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Abstract

Successful navigation requires interactions among multiple but overlapping neural pathways

mediating distinct capabilities, including egocentric (self-oriented, route-based) and allocentric

(spatial, map-based) learning. Route-based navigation has been shown to be impaired following

acute exposure to the dopaminergic (DA) drugs (+)-methamphetamine and (+)-amphetamine, but

not the serotoninergic (5-HT) drugs (±)-3,4-methylenedioxymethamphetamine or (±)-

fenfluramine. The dopaminergic-rich neostriatum is involved in both allocentric and egocentric

navigation. This experiment tested whether dorsal striatal DA loss using bilateral 6-

hydroxydopamine (6-OHDA) injections impaired one or both types of navigation. Two weeks

following 6-OHDA injections, rats began testing in the Cincinnati water maze (CWM) followed

by the Morris water maze (MWM) for route-based and spatial navigation, respectively. 6-OHDA

treatment significantly increased latency and errors in the CWM and path length, latency, and

cumulative distance in the MWM with no difference on cued MWM trials. Neostriatal DA levels

were reduced by 80% at 2 and 7 weeks post-treatment. In addition, 6-OHDA increased DA

turnover and decreased norepinephrine (NE) levels. 6-OHDA injections did not alter monoamine

levels in the prefrontal cortex. The data support that neostriatal DA modulates both types of

navigation.
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Introduction

Impairments in navigational ability are present in numerous human conditions including

Huntington’s disease, Alzheimer’s disease, schizophrenia, Parkinson’s disease, stroke,

traumatic brain injury, as well as during normal aging (Aguirre and D’Esposito, 1999;Iaria

et al., 2009;Laczo et al., 2009;Livingstone and Skelton, 2007;Sanders et al., 2008;Weniger

and Irle, 2006). Successful navigation requires complex interactions among multiple

distinct, but parallel cognitive processes that can be subdivided into egocentric (self-

oriented) and allocentric (spatial, map-based) wayfinding. In the allocentric process, the

navigator’s spatial orientation to distal cues in the environment is fluid and represented in a

common coordinate map system external to the navigator (Byrne, 1982;Garber, 2000).

Spatial learning is frequently studied in rodents using the Morris water maze (MWM), and

acquisition of the place navigation task is dependent on the hippocampus (Kesner,

1990;Morris, 1981;Morris et al., 1982;Sutherland et al., 1983), although other regions also

influence the process. For example, MWM learning is sensitive to damage to cortical

regions including frontal, cingulate, and parietal areas (Galani et al., 2002;Kesner et al.,

1989;Whishaw et al., 2001), as well as the neostriatum (Devan and White, 1999;Devan et

al., 1999).

Egocentric wayfinding is subdivided into path integration and route-based navigation. For

path integration, the navigator can return to a starting point through vector addition of the

route segments taken on an outbound journey using cues of direction, speed, and distance to

determine a direct path home without having to retrace steps (Etienne et al., 1996). Route-

based navigation is a self-oriented representation of space that is connected by “nodes” or

choice points representing successive navigational decision points (Aguirre and D’Esposito,

1999;Byrne, 1982). The neostriatum has been implicated in egocentric learning pathways

(Cook and Kesner, 1988;Packard, 2009;Potegal, 1971). Striatal head direction cells are

thought to signal context-dependent directional information as opposed to orientating

relative to a visual cue (Mizumori et al., 2009;Ragozzino et al., 2001;Taube, 1998).

Dorsolateral striatal lesions in rodents impair egocentric adjacent-arm radial arm maze

(RAM) performance and right-left discrimination tasks, with no effect on allocentric 8-arm

RAM performance, motivation, or motor ability (Cook and Kesner, 1988).

The Cincinnati water maze (CWM) is a 9-unit multiple-T swimming maze that when run

under infrared conditions eliminates spatial cues, thus leaving only self-movement cues to

make it a route-based learning task (Vorhees, 1987;Vorhees et al., 1991). CWM deficits are

observed under infrared conditions following exposure to drugs that reduce the levels of

neostriatal dopamine (DA) (i.e., (+)-methamphetamine and (+)-amphetamine), but not to

drugs that primarily reduce the levels of forebrain serotonin (5-HT) (i.e., (±)-3,4-

methylenedioxymethampetamine (MDMA) or (±)-fenfluramine) (Herring et al.,

2008;Herring et al., 2010;Vorhees et al., 2010a). These data suggest that route-based

navigation may be predominately mediated by dopaminergic neurons in the neostriatum.

