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Abstract   32 

Parkinson’s disease (PD) is characterized by the degeneration of dopaminergic neurons in the 33 
striatum, predominantly associated with motor symptoms. However, non-motor deficits, 34 
particularly sensory symptoms, often precede motor manifestations, offering a potential early 35 
diagnostic window. The impact of non-motor deficits on sensation behavior and the underlying 36 
mechanisms remains poorly understood. In this study, we examined changes in tactile sensation 37 
within a Parkinsonian state by employing a mouse model of PD induced by 6-hydroxydopamine 38 
(6-OHDA) to deplete striatal dopamine (DA). Leveraging the conserved mouse whisker system as 39 
a model for tactile-sensory stimulation, we conducted psychophysical experiments to assess 40 
sensory-driven behavioral performance during a tactile detection task in both the healthy and 41 
Parkinson-like states. Our findings reveal that DA depletion induces pronounced alterations in 42 
tactile sensation behavior, extending beyond expected motor impairments. We observed diverse 43 
behavioral deficits, spanning detection performance, task engagement, and reward 44 
accumulation, among lesioned individuals. While subjects with extreme DA depletion 45 
consistently showed severe sensory behavioral deficits, others with substantial DA depletion 46 
displayed minimal changes in sensory behavior performance. Moreover, some exhibited 47 
moderate degradation of behavioral performance, likely stemming from sensory signaling loss 48 
rather than motor impairment. The implementation of a sensory detection task is a promising 49 
approach to quantify the extent of impairments associated with DA depletion in the animal 50 
model. This facilitates the exploration of early non-motor deficits in PD, emphasizing the 51 
importance of incorporating sensory assessments in understanding the diverse spectrum of PD 52 
symptoms.  53 

 54 

SIGNIFICANCE STATEMENT  55 

This study explores sensory-motor aspects of Parkinson's disease using a 6-OHDA mouse model. 56 
Leveraging the mouse whisker system, we reveal diverse deficits in tactile sensation behavior 57 
due to dopamine depletion. Our findings emphasize the importance of sensory assessments in 58 
understanding the diverse spectrum of PD symptoms.  59 
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Introduction   60 

Parkinson’s disease (PD) is a prevalent neurodegenerative disorder, affecting approximately 1 61 
million individuals in the United States annually, with 90,000 new diagnoses reported each year. 62 
Diagnosis is based on identifying common motor symptoms such as tremor, bradykinesia (slowed 63 
movement), and muscular rigidity. However, PD patients also experience non-motor 64 
impairments, including alterations in olfactory, auditory, tactile, nociceptive, thermal, and 65 
proprioceptive perception (Oppo et al. 2020; Jafari, Kolb, and Mohajerani 2020; Kesayan et al. 66 
2015; José Luvizutto et al. 2020; Brim and Struhal 2021). Notably, these non-motor symptoms, 67 
often referred to collectively as sensory symptoms, precede the manifestation of motor 68 
symptoms by two or more years (Pont‐Sunyer et al. 2015), offering a potential window for early 69 
diagnostic methods.  70 

In the realm of PD research, animal models have become instrumental in understanding the 71 
cellular and circuit mechanisms underlying both motor and non-motor deficits, as well as in the 72 
development of therapeutic strategies. The 6-hydroxydopamine (6-OHDA) rodent model, 73 
involving the injection of the neurotoxin 6-OHDA into the medial forebrain bundle, is a widely 74 
used model that induces dopamine (DA) depletion in the striatum, mimicking Parkinson-like 75 
symptoms. Originally designed to study motor deficits (Brooks and Dunnett 2009; Francardo et 76 
al. 2011; Lundblad et al. 2004), this model has been extended to investigate non-motor deficits 77 
in sensory circuits (Ketzef et al. 2017; Reig and Silberberg 2014). However, questions persist 78 
regarding how animals behave and interact with their sensory environment, specifically how the 79 
perception of sensory stimuli and behavioral response are altered in the DA-depleted state.  80 

Here, we investigate the behavioral aspects of mice trained on a sensory-based detection task in 81 
both healthy and Parkinson-like states induced by 6-OHDA lesioning. Leveraging the rodent 82 
whisker system for tactile-sensory stimulation, we anticipate reduced task performance in the 83 
Parkinson-like state. In addition to the standard behavioral readout of motor impairments, we 84 
designed a psychophysical experiment to systematically evaluate task performance in both 85 
states. As a complement to conventional measures (Aeed et al. 2021; Branchi et al. 2008), here 86 
we highlight the sensory dimension of the task in behaving animals. We hypothesized that a 87 
detailed analysis of behavioral readouts and lesion level assessment would reveal specific 88 
alterations in sensory processing and subsequent behavioral responses in the DA-depleted state. 89 

Our findings unveil a spectrum of deficits following DA depletion, encompassing rotational 90 
asymmetry, weight loss, and varying degrees of altered tactile sensation evident in our behavioral 91 
detection task. Despite observing substantial DA depletion in the majority of mice, those 92 
displaying severe sensory behavioral deficits consistently exhibited pronounced impairments 93 
across all measures. However, some mice with substantial DA depletion, rotational bias, and 94 
weight loss displayed only minor sensory behavioral deficits. Others strikingly demonstrated 95 
diminished sensory behavioral performance without evident motor function loss, suggesting the 96 
emergence of a sensory deficit. Taken together, these results highlight the complex interactions 97 
between these factors and underscore the importance of developing a more comprehensive 98 
understanding of the effects of DA depletion across sensory, motor, and cognitive functions. 99 
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Methods   100 

