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Abstract

Parkinson’s disease (PD) is characterized by the loss of dopaminergic neurons and produces a
movement disorder and cognitive impairment that becomes more extensive with the duration of
the disease. To what extent cognitive impairment in advanced PD can be attributed to severe loss
of dopamine (DA) signaling is not well understood. Furthermore, it is unclear if the loss of DA
neurons contributes to the cognitive impairment caused by the reduction in DA signaling. We
generated genetic mouse models with equally severe chronic loss of DA achieved by either
extensive ablation of DA neurons or inactivation of DA synthesis from preserved neurons and
compared their motor and cognitive performance. Motor behaviors were equally blunted in both
models, but we observed that DA neuron ablation caused more severe cognitive deficits than DA
depletion. Both models had marked deficits in cue-discrimination learning. Yet, deficits in cue-
discrimination learning were more severe in mice with DA neuron ablation and only mice with
DA neuron ablation had drastically impaired performance in spatial learning, spatial memory and
object memory tests. These results indicate that while a severe reduction in DA signaling results in
motor and cognitive impairments, the loss of DA neurons promotes more extensive cognitive
deficits and suggest that a loss of additional factors that depend on DA neurons may participate in
the progressive cognitive decline found in patients with PD.
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Introduction

Parkinson’s disease (PD) is a chronic progressively debilitating neurodegenerative disease
that affects roughly 115 per 100,000 people (Schapira et al., 2014). The hallmark
pathological process associated with PD is dysfunction and degeneration of dopamine (DA)
neurons in the substantia nigra pars compacta (SNpc) of the midbrain (Samii et al., 2004).
The resulting loss of DA projections to the striatum contributes to the characteristic motor
symptoms in PD (Fahn, 2003). Additionally, PD is now appreciated to include decline of
cognitive abilities, which affects up to 80% of late-stage PD patients, culminating in an
estimated 30% prevalence of dementia in PD patients with more than 10 years of disease
duration (Aarsland et al., 2009; Maetzler et al., 2009). These cognitive impairments include
deficits in visuospatial learning and memory, cognitive flexibility as well as deficits in
working memory (Leverenz et al., 2009; Lima et al., 2008; Owen et al., 1993; Williams-
Gray et al., 2007).

DA dysfunction in advanced PD may include disruption of DA neurotransmission in viable
DA neurons and severe loss of nigro-striatal SNpc DA neurons, and it is unclear how these
processes contribute to PD-associated phenotypes (Cheng et al., 2011; Cookson, 2009;
Koprich et al., 2010; Lundblad et al., 2012; Nemani et al., 2010). This has important
implications for understanding the development of cognitive and motor deficits in late-stage
PD, as the actual loss of SNpc DA neurons observed in advanced PD might have effects
beyond the mere loss of DA, including inflammatory responses, gliosis and loss of co-
transmitter release from DA neurons (Nagatsu and Sawada, 2006; Seutin, 2005; Whitton,
2007). Thus, effective treatment of late-stage, PD-associated deficits may require targeting
these processes as well as the loss of DA. Indeed, the addition of drugs that target novel non-
DA factors associated with DA neuronal death to standard PD treatment regimens could lead
to more effective treatment of symptoms. Additionally, these drugs could help reduce the
reliance of pharmaceutic interventions on DA drugs, which have been associated with
serious and unwanted side effects like levodopa-induced dyskinesia or DA-receptor agonist
mediated complications, including impulse control disorders, nausea, anxiety and insomnia
(Antonini et al., 2009; Kalia et al., 2013; Voon et al., 2011). Determining whether DA
neuron loss leads to similar or worse PD-associated phenotypes than disrupted DA
neurotransmission with comparable levels of DA depletion would greatly improve our
understanding of the pathological processes that underlie cognitive and motor deficits in
late-stage PD.

To determine the relative contributions of large-scale DA depletion and DA neuron ablation
to cognitive and motor impairments, and whether processes involved in DA neuron loss
beyond loss of DA lead to PD-associated impairments, we developed two genetic mouse
models of severe DA loss. In the first model (DAT:TH-KQ), DA synthesis is abolished
through genetic inactivation of the tyrosine hydroxylase (Th) gene in all DA-transporter
(DAT) expressing neurons, which make up the majority of midbrain DA neurons (Darvas et
al., 2014b; Henschen et al., 2013). Importantly, in this model DA neurons are still present
and otherwise intact. In the second model (DAT-DTR), we genetically targeted expression
of the human diphtheria-toxin (DT) receptor to all DAT-expressing neurons, which allows
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for controlled and selective cell death of this neuronal population by injection with DT
(Postupna et al., 2014). We then compared performance of cognitive and motor behaviors in
these two models. Because both models have an equal and severe loss of DA, we have used
them as models for DA loss in advanced PD.

Materials and methods

Animals

Drugs

All animal use procedures were approved by the Institutional Animal Care and Use
Committee at the University of Washington. Mice were housed under a 12-h, light—dark
cycle in a temperature-controlled room with food and water available ad libitum. Mice with
inactivation of the Th gene in DAT-expressing neurons (DAT:TH-KO) were generated by
crossing mice with two floxed Th alleles (Th!®X/19X) with mice that have one deleted Th allele
(Th&*) and one allele with Cre recombinase expressed under the control of the Slc6a3 gene
encoding DAT (Slc6a3€™®+). DAT:TH-KO mice had the genotype ThA/19x.S|c6a3CTe/* and
their littermates with the genotype Th!o¥/*-SIc6a3C"®/+ were used as wild type (WT) control
animals (Darvas et al., 2014b; Henschen et al., 2013). Mice with targeted expression of the
human DT-receptor (DAT-DTR) were generated by breeding C57BI/6 mice with mice that
have one allele with DTR expressed under the control of the Slc6a3 gene (Slc6a3PTR/+). At
the age of 3-5 days, all mice from DAT-DTR breeder cages were injected with DT (50
ug/kg, subcutaneously), which resulted in ablation of DAT-expressing neurons in DAT-
DTR mice and had no effect on non-transgenic littermates. DT-injected DAT-DTR mice
were used as experimental animals, denoted as DAT-DTR (DT), and DT-injected non-
transgenic littermates were used as WT controls. The genetic background for all mice was
C57BI/6J. The number of animals used for each procedure can be found in the figure
legends.