However, route-based navigation may also be affected by pathways outside the neostriatum,

as the effects of the aforementioned drugs are not regionally-specific.
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While striatal DA reductions have previously been shown to impair spatial learning (De

Leonibus et al., 2007a;Whishaw and Dunnett, 1985a;Lindner et al., 1999;Mura and Feldon,

2003), this appears to depend on the magnitude of DA loss (Da Cunha C. et al.,

2003;Miyoshi et al., 2002;Hagan et al., 1983). To test the role of neostriatal DA reduction

on route-based and spatial learning, rats were injected with 6-hydroxydopamine (6-OHDA)

into the dorsal striatum and tested in both the CWM and MWM tasks.

Methods

Animals

Adult male Sprague-Dawley CD IGS rats (300-325 g) were purchased from Charles River

Laboratories, Raleigh, NC. Animals were pair-housed in polycarbonate cages (46 × 24 × 20

cm) containing woodchip bedding for at least a 2-week acclimation period prior to surgery.

Animals had free access to food and water and were housed in an environmentally

controlled vivarium (21 ± 1°C), and were on a 14 h light-dark cycle (lights on at 600 h).

Body weights were taken prior to surgery and weekly thereafter. Some animals were

provided wet food if they failed to restart eating spontaneously pelleted rat chow. All

procedures were in compliance with the Institutional Animal Care and Use Committee and

the vivarium is fully accredited by the Association for the Assessment and Accreditation of

Laboratory Animal Care.

Surgery (day 0)

Rats were anesthetized with isoflurane (IsoThesia; Butler Animal Health Supply, Dublin

OH), with continuous administration via a nose cone throughout surgery. Animals were then

placed in a motorized, computer-controlled stereotaxic apparatus (StereoDrive, Stoelting

Co., Wood Dale, IL). Animals for behavioral testing were given bilateral injections of 6-

hydroxydopamine hydrobromide (6-OHDA; Sigma, St. Louis, MO) in the dorsal striatum. A

volume of 2 μl of a 1.25 μg /μl in 0.2% ascorbic acid saline solution (each animal received

10 μg 6-OHDA total, 5 μg on each side) was injected at each site automatically

(Quintessential Stereotaxic Injector, Stoelting Co., Wood Dale, IL) at a rate of 0.2 μl/min

using a 26 gauge 10 μl Hamilton Gastight syringe (Reno, NV). The syringe was left in place

for 5 min following completion of each injection to maximize absorption. Coordinates were

based on the Paxinos and Watson brain atlas (Paxinos et al., 1985) (from bregma AP: +1.6

mm; ML: ± 2.4 mm; DV: -4.2 mm; AP: +0.2 mm; ML: ± 2.6 mm; DV: -7.0 mm). Control

animals (SHAM) received the same amount of vehicle using the same procedure. Following

surgery, animals were given 0.1 ml buprenorphine hydrochloride to minimize pain, and

placed in a new cage singly. Animals were allowed to recover for 2 weeks before the

beginning of testing.

To determine striatal monoamine alterations 2 weeks after surgery, a separate group of

animals was given unilateral 6-OHDA lesions (2 μl/injection site, total 5 μg of 6-OHDA

given), along with contralateral vehicle injections which were used for comparison. All

other surgery conditions were identical to those described above.
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Behavioral Testing

Straight Channel (day 13)—One day prior to CWM testing, animals were tested for

swimming in a 244 cm long × 15 cm wide × 51 cm high water filled (38 cm deep) straight

channel for 4 consecutive trials with a maximum time limit of 2 min/trial (Herring et al.,

2008;Vorhees et al., 2008)). Straight channel swimming served three functions: (a)

swimming acclimation, (b) to teach that escape was possible by climbing on the submerged

platform at the opposite end of the channel, and (c) to determine if all animals had

comparable swimming ability.

Cincinnati water maze (days 14-28)—The CWM is a nine-unit multiple T maze placed

in water (21 ± 1 °C) as described previously (Vorhees, 1987;Vorhees et al., 2008;Vorhees et

al., 1991). Animals had to locate a submerged escape platform; the room was dark in order

to eliminate visual cues with infrared lighting for the camera. Two trials/day (5 min limit/

trial) were given. If an animal failed to find the escape within 5 min on trial-1 of each day,

they were given not less than 5 min of rest before trial-2. If they found the escape on trial-1

in less than 5 min, trial-2 was given immediately. Animals reaching the time limit were

removed and not guided to the goal. Latency to escape and number of errors (defined as

head and shoulder entry in a stem or arm of a T that was not on the path to the goal) were

recorded. To correct for animals that stopped searching for the escape, animals failing to

find the platform within 5 min were given an error score equal to the highest number of

errors made by the animal that did find the escape and had the most errors in under 5 min +

1. Data for the CWM were analyzed in 2-day (4 trials) blocks similar to the 4-trial blocks

used to analyze MWM data.

Morris water maze hidden platform (days 29-35)—MWM hidden platform testing

began the day following CWM completion. Animals were placed in a 210 cm diameter tank

of water (21 ± 1 °C) and were required to find a submerged platform (10 cm diameter) in a

stationary position with pseudo-randomized, balanced cardinal and ordinal start positions.

For 6 days, rats were given 4 trials/day with a 2 min trial limit and an ITI of 15 s (on the

platform). If a rat failed to find the platform within the time limit, it was placed on the

platform. On the 7th day, a 30 s probe trial was from a novel start position with the platform

removed. Data were collected using video tracking software (AnyMaze, Stoelting Co.,

Wood Dale, IL).

Morris water maze cued (days 36-37)—Cued MWM testing began the day following

the hidden platform phase for 2 days. Curtains were closed around the tank to minimize

distal cues, and a yellow plastic ball was attached to the top of a brass rod mounted in the

center of the submerged platform (10 cm diameter) to mark its location. On each day,

animals were given 4 trials with the locations of the platform and starting positions

randomized (2 min trial limit with ITI of 15 s on the platform + 15-20 s to reposition the

platform). Latency was manually recorded.

Tissue Collection

Tissue collection took place following the completion of behavioral testing for animals that

received bilateral 6-OHDA lesions, or 14 days following unilateral 6-OHDA lesions for
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those not tested. Animals were brought to an adjacent suite and decapitated. Brains were

removed and dissected and the neostriatum, hippocampi, and prefrontal cortex (PFC) were

frozen for later monoamine assay as previously described (Williams et al., 2007).

Monoamine assays

Monoamines were assayed via high performance liquid chromatography with

electrochemical detection (HPLC-ECD). Frozen tissues were weighed, thawed, and

sonicated in appropriate volumes of 0.1 N perchloric acid (Fisher Scientific, Pittsburgh, PA).

Samples were centrifuged for 14 min at 13,000 RCF at 4°C. The supernatant sample was

transferred to a new vial for injection onto a Supelco Supelcosil™ LC-18 column (150 × 4.6

mm, 3 μm; Sigma-Aldrich Co., St. Louis, MO). The HPLC system consisted of a Waters

717plus autosampler (Waters Corp., Milford, MA), ESA 584 pump, and Coulochem III

electrochemical detector. The potential settings were -150 mV for E1 and +250 mV for E2,

with a guard cell potential set at +350 mV. MD-TM mobile phase (ESA Inc.) was used and

consisted of 75 mM sodium dihydrogen phosphate (monohydrate), 1.7 mM 1-octanesulfonic

acid sodium salt, 100 μl/l triethylamine, 25 μM EDTA, and 10% acetonitrile, with a final pH

of 3.0. The pump flow rate was set at 0.7 ml/min, and the samples were run at 28°C.

Standards for DA, 3, 4-dihydroxyphenylacetic acid (DOPAC), homovanillic acid (HVA),

norepinephrine (NE), 5-HT, and 5-hydroxyindoleacetic acid (5-HIAA) (all obtained from

Sigma-Aldrich Co., St. Louis, MO) were prepared in 0.1 N perchloric acid. All

neurotransmitters were run on a single chromatogram.

Statistical Analysis

Data were analyzed using mixed linear ANOVA models (SAS Proc Mixed, SAS Institute

9.2, Cary, NC). The covariance matrix for each dataset was checked using best fit statistics.

In most cases, the best fit was to the autoregressive-1 covariance structure. Kenward-Rodger

adjusted degrees of freedom were used. Measures taken repetitively on the same animal,

such as week, day, or block, were within-subject factors. For the MWM, an analysis of

covariance (ANCOVA) using swim speed as a covariate was also performed to account for

lesion-induce motor differences. Significant interactions were analyzed using simple-effect

slice ANOVAs at each level of the repeated measure factor. Biochemical data were analyzed

using two-tailed t-tests. Significance was set at p ≤ 0.05 and trends at p ≤ 0.10. Data are

presented as least squared (LS) mean ± LS SEM.

Results

Body Weights

No differences between body weights were observed on the day of surgery (Fig. 1, week 0).

At 5 and 6 weeks post-surgery, lesioned animals weighed significantly less than their

SHAM counterparts [lesion x week interaction: 5 weeks: F(1,30.5) = 4.43, p < 0.05; 6

weeks: F(1,34.7) = 5.41, p < 0.05]. However, the main effect of lesion was not significant.
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Straight Channel

No difference in time to swim the straight channel was observed across trials between 6-

OHDA-lesioned and SHAM control animals (LS mean ± LSSEM across trials: 6-OHDA:

15.67 ± 1.85 s; SHAM: 13.87 ± 2.00 s).

Cincinnati water maze

6-OHDA-treated animals had significantly increased latencies to find the platform compared

with SHAM animals (F(1,26.5) = 6.09, p < 0.01; Fig 2A) with significantly longer latencies

observed from block-5 through block-9 (treatment x block, F(8,146) = 2.77, p < 0.01). 6-

OHDA-treated animals committed significantly more errors overall compared with SHAM

controls (F(1, 24.1) = 5.01, p < 0.05; Fig 2B) with significantly more errors observed during

blocks 5-7 and block 9 (treatment x block effect: F(8,145) = 2.68, p < 0.01).

Because of the difficulty of finding the escape under infrared lighting, 100% of animals had

one or more trials in which they reached the 5-min time limit. Most 5-min trials occurred on

early test days (mostly days 1-3) then declined rapidly thereafter. For SHAM, 40.5% of

trials reached the time limit whereas for 6-OHDA animals, 57.3% reached the time limit (p

< 0.05), providing further evidence that lesioned rats had greater difficulty learning the task

than SHAM.

Morris water maze

All animals learned to find the hidden platform during testing, however latency to find the

platform (F(1,23.3) = 13.03, p < 0.001; Fig 3A), path length (F(1,23.3) = 5.55, p < 0.05; Fig

3B), and cumulative distance (F(1,23.4) = 14.67, p < 0.001; not shown) were significantly

increased in 6-OHDA-treated animals compared with SHAM controls. There was no

treatment interaction with day. 6-OHDA-treated animals had reduced speed compared with

SHAM animals (F(1,23) = 8.71, p < 0.01; 6-OHDA: 0.23 ± 0.01 m/s, SHAM: 0.24 ± 0.01

m/s). However, ANCOVA with swim speed as the covariate showed that speed did not

account for the increase in latency (F(1,22.2) = 5.79, p < 0.05), path length (F(1,22.2) =

7.53, p < 0.01), or cumulative distance (F(1,22.3) = 6.33, p < 0.01) of 6-OHDA-treated

animals compared with SHAM animals.

During the probe trial, 6-OHDA-treated animals showed a decreased percentage of time in

the target quadrant compared with SHAM animals (t(23) = 1.84, p < 0.05; 6-OHDA:

31.79% ± 4.4%, SHAM: 43.63% ± 4.6%) and had greater average distance from the

platform site compared with SHAM animals (t(23) = 1.89, p < 0.05; 6-OHDA: 0.76 ± 0.05

m, SHAM: 0.61 ± 0.06 m). ANCOVA with swim speed as the covariate did not alter these

results (percent time in target quadrant: t(22) = 1.79, p < 0.05; average distance: t(22) =

1.83, p < 0.05, respectively).

For cued platform trials, there were no significant differences between 6-OHDA-treated and

SHAM-treated animals for latency to find the platform (data not shown) further supporting

the notion that performance factors cannot account for the spatial learning and retention

deficits observed in the 6-OHDA lesioned animals.
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Monoamine Assessment

In the neostriatum at 2 weeks, DA concentrations on the 6-OHDA-injected side were

decreased by 80% compared with the vehicle-injected side (t(10) = 9.55, p < 0.001) and

were decreased bilaterally in 6-OHDA-lesioned-behaviorally tested animals at 7 weeks

compared with SHAM-treated animals (t(23) = 8.85, p < 0.001; Fig 4A). DOPAC levels

were also decreased at both time points (2 weeks: t(10) = 3.65, p < 0.01; 7 weeks: t(23) =

6.16, p < 0.001; Table 1). 6-OHDA also decreased striatal HVA levels (2 weeks: t(10) =

4.58, p < 0.001; 7 weeks: t(23) = 7.48, p < 0.001; Table 1) and increased DOPAC/DA ratios

[Table 1; 2 weeks t(10) = -4.25, p < 0.01; 7 weeks: t(23) = -5.36, p < 0.001] compared with

the SHAM-treated animals. Similar patterns were found for both intracellular (DOPAC/DA

ratio) and extracellular (HVA/DA ratio) DA ratios. A trend was observed in 5-HT

reductions at both time points (2 weeks: t(10) = 1.92, p = 0.08; 7 weeks: t(23) = 1.84, p =

0.08; Fig 4B) in 6-OHDA-injected striata compared with the appropriate controls. No

differences were observed between treatments for 5-HIAA levels at either time point. Levels

of NE were decreased in 6-OHDA-injected animals 7 weeks post-surgery (t(23) = 2.26, p <

0.05; Fig 4C), but not in 6-OHDA-injected striata 2 weeks post-surgery compared with

vehicle-injected striata.

Hippocampus

Monoamine levels in the hippocampus and PFC were only collected at the 7 week time

point. NE levels were decreased in the 6-OHDA-treated animals compared with SHAM-

treated animals (t(23) = 10.02, p < 0.001; 6-OHDA: 125.9 ± 17.3 pg/mg, SHAM: 349.8 ±

13.8 pg/mg). No differences were observed between treatments for 5-HT, 5-HIAA, or the 5-

HT utilization ratio (5-HIAA/5-HT).

Prefrontal Cortex

Monoamine levels for the PFC at the 7-week time point were not different between

treatment groups for NE, 5-HT, 5-HIAA levels, or the 5-HIAA/5-HT ratio.

Discussion

Both spatial learning in the MWM and route-based learning in the CWM were impaired

following 80% reductions of neostriatal DA via bilateral injections of 6-OHDA. These

deficits were present independently of motivational factors (no differences in straight

channel or visible platform MWM escape times), or motor deficits (slightly slower swim

speeds in the MWM that did not significantly affect efficient platform finding parameters).

The observed reductions in DA metabolites (DOPAC and HVA) are consistent with

previous reports following bilateral 6-OHDA neostriatal injection (Aguiar et al., 2008;Chen

et al., 2007;Henze et al., 2005;Tadaiesky et al., 2008). Monoamines in the PFC were

unaffected by 6-OHDA striatal treatment, and only NE levels were altered in the

hippocampus. As hippocampal NE levels do not play a significant role in spatial navigation

(Hagan et al., 1983;Thomas and Palmiter, 1997) and route-based navigation is thought to be

independent of hippocampal function (Devan et al., 1999;Devan and White, 1999;McDonald

and White, 1993;McDonald and White, 1994), the deficits seen herein are most likely a

result of the neostriatal DA reductions.
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6-OHDA treatment resulted in an impairment of route-based navigation. This finding is

consistent with data that drugs that target DA systems and produce decreases in DA levels

affect CWM performance, while drugs that preferentially act on 5-HT do not (Herring et al.,

2008;Herring et al., 2010;Vorhees et al., 2010b). However, drugs such as methamphetamine

affect DA, 5-HT, and glutamate making it unclear which mechanism contributes most to the

effect of the drug on route-based navigation. However, 6-OHDA is specific; therefore, this

is the first study to show that deficits in the CWM may be attributed to DA depletion in the

dorsal striatum.

Striatal DA has been shown to be involved in procedural learning of another kind: cued

MWM deficits after intrastriatal 6-OHDA (Tadaiesky et al., 2008) or substantia nigra pars

compacta 6-OHDA or 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP) injections

(Ferro et al., 2005;Miyoshi et al., 2002;Whishaw and Dunnett, 1985b). We did not observe

such a deficit in this study, and this may be the result of testing differences. Here, the cued

task followed spatial acquisition and conducting spatial learning prior to procedural learning

has been shown to eliminate deficits in cued learning following intranigral MPTP injections

(Da Cunha et al., 2007); therefore, test order may account for this apparent inconsistency.

Cued vs. hidden platform MWM testing was not counterbalanced here in order to keep the

methods between this study and our previous study consistent. Furthermore, while test order

shows practice effects, order does not affect spatial learning per se. There are examples

where drugs that induce sensorimotor interference impair MWM performance and these

effects can be attenuated by giving practice trials (cued or nonspatial) prior to spatial trials

(Saucier et al., 1996), but there is no evidence for such effects in the present context with 6-

OHDA lesions.

In addition, only large nigrostriatal DA reductions result in spatial navigation deficits

following 6-OHDA or MPTP- injections (Whishaw and Dunnett, 1985b). We and others

have observed MWM spatial learning acquisition deficits when DA levels are depleted by

60% or more (De Leonibus et al., 2007b;Lindner et al., 1999;Mura and Feldon,

2003;Whishaw and Dunnett, 1985b), but smaller reductions do not produce this effect (Da

Cunha C. et al., 2003;Miyoshi et al., 2002).

Multiple lines of evidence indicate that motoric effects are unlikely to account for the

learning and memory impairments observed in the 6-OHDA lesioned rats. First, the 6-

OHDA group showed no change in straight channel swimming times, a task in which there

is essentially no learning required. Accordingly, this task assesses a relatively direct measure

of swim speed that reflects motor ability and motivation to escape from the water. The

results show that 6-OHDA rats swim a straight corridor as fast as sham controls. Second, the

6-OHDA group showed increased CMW errors, a measure not influences by swim speed or

motor coordination. Third, the 6-OHDA group showed no deficits in the MWM on measures

immune from performance factors, included path length and cumulative distance. Fourth,

the 6-OHDA group, while they swam slower in the MWM on hidden platform acquisition

trials, this did not affect learning indices based on ANCOVA results using swim speed as a

covariate for each dependent measure (latency, path length, and cumulative distance) and

showed no change in the finding of impaired spatial learning in the lesioned group. Fifth, a

similar covariate analysis with swim speed during the probe trial confirmed that this did not
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alter the finding that the 6-OHDA group was impaired during the transfer trial requiring the

rats to relocate the spot where the platform had formerly been. Sixth, the cued trials showed

no reduction in ability to reach the platform compared with sham control group, providing

no evidence that 6-OHDA impaired these animals’ ability to see and swim directly the

platform even though it was moved unpredictably on every trial. Overall, the small swim

speed reduction found during the MWM hidden platform trials but not on no other indices of

swimming provides convergent evidence that the allocentric and egocentric navigation

deficits seen in the 6-OHDA group are upon learning and memory processes.

In summary, we show here that both route-based and spatial navigation are substantially

determined by dorsal striatal DA. This provides further evidence for the role of neostriatal

DA on these forms of navigation, and is the first study to explore this in route-based

egocentric navigation in the CWM. Future research may benefit from a dose-response

investigation of DA reduction on performance to elucidate the threshold of DA for both

types of navigational processes and determine if there is a differential sensitivity for the

effect of DA on these two mazes. In addition, selective subregional lesions within the

neostriatum have differential effects on spatial and non-spatial learning as it has been shown

that dorsolateral striatum is implicated in egocentric tasks, whereas the dorsomedial striatum

is implicated more heavily in spatial acquisition (Devan and White, 1999;Devan et al.,

1999;Divac et al., 1967).
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Egocentric and allocentic learning investigated after striatal 6-OHDA lesions.

Egocentric learning in the Cincinnati water maze was compromised

Spatial learning in the Morris water maze was detrimentally affected.

The results suggest dopamine modulates egocentric and allocentric learning.
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Figure 1. Body Weights
No initial weight difference was observed between groups prior to surgery. While there was

no significant overall effect of 6-OHDA on body weight, animals that received striatal 6-

OHDA injections weighed less at 5 and 6 weeks post-surgery compared with Sham controls.

Arrow denotes start of behavioral testing. N = 13/6-OHDA; 12/Sham. * p < 0.05.
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Figure 2. Cincinnati water maze
Throughout testing, striatal 6-OHDA injections increased latency to find the submerged

platform (A), as well as number of errors made during the trial (B), compared with Shams.

N = 13/6-OHDA; 12/Sham. * p < 0.05, ** p < 0.01, *** p < 0.001.
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Figure 3. Morris water maze
Throughout testing, striatal 6-OHDA injections increased latency to find the submerged

platform (A), as well as path length (B), compared with Shams. N = 13/6-OHDA; 12/Sham.

* p < 0.05, *** p < 0.001.
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Figure 4. Striatal monoamine levels
Striatal 6-OHDA injections decreased striatal DA (A), 5-HT (B), and NE (C) levels at both

2 and 7 weeks post-surgery. 2 weeks: N = 6/6-OHDA, 6/Sham. 7 weeks: N = 13/6-OHDA,

12/Sham. * p < 0.05, *** p < 0.001.
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