Experimental model and subject details   101 
All experiments and surgical procedures were performed in accordance with the guidelines 102 
approved by the Georgia Institute of Technology Institutional Animal Care and Use Committee 103 
and conformed to guidelines established by the NIH. Subjects were 12 male mice (C57/BL/6J, 104 
Jackson Laboratories), aged 16-20 weeks at the age of experimentation. Only males were used in 105 
this study because the incidence rate of PD is 1.5 times higher in men than in women (Wooten 106 
2004). Animals were housed together in pairs of two per cage (following surgical recovery when 107 
applicable) and housed in an inverted light cycle (light: 7pm-7am: dark: 7am-7pm) to ensure 108 
experiments occurred during animals' wakeful periods. Housing temperatures remained at 65-109 
75°F (18-23°C) with 40-60% humidity.  110 
  111 
Head-plate implantation  112 
At least 1 week before experimentation, animals were anesthetized with isoflurane, 5% in an 113 
induction chamber, and maintained at 1-3% in a stereotaxic frame. Following anesthetization and 114 
analgesia, an incision was made across the length of the skull and the surrounding connective 115 
tissues and muscles were removed with a scalpel blade. A ring-shaped (inner radius 5 mm) 116 
titanium headplate was then attached to the skull to allow for head fixation during 117 
experimentation using MetaBond, a three-stage dental acrylic (Parkell, Inc) (Waiblinger et al. 118 
2022). MetaBond was made on ice, allowed to thicken, applied to the skull, and allowed to set 119 
for five minutes to attach the headplate. The skull was then covered with a thin layer of 120 
MetaBond followed by a silicone elastomer (Kwik-Cast Sealant, World Precision Instruments) to 121 
protect future injection sites. During the procedure animals were placed on a heating pad to keep 122 
body temperature stable. Sterile techniques were employed throughout the procedure to 123 
minimize chances of infection, and no antibiotics were given. Opioid and non-steroidal anti-124 
inflammatory analgesics were administered (SR-Buprenorphine, SC, post operatively and 125 
Ketoprofen, IP, post-operatively). Habituation to head-fixation and training began once animals 126 
had fully recovered from head-plate implantation. 127 
 128 
Sensory detection task and training  129 
Behavioral training and testing were conducted using a sensory-driven detection task, utilizing 130 
the vibrissa/whisker pathway of the mouse. During behavioral training and testing, water intake 131 
was restricted to experimental sessions where animals could earn water to satiety. For two days 132 
every week, testing was paused, and animals were given access to water ad libitum. Bodyweight 133 
was monitored daily and remained relatively stable during constant training. If weight dropped 134 
more than ~5 g, supplementary water was given outside of training sessions to maintain the 135 
animal’s body weight. We conducted 1-2 training sessions each day comprising 50-300 trials. All 136 
experiments were performed in the dark to ensure no visual identification of the galvo-motor 137 
whisker actuator. A constant auditory white noise background noise (70 dB) was produced by an 138 
arbitrary waveform generator to mask any sound emission from the galvo-motor whisker 139 
actuator. All mice were trained on a Go/No-Go detection task employing a protocol as described 140 
previously (Ollerenshaw et al. 2012; Stüttgen, Rüter, and Schwarz 2006; Waiblinger et al. 2018, 141 
2019, 2022). In this task, the whisker is deflected at intervals of 6-8 s (flat probability distribution) 142 
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with a single pulse (detection target). Trials were sorted into four categories, consisting of a “hit”, 143 
“miss”, “correct rejection”, or “false alarm”. A trial was considered a “hit” if the animal generated 144 
the “Go” response (a lick at a waterspout within 1000 ms of target onset). If the animal did not 145 
lick in response to a whisker deflection the trial was considered a “miss”. Additionally, catch trials 146 
in which no deflection of the whisker occurred (A = 0°) were considered a “correct rejection” if 147 
the animal did not lick (No-Go). If random licks did occur within 1000 ms of catch onset however, 148 
the trial was classified as a “false alarm”. Licking that occurred within a 2 s window prior to 149 
stimulus onset was punished by resetting time (time-out) and beginning a new inter-trial interval 150 
of 6-8 s, drawn at random from a flat probability distribution. These trial types were excluded 151 
from the main data analysis.  152 
  153 
Whisker Stimulation    154 
Whisker deflections were carried out using a calibrated galvo-motor (galvanometer optical 155 
scanner model 621OH, Cambridge Technology) as described previously (Chagas et al. 2013).  156 
Dental cement was used to narrow the opening of the rotating arm to prevent whisker motion 157 
at the insertion site. A single whisker was inserted into the rotating arm of the motor on the right 158 
side of the mouse's face at a 5 mm (±1 mm tolerance) distance from the skin, directly stimulating 159 
the whisker shaft and largely overriding bio elastic whisker properties (Waiblinger et al. 2022). 160 
All whiskers were trimmed to avoid artifacts generated by the arm touching other whiskers. 161 
Across mice, the whisker chosen differed (C1, C2, D1, or D2) but the same was used throughout 162 
the experimentation within each mouse. Custom written code in Matlab and Simulink was 163 
designed to elicit voltage commands for the actuator (Ver. 2015b; The MathWorks, Natick, 164 
Massachusetts, USA). Stimuli were defined as a single event, a sinusoidal pulse (half period of a 165 
100 Hz sine wave, starting at one minimum and ending at the next maximum). The pulse 166 
amplitudes used A = [0, 2, 4, 8, 16]°, correspond to maximal velocities: Vmax = [0 628 1256 2512 167 
5023]°/s or mean velocities: Vmean = [0 408 816 1631 3262]°/s and were well within the range 168 
reported for frictional slips observed in natural whisker movement (Ritt, Andermann, and Moore 169 
2008; Waiblinger et al. 2022; Wolfe et al. 2008). Figure 2A summarizes the behavior setup, 170 
stimulus delivery and logic of the task. 171 
 172 
6-OHDA lesions   173 
After the collection of behavioral data in the healthy state (pre-lesion, at least 8 sessions of 174 
detection testing and one session of rotation), unilateral lesions with 6-OHDA were performed in 175 
a subset of animals (6-OHDA, n=10; sham, n=2). The procedures of 6-OHDA injection were 176 
adapted from recent studies (Bagga, Dunnett, and Fricker 2015; Ketzef et al. 2017). Animals were 177 
anesthetized with isoflurane and mounted on a stereotaxic frame as described in the head-plate 178 
implantation section above. Kwik cast was removed, and a small craniotomy was created AP: -179 
1.2 mm, ML: +1.2 mm, relative to bregma according to the Mouse Brain Atlas in Stereotaxic 180 
Coordinates (Frankin and Paxinos 2008). A unilateral injection of 0.2ul of 6-OHDA (15 mg/ml 181 
solution 6-OHDA.HBr) was then administered into the left median forebrain bundle at a rate of 182 
0.1ul/min (depth 4.8-5 mm according to the Mouse Brain Atlas in Stereotaxic Coordinates) via a 183 
Hamilton syringe (Hamilton Neuros Syringe 700/1700) (Frankin and Paxinos 2008; Thiele, Warre, 184 
and Nash 2012). Five-minute waiting periods following both injector insertion and removal were 185 
implemented to allow for tissue relaxation. Sham lesioned mice received the correspondent 186 
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injection protocol with the same volume of vehicle (0.9% saline and 0.02% ascorbic acid). 187 
Craniotomies were then sealed with a thin layer of MetaBond and the exposed skull was covered 188 
with a silicone elastomer. Opioid and non-steroidal anti-inflammatory analgesics were 189 
administered (SR-Buprenorphine, SC, post operatively and Ketoprofen, IP, post-operatively). 190 
Animals were allowed to recover for 7–21 days until activity and body weight were normal and 191 
then behavioral testing continued.  192 
  193 
Post-lesion care  194 
6-OHDA lesion mice can suffer from a variety of post-operative complications requiring special 195 
post-operative care and a continuous health assessment (Masini et al. 2021). After the surgery, 196 
animals were placed in single cage and monitored until fully awake. Additional warmth was 197 
provided as an infrared light source. In addition to the standard post-operative monitoring and 198 
free access to food and water, a maximum of 3ml sterile saline per day was administered SC to 199 
encourage rehydration in lesioned mice. Furthermore, lesioned mice received nutritional 200 
supplement in form of DietGel Boost (ClearH2O) as well as sweetened condensed milk (ClearH2O) 201 
in food containers on the floor of the cage for 3-10 days (or until body weight stabilized) to 202 
increase survival and maintain healthy body weight. The health status of individual mice was 203 
assessed daily for a period of 7-21 days post-surgery until activity and body weight were normal. 204 
Animals that reached the humane endpoint (defined by the ethical permit) were euthanized.  205 
  206 
Rotation  207 
Unilateral 6-OHDA lesions typically cause highly specific, reproducible rotational measurements 208 
and the rotation test is a standard measurement of 6-OHDA lesion efficacy (Brooks and Dunnett 209 
2009). After unilateral median forebrain bundle DA depletion, a postural bias towards the side of 210 
the lesion is exhibited. Ipsilateral rotation is driven by an imbalance of DA between hemispheres 211 
generating decreased movement on the side of lesion. Mice were placed in a clear plexiglass 212 
cylinder (40 cm diameter, 20 cm height) and attached via a flexible harness to an automated 213 
counter (Rotation Sensors LE902SR, Container & Sensor Support LE902RP, and Individual Counter 214 
LE902CC, Panlab). Ipsilateral and contralateral turns relative to the site of the lesion were 215 
recorded for 45 minutes. Turns were counted at 45 degrees and findings were presented as 216 
percent left turns, where one turn is equivalent to 360 degrees (8 x 45 degrees). The test was 217 
performed for all subjects both prior to and following 6-OHDA (n=10) or sham injection (n=2).   218 
 219 
TH assessment via immunofluorescence    220 
Following experimentation, animals were transcardially perfused using a 4% paraformaldehyde 221 
(PFA) solution in phosphate-buffered saline (PBS) (Gage, Kipke, and Shain 2012). Brains were then 222 
extracted and post-fixed in PFA for 24 hr before being embedded in OCT for long-term storage at 223 
-80°C until sectioning and immunofluorescence. Immunofluorescence staining for tyrosine 224 
hydroxylase (TH) was performed as described previously (Ketzef et al. 2017). Sections of 15 uL 225 
were collected using a cryostat (CryoStar NX70), rinsed in phosphate buffered saline (PBS) and 226 
subsequently incubated for 1 hr in blocking solution consisting of 5% normal goat serum, 0.3% 227 
Triton X-100, and 1% BSA in PBS. Following permeabilization, sections were again rinsed in PBS, 228 
then incubated with primary antibody, anti-TH rabbit monoclonal antibody (Millipore Sigma, 229 
Billerica, MA) diluted 1:500 in BSA-PBS (1%) at 4°C for 24 hr. Sections were then rinsed with PBS 230 
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and incubated with Cy3-conjugated goat anti-rabbit secondary antibody (Millipore Sigma, 231 
Billerica, MA; Jackson Immunoresearch, Philadelphia, PA) diluted 1:800 in BSA-PBS (1%). 232 
Following staining, sections were imaged using either a Zeiss 900 confocal microscope (Carl Zeiss, 233 
Jena, Germany) at 20x magnification or Leica Stellaris 8 (Leica, Wetzlar, Germany). Images were 234 
quantified using ImageJ to assess percent fluorescence change between lesioned and non-235 
lesioned hemispheres.  236 
  237 
TH assessment via high performance liquid chromatography   238 
Sample Preparation & Protein Assay. The efficacy of lesioning was assessed using high 239 
performance liquid chromatography (HPLC). Mice were sacrificed in the same way as described 240 
previously, but no fixation was performed prior to tissue extraction (Gage, Kipke, and Shain 241 
2012). Brain-hemispheres were then separated into non-lesioned (right) and lesioned (left) and 242 
placed immediately on dry ice for flash freezing to preserve monoamine concentrations, 243 
specifically DA, in the tissue. The tissue was resuspended in 600 uL 0.1 PCA just above freezing 244 
temperature and probe sonicated (Branson 450 Digital Sonifier with microtip, Marshall Scientific) 245 
on ice with setting 3 and 30% duty cycle. The homogenates were subsequently centrifuged at 4°C 246 
at 10,000 x g for 15 min. Supernatants were transferred to 0.22 uM polyvinylidene fluoride 247 
polymer (PVDF) microcentrifuge filter tubes and any remaining matter was removed via filtration 248 
through spin filter at 800 rpm for 5 minutes. Concentrations of monoamines were acquired 249 
through reverse phase HPLC with electrochemical detection. 1000 uL 2% Sodium dodecyl sulfate 250 
(SDS) was used to dissolve protein pellets. Quantification of protein was carried out in triplicate 251 
96-well microplates with SpectraMax M5e spectrophotometer (Molecular Devices, Sunnyvale, 252 
CA) using the BCA method (Pierce BCA Protein Assay Kit, Thermo Scientific).  253 
 254 
HPLC Conditions. An ESA 5600A CoulArray detection system equipped with an ESA Model 584 255 
pump and an ESA 542 refrigerated autosampler was utilized to perform HPLC. Separations were 256 
performed at 28°C via a Hypersil 150 x 3 mm (3uM particle size) C18 column. The mobile phase 257 
consisted of 1.6 mM 1-octanesulfonic acid sodium, 75 mM NaH2PO4, 0.025% triethylamine, and 258 
8% acetonitrile at pH 3. A 25 uL sample was injected and eluted isocratically at 0.4 mL/min. A 259 
6210 electrochemical cell (ESA, Bedford, MA) equipped with 5020 guard cell with potential set at 260 
475 mV was used for sample detection. Analytical cell potentials were –175, 200, 350, and 425 261 
mV. Analytes were identified by matching retention time to known standards (Sigma Chemical 262 
Co., St. Louis MO.) and compounds were quantified by comparing peak areas to those of 263 
standards on the dominant sensor.  264 
 265 
Experimental timeline 266 
Figure 2B outlines the experimental timeline. Over the course of approximately eight weeks, 267 
animals completed an entire set of experiments as described below.  268 
 269 
Habituation. Habituation to head-fixation began once animals had fully recovered from head-270 
plate implantation for approximately 1 week. Mice were trained to tolerate head-fixation and 271 
got accustomed to the experimental chamber for approximately 1 week.   272 
 273 
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Detection Training. Naïve mice received uncued single whisker stimulations in form of a single 274 
pulse (A = 16°, Pstim = 0.8) interspersed by catch trials or no stimulation (A = 0°, Pcatch = 0.2). In the 275 
early training stage, a water droplet became available immediately after stimulus offset 276 
regardless of the animal's action to condition the animal’s lick response and shape the stimulus 277 
reward association. Once animals displayed stable consumption behavior (usually 1-2 sessions), 278 
water was only delivered after an indicator lick of the spout within 1000 ms, transitioning the 279 
task into an operant conditioning paradigm where the response is only reinforced by reward if it 280 
is correctly emitted following stimulus. Learning was measured by calculating the hit p(hit) and 281 
false alarm rate p(fa) of successive daily training sessions. A criterion of p(hit) - p(fa) ≥ 0.75 was 282 
used to determine successful acquisition of the task. Once an animal reached the criterion, they 283 
were considered experts at the task and proceeded into the “Detection Testing” phase.   284 
 285 
Detection Testing. In this phase, the psychometric curve was measured in repeated daily sessions 286 
(1-2 sessions per day) for a minimum of six days. The psychometric curve was measured for all 287 
animals using a constant stimuli method entailing the presentation of repeated stimulus blocks 288 
containing multiple stimulus amplitudes (A = [0, 2, 4, 8, 16]°). In a single trial, one of multiple 289 
stimuli was presented after a variable time interval (6-8 s), each with equal probability (uniform 290 
distribution, P = 0.2). A stimulus block consisted of a trial sequence containing all stimuli and a 291 
catch trial in a pseudorandom order (e.g. each stimulus is presented once per block). One 292 
behavioral session consisted of repeated stimulus blocks until the animal disengaged from the 293 
task. Animals had to complete a minimum of n=50 trials and a session was considered complete 294 
once an entire block of stimuli (A = [0, 2, 4, 8, 16]°) was missed. Therefore, trial numbers varied 295 
across animals and sessions (n=50-300 trials). The flexible session length ensures that the data is 296 
not affected by the animal’s potential impulsivity or satiation on any given day. Following the six-297 
day testing period, animals were unilaterally injected with 6-OHDA and allowed 7-14 days of 298 
recovery. Following recovery animals were again subjected to a “Detection Testing” period which 299 
was identical to the one before the lesion to determine the extent of sensory impairments 300 
following 6-OHDA lesioning.   301 
 302 
Length of testing. Over about eight weeks, animals completed a whole set of experiments (Fig. 303 
2b). Note, sessions do not directly correlate with days as two sessions per day were performed 304 
in some instances and testing was paused during recovery periods. To resolve the actual time 305 
frame of testing, we tracked task performance across days, considering different recovery 306 
periods (Fig. 4-1 and table 1). In cases where testing was repeated after longer periods (up to 50 307 
days post-lesion), no differences in behavior was observed. N=2 out of 12 animals reached the 308 
humane endpoint likely due to 6-OHDA lesioning and were euthanized before the end of the 309 
normal testing period.  310 
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Table 1: Number of sessions and days for each animal pre-lesion, in recovery, and post-lesion.   311 
*Animals euthanized due to humane endpoint.  312 
 313 
Experimental Design and Statistical Analysis 314 
Body weight. The weight of each subject was measured daily during detection training, detection 315 
testing and recovery phases post surgeries. Percent body weight was calculated by identifying 316 
the minimum weight within the recovery period (after 6-OHDA and sham injection). Numbers 317 
were normalized to each animals’ weight on the day before the lesion. A two-sided Wilcoxon 318 
rank-sum test was used to compare the significance of the effects of lesions on body weight in 319 
lesioned versus healthy animals. 320 
 321 
Rotation test. The rotation test was performed within subjects, prior to and following 6-OHDA 322 
(n=10) or sham injection (n=2). Each animal performed the test twice, once before and once after 323 
injection. A two-sided Wilcoxon rank-sum test was used to compare the significance of the effects 324 
of lesions on rotation in lesioned versus healthy animals. 325 
 326 
Detection Training. Learning was measured for all subjects by calculating the hit p(hit) and false 327 
alarm rate p(fa) of successive daily training sessions. The learning curve was measured by 328 
calculating a dprime, d'behav, which quantifies the effect size from the observed hit rate and false 329 
alarm rate of each training session  330 
 331 

𝑑𝑑′𝑏𝑏𝑏𝑏ℎ𝑎𝑎𝑎𝑎 = 𝑍𝑍(ℎ𝑖𝑖𝑖𝑖) − 𝑍𝑍(𝑓𝑓𝑓𝑓)   (1) 332 
 333 
where the function Z(p), p ∈ [0,1], is the inverse of the cumulative distribution function of the 334 
Gaussian distribution. A criterion of d’ = 2.3 (calculated with p(hit) = 0.95 and p(fa) = 0.25) was 335 
used to determine the end of the detection training period.  336 
 337 
Detection Testing. The psychometric experiment was performed within subjects, prior to and 338 
following 6-OHDA (n=10) or sham injection (n=2). The psychometric curve was measured in 339 
repeated daily sessions (1-2 sessions per day) for at least six days.  340 

Animal ID  
Pre-lesion  Recovery  Post-lesion  
Days  Sessions  Days  Days  Sessions  

21  6  6  13  2*  3  
22  6  6   13  14  7  
25  6  8  14  15  8  
26  6  10   14  13  10  
29  5  8   23  7  8  
30  7  9  33  3  5  
31  8  8  7  6  13  
32  6  8  15  1*  2  
33 (sham) 5  8  19  5  8  
34 (sham) 5  8  19  5  8  
35 6 6 8 7 8 
36 6 6 8 7 8 
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For average psychometric curves across mice (Fig. 2), response probabilities were averaged from 341 
all animals that performed the task pre- and post-lesion. For the analysis of individual subjects 342 
(Fig. 3), psychometric data was assessed as response-probabilities averaged across sessions 343 
within a given stimulus condition.  344 
 345 
Psychometric curves were fitted using Psignifit (Frund, Haenel, and Wichmann 2011; Wichmann 346 
and Hill 2001). Briefly, a constrained maximum likelihood method was used to fit a modified 347 
logistic function with 4 parameters: α (the displacement of the curve), β (related to the inverse 348 
of slope of the curve), γ (the lower asymptote or guess rate), and λ (the higher asymptote or lapse 349 
rate) as follows:  350 
 351 
                                                      𝑃𝑃(𝐺𝐺𝐺𝐺|𝑠𝑠𝑖𝑖) = 𝑦𝑦 + (1 − 𝑦𝑦 −  𝜆𝜆) 1

1+exp�−𝑧𝑧(𝑠𝑠𝑖𝑖)�
                  (2a) 352 

 353 
                                                                             𝑧𝑧(𝑠𝑠𝑖𝑖) =  𝑠𝑠𝑖𝑖−𝑎𝑎

𝛽𝛽
                                               (2b) 354 

 355 
where si is the stimulus on the ith trial.  Response thresholds were calculated from the average 356 
psychometric function for a given experimental condition using Psignifit. The term “response 357 
threshold” refers to the inverse of the psychometric function at some performance level with 358 
respect to the stimulus dimension. Throughout this study, we use a performance level of 50% 359 
(probability of detection of 0.5).  360 
 361 
To assess the effects of the lesion on detection behavior, the psychometric curves and response 362 
thresholds were compared in lesion and sham lesion animals, from before and after the injection. 363 
Statistical differences between psychophysical curves were assessed using bootstrapped 364 
estimates of 95% confidence limits for the response thresholds provided by the Psignifit toolbox.  365 
 366 
Impairment severity. Based on the difference in response threshold (at P=0.5) before and after 367 
6-OHDA lesion, animals were classified into three severity groups: “minor”, “moderate” and 368 
“severe” deficit. Animals with a minor deficit show no or very small changes in performance 369 
(threshpost-pre <1, n=3). Animals with a moderate deficit show a clear decrease in performance 370 
(threshpost-pre>1 and <10, n=4), yet they are still performing the task.  Animals with a severe deficit 371 
display a substantial drop in performance (threshpost-pre>10, n=3) and even stop performing the 372 
task.    373 
 374 
 375 
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Results  376 

The current study investigates sensory behavioral deficits in the 6-hydroxydopamine (6-OHDA) 377 
mouse model of PD. To assess the impact of dopamine (DA) depletion on sensory signaling, we 378 
utilized a trained detection behavior paradigm in the vibrissa system of the mouse. Unilateral 6-379 
OHDA injections into the mouse medial forebrain bundle (MFB) were performed, and striatal DA 380 
depletion was confirmed through histology and standard behavioral assays. Behavioral 381 
performance in the sensory-driven detection task was then evaluated over time in both healthy 382 
and PD-like states to examine non-motor deficits. Finally, all metrics were compared to provide 383 
a comprehensive understanding of the effects of the DA depletion. 384 

 385 

Validation of the 6-OHDA mouse model  386 

Figure 1 illustrates the validation of the 6-OHDA mouse model through unilateral injections into 387 
the left MFB. DA innervation in the striatum was verified by assessing tyrosine hydroxylase (TH) 388 
immunofluorescence. In a control mouse, both right and left striatum are intact with no visible 389 
difference in fluorescence between hemispheres (Fig. 1A). In contrast, an animal injected with 6-390 
OHDA shows an extensive reduction (81%) in DA innervation in the lesioned versus the non-391 
lesioned hemisphere (Fig. 1B). The amount of DA loss was consistent among all mice that 392 
underwent histological validation (median loss: 77.25%, quantified via immunofluorescence, 393 
n=8; and 92.7% quantified via high performance liquid chromatography, n=1).  394 

To further validate DA depletion, all mice underwent a standard rotameter test before and after 395 
6-OHDA injection (Fig. 1C). This test assesses postural bias, reflecting an imbalance of DA 396 
between hemispheres and impairing motor abilities on the injection side (Brooks and Dunnett 397 
2009). Prior to 6-OHDA injection, mice exhibited fairly symmetric rotation behavior (median left 398 
turns: 52%, n=10). Following 6-OHDA injection, the majority of mice showed a rotational bias 399 
consistent with the injection side (median left turns: 87.3%, n=10). Notably, seven mice displayed 400 
a clear bias (<80%), while the remaining three showed a minor deficit comparable to sham 401 
controls (~60%).  To ensure uniformity of lesioning effects, conventional methods often exclude 402 
animals with minimal rotation bias (Przedborski and Jackson-Lewis 1995; Ungerstedt and 403 
Arbuthnott 1970). In contrast, we conducted a thorough analysis across all animals in this study, 404 
including all data to account for potential variability in the effects of 6-OHDA injections among 405 
subjects.  Our approach, as demonstrated in the results, incorporates a wide range of metrics 406 
beyond standard tests, necessitating the comprehensive reporting of all data. 407 

In addition to rotational behavior, we observed fluctuations in body weight following DA 408 
depletion (Fig. 1D), a common phenomenon in rodents treated with 6-OHDA (Barata-Antunes et 409 
al. 2020; Masini et al. 2021). Despite receiving extensive post-operative care, all subjects 410 
experienced weight loss within 7-14 days post-6-OHDA injection. Importantly, we noted a 411 
significant, positive correlation between the observed weight changes and rotational behavior, 412 
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with subjects displaying higher degrees of weight loss also exhibiting more pronounced rotational 413 
biases post-6-OHDA injection (Pearson correlation coefficient r=.81, p<.01, n=10). 414 

 415 

6-OHDA lesion affects detection behavior  416 

Twelve mice were trained on a tactile Go/No-Go detection task (Ollerenshaw et al. 2012; 417 
Stüttgen, Rüter, and Schwarz 2006; Waiblinger et al. 2018, 2019, 2022), and their performance 418 
was evaluated over time in the healthy and PD-like state. Figure 2A depicts the task setup and 419 
logic, where mice responded to whisker deflections by either licking a waterspout (Go) or 420 
refraining from licking (No-Go) in the absence of a stimulus. Reward delivery depended on correct 421 
responses and “time-outs” were used to penalize/discourage impulsive licking. Further details 422 
regarding the task are provided in the Methods. 423 

Figure 2B outlines the experimental timeline, with procedures detailed in the Methods section. 424 
Briefly, over eight weeks, animals underwent a series of experiments. This included "Detection 425 
Training," where animals received single whisker stimulations or no stimulation. Learning 426 
progress was assessed daily, and upon meeting criteria, animals proceeded to "Detection 427 
Testing." During this phase, the psychometric curve was measured in repeated daily sessions for 428 
a minimum of 6 days. Following this testing period, animals underwent unilateral 6-OHDA 429 
injection and allowed 7-14 days of recovery. After the recovery period, animals underwent 430 
another round of "Detection Testing" post-lesion, mirroring the pre-lesion phase, to assess the 431 
extent of behavioral impairments following 6-OHDA lesioning. 432 

Figure 2C illustrates averaged psychometric curves from a subset of mice (n=10) before (gray) 433 
and after 6-OHDA injection (red) across multiple sessions. The marked shift in the psychometric 434 
curve post-lesion signifies a decline in performance, with varying effects noted among individual 435 
mice. This decline in average psychometric performance implies compromised tactile sensation 436 
following DA depletion. While evident degradation in performance was observed, complete 437 
abolishment was not consistently present. This variability could stem from the degree of DA 438 
depletion, inter-subject variability, or a combination of both. The high variability observed 439 
precludes significant differences in standard statistical testing. Further investigation is warranted 440 
given the variability across several measures. 441 

 442 

6-OHDA lesion causes various deficits across individuals  443 

To explore the behavioral response variability in the 6-OHDA lesioned mice in more detail, we 444 
examined multiple behavioral metrics for each animal (Figure 3), including sensory detection 445 
thresholds, motor lick responses, as well as overall task engagement and motivation. 446 
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Figure 3A displays psychometric curves and response thresholds for nine representative mice 447 
that performed the detection task in both the healthy (gray) and DA depleted (colored) states. 448 
When analyzing the data individually, a pattern of varying task performance emerges allowing us 449 
to order subjects according to their impairment severity. Based on the difference in response 450 
threshold (at P=0.5) before and after 6-OHDA lesion, animals were classified into three severity 451 
groups; “minor”, “moderate” and “severe” deficit (Fig. 3A, from left to right). Animals with minor 452 
deficits show minimal performance changes (threshpost-pre<1, green compared to gray) with a 453 
slight potential improvement. Animals with a moderate deficit show a clear decrease in 454 
performance (threshpost-pre>1 and <10, blue compared to gray), yet they are still performing the 455 
task.  Animals with a severe deficit display a substantial drop in performance (threshpost-pre>10, 456 
red compared to gray) and even stop performing the task.   457 

To assess whether the decline in performance correlated with the inability of animals to respond 458 
following DA depletion, indicating a motor aspect to the behavioral deficit, we analyzed indicator 459 
lick response rates (Fig. 3B, top) and first lick latencies (Fig. 3B, bottom). Animals with minor 460 
deficits have similar response rates and latencies before and after lesioning (green compared to 461 
gray). Intriguingly, in the moderate case, although licking behavior diminishes after lesioning, it 462 
persists without a noticeable increase in latency (blue compared to gray). This suggests that these 463 
animals retain the ability to generate timed motor responses, indicating intact motor capabilities. 464 
However, the observed compromise in sensory-motor capabilities underscores the likely 465 
presence of a sensory deficit. In severe cases, overall task activity drastically decreases, with 466 
subjects exhibiting minimal or no directed lick responses (red compared to gray), indicating 467 
potential motor impairments in addition to any underlying sensory deficits. For this group of 468 
animals, increased response latency is not a reliable metric due to the absence of lick responses 469 
for latency estimation. Categorizing severe cases as purely motor-related may be an 470 
oversimplification, as there could be involvement of both motor and sensory aspects. 471 
Importantly, these animals demonstrate eating, drinking, and grooming behaviors outside the 472 
setup, suggesting some degree in resilience in motor control. 473 

Associated with task performance is the accumulation of rewards, representing the total 474 
instances of an animal successfully receiving a reward (Fig. 3C, vertical axis). To quantify this, we 475 
computed the average total number of rewards per session both before (gray dashed lines) and 476 
after the lesion (colored dashed lines). This metric serves as an approximation of the animal's 477 
motivation, given that rewards act as a primary motivator for task engagement. The number of 478 
trials completed (Fig. 3C, horizontal axis) serves as a proxy for the overall engagement in the task. 479 
It is important to note that animals were required to complete a minimum of 50 trials, and a 480 
session was considered complete once an entire block of stimuli (A = [0, 2, 4, 8, 16]°) was missed. 481 
Consistent with their stable performance, animals with minor deficits accumulate a comparable 482 
reward count before and after the lesion (left column). In some cases, animals even gain a few 483 
more rewards by working more trials. Animals with moderate deficits (middle column), however, 484 
show a clear decrease in reward accumulation and reduced task engagement post lesioning. As 485 
severity of impairment increases, the number of rewards gained and total number of trials 486 
worked decreases drastically compared to the healthy state. Severely impaired animals (right 487 
column) are held in the setup for the minimum number of trials with very limited activity.   488 
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Our examination of multiple behavioral metrics for individual subjects revealed a spectrum of 489 
impairments, reflecting variability in task performance among lesioned animals. This diversity 490 
manifested in changes to response probabilities, response rates, latency, and associated reward 491 
accumulation. Notably, our analysis enabled the classification of severity and identified a 492 
sensory-only component in the moderate cases, alongside motivational factors. 493 

 494 

6-OHDA lesion causes persistent deficits over time  495 

Unlike the gradual progression of PD symptoms observed clinically, 6-OHDA induces a swift and 496 
complete lesion in the nigrostriatal pathway, commonly injected into the substantia nigra or 497 
medial forebrain bundle (Agid et al. 1973; Przedborski and Jackson-Lewis 1995; Tieu 2011). 498 
Studies on the motor symptom progression indicate that 6-OHDA-induced lesions can be 499 
established with high stability over time (Antony, Diederich, and Balling 2011; Iancu et al. 2005; 500 
Quiroga-Varela et al. 2017). However, the progression of non-motor behavioral deficits in this 501 
model remains poorly understood. To assess potential changes over time, we systematically 502 
analyzed the data from the detection experiments by evaluating behavioral performance across 503 
sessions and days in both healthy and PD-like states (Figure 4). Animals were once again 504 
categorized into three severity groups (minor, moderate, and severe deficit) as explained in the 505 
previous section. 506 

Figure 4A illustrates the detection performance over multiple sessions for three animals with 507 
minor deficits, both before and after the 6-OHDA lesion. Performance is represented as the 508 
probability of a correct lick with a salient stimulus (8-degree whisker deflection) across 6 pre-509 
lesion sessions and up to 12 post-lesion sessions for each animal. Before the lesion, animals 510 
exhibit slight variability in performance. After the lesion, performance remains unchanged, with 511 
consistent levels observed across sessions, suggesting that the perceptual capabilities linked to 512 
the task likely remained intact in these mice. 513 

Figure 4B illustrates the detection performance over time for four animals exhibiting moderate 514 
deficits. While some individuals show an initial decline in performance shortly after the lesion, 515 
noticeable variability emerges across sessions, occasionally within a single day. The session-to-516 
session variability underscores the complexity of the animals' responses, potentially elucidating 517 
the coexistence of sensory and motivational deficits alongside preserved motor capabilities 518 
within the detection task, as previously observed for this group of mice (Figure 3, blue panels). 519 

Figure 4C illustrates a substantial decline in detection performance in three severely affected 520 
animals shortly after the 6-OHDA injection, evident within the initial two sessions. Following the 521 
lesion, variability in performance quickly diminishes in the severe group, reaching nearly zero 522 
levels. This pronounced and persistent change in performance confirms the previous observation 523 
that severely impaired animals exhibit very limited activity in response to the DA depletion. 524 
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Notably, recovery periods varied among the three groups of mice, resulting in differences in the 525 
data presented regarding the lesion timeframe. Additionally, due to occasional repetition of 526 
sessions within a day and pauses on weekends, sessions do not directly correspond to days. To 527 
address this, performance was tracked across days in a separate analysis, considering these 528 
variations (Figure. 4-1 and Table 1). The day-based analysis yields results consistent with the 529 
session-based analysis, confirming that task performance does not improve or degrade over time 530 
within the measured timeframe. 531 

 532 

Utilizing multiple metrics for comprehensive lesion assessment 533 

Our findings underscore that inducing unilateral DA depletion leads to rotational defects, weight 534 
loss, and diverse behavioral impairments, as evidenced in a sensory-driven detection task. While 535 
these metrics have been discussed separately thus far, we now compare them to gain a more 536 
comprehensive understanding of the lesion effects. Figure 5 presents an overview of all metrics 537 
assessed in this study before and after the 6-OHDA lesion, comparing histological findings, 538 
rotation data, weight loss, and behavioral data from the detection task. These metrics are 539 
compared for each of the three severity groups – minor (green), moderate (blue), and severe 540 
deficit (red) – to elucidate the distinct effects observed within each group. 541 

Figure 5A summarizes all metrics for animals with minor deficits. By construction, animals in this 542 
group demonstrate consistent detection thresholds before and after the lesion, indicating stable 543 
sensory behavioral performance. In some cases, performance may have even slightly improved. 544 
Strikingly, these animals exhibit a bias in rotation behavior, predominantly favoring left turns (60-545 
84%), and experience a modest loss of body weight (10-12%) during the recovery period. 546 
Histological analysis reveals a substantial reduction (48-81%) in DA innervation in the lesioned 547 
hemisphere, as quantified via immunofluorescence. This discrepancy between stable detection 548 
performance and DA depletion metrics strongly suggests that the lesion may have impacted 549 
certain physiological functions unrelated to the detection task or that the animals were able to 550 
compensate in some manner. 551 

Figure 5B summarizes all metrics for animals with moderate deficits. By construction, animals 552 
with moderate deficits demonstrate a clear increase in detection threshold (despite lack of 553 
apparent motor deficit – see Fig. 3), consistent with a sensory deficit post-6-OHDA lesion. Animals 554 
in this group exhibit varying left turn biases (55-98%), suggesting inconsistent motor impairment. 555 
This variability is also reflected in weight loss during the recovery period (9-21%). Histological 556 
analysis confirms a substantial reduction (47-86%) in DA innervation, indicating the efficacy of 557 
the lesion. The observed decrease in detection performance alongside inconsistent motor 558 
impairments further underscores the likelihood of isolated sensory or motivational deficits in this 559 
group of mice, emphasizing the inherent variability in lesion effects. 560 

 561 
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Figure 5C summarizes all metrics for animals with severe deficits.  By design, animals with severe 562 
deficits exhibit a substantial increase in detection threshold following 6-OHDA injection. These 563 
mice display a pronounced rotational bias (90-95%) with minimal variability and experience 564 
substantial weight loss during the extended recovery period (23-29% within 21 days). Histological 565 
analysis for this group reveals the most profound reduction (85-90%) in DA innervation among 566 
the three levels of behavioral deficit, emphasizing the severity of the 6-OHDA lesion within this 567 
group. This pronounced change in all metrics confirms the previous observation that severely 568 
impaired animals exhibit very limited activity in response to the lesion. 569 

In summary, our study demonstrates the diverse effects of unilateral DA depletion induced by 6-570 
OHDA injection. Mice with severe deficits in sensory-driven behavior consistently exhibited 571 
pronounced impairments across all measures, indicating robust and consistent effects. However, 572 
while standard measures like rotation bias and histological assessment are crucial for evaluating 573 
DA depletion, their correlation with sensory task performance is sometimes limited. For instance, 574 
mice with minor sensory deficits still showed substantial DA depletion alongside rotational bias 575 
and weight loss. Interestingly, mice with moderate declines in sensory performance displayed 576 
the greatest variability across metrics, suggesting complex interactions between these factors. 577 
These findings emphasize the necessity of comprehensive assessment using multiple behavioral 578 
parameters to fully capture the effects of DA depletion. 579 

 580 

 581 
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Discussion   582 

In this study, we investigate the relationship between DA depletion and behavior within the 6-583 
OHDA mouse model, conducting a comprehensive exploration of impairments. Our findings 584 
illustrate that inducing unilateral DA depletion leads to rotational defects, weight loss, and a wide 585 
range of diverse sensory- and motor deficits, particularly evident in a behavioral detection task. 586 
The variations in task performance observed among animals underscore the inherent complexity 587 
of the model. By employing multiple metrics for comprehensive lesion assessment and dissecting 588 
sensory and motor components, our study offers detailed insights into the contributing factors 589 
underlying the observed diversity of impairments. 590 

While Parkinson's Disease diagnosis traditionally relies on motor symptoms, emerging evidence 591 
of sensory deficits suggests a potential window for early diagnostic methods (Juri, Rodriguez-592 
Oroz, and Obeso 2010; Konczak et al. 2012; Prätorius, Kimmeskamp, and Milani 2003; Richardson 593 
and Sussman 2019). Despite not replicating PD's natural progression, the 6-OHDA mouse model 594 
provides a stable platform for characterizing deficits in PD-like states, induced by DA depletion in 595 
the striatum (Bagga, Dunnett, and Fricker 2015; Francardo et al. 2011; Masini et al. 2021). This 596 
understanding of the model's fidelity extends to investigating the question: How does DA 597 
depletion impact sensory processing? Our findings reveal a wide spectrum of behavioral deficits, 598 
highlighting the complexity of the relationship between DA depletion and sensory processing. 599 
Within this spectrum, we observe both increased and decreased sensitivity in sensory detection 600 
performance. Such impaired tactile acuity has been reported in animal models of PD (Romero-601 
Sánchez et al. 2020) as well as in clinical settings (Kesayan et al. 2015). While our study primarily 602 
focuses on the behavioral outcomes of DA depletion, the underlying mechanisms by which this 603 
neurotransmitter deficit affects sensory function are complex and multifaceted. One possible 604 
avenue for exploration is through the anatomy of the basal ganglia and its connections with 605 
sensory processing regions in the cortex. DA plays a crucial modulatory role in these circuits, and 606 
its depletion may disrupt the transmission of sensory information or alter the processing of 607 
sensory signals, leading to changes in detection performance. Studies reporting altered striatal 608 
sensory responses (Ketzef et al. 2017; Reig and Silberberg 2014) underscore the potential impact 609 
of DA depletion on sensory processing. In contrast to studies involving electrophysiology on non-610 
behaving or anesthetized animals, our study deliberately focuses on understanding behavioral 611 
outcomes in the natural, behaving state, allowing speculation on the precise impact of striatal 612 
changes on sensory functions. Further research utilizing electrophysiology in behaving animals is 613 
necessary to elucidate the specific neural pathways and mechanisms underlying these effects. 614 
 615 
PD patients exhibit a wide range of non-motor impairments, including alterations in olfactory, 616 
auditory, tactile, nociceptive, thermal, and proprioceptive perception (Oppo et al. 2020; Jafari, 617 
Kolb, and Mohajerani 2020; Kesayan et al. 2015; José Luvizutto et al. 2020; Brim and Struhal 618 
2021). In our investigation, we focus on tactile sensation mediated through whisker deflection in 619 
mice, using the conserved rodent "whisker to barrel" pathway as a reliable model for tactile-620 
sensory stimulation and processing. How do findings in the vibrissa system relate to other sensory 621 
pathways? While our investigation primarily centers on this model, our behavioral paradigm and 622 
findings may have broader implications across sensory modalities. The principles of sensory 623 
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integration and DA-mediated modulation observed in our study could extend to other sensory 624 
pathways with similar organization, including vision, hearing, taste, and smell. Given dopamine's 625 
known influence on neural circuits involved in diverse sensory modalities, alterations in DA levels 626 
could impact sensory perception and processing across various modalities. Therefore, our study 627 
may provide valuable insights into the broader mechanisms underlying sensory deficits in PD and 628 
other neurodegenerative disorders. 629 

Our findings unveil a large spectrum of impairments following DA depletion, revealing high 630 
variability among individuals. Where does this variability come from? It may arise from multiple 631 
factors. Differences in the precise placement and depth of the injection within the medial 632 
forebrain bundle can lead to variations in the extent of DA depletion, impacting different 633 
subregions of the striatum (Masini et al. 2021). Despite controlling factors such as age, genetic 634 
background, and environmental conditions, variables like overall health status, social rank among 635 
cage mates, or overall activity level may influence vulnerability to neurotoxic insults. These 636 
factors can impact the magnitude of DA depletion induced by 6-OHDA injections, further 637 
contributing to the observed variability in behavioral outcomes. Furthermore, intrinsic variability 638 
in behavior is evident even among healthy subjects. Overall, the variability following 6-OHDA 639 
injections likely arises from a combination of factors, including lesion accuracy, neuronal 640 
susceptibility, pharmacokinetic factors, and general variability in behavioral responses. 641 

Our study challenges the presumed direct correlation between behavioral deficits and the extent 642 
of DA depletion, which is typically evaluated using rotation bias (Przedborski and Jackson-Lewis 643 
1995; Ungerstedt and Arbuthnott 1970). While such tests are essential for assessing DA depletion 644 
in vivo, they have limitations in capturing the full behavioral spectrum. Excluding subjects with 645 
limited rotation bias from analysis narrows the perspective within this animal model, potentially 646 
overlooking important aspects in the relationship between DA depletion and behavior. This is 647 
particularly notable in our moderate cases, which show variable rotation bias but clear deficits in 648 
stimulus detection without altered response latencies, indicating isolated sensory impairments. 649 
Additionally, these moderate cases often show strong session-to-session fluctuations and 650 
achieve fewer rewards, indicating a possible motivational deficit. These findings underscore the 651 
complexity of lesion-induced behavioral changes and warrant a reevaluation of traditional 652 
interpretations of PD models, emphasizing the need to consider multiple behavioral metrics and 653 
individual variability in lesion effects. 654 

The histological assessment, although limited to a subset of mice, reveals substantial DA 655 
depletion, regardless of the assessed sensory behavioral deficit. The small increments in DA 656 
depletion between severity groups underscore the impact of even slight changes in DA levels on 657 
behavior and physiology. While our model does not mirror PD's natural progression, it predicts 658 
an intriguing pattern: Minor deficits indicate substantial DA loss but stable sensory detection, 659 
suggesting compensatory mechanisms. Moderate deficits involve compromised sensory and 660 
motivational aspects, eventually leading to severe deficits akin to classic motor symptoms. This 661 
pattern provides implications for understanding the progression of PD. Further exploration with 662 
genetic mouse models of PD progression (Dovonou et al. 2023) and rigorous histological or 663 
pathophysiological assessments could validate these predictions. Such a comprehensive 664 
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approach would elucidate the underlying mechanisms contributing to the observed behavioral 665 
changes across disease progression. 666 

In summary, our study sheds light on sensory deficits in the 6-OHDA mouse model, providing 667 
insights into early PD symptoms. The proposed behavioral task proves valuable for uncovering 668 
these symptoms and other hidden variables. Additionally, our severity-based classification 669 
system suggests the ability to capture different disease stages depending on lesion extent, 670 
hinting at the potential for early PD detection. This underscores the versatility of the 6-OHDA 671 
model in simulating various disease stages. To fully leverage the potential of the behavioral task 672 
and reveal circuitry alterations, further research with disease progression models, longitudinal 673 
measurements, and physiological assessments is warranted. This approach holds promise for 674 
deepening our understanding of PD and advancing intervention and treatment development. 675 
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Figure 1. Validation of 6-OHDA mouse model. A unilateral injection of 0.2ul of 
6-OHDA (15 mg/ml solution 6-OHDA.HBr) was administered into the left median 
forebrain bundle via Hamilton syringe. Mice were allowed to recover for up to 2 
weeks before testing continued. A. Coronal sections showing the striatal 
hemispheres of a control mouse without lesion stained for TH expression. B. 
Coronal sections of a mouse after 6-OHDA-lesion, stained for TH expression. 
Over 80% reduction in fluorescence was found between DA-depleted and 
control hemisphere. Scale bar: 1 mm. C. Percent left turns performed by each 
mouse in the rotameter test before and after 6-OHDA injection. Bars represent 
medians across mice with percentiles (n=10). ***P < 0.001, two-sided Wilcoxon 
rank-sum test. D.  Body weight before and after 6-OHDA injection. Percent body 
weight is calculated by identifying the minimum weight within the recovery 
period. Numbers are normalized to each animals’ weight on the day before the 
lesion (n=10). ***P < 0.001, two-sided Wilcoxon rank-sum test. Gray areas 
represent median range across sham operated mice (n=2).
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Figure 2. Assessment of sensory capabilities in the 6-OHDA model. 
A. Schematic of the behavior setup, stimulus delivery and behavioral 
detection task. A punctuate whisker deflection (10 ms) has to be detect-
ed by the mouse with an indicator lick to receive reward (”Go”). Licking 
has to be withheld in catch trials (”No-go”). Reward is only delivered 
upon correct licks. B. Timeline of experiments. Mice were first trained 
on the detection task. Detection testing was done at least 6 days prior 
to 6-OHDA injection and repeated after the recovery period. C. Left: 
Psychometric curves and response thresholds before (gray) and after 
6-OHDA injection (red). “Stim amplitude” represents the degree of 
whisker deflection. Filled circles correspond to the average response 
probabilities from all animals tested (n=10). Solid curves are logistic fits 
to the data. Response thresholds are shown as vertical dotted lines 
with 95 % confidence limits. Right: Response thresholds separately 
shown for all mice before and after the lesion (gray and red symbols). 
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Figure 3. Assessment of sensory capabilities in different individuals. A. Psychometric curves and response thresholds for each animal 
performing the detection task before (gray) and after 6-OHDA injection (colored). Mice are ordered by the performance drop (from left to right). 
Solid curves are logistic fits to response probabilities with different stimulus amplitudes from an individual, averaged across sessions.  
Response thresholds at P=0.5 are shown as vertical lines. The difference in response thresholds is used to define the 3 categories: minor deficit 
(threshpost-pre <1, green, n=3), moderate deficit (threshpost-pre>1 and <10, blue, n=3) and severe deficit (threshpost-pre>10, red, n=3). B. Top: 
Response (1st lick) latencies of individual mice before and after 6-OHDA injection shown as histograms. Bottom: Median 1st lick latencies with 
percentiles. C. Number of rewards (correct trials) accumulated as a function of trials worked by each animal before and after 6-OHDA injection. 
Each line corresponds to one session. Dashed horizontal lines correspond to the total rewards per session on average. Figure conventions 
and order are the same as in A.
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Figure 4. Persistence of sensory deficits in the 6-OHDA mouse model. The 3 
categories, minor, moderate and severe, are based on the difference in thresh-
olds  from the psychometric curves. A. Detection performance (P correct lick with 
8 degree whisker deflection) over time (sessions) for animals with minor deficits, 
before and after the 6-OHDA lesion. B. Performance for animals with moderate 
deficits. