than their wild-type counterparts [0.00 ± 0.00; p = .0403]. The 

difference was not significant in mice assigned to receive MPTP [WT 0.17 ± 0.11 vs. KO 

0.50 ± 0.15; p = .091].

Although the cumulative dose of MPTP was equivalent to 33 mg/kg over 5 days, 

sensorimotor performance on the standard battery of motor tasks was only mildly affected. 

Interaction effects were also largely non-significant, with the exception of habituation across 

sessions in the locomotor activity monitors and motor learning on the rotorod, equivalent in 

all groups. These data are presented in Table 1. In the force-plate actimeter, MPTP 

significantly impaired the two measures of long, continuous straight-line activity (runs & 

crossings) in wild-type mice only [p’s < .0310]. There was no effect of MPTP on knockout 

mice, although even knockouts in the saline group had significantly lower scores on both 

measures than wild-type mice treated with saline [p’s < .048]. There were parallel genotype 

effects on the conceptually-similar measures of total distance and bouts of low mobility [p’s 

< .0200]. Additional force-plate data are presented in Table 2.

On the DigiGait apparatus there was a significant Genotype X Session interaction on 

forepaw stance width [F(2,67) = 4.0, p = .0223], reflecting slightly lower values on the part 

of the GD3S−/− saline group on the first session only [Fig. 3b; p = .0016]. All other group 

comparisons for this measure were non-significant on all sessions [p’s > .313]. There were 

significant lesion effects on forepaw angle and forepaw area, and a significant Lesion X 

Session interaction on hindpaw stance width [F’s > 3.8, p’s < .027; Fig. 3c–d, Table 3]. 

Other effects were not significant [F’s < 2.2, p’s > .119]. The forepaw area effect was the 

result of larger paw areas in MPTP-lesioned mice in session 1 only [Fig. 3c; p’s < .0473]. 

Comparisons at other time points for this measure were not significant [p’s > .334]. The 
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significant interaction on hindpaw stance width reflected wider stances in MPTP-lesioned 

mice of both groups on session 3 [p = .0281] but not sessions 1 or 2 [Fig. 3d; p’s > .090]. 

There were significant Genotype X Lesion X Session interactions on the hindpaw measures 

of swing, stride duration, stride length, and stride frequency [F’s > 3.9, p’s < .0242]. Main 

effects of genotype and lesion, and their interactions with session, were not significant for 

these measures [F’s < 2.3, p’s > .139]. The hindpaw swing effect reflected longer swings in 

MPTP-lesioned wild-type mice on the third session [Fig. 3e; p = .0066] but not the first two 

sessions [p’s > .327]. MPTP did not affect GD3S−/− mice on any of the sessions [p’s > .

218]. Similarly, the hindpaw stride effect resulted from slower strides in wild-type mice 

given MPTP, compared to their saline-treated counterparts [Fig. 3f; p = .035]. Stride length 

and frequency are variants of stride duration, and results were similar for those measures 

except that the 3rd-session difference between MPTP- and saline-treated wild-type mice was 

significant for stride length [p = .032] but not frequency [p = .072]. Additional gait data are 

presented in Table 3.

Following the last session of behavioral testing, mice were euthanized and brains processed 

for immunohistochemistry or HPLC. MPTP induced a significant reduction in striatal 

dopamine [Table 4; F(1,41) = 31.6, p < .0001]. Genotype and Genotype X Lesion interaction 

effects were not significant [p’s > .154]. Follow-up comparisons by genotype showed that 

the lesion effect was significant in both wild-type and knockout mice [p’s < .003], although 

the magnitude of dopamine loss was larger in wild-type mice (60.7 ± 5.1%) than in 

knockouts (37.2 ± 8.0%). There were no main or interaction effect on HVA levels [F’s < 3.1, 

p’s > .087], but there was a significant lesion effect on DOPAC [F(1,41) = 13.9, p = .0006] 

and a significant Genotype X Lesion interaction for 3-MT [F(1,41) = 4.1, p = .0492]. 

Follow-up comparisons showed that DOPAC levels were decreased significantly by MPTP 

in mice of both genotypes [p’s <.018], but that 3-MT was reduced in the wild-type mice [p 

= .0282] but not in the knockouts [p = .570]. There were no significant effects on 

DOPAC/DA [F’s < 1.4, p’s > .256]; however, there was a significant lesion effect on 

HVA/DA [F(1,41) = 25.9, p < .0001] and significant genotype and lesion effects on 3-

MT/DA [F’s > 7.8, p’s <.008]. Follow-up comparisons showed that the lesion effects on 

HVA/DA and 3-MT/DA were significant in both genotypes [p’s < .041]. The genotype effect 

on 3-MT/DA was significant in MPTP-lesioned mice [p = .0406] but not in saline-treated 

controls [p = .0725], although the magnitude of the effect was similar for both comparisons 

(saline 24.4 ± 5.4% vs. MPTP 19.4 ± 7.4%). There were no significant genotype or lesion 

effects on striatal NE [F’s < 1.7, p’s > .213]. There was a significant lesion effect on DHPG 

[F(1,23) = 4.7, p = .0418], but no group differences on follow-up [p’s > .053]. Main and 

interaction effects for DHPG/NE were not significant [F’s < 0.5, p’s > .478]. There was a 

significant lesion effect on DA/NE [F(1,40) = 11.7, p = .0015]. Follow-up comparisons 

showed that the lesion effect on DA/NE was significant in both genotypes [p’s < .03]. There 

was a significant genotype effect on 5-HT [F(1,41) = 4.2, p = .0459]. Lesion and interaction 

effects were not significant [F’s < 0.1, p’s > .724]. There were no main or interaction effects 

on 5-HIAA [F’s < .8, p’s > .387], but there was a significant genotype effect on 5-HIAA/5-

HT [F(1,41) = 6.7, p = .0135]. 5-HT was 46.1 ± 20.0% higher in GD3S−/− mice compared 

to wild-type controls, but the difference was not statistically significant in either lesion group 

on follow-up [p’s > .098]. The genotype effect on 5-HIAA/5-HT was significant in MPTP-
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lesioned mice [p = .0395] but not saline-treated controls [p = .137] although, as with 3-

MT/DA, the magnitude of the differences was similar (saline 17.1 ± 9.1% vs. MPTP 23.6 

± 5.2%). All monoamine data are summarized in Table 3.

Following three regimens of 11 mg/kg MPTP there was a significant reduction in the TH-

positive cell count [Fig. 4; F(1,12) = 9.3, p = .0101]. Follow-up comparisons showed that 

TH-positive cell count was significantly reduced by MPTP in the wild-type [p = .0109] but 

not in the knockout mice [p = .2174], indicating that both genotypes were not affected 

equally by the neurotoxin. The difference between wild-type and GD3S−/− MPTP-lesioned 

groups was not significant [p=.1185]. Interestingly, counterstaining with cresyl violet (CV) 

also revealed a significant lesion effect on the count of CV-positive neurons that were 

negative for TH [Fig 4f; F(1,12) = 6.1, p = 0.0294]. Follow-up analysis showed that CV-

positive cell count was significantly higher only in knockouts [p = .0205] but not in wild-

types [p = .4244] lesioned with MPTP when each group was compared with its own saline-

treated controls. When TH+ and CV+ neurons were summed (Fig. 4g), there were 

significant main effects for genotype and lesion [F’s > 4.7, p’s < .0492]. Follow-up 

comparisons showed that total neuron number in wild-type mice lesioned with MPTP was 

significantly reduced [p = .0114], but was unchanged by MPTP in GD3S−/− mice [p = .

803]. Densitometry was used to analyze the optical density of TH-positive fibers in whole 

striatum as well as the dorsolateral quadrant for possible differences in neuroprotection. 

There was a significant genotype effect on optical density in striatum [Fig. 5; F(1,12) = 8.5, 

p = .013]. Follow-up comparisons showed that the optical density in striatum was 

significantly reduced in the wild-type mice [p = .0271] but not in the knockout mice [p = .

6983]. Figure 5i shows that TH-positive optical density was reduced 19.0 ± 2.5% in the 

wild-type mice lesioned with MPTP, consistent with the SNc lesion observed in Figure 4. 

None of the omnibus or follow-up tests was significant when the dorsolateral quadrant was 

considered [F’s < 3.4, p’s > .091]. However, a non-significant loss of TH-positive fibers 14.7 

± 3.1% was observed in the wild-type mice treated with MPTP (Fig. 5j).

Discussion

We show here that deletion of GD3S affords neuroprotection against MPTP neurotoxicity, 

and a corresponding protection against loss of striatal dopamine. The low-dose regimen used 

did not produce robust behavioral impairments, although with the more sensitive force-plate 

and gait-analysis apparatus we were able to detect MPTP-induced deficits. Some previously-

unknown reductions in locomotor activity were detected in GD3S−/− mice, and some 

MPTP-induced deficits were absent in the knockouts. Consistent with our previous studies, 

these data suggest that interventions that simultaneously decrease GD3 and increase 

endogenous GM1 can be neuroprotective.

The purpose of using the extended low-dose MPTP regimen in the present study was to 

attempt to better recapitulate the slow neurodegeneration of Parkinson’s disease. Our mice 

received a cumulative dose of 165 mg/kg (11 mg/kg x 5 days x 3 regimens). This is 

somewhat higher than the typical subchronic regimen of five injections of 25 or 30 mg/kg. 

Nevertheless, we observed smaller SNc lesions and virtually no MPTP effects on the 

standard assessment of Parkinsonism. In our hands, a 5-day regimen of 18 mg/kg of the 
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same lot of MPTP destroyed 41% and 45% of the TH+ SNc neurons in control animals, and 

25 mg/kg produced a lesion sizes of 75% and 79% (Dhanushkodi et al., 2013; Maiti et al., 
2016; and unpublished data). The regimen in the present study produced a smaller lesion 

(53%) than the 25 mg/kg dose. Large lesion sizes are typically needed to observe behavioral 

effects of MPTP, although we saw mild deficits in the present study and with the 18 mg/kg 

dose (Dhanushkodi et al., 2013). The lack of robust behavioral changes may be attributable 

to the lower absolute dose and/or to the functional recovery that takes place following MPTP 

lesioning. Indeed, the sprouting and regeneration of new dopaminergic fibers, accompanied 

by functional recovery, is a well-established phenomenon that has been shown to begin 

within 24 hours of the last injection (Bezard et al., 2000a; Bezard & Gross, 1998; Bezard et 
al., 2000b; Bohn et al., 1988; Domenger et al., 2012; Kang et al., 2007; Mitsumoto et al., 
1998; Schneider & Yuwiler, 1989).

Strain differences may also be a factor in the MPTP response. The GD3S−/− mice are on a 

hybrid C57BL/6J + 129S6/SvEvTac background, whereas our previous studies used the 

C57BL/6N inbred strain. To our knowledge the low-dose regimen used in the present study 

has not been published before, so it is impossible to know what size lesion would be 

produced in the C57BL/6N strain or other C57BL/6 substrains. Considerable evidence 

shows sizeable behavioral and catecholaminergic differences among 129/Sv and C57BL/6 

inbred strains and their hybrids (Bothe et al., 2005; He & Shippenberg, 2000; Hughes, 1989; 

Kelly et al., 1998; McCutcheon et al., 2008; Montkowski et al., 1997; Wolfer et al., 1997). 

Indeed, an analysis of recombinant inbred strains showed that response to MPTP is a 

multigenic trait (Jones et al., 2013). In that study the reduction in striatal TH ranged from 

20–75% across 10 strains. The strain differences were even greater in the dopamine 

metabolites DOPAC, HVA, and 3-MT and their estimates of dopamine turnover, with some 

higher and some lower than saline controls. This may explain why we observed the typical 

MPTP-induced increases in HVA/DA and 3-MT/DA in wild-type mice but a smaller, non-

significant increase in DOPAC/DA. Increases in these estimates of dopamine turnover are 

expected following MPTP, but with strain and methodological differences the nature of the 

changes can vary from study to study. However, the focus of the present study was to 

determine the neuroprotective effects of GD3S deletion, and the availability of the knockout 

mice restricted the choice of background. Thus, although there may be several reasons why 

robust behavioral effects were not detected in wild-type mice in the present study, the 

neuroprotective effects of knocking out GD3S were clear.

In the force-plate analysis, MPTP reduced activity in wild-type mice. This could not be 

compared directly to the GD3S−/− mice because both saline- and MPTP-treated knockout 

groups also had reduced activity (Table 1). Several papers reported that GD3S knockouts on 

mixed or unspecified backgrounds had no obvious neurological abnormalities and normal 

morphology and conduction velocity in the spinal cord and sciatic nerve (Bernardo et al., 
2009; Handa et al., 2005; Kawai et al., 2001). However, a more recent study documented 

sciatic dysmorphology in GD3S−/− mice on an inbred 129/SvEv background (Ribeiro-

Resende et al., 2014). This report shows that GD3S plays a role in nerve integrity and its 

absence may result in motor deficits.
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MPTP also altered gait parameters in the present study. Wild-type, but not GD3S−/− mice, 

exhibited longer hindpaw swing and stride durations following the last MPTP regimen (Fig. 

3e,f). The literature is mixed with respect to the effects of MPTP on stride duration in mice. 

In C57BL/6 substrains subchronic MPTP typically shortens strides or has no effect, with belt 

speeds ranging from 20 to 34 cm/s or on a stationery runway. The critical factor may be the 

daily dose. Doses ranging from 5 to 15 mg/kg produced no stride alterations (Antzoulatos et 
al., 2010; Byler et al., 2009; Guillot et al., 2008), whereas 20 mg/kg or higher resulted in 

shorter strides (Amende et al., 2005; Fernagut et al., 2002; Goldberg et al., 2011; Guillot et 
al., 2008; Samantaray et al., 2015; Wang et al., 2012; Zhao et al., 2010, 2013). The notable 

exception is Feng et al. (2014), who reported longer stride durations in C57BL/6J mice after 

7 injections of 30 mg/kg/day. We are only aware of a single MPTP study performed using 

B6129 mice (Rommelfanger et al., 2007). In that study, strides were increased 13% in 

control mice after two administrations of 30 mg/kg MPTP 12 h apart. Interestingly, two non-

MPTP studies using B6129 hybrids also showed longer strides in mouse models of autism 

(Piochon et al., 2015) and Alzheimer’s disease (Stover et al., 2015). A systematic study 

would be required to determine whether strain, low absolute dose (11 mg/kg), or other 

factors contributed to the longer strides in the present study. However, the effects were only 

evident after the third MPTP regimen and only in wild-type mice. This suggests that a 

threshold lesion size may be necessary for MPTP-induced gait disturbances, which was not 

met in GD3S−/− mice.

The relatively mild behavioral effects of MPTP in wild-type mice are perhaps surprising 

given the nearly 60% loss of striatal dopamine. The loss of dopamine was considerably less 

in knockout mice. TH-positive neurons in the SNc exhibited a similar degree of 

neuroprotection in MPTP-lesioned GD3S−/− mice, and TH fiber density in the striatum was 

equivalent to that of saline-treated controls. Interestingly, the number of CV-stained neurons 

in the SNc that were negative for TH was greater in MPTP-lesioned knockout mice than in 

saline-treated controls (Fig. 4b). This phenomenon has been reported previously—

specifically, a suppression of TH in surviving dopaminergic neurons after lesioning with 

MPTP or 6-hydroxydopamine (6-OHDA; Bowenkamp et al., 1996a, 1996b; Georgievska et 
al., 2002; Jackson-Lewis et al., 1995; Porritt et al., 2005; Rosenblad et al., 2003; Sauer & 

Oertel, 1994; Smith et al., 2011). The mechanism for this is not known, but may involve 

elevated neurotrophin signaling. Georgievska et al. (2002) showed that locally-high 

concentrations of GDNF suppressed TH expression for 3–6 weeks after intrastriatal GDNF 

injections in rats with 6-OHDA lesions. In areas along the nigro-striatal pathway that had 

lower GDNF, TH was normally expressed in surviving neurons. This is consistent with other 

papers showing normal TH expression when local GDNF concentrations were 5–10 times 

lower (Kirik et al., 2000; Kordower et al., 2000). It is not known how TH suppression is 

related to GDNF-mediated neuroprotection following MPTP or 6-OHDA. Cohen et al. 

(2011) proposed that in the presence of neurotoxin GDNF temporarily induces a shift in the 

cell’s state to a “maintenance mode”, which includes down-regulation of TH. Once the 

neuron’s survival is ensured, normal cellular functions are restored. The TH suppression is 

maximal at approximately 2 weeks following MPTP injections, and returns to normal by 8 

weeks (Cohen et al., 2011; Sauer & Oertel, 1994). There is reason to suspect that this may 

have happened in the GD3S−/− mice. It is well-established that knocking out GD3S results 

Akkhawattanangkul et al. Page 13

Genes Brain Behav. Author manuscript; available in PMC 2018 June 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



in a compensatory increase in GM1 ganglioside in addition to eliminating all b-series 

gangliosides (Ariga et al., 2013; Bernardo et al., 2009; Dhanushkodi & McDonald, 2011; 

Kawai et al., 2001; Zhou et al., 2011). GDNF is required for survival of dopaminergic 

neurons, and GM1 is important for proper GDNF signaling (Hadaczek et al., 2015). GM1 

associates with the GFRα1 and RET components of the tripartite GDNF receptor and is 

required for its assembly (Hadaczek et al., 2015; Newburn et al., 2014). Mice null for 

B4galnt1, the gene that codes for GalNAc transferase (Fig. 1), completely lack GM1 and 

exhibit profound age-related motor impairments and loss of TH+ staining in the SNc (Wu et 
al., 2011). They also have impaired GDNF signaling secondary to insufficient RET 

phosphorylation (Hadaczek et al., 2015). Brain GM1 is reduced by about 15% in young 

B4galnt1+/− mice, a deficit that increases to ~50% in mice older than 6 months of age (Wu 

et al., 2012). The heterozygous mice have a longer life span than the homozygotes but the 

same profound age-related Parkinsonism and nigrostriatal pathology. SNc TH expression in 

the B4galnt1 heterozygotes can be reversed with several weeks of injections of exogenous 

GM1 or LIGA-20, a synthetic GM1 analog. This demonstrates that the neurons are alive but 

just not expressing TH. We can’t say definitively why there were more CV+/TH- neurons in 

GD3S knockout mice treated with MPTP in the present study. However, the total number of 

TH+ and CV+ neurons in the GD3S−/− mice treated with MPTP is approximately the same 

number as that in the two saline-treated groups (Fig. 4g). Thus it appears that deletion of 

GD3S afforded full protection of SNc neurons but that TH expression was suppressed in a 

subset of them. Further investigation is needed to determine the long-term fate of these 

neurons and potential reasons for suppression of TH.

The requirement for de novo-synthesized GD3 in apoptotic pathways is well-established (De 

Maria et al., 1997; De Maria et al., 1998; Melchiorri et al., 2002; Morales et al., 2004), as is 

the literature showing neuroprotective effects of exogenous GM1 and manipulations that 

enhance endogenous GM1; in contrast, neurodegeneration is exacerbated neurodegeneration 

in animals with reduced GM1 (Ariga et al., 2013; Bernardo et al., 2009; Dhanushkodi & 

McDonald, 2011; Hadaczek et al., 2015; Wu et al., 2012; Yao et al., 2014). Thus our first 

inclination is to attribute the neuroprotective effect of GD3S deletion to the lack of GD3 

and/or increased GM1. The phenotype of the B4galnt1+/− mice suggests that the change in 

GM1 may be the more important mechanism of the two. The SNc pathology was completely 

reversed by administration of GM1 to the B4galnt1 heterozygotes, and they exhibited no 

substantive neuronal loss despite more than 10-fold higher levels of GD3 (Liu et al., 1999; 

Wu et al., 2001; Zhou et al., 2011). However, other factors may also affect the sensitivity of 

GD3S−/− mice to MPTP, such as the lack of b-series gangliosides in the knockouts. 

Although there is considerable functional overlap across gangliosides, and total ganglioside 

levels are unchanged in GD3S−/− mice, we do not know how lacking b-series gangliosides 

affects nigrostriatal function or response to MPTP independent of changes in GD3 and 

GM1. Other neurochemical changes may also be involved, such as the ~20% reduction in 5-

HIAA/5-HT observed in GD3S knockout mice. Serotonin transporter knockout mice have a 

reduced locomotor response to amphetamine (Igari et al., 2015), and the serotonin 

transporter is required for expression of cocaine place preference in mice lacking the 

dopamine transporter (Sora et al., 2001). Like cocaine and amphetamine, MPTP’s active 

metabolite MPP+ acts through the dopamine transporter, and reduced serotonin turnover 
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may have affected its neurotoxicity. Further research is needed to determine whether these or 

other neurochemical mechanisms interact with ganglioside alterations to modify the 

neuroprotective effect of GD3S deletion.
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Figure 1. Ganglioside biosynthesis
Gangliosides are synthesized through sequential addition of carbohydrate moieties (mostly 

sialic acid and galactose) to a sphingosine backbone. The four major brain gangliosides (red 

box) comprise ~95% of total brain ganglioside. GD3S is responsible for synthesis of GD3 

from GM3, so that knocking out GD3S eliminates the b-series gangliosides (green shading), 

including two of the four major brain gangliosides. However, we and others have shown that 

the total brain ganglioside in GD3S−/− mice is equivalent to that of wild-type controls, as 

constitutively high levels of GM3 ganglioside is converted to GM1 and GD1a rather than b-

series gangliosides in the absence of GD3S (Bernardo et al., 2009; Kawai et al., 2001). 

Sialidase from V. cholerae (VCS) hydrolyzes α(2→8) and terminal α(2→3) sialic acid 

linkages, converting GD1a, GD1b, and GT1b to GM1 and producing a ganglioside profile 

similar to that of GD3S deletion but with greater levels of GM1 (Dhanushkodi & McDonald, 

2011). GalNAcT is the enzyme coded by the B4galnt1 gene and converts GM2 to GM1 and 

GD2 to GD1a. Abbreviations: Cer, ceramide; Glc, glucose; Gal, galactose; GalNAc, N-

Acetylgalactosamine; NeuAc, N-Acetylneuraminic acid (sialic acid) GD3S, GD3 synthase; 

GalNAcT, GalNAc transferase; α3, α(2→3); α8, α(2→8).
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Figure 2. Gait measures on the DigiGait apparatus
a) Representative dynamic gait signals for duration of forepaw stride and the four stride 

components with a belt speed of 20 cm/s: brake, stance, propel, and swing. b) Paw print 

diagram depicting stance widths and stride lengths.
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Figure 3. Repeated low-dose MPTP induces mild gait deficits
a) GD3S−/− mice assigned to the saline group were heavier from the beginning of the study, 

a difference that increased as the study progressed. The weights of the other three groups 

were virtually identical. Because body weight can affect performance on many motor tasks, 

it was used as a covariate when appropriate (see Statistics section). b) The forepaw stance 

width was significantly lower in GD3S−/− mice treated with saline, but only on the first 

session. c) MPTP-lesioned mice of both genotypes had greater forepaw angles only on the 

first session. d) After the third MPTP regimen, lesioned mice walked with a greater hindpaw 

Akkhawattanangkul et al. Page 24

Genes Brain Behav. Author manuscript; available in PMC 2018 June 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



stance width. There was no genotype difference on this measure. In contrast, the hindpaw 

swing (e) and stride (f) were slower in MPTP-lesioned wild-type mice after three MPTP 

injection regimens, but GD3S−/− mice were unaffected by MPTP. Data are expressed as 

mean ± SEM. *p < .05; **p < .01; ***p < .001; ****p < .0001.
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Figure 4. Tyrosine hydroxylase expression is partially suppressed in GD3S−/− mice
a,c,e) Wild-type mice lost 53.0 ± 4.8% of the TH+ neurons in the SNc after the third MPTP 

injection regimen. b,d,e) GD3S knockouts had a 22.5 ± 14.6% reduction of TH+ neurons, 

which was not statistically significant. f) Interestingly, GD3S−/− mice lesioned with MPTP 

had more CV-positive neurons in the SNc that were negative for TH. g) The total CV+ 

neurons (positive or negative for TH) did not differ in GD3S−/− mice compared to their 

saline-treated controls, suggesting that TH expression was suppressed in surviving SNc 

neurons. Data are expressed as mean ± SEM. *p < .05.
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Figure 5. Striatal TH fiber density is restored in GD3S−/− mice
a,b) Immunohistochemistry revealed significantly-reduced TH+ fibers in the whole striatum 

(a-d) and dorsolateral (DL) quadrant (e-h) of MPTP-lesioned wild-type but not GD3S−/− 

mice. Densitometric analysis showed that MPTP reduced TH+ fibers by ~18% and ~15% in 

the (g) whole striatum and (h) dorsolateral quadrant, respectively. Striatal TH+ fiber density 

was not significantly affected by MPTP in GD3S−/− mice. Data are expressed as mean ± 

SEM. *p < .05.

Akkhawattanangkul et al. Page 27

Genes Brain Behav. Author manuscript; available in PMC 2018 June 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

Akkhawattanangkul et al. Page 28

Table 1

Data (mean ± SEM) from sensorimotor tests collapsed across sessions.

Measure

GD3S+/+ GD3S−/−

Saline MPTP Saline MPTP

Vertical screen (s) 2.95 ± 0.27 3.25 ± 0.48 3.75±0.48 2.96 ± 0.28

Step down (s) 8.55 ± 1.12 7.08 ± 0.80 12.92 ± 3.56 10.58 ± 1.77

Rotorod (s) 62.48 ± 7.03 65.40 ± 8.35 50.43 ± 7.22 55.46 ± 6.62

Grip strength

 Four paws (N) 0.33 ± 0.02 0.32 ± 0.02 0.34 ± 0.01 0.36 ± 0.01

 Forepaws (N) 0.33 ± 0.02 0.31 ± 0.02 0.31 ± 0.01 0.28 ± 0.01

Activity monitors

 Distance traveled (m) 14.20 ± 2.73 14.62 ± 1.41 12.55 ± 1.71 12.24 ± 1.69

 Rearing (count) 33.00 ±10.77 25.38 ± 6.93 17.90 ± 4.58 18.72 ± 5.04

 Velocity (cm/s) 13.59 ± 1.09 12.68 ± 0.94 12.53 ± 1.02 12.86 ± 1.53

1 Horizontal beam

 Latency to start (s) 3.25 ± 0.73 1.52 ± 0.14* 2.32 ± 0.38 1.55 ± 0.17

 Latency to traverse (s) 4.32 ± 0.30 4.18 ± 0.25 5.12 ± 0.25 3.62 ± 0.21^

Sticker removal

 Latency to first attempt (s) 2.86 ± 0.67 3.29 ± 0.86 1.49 ± 0.18^ 1.31 ± 0.08^

 Latency to remove (s) 1.61 ± 0.20 2.07 ± 0.32 1.44 ± 0.19 1.54 ± 0.30

1
Body weight was not included as a covariate in this model because of regression slope heterogeneity.

*
p < .05 vs. respective saline control.

^
p < .05 vs. respective wild-type control.
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Table 2

Mean ± SEM locomotor activity from the force plate actimeter.

Measure

GD3S+/+ GD3S−/−

Saline MPTP Saline MPTP

Long runs 8.27 ± 0.84 5.08 ± 0.94* 4.91 ± 0.87^ 5.08 ± 0.98

Crossings 20.91 ± 3.04 12.67 ± 1.56* 12.64 ± 1.97^ 14.92 ± 3.44

Total distance (m) 9.79 ± 1.06 8.14 ± 0.77 6.67 ± 0.67^ 8.62 ± 1.38

Bouts of low mobility 14.27 ± 1.76 13.67 ± 2.18 26.36 ± 2.92^^ 20.92 ± 3.15

Stride rate (Hz) 3.46 ± 0.09 3.39 ± 0.15 3.08 ± 0.16 3.31 ± 0.12

Stride length (mm) 62.58 ± 2.18 63.89 ± 2.45 64.70 ± 1.75 62.15 ± 1.34

Velocity (mm/s) 216.57 ±10.55 218.07 ±14.27 199.09 ±11.14 206.38 ±10.32

Integrated power (arbitrary units/1000) 5.10 ± 0.85 5.23 ± 0.70 3.91 ± 0.43^ 3.30 ± 0.28^

Note: Integrated power was derived from periods of time when the subject was not locomoting, i.e., bouts of low mobility.

*
p < .05 vs. respective saline control.

^
p < .05;

^^
p < .01 vs. respective wild-type control.
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Table 3

Data (mean ± SEM) from the gait analysis, collapsed across sessions.

Measure

GD3S+/+ GD3S−/−

Saline MPTP Saline MPTP

Forepaws:

 Stance width (cm) 1.70 ± 0.06 1.68 ± 0.09 1.64 ± 0.05 1.72 ± 0.04

 Step angle (°) 67.87 ± 2.13 66.29 ± 2.24 63.37 ± 1.61 63.54 ± 1.85

 Stance (s) 0.22 ± 0.01 0.23 ± 0.01 0.23 ± 0.00 0.23 ± 0.01

 Stride (s) 0.36 ± 0.01 0.35 ± 0.01 0.34 ± 0.01 0.34 ± 0.01

 Swing (s) 0.13 ± 0.01 0.12 ± 0.01 0.11 ± 0.01^ 0.11 ± 0.00

 Brake (s) 0.14 ± 0.00 0.14 ± 0.00 0.13 ± 0.01 0.13 ± 0.00

 Propel (s) 0.09 ± 0.00 0.09 ± 0.00 0.09 ± 0.01 0.09 ± 0.01

 Paw angle (°) 6.87 ± 0.66 4.52 ± 0.47** 5.67 ± 0.81 4.61 ± 0.56

 Paw Area (cm2) 0.45 ± 0.01 0.51 ± 0.02* 0.46 ± 0.02 0.53 ± 0.02

Hindpaws:

 Stance width (cm) 2.56 ± 0.07 2.64 ± 0.08 2.58 ± 0.05 2.64 ± 0.05

 Step angle (°) 55.78 ± 1.77 57.23 ± 1.51 58.10 ± 1.25 58.09 ± 1.33

 Stance (s) 0.25 ± 0.00 0.25 ± 0.00 0.24 ± 0.00 0.25 ± 0.00

 Stride (s) 0.36 ± 0.01 0.37 ± 0.01 0.34 ± 0.01 0.35 ± 0.01

 Swing (s) 0.11 ± 0.00 0.12 ± 0.01 0.10 ± 0.00 0.11 ± 0.00

 Brake (s) 0.06 ± 0.00 0.06 ± 0.00 0.06 ± 0.00 0.05 ± 0.00

 Propel (s) 0.19 ± 0.00 0.19 ± 0.00 0.18 ± 0.00 0.19 ± 0.00

 Paw angle (°) 10.28 ± 0.62 10.52 ± 0.83 11.73 ± 1.34 11.32 ± 0.76

 Paw area (cm2) 0.81 ± 0.03 0.92 ± 0.05 0.84 ± 0.05 0.86 ± 0.05

*
p < .05;

**
p < .01 vs. respective saline control.

^
p < .05;

^^
p < .01 vs. respective wild-type control.
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Table 4
Monoamine and metabolite levels (mean ± SEM) in the striatum

Abbreviations: DOPAC, 3, 4-dihydroxyphenylacetic acid; HVA, homovanillic acid; 3-MT, 3-

methoxytyramine; DA, dopamine; DHPG, 3,4-dihydroxyphenylglycol; NE, norepinephrine; 5-HT, serotonin; 

5-HIAA, 5-hydroxyindoleacetic acid.

Measure

GD3S+/+ GD3S−/−

Saline MPTP Saline MPTP

Dopamine 9.16 ± 1.01 3.60 ± 0.46**** 9.37 ± 0.92 5.76 ± 0.73**

DOPAC 0.44 ± 0.05 0.23 ± 0.03* 0.52 ± 0.09 0.30 ± 0.04**

HVA 0.72 ± 0.10 0.56 ± 0.06 0.83 ± 0.09 0.70 ± 0.09

3-MT 0.33 ± 0.04 0.21 ± 0.02* 0.27 ± 0.03 0.30 ± 0.05

DOPAC/DA 0.05 ± 0.01 0.07 ± 0.01 0.05 ± 0.01 0.05 ± 0.00

HVA/DA 0.09 ± 0.02 0.16 ± 0.01**** 0.09 ± 0.01 0.012± 0.01*

3-MT/DA 0.04 ± 0.01 0.06 ± 0.00*** 0.03 ± 0.00 0.05± 0.01***^

Norepinephrine 1.12 ± 0.18 0.94 ± 0.17 1.15 ± 0.29 1.59 ± 0.39

DHPG 1.70 ± 0.18 1.41 ± 0.15 2.22 ± 0.38 1.41 ± 0.11

DHPG/NE 2.73 ± 0.69 2.51 ± 0.84 3.50 ± 1.07 3.10 ± 0.97

DA/NE 10.68 ± 2.47 4.73 ± 0.787** 11.24 ± 1.556 6.00 ± 1.279*

5-HT 0.25 ± 0.03 0.24 ± 0.03 0.34 ± 0.081 0.37 ± 0.055

5-HIAA 0.24 ± 0.029 0.24 ± 0.031 0.27 ± 0.055 0.29 ± 0.042

5-HIAA/5-HT 1.01 ± 0.061 1.04 ± 0.104 0.83 ± 0.091 0.80 ± 0.054^

*
p < .05;

**
p < .01;

***
p < .001;

****
p < .0001 vs. respective saline control.

^
p < .05 vs. respective wild-type control.
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