Diphtheria toxin (List Biological Laboratories, Campbell, CA) was dissolved in saline
solution and administered subcutaneously. SKF81297 (Tocris, Minneapolis, MS) and
Pramipexole (Sigma-Aldrich, St. Louis, MO) were dissolved in saline solution and
administered intraperitoneally (i.p.).

Behavioral procedures

All behavior experiments were performed on 3- to 5-month-old mice of mixed sexes and all
mice were group-housed with no mixing of genders. All experiments were performed in a
blinded fashion such that the experimenter was unaware of each animal’s genotype. Each
animal was only used once in any of the water-escape based procedures. Novelty-induced
locomotor activity, object memory, open-field exploration and all procedures using SKF
81297 and pramipexole were performed using only experimentally naive animals. Motor
behavior testing was performed in animals that were also later tested using water-escape
based procedures. For these animals, the time interval between procedures was at least 7
days.
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Novelty locomotion and locomotor effects of DA-receptor agonists were determined using
static mouse cages (37.2 cm D x 23.4 cm W x 14 cm H) with 16 photo cells per side
(Columbus Instruments, Columbus, OH). Locomotor activity was measured as ambulations
(2 consecutive beam interruptions) and summated over a recording period of 90 min.
Locomotor activity was recorded on three consecutive days. On each day, animals were first
allowed a 30-min habituation period in the behavior testing room to reduce transfer arousal.
They were then acclimated to their individual static cages for 90 min to allow them to
become accustomed to the novel environment. We used the locomotor activity on the very
first day of testing as a measure for novelty induced locomotion. After the 90-min
acclimatization period, mice were injected with saline (i.p.) on the first and second day of
testing. This procedure served to habituate the animals to the i.p. injection procedure and we
used the locomotor activity following saline injection on the second day of testing as an
internal reference against which we compared the locomotor effects of the DA-receptor
agonists SKF 81297 and pramipexole. On the third day, one group of animals was injected
with the D1 DA-receptor agonist SKF 81297 (5 mg/kg i.p.) and another group of animals
were injected with the D2/D3 DA-receptor agonist pramipexole (0.5 mg/kg i.p.).

Turn- and cue-discrimination learning were measured in a water-based, U-shaped maze
consisting of a stem with two backward bent arms (one white/one black) where an escape
platform, not visible from the end of stem, can be placed (Darvas and Palmiter, 2011). Mice
were trained for 10 trials per day with a 3-5 min inter-trial interval (ITI) between trials. The
left-right orientation of the white and black arms of the maze was alternated every day in a
pseudo-random, non-repetitive sequence so that both arms were equally located on either
side of the maze for each daily 10-trial block. One cohort of mice was trained for 3 days to
learn a turn direction-based water escape strategy (turn-discrimination) and another
independent cohort of mice was trained for 4 days to learn a water escape strategy based on
the color of the arms (cue-discrimination). For each day, the percentage of correct trials and
latencies to reach the platform were recorded and averaged over all 10 trials. When an
animal did not enter the correct arm of the maze, we did not remove it from the maze but
allowed it to correct its behavior. We employed this measure because we used water escape
to motivate learning in our procedure and removing animals from the maze after a wrong
decision would have potentially reinforced that decision. In addition, we were interested in
the animals’ ability to correct wrong decisions, which would be reflected in the overall
escape latencies. After completion of this procedure, animals were not used for further
behavioral testing.

Spatial learning and memory were measured using a modified version of the Morris water
maze procedure (Darvas and Palmiter, 2009; Morris, 1984; Vorhees and Williams, 2006).
Mice were trained to locate a platform that was submerged in a circular pool (84 cm
diameter) filled with opaque water. Outside the pool spatial cues were provided in the
behavior-testing area and no cues were present inside the pool. Over a period of 4 days,
animals received 4 training trials (with an ITI of 3-5 min) in which they were released into
different locations of the pool. Each trial ended if the animal reached the submerged
platform within 90 s. If the animal failed to reach the platform within 90 s, the experimenter
gently guided the animal to the platform. In either case, the animal was allowed to rest on
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top of the platform for 30 s. All trials were recorded with a camera and analyzed using
Ethovision video-tracking software (Noldus, Wageningen, The Netherlands). Spatial
learning was measured as the latency to reach the submerged platform and was averaged
over the 4 trials of each training day. In addition, we used Ethovision software to calculate
the average swim speed and path length of animals in the Morris maze. After completion of
this procedure, animals were only used for testing of spatial memory (see below).

Spatial memory was measured using animals that were previously trained with our spatial
learning procedure: one day after the last training session, mice performed one 90-s probe
trial in the Morris maze from which the platform was now removed. Video recordings of the
probe trial were analyzed with Ethovision software and spatial memory was scored as the
percentage of time spent in the quadrant of the pool where the platform was positioned
during training. Spatial memory precision was measured during the probe trial as the
average proximity (distance) to the exact location where the platform was positioned during
training. After completion of this procedure, animals were not used for further behavioral
testing.

Object memory was assessed with the novel-object recognition test (Bevins and Besheer,
2006; Darvas and Palmiter, 2010). Animals were first habituated for 15 min to the circular
(45 cm diameter) testing apparatus. One day later, mice were allowed to explore the
apparatus with two identical objects placed equidistant from the walls for 3 5-min trials with
a 5-min ITI. On the following day, one of the original objects was replaced with a novel
object and mice were allowed to explore the apparatus for 15 min. Time spent investigating
both the original and novel object during that session was measured and scored as the time
when mice made direct contact with an object. Accidental or incidental contacts made by the
animals were not counted. Object memory was measured as the preference for the novel
object over the original object during exploration of both objects.

Anxiety-related behavior (open field exploration) was determined by analyzing the
exploratory behavior of animals during the first 10 minutes of the habituation procedure for
the novel-object recognition test, and by testing independent cohorts of experimentally naive
mice for 10 minutes in the same experimental apparatus. Video recordings were analyzed
with Ethovision software and the time spent in the center area and periphery of the circular
testing apparatus was calculated. Anxiety was scored as the time spent in the center area of
the apparatus.

Motor coordination. Learning-independent motor coordination was measured using the
beam-walk test. Mice traversed a 60 cm cylindrical rod (15 mm in diameter) that was
elevated 30 cm above a cushioned table and the number of slips was recorded. The test was
performed once. Mice that fell were placed back on the beam at the position where they fell
and allowed to continue.

Motor-skill learning. Latency to fall from a rotating rotarod (Rotamex 4/8 system,
Columbus Instruments) was recorded over 3 consecutive days with 4 trials per day and an
ITI of 10 min. For each trial, mice were placed on the rotating rod, which began at 4 rpm
and accelerated to 40 rpm over the course of 5 min.
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Quantification of DAT and DA

Brains were collected 10-15 days after the last behavior test was finished. For quantification
of DAT content in the midbrain, we dissected the SNpc, ventral tegmental area (VTA), and
for quantification of DAT content in the striatum, we collected tissue punches from the
dorsal and ventral regions of the striatum, as well as whole cerebellum samples to use as a
negative control. Tissue was immediately frozen in liquid nitrogen and stored at =80 °C.
Protein extractions from dissected tissue and quantification of DAT by ELISA were
performed as previously described (Darvas et al., 2014a). In short, Samples were
homogenized in RIPA buffer (Sigma-Aldrich) containing Complete Mini protease inhibitors
(Roche Applied Science), centrifuged at 1,000 x g for 10 min and the supernatants were
collected for further analysis. After determining the protein concentration in the supernatant,
using a bicinchoninic assay (Thermo Scientific), DA-transporter expression was quantified
by ELISA. Wells of a 96-well plate were coated with monoclonal rat anti DA-transporter
antibody (1:500, Abcam), washed, blocked with 5% bovine serum albumin, washed and
then incubated with 20 g total protein. Then wells were washed, incubated with polyclonal
rabbit anti DA-transporter antibody (1:20,000, Abcam), washed and incubated with a horse-
radish peroxidase-conjugated, donkey anti-rabbit antibody (1:500, Jackson
ImmunoResearch). After another wash samples were incubated with TMB solution (R & D
Systems). The resulting color reaction was stopped by addition of 2N sulfuric acid and then
absorption at 450 nm was measured. DA content was measured in tissue punches (1 mm
diameter, 2 mm thick) that were obtained from the prefrontal cortex, amygdala,
hippocampus and striatum. Tissue punches were immediately frozen in liquid nitrogen and
stored at —80 °C. HPLC coupled with electrochemical detection was used to measure DA
content in tissue punches from all brain regions. We also measured 3,4-
dihydroxyphenylacetic acid (DOPAC) and norepinephrine levels in striatal tissue punches.

Statistical analyses

Results

All tests that involve multiple trials/groups were analyzed by appropriate analysis of
variance (ANOVA, one-way or 2-way) or 2-way repeated measures (RM) ANOVA.
Significant effects were further analyzed with Tukey’s post-hoc test. All statistical testing
was performed with GraphPad Prism software (GraphPad, La Jolla, CA). Any group
differences with an alpha of 0.05 or less were considered significant.

Because we did not observe any differences between WT mice that received DT injections
and non-injected WT mice, we grouped them together for the presentation of our data.

Expression of DAT in the midbrain and striatum

We generated two different models of severe DA loss. Loss of DA through inactivation of
the Th gene in DAT-expressing neurons (DAT:TH-KO) and loss of DA through DT-
mediated ablation of DAT expressing neurons (DAT-DTR). To validate the difference
between our models, we compared expression of DAT, which is a marker for most DA
neurons in the midbrain.
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ANOVA of DAT expression in the midbrain revealed significant effects of group in the
SNpc (F3 23 = 32.75, p < 0.01; Fig. 1A) and the VTA (F3 21 = 15.39, p < 0.01; Fig. 1B).
Whereas DAT:TH-KO mice had DAT expression in both SNpc and VTA that was
indistinguishable from WT controls (Fig. LA-B), DAT-DTR (DT) mice had significantly
reduced levels of DAT expression in the SNpc and VTA when compared with WT and
DAT:TH-KO mice (Fig. 1A-B). DAT is not expressed highly in the cerebellum (reduced
expression when compared to SNpc and VTA, each p < 0.01) and we therefore used WT
cerebellum as a “negative control”. Importantly, DAT expression in SNpc and VTA of
DAT-DTR (DT) mice was not different from DAT expression in the cerebellum of WT mice
(Fig. 1A-B), and DAT expression in either SNpc or VTA of DAT:TH-KO and WT mice
was significantly higher than that in the cerebellum (p < 0.01; Fig. 1A-B). Interestingly, in
DAT-DTR (DT) mice, DAT expression in the VTA was slightly elevated (p < 0.05) when
compared with the SNpc. Yet, expression in SNpc and VTA of DAT-DTR (DT) mice was
still undistinguishable from our cerebellar negative control. We found no significant
differences of DAT expression between SNpc and VTA in any of the other groups.

The striatum receives major innervation from midbrain DA neurons and contains a high
number of DAT-expressing fibers. ANOVA of DAT expression in the striatum revealed
significant effects of group in the dorsal striatum (F3 20 = 26.41, p < 0.01; Fig. 1C) and the
ventral striatum (F3 29 = 17.16, p < 0.01, Fig. 1D). DAT-DTR (DT) mice had DAT-
expression in both the dorsal and ventral striatum that was significantly less than in all other
groups (each p < 0.05) and that was undistinguishable from DAT expression in the negative
control (cerebellum). DAT:TH-KO mice had DAT expression in both dorsal and ventral
striatum that was reduced when compared to WT controls (each p < 0.05), but significantly
higher than in samples from DAT-DTR (DT) mice or the cerebellum (each p < 0.05). We
found no significant differences between DAT expression in the dorsal and ventral striatum
of any group.

Taken together, we conclude that DAT-containing neurons in the midbrain and
DATcontaining neuronal fibers in the striatum were drastically reduced in DAT-DTR (DT)
mice. In contrast, DAT-containing midbrain neurons were intact in DAT:TH-KO and DAT-
containing striatal neuronal fibers were reduced to ~ 67% of WT.

To confirm that, despite their difference in DAT-expression, our two models have a similar
loss of DA synthesis we compared tissue content of DA in the major innervation fields of
midbrain DA neurons: prefrontal cortex, hippocampus, amygdala and striatum.

There were no significant differences in DA content in the prefrontal cortex (F; 33 = 0.18;
Fig. 2A) or hippocampus (F2 13 = 0.11; Fig. 2B) for all groups of mice. In the amygdala,
ANOVA showed a statistically significant effect of group for DA content (Fy 39 = 7.54, p <
0.01; Fig. 2C). DAT:TH-KO mice had lower DA content in the amygdala than WT mice
(Fig. 2C), and DAT-DTR (DT) mice had significantly reduced amygdala DA content
(~74%) compared with WT mice (p < 0.01; Fig. 2C). There were no significant differences
in DA content in the amygdala between DAT:TH-KO and DAT-DTR (DT) mice (Fig. 2C).
In the striatum, we found significant effects of group for DA levels (F; 46 = 182.0, p < 0.01,;
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Fig. 2D). Both DAT:TH-KO and DAT-DTR (DT) mice exhibited approximately 90%
reductions in DA content in the striatum compared with WT mice (both p < 0.01; Fig. 2D).
There were no differences in striatal DA content between DAT:TH-KO and DAT-DTR
(DT) mice (Fig. 2D). In addition, we found significant effects of group for the DOPAC/DA
ratio in the striatum (Fp 40 = 27.15, p < 0.01; Fig. 2E). Both DAT:TH-KO and DAT-DTR
(DT) mice exhibited approximately 3—4 fold increased DOPAC/DA ratios in the striatum
compared with WT mice (both p < 0.01; Fig. 2E). There were no differences in the striatal
DOPAC/DA ratio between DAT:TH-KO and DAT-DTR (DT) mice (Fig. 2D). There were
no significant differences in norepinephrine content in the striatum from all groups of mice
(F3y34 =0.15; Fig. 2F).

Taken together, both models had equally severe striatal loss of DA similar to that seen in
advanced PD(Fearnley and Lees, 1991). Since the pattern and extent of DA loss in
DAT:TH-KO were similar to DAT-DTR mice differences between our models accrue from
factors other than mere loss of DA synthesis.

Response to DA receptor agonists

To examine whether loss of DA or loss of DA neurons differ in their ability to respond to
DA-receptor agonists, we examined the locomotor response of both models to D1 (SKF
81297) and D2/D3 (pramipexole) DA receptor agonists (Kim et al., 2000).

Two-way ANOVA of locomotor activity of saline- and SKF 81297-treated mice (Fig. 3A)
revealed significant effects of treatment (F1 g3 = 117.5, p < 0.01), group (F2 63 = 10.02, p <
0.01) and treatmentxgroup interaction (F; g3 = 10.07, p < 0.01). Injection of SKF 81297
significantly increased locomotor activity in all groups of mice as compared with saline
treatment (all p < 0.01; Fig. 3A). Although all groups of animals had no statistically
significant differences in their response to saline treatment (Fig. 3A), DAT:TH-KO and
DAT-DTR(DT) mice exhibited at least 67% more ambulations in response to SKF 81297
treatment than treated WT control mice (all p < 0.01; Fig. 3A). There were no differences in
activity between DAT:TH-KO and DAT-DTR (DT) mice following SKF 81297 treatment
(Fig. 3A).

Two-way ANOVA of locomotor activity by saline and pramipexole treated mice (Fig. 3B)
revealed significant effects of treatment (F1 g4 = 35.98, p < 0.01), group (F2 4 = 24.41, p <
0.01) and treatment x group interaction (F; 64 = 22.99, p < 0.01). However, whereas
pramipexole-treated WT mice had ~90% reduced locomotor activity compared with saline
(p < 0.05; Fig. 3B), DAT:TH-KO and DAT-DTR (DT) mice increased their locomotor
activity ~198% following pramipexole treatment as compared with saline (each p < 0.05;
Fig. 3B). There were no significant differences in the pramipexole-induced increase of
activity between DAT:TH-KO and DAT-DTR (DT) mice (Fig. 3B).

We conclude that both these models displayed equivalent locomotor hypersensitivity to DA-
receptor agonists.
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Turn- and cue-discrimination learning

To ascertain differences between both models in egocentric and cue-dependent associative
learning, we tested them in two water-escape based learning paradigms: 3 days of turn-based
and 4 days of cue-based discrimination training in a U-maze.

Two-way RM ANOVA of correct trials during training of the turn-based, water-escape
strategy (Fig. 4A) showed significant main effects of time (F2 142 = 139.6, p < 0.01) and
group (F271 = 8.26, p < 0.01), but not of time x group interaction (F4 142 = 1.91). Post-hoc
comparisons confirmed that DAT:TH-KO and DAT-DTR (DT) mice had ~15% fewer
correct trials than WT on the first training day (each p < 0.05), and DAT:TH-KO mice had
~15% fewer correct trials than WT mice (p < 0.01) on the second training day. 2-way RM
ANOVA of escape latencies during training of the turn-based water-escape strategy (Fig.
4B) revealed significant main effects of time (F» 142 = 43.50, p < 0.01), group (F2,71 = 5.85,
p < 0.01) and of time x group interaction (F4 142 = 4.74, p < 0.01). Post-hoc comparisons
confirmed that DAT-DTR (DT) mice had escape latencies that were ~45 s longer than WT
mice on the first training day (p < 0.01) and escape latencies that were ~23 s longer than WT
mice on the second training day (p < 0.01). All other escape latencies on days 1-3 did not
differ significantly.

Two-way RM ANOVA of correct trials during training of the cue-based, water-escape
strategy (Fig. 4C) showed significant main effects of time (F3 g7 = 13.82, p < 0.01), group
(F2,29 = 26.71, p < 0.01) and of timexgroup interaction (Fg g7 = 4.99, p < 0.01). Post-hoc
comparisons confirmed that on training day 1 only DAT-DTR (DT) mice had ~20% fewer
correct trials than WT mice (p < 0.01) and that on training days 2-4 both DAT:TH-KO and
DAT-DTR (DT) mice had ~30-40% less correct trials than WT mice (all p < 0.01). There
was no significant difference in correct trials between DAT:TH-KO and DAT-DTR (DT)
mice. Two-way RM ANOVA of escape latencies during training of the cue-based water-
escape strategy (Fig. 4D) revealed significant main effects of time (F3 g7 = 8.82, p < 0.01),
group (F229 = 20.45, p < 0.01) and of time x group interaction (Fg g7 = 3.02, p < 0.05). Post-
hoc comparisons confirmed that DAT-DTR (DT) mice had escape latencies that were
significantly longer (~140-230 s) than those of WT mice on all training days (all p < 0.01).
Escape latencies by DAT-DTR (DT) mice were also significantly longer than latencies by
DAT:TH-KO mice (92-159 s) on all training days (p < 0.05). Although escape latencies by
DAT:TH-KO mice were elevated (27-42 s) when compared with WT mice, these
differences did not reach statistical significance on any training day. Interestingly, while WT
mice decreased their escape latencies during training (p < 0.01), DAT:TH-KO and DAT-
DTR mice had non-changing escape latencies on all training days.

Taken together, these results suggest a mild defect in turn-based, water-escape behavior by
DAT:TH-KO and DAT-DTR (DT) mice, and a severe learning deficit for cue-based water
escape in DAT:TH-KO and DAT-DTR (DT) mice. Furthermore, DAT-DTR (DT) mice had
a severe performance deficit during training of the cue-based water-escape task.
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Spatial learning

To uncover potential differences between the models in spatial learning, we employed a 4-
day training procedure using the Morris water maze. We also used this procedure to
investigate water-related motor abilities of both models.

Two-way RM ANOVA of latencies to reach the submerged platform during training in the
Morris water maze (Fig. 4E) revealed significant main effects of time (F3 93 = 47.13, p <
0.01), group (F2,31 = 19.19, p < 0.01) and of time x group interaction (Fg 93 = 6.73, p <
0.01). Post-hoc comparisons confirmed that DAT-DTR (DT) mice had escape latencies that
were significantly longer (~30-62 s) than those of WT and DAT:TH-KO mice on training
days 2—-4 (all p < 0.01). More important, whereas WT and DAT:TH-KO mice decreased
their latencies during training (p < 0.05), DAT-DTR mice had the same average latency
(~80 s) on every training day.

To better understand the nature of deficits observed in turn- and cue-based water escape
learning and in spatial learning, we also analyzed swim speed in the Morris water maze (Fig.
4F). Two-way RM ANOVA of average swim speed in the Morris maze showed significant
effects of group (F2, 27 = 3.54, p < 0.05) and of time x group interaction (Fg g1 = 3.76, p <
0.01), but not of time (F3 g1 = 0.64). Post-hoc comparisons revealed that DAT-DTR (DT)
mice had significantly reduced swim speeds (~47%) on training days 2—-3 compared with
WT and DAT:TH-KO mice (each p < 0.05). Although the swim speed by DAT-DTR (DT)
mice was still reduced on day 4, this difference was only statistically significant when
compared to DAT:TH-KO mice (p < 0.05).

We conclude that spatial learning performance was intact in DAT:TH-KO mice and
completely blunted in DAT-DTR (DT) mice. Although swimming ability was decreased in
DAT-DTR (DT) mice, the magnitude of that decrease was not fully sufficient to completely
explain performance deficits observed in spatial learning and in the previous test for cue-
based water escape.

Spatial memory, object memory and anxiety

Spatial memory was assessed in all animals that previously underwent the spatial learning
procedure in the Morris water maze by subjecting them to a probe trial without platform 24
h after their last training trial. Object memory was tested using the novel-object recognition
test with an independent cohort of mice.

Two-way ANOVA of the time spent in each of the quadrants of the Morris water maze
during the probe trial (Fig. 5A) showed significant effects of quadrant location (F3 12g =
8.39, p < 0.01) and of quadrant location x group interaction (Fg 128 = 8.13, p < 0.01). Further
post-hoc analysis of quadrant preferences confirmed that WT mice preferred the quadrant in
which the escape platform was located during training trials (Q4) over all three other
quadrants (all p < 0.01). DAT:TH-KO mice preferred quadrant Q4 over two of the other
quadrants (p < 0.05) and DAT-DTR (DT) mice had no preference for quadrant Q4. Analysis
of the average proximity to the exact platform location (Fig. 5B) by ANOVA showed a
significant group effect (F» 31 = 17.03, p < 0.01). Further post-hoc analysis confirmed that
the average proximity to the exact platform location was increased by ~9 cm in DAT:TH-
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KO mice (p < 0.05) and increased by ~15 cm in DAT-DTR (DT) mice (p < 0.01) when
compared to WT mice. The difference between DAT:THKO and DAT-DTR (DT) mice was
not significant.

In the novel-object recognition test (Fig. 5C), only WT and DAT:TH-KO mice spent
significantly more time exploring the novel object during the preference choice test, as
confirmed with a t test for differences of mean preference from 50% (each p < 0.05).
ANOVA of the percentage of exploration time spent investigating the novel object in the
preference choice test revealed a significant group effect (F2 31 = 6.99, p < 0.01). Post-hoc
analysis confirmed that DAT-DTR (DT) mice had a significant reduction of their mean
preference when compared to WT (p < 0.05) and to DAT:TH-KO mice (p < 0.05). ANOVA
of the total time spent exploring both objects in the preference choice test (Fig. 5D) revealed
a significant group effect (F 31 = 8.97, p < 0.01). Post-hoc analysis confirmed that both
DAT:TH-KO and DAT-DTR (DT) mice spent less time (p < 0.01) exploring both objects
when compared to WT mice.

To determine if the observed exploration deficits by DAT-DTR mice in the Morris water
maze or by DAT:TH-KO mice in the object-recognition test were influenced by altered
exploration of novel environments in general, we measured novelty-induced general
locomotor activity (Fig. 5E). ANOVA of ambulation during novelty-induced locomotor
activity failed to show a significant effect of group (F3 52 = 0.37).

To rule out potential confounds of our cognitive data that are related to anxiety, we also
analyzed open-field exploration during the initial habituation phase of our novel
objectrecognition procedure. Two-way ANOVA of the time spent in either the center or
periphery of the circular arena used for the novel-object recognition procedure (Fig. 5F)
showed significant effects of zone (center vs. periphery, F1 g4 = 731.7, p < 0.01), of zone x
group interaction (F, 94 = 15.88, p < 0.01), but not of group alone (F, 94 = 0.01). Although
all groups spent significantly more time in the periphery than in the center (all p < 0.01),
DAT:TH-KO mice spent slightly less time (~77 s) in the periphery zone than WT mice.

We conclude that while DAT:TH-KO mice had roughly intact spatial memory for the
overall area where the platform was located, their precision memaory for the exact location
was deficient. Unsurprisingly, due to their failure to learn the location of the platform during
training, DAT-DTR (DT) mice exhibited a severe spatial memory impairment. While
DAT:TH-KO mice had ~50% reduction of overall object exploration when compared to WT
mice, they still showed a preference for the novel object. In contrast, DAT-DTR mice
explored both objects, but showed no preference. We observed no lack of novelty-induced
general activity or an obvious anxiety phenotype that might account for the performance
deficits in spatial and object memory.

Motor performance

We tested two different motor behaviors: learning-independent motor coordination (beam
walk procedure) and motor learning (rotating rotarod).
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ANOVA of the number of slips during the beam-walk test (Fig. 6A) revealed a significant
effect of group (F3 42 = 17.85, p < 0.01), and post-hoc comparisons confirmed that
DAT:TH-KO mice had significantly more slips (~9) than WT mice and that DAT-DTR
(DT) mice had more (~5) slips than WT mice (each p < 0.01). There were no differences in
the number of slips from the beam between DAT:TH-KO and DAT-DTR (DT) mice.

Two-way RM ANOVA of latencies to fall from the rotating rotarod (Fig. 6B) showed
significant main effects of time (F11 715 = 7.06, p < 0.01), group (F2 65 = 94.82, p < 0.01)
and of time x group interaction (Fy2 715 = 6.23, p < 0.01). Post-hoc comparisons confirmed
that DAT-DTR (DT) and DAT:TH-KO mice had significantly reduced fall latencies
compared with WT mice on training trials 2-11 (all p < 0.01). There were no differences in
the latency to fall between DAT:TH-KO and DAT-DTR (DT) mice.

Taken together, although DAT:TH-KO and DAT-DTR (DT) mice had normal locomotor
responses to novelty, both learning-independent and learning-dependent motor behaviors
were severely impaired in both models.

Gender differences

We did not observe any gender differences in any of our tests.

Discussion

In this study we investigated the contributions of DA neuron ablation and severe DA
depletion on cognitive and motor impairments and determined whether processes involved
in DA neuron loss beyond loss of DA synthesis lead to more severe behavioral deficits. In
our previously published work, we investigated mouse models with mild (up to 30% loss of
DA) and moderate (30-70% loss of DA) reduction of striatal DA levels, a reduction similar
to that observed in early to mid-stage PD (Darvas et al., 2014a; Fearnley and Lees, 1991;
Scherman et al., 1989). In the current study, we wanted to investigate whether a more severe
DA loss, similar to that observed on advanced PD (Fearnley and Lees, 1991; Scherman et
al., 1989), further exacerbates cognitive deficits related to DA loss. We used a previously
developed genetic mouse model (DAT:TH-KO) in which Th gene inactivation in DAT-
expressing neurons causes permanent and severe loss of striatal DA while leaving DA
neurons intact (Henschen et al., 2013). We compared this model with another mouse model
developed in our lab (DAT-DTR mice) in which administration of DT causes irreversible
lesion of DAT-expressing neurons that results in severe loss of striatal DA and striatal DA
fibers (Postupna et al., 2014). Both approaches target the same population of DA neurons
and produced an equally severe loss of striatal DA that is similar to the loss of DA observed
in advanced PD (Fearnley and Lees, 1991; Scherman et al., 1989). Because cognitive
performance declines more as PD progresses, even resulting in PD with dementia (PDD) in
some cases, we examined our models using procedures that test cognitive behaviors that are
similar to those affected in PD and PDD together with tests for motor ability (Leverenz et
al., 2009; Maetzler et al., 2009). Interestingly, while intact midbrain DAT expression in
DAT:TH-KO mice suggests that DA neurons are intact, striatal levels of DAT expression in
DAT:TH-KO mice was reduced, reflecting potential adaptive changes in the striatum to the
severe loss of DA synthesis.
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Importantly, we did not observe any decrease in DA levels in the prefrontal cortex and
hippocampus in either of our models. This finding is in agreement with reports providing
evidence that DAT expression is very low or absent in the prefrontal cortex or hippocampus
(Borgkvist et al., 2012; Lammel et al., 2008). Furthermore, consistent with reports of low
DAT-expression in the amygdala (Lammel et al., 2008), we found a ~50% reduction of DA
in the amygdala of DAT-DTR (DT) mice. Therefore, we suggest that although DA signaling
in non-striatal areas contributes to cognitive behaviors similar to those examined in this
study, any deficits observed in our models most likely accrue from loss of striatal DA and/or
loss of DA neurons that project to the striatum (Brozoski et al., 1979; D'Esposito, 2007;
Ragozzino, 2002; Retailleau et al., 2013).

Both of the models displayed similarly increased locomotor activity after administration of
D1 and D2/D3 DA-receptor agonists, presumably mediated by hypersensitive striatal DA-
receptors (Bamford et al., 2004; Kim et al., 2000). This result suggests that adaptations
related to DA-receptor-mediated signaling in pre- and post-synaptic striatal neurons are
equivalent in the two models of severe DA loss.

Despite these similarities between the models, analysis of cognitive behaviors revealed
significant differences between severe DA neuron ablation and DA depletion. Although
severe loss of DA neurons and severe loss of DA both resulted in minor deficits in
egocentric learning and in markedly impaired cue-dependent associative learning, DAT-
DTR (DT) mice performed significantly worse in the cue-dependent associative learning
task than DAT:TH-KO mice. While DAT:TH-KO mice were able to correct erroneous
water-escape choices, DAT-DTR (DT) mice were far less able to correct their choices,
reflected by their immense delays to disengage from wrong decisions and to initiate a new
choice. We further confirmed a difference between the models in spatial learning, where
DAT-DTR (DT) mice also failed to learn the behavioral task, again with a performance
deficit that can only partially be ascribed to impaired motor ability. Most important,
DAT:TH-KO and DAT-DTR (DT) explored the water U-maze, were able to learn the turn-
based escape strategy and executed the turn-based water escape within 20-60s. We therefore
believe that poor performance in the cue-based escape strategy task and in the Morris water
maze is only partly due to poor motor ability but rather resembles cognitive impairment
corresponding to bradyphrenia and cognitive rigidity, both of which are also part of the PD-
related concept of subcortical dementia (Kehagia et al., 2010).

As expected, probably due their spatial-learning deficit, DAT-DTR (DT) mice had severe
spatial memory impairment. However, although we have previously shown that complete
lack of DA in all brain regions causes blunted spatial learning and memory (Darvas and
Palmiter, 2010), mice with severe loss of striatal DA and intact DA neurons (DAT:TH-KO)
performed remarkably well in the same spatial learning and memory task. This difference
could either reflect the spatial extent of DA loss (striatum vs. all DA-receiving brain
regions), or result from the small amount of residual striatal DA in DAT:TH-KO mice.
Interestingly, we confirmed a deficit in object-recognition memory only in DAT-DTR mice,
which was not due to a lack of object exploration or of novelty-induced motor activity but
rather implicates a role for midbrain DA neurons in mediating object-memory.
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Interestingly, motor behaviors were equally affected in both models, as evidenced by
severely impaired performance of learned and non-learned motor-coordination behavior.

The differences between DAT-DTR (DT) and DAT:TH-KO mice in cue-dependent
associative learning, spatial learning, spatial memory and object memory clearly indicate
that other factors beyond striatal DA synthesis contribute to these behaviors. These factors
could be (1) loss of physiological DA clearance due to reduction of striatal DAT expression
after destruction of DA terminals, (2) loss of co-transmitters or modulators, like glutamate,
serotonin, GABA or cholecystokinin, that have been reported to be released from DA
terminals, (3) loss of trophic factors, e.g. brain-derived neurotrophic factor, that are
produced by DA neurons, or (4) processes related to inflammation and/or gliosis that follow
loss of DA neurons (Altar et al., 1997; Hnasko et al., 2010; Hokfelt et al., 1980; Nagatsu and
Sawada, 2006; Seroogy et al., 1988; Seutin, 2005; Tritsch et al., 2012; Wallen-Mackenzie et
al., 2010; Zhou et al., 2005).

Together with our previous findings (Darvas et al., 2014a; Darvas and Palmiter, 2011), and
in agreement with other reports of striatal-DA related spatial- and associative-learning
deficits (De Leonibus et al., 2007; Miyoshi et al., 2012; Miyoshi et al., 2002; Mura and
Feldon, 2003), our current results suggest that (1) egocentric learning is quite resilient to
effects of DA loss, (2) bradyphrenia, cognitive rigidity and spatial learning deficits require
not only severe loss of striatal DA but also severe loss of nigro-striatal DA neurons, (3)
severe loss of striatal DA alone is sufficient to cause cue-dependent associative learning
defects, and (4) that cognitive deficits related to dysfunctional executive function, cognitive
flexibility and working memory, already become apparent after mild-to-moderate loss of
striatal DA and/or nigrostriatal DA neurons.

In conclusion, we suggest that as more striatal DA and nigro-striatal DA neurons are lost,
cognitive performance in PD deteriorates and the resulting progressive impairment
contributes to PDD. Further, the observed cognitive differences between severe loss of
striatal DA vs. severe loss of nigro-striatal DA neurons establish the experimental basis for
future studies aimed at determining which specific processes linked to the loss of DA
neurons lead to the associated learning and memory impairments. Elucidating these
processes will lead to a better understanding of the cognitive and motor deficits observed in
late-stage PD and may inform the development of drugs that target novel non-DA factors,
which could ultimately lead to more effective treatment regimens.
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Fig. 1.

DAT expression in midbrain and striatum measured by ELISA. (A) DAT expression in
SNpc dissections from WT (N = 11), DAT:TH-KO (N = 4) and DAT-DTR (DT) (N = 6)
mice. (B) DAT expression in VTA dissections from WT (N = 11, DAT:TH-KO (N = 4) and
DAT-DTR (DT) (N = 4) mice. (C) DAT expression in tissue punches containing dorsal
striatum from WT (N = 6), DAT:TH-KO (N = 6) and DAT-DTR (DT) (N = 6) mice. (C)
DAT expression in tissue punches containing ventral striatum from WT (N = 6), DAT:TH-
KO (N =6) and DAT-DTR (DT) (N = 6) mice. As a negative control, DAT-expression in
WT cerebellum is also shown. Midbrain samples were analyzed together with one set of
cerebellar WT samples (n = 6), and striatal samples were analyzed together with an
additional set of cerebellar WT samples (n = 6). Significant differences from control groups
are marked with stars (%% p < 0.01). All data are shown as means + SEM.
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Fig. 2.

Tizsue content of DA, the DOPAC/DA ratio and tissue content of norepinephrine in DA
projection fields. (A) DA content in the prefrontal cortex of WT (N = 24), DAT:TH-KO (N
=4) and DAT-DTR (DT) (N = 8) mice. (B) DA content in the hippocampus of WT (N =
10), DAT:TH-KO (N = 4) and DAT-DTR (DT) (N = 2) mice. (C) DA content in the
amygdala of WT (N = 21), DAT:TH-KO (N = 14) and DAT-DTR (DT) (N = 7) mice. (D)
DA content in the striatum of WT (N = 22), DAT:TH-KO (N = 10) and DAT-DTR (DT) (N
= 17) mice. (E) DOPAC/DA ratio in the striatum of WT (N = 21), DAT:TH-KO (N = 10)
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and DAT-DTR (DT) (N = 12) mice. (F) Norepinephrine levels in the striatum of WT (N =
20), DAT:TH-KO (N = 13) and DAT-DTR (DT) (N = 5) mice. Significant differences from
control groups are marked with stars (%% p < 0.01, % p < 0.05). All data are shown as
means + SEM.
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Fig. 3.

Lc?comotor response to DA-receptor agonists. (A) Locomotor ambulations in response to the
D1 DA-receptor agonist SKF 81297 and to saline by WT (N = 14-21), DAT:TH-KO (N =
9-12) and DAT-DTR (DT) (N = 6-7) mice. (B) Locomotor ambulation in response to the
D2/D3 DA-receptor agonist pramipexole and to saline by WT (N = 18-21), DAT:TH-KO
(N =8-12) and DAT-DTR (DT) (N = 5-6) mice. Significant differences in drug-elicited
ambulation compared with ambulation after saline administration are marked with stars (F*
p <0.01, % p <0.05). All data are shown as means + SEM.
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Fig. 4.

Tl?rn— dependent, cue-dependent and spatial learning. Panels A—B show turn-dependent
learning data from WT (N = 34), DAT:TH-KO (N = 19) and DAT-DTR (DT) (N = 21)
mice. (A) Percentage of correct trials and (B) latency to climb onto the platform during 3-
day training of turn-based water escape in the U-shaped water maze. Panels C-D show cue-
dependent learning data from WT (N = 16), DAT:TH-KO (N = 8) and DAT-DTR (DT) (N =
8) mice. (C) Percentage of correct trials and (D) latency to climb onto the platform during 4-
day training of cue-based water escape in the U-shaped water maze. (E) Latency to climb
onto the hidden platform during training of spatial learning in the Morris water maze by WT
(N =18), DAT:TH-KO (N = 8) and DAT-DTR (DT) (N = 9) mice. (F) Swim speed of WT
(N =18), DAT:TH-KO (N = 8) and DAT-DTR (DT) (N = 9) mice in the Morris water maze
procedure. Significant group effects for all learning tests are marked with stars in the panel
titles (% p < 0.01, % p < 0.05). All data are shown as means = SEM.
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Fig. 5.

Spatial reference memory, object memory and anxiety. (A) Time spent in the quadrants of
the Morris water maze 24 h after the last of 4 training days. Data are shown for WT (N =
18), DAT:TH-KO (N = 8) and DAT-DTR (DT) (N = 9) mice. Q4 denotes the quadrant in
which the platform was located during previous training sessions. (B) Average proximity to
the exact platform position 24 h after the last of 4 training days. Data are shown for WT (N
=18), DAT:THKO (N = 8) and DAT-DTR (DT) (N = 9) mice. (C) Percentage of total
exploration time spent with the novel object in WT (N = 14), DAT:TH-KO (N = 11) and
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DAT-DTR (DT) (N = 5) mice during a choice preference test 24 h after mice were
habituated to the non-novel object. (D) Total time spent exploring both objects during the
choice preference test by WT (N = 14), DAT:TH-KO (N = 11) and DAT-DTR (DT) (N=9
mice. (E) Locomotor ambulations in response to novelty by WT (N = 26), DAT:TH-KO (N
=24) and DAT-DTR (DT) (N = 6) mice. (F) Anxiety, scored as time spent in the center
zone and periphery of an open-field arena, by WT (N = 23), DAT:TH-KO (N = 15) and
DAT-DTR (DT) (N = 12) mice. For spatial reference memory in (A), significant differences
in time spent in quadrant Q4 compared with all other quadrants are marked with stars (% p
<0.01, % p <0.05). The dashed line in (C) marks a hypothetical 50% preference (i.e.
indifference) for the novel object and percentages that differ significantly from that value are
marked with stars (%% p < 0.01). For all other panels, significant differences from control
groups are marked with stars (3% p < 0.01, % p < 0.05). All data are shown as means +
SEM.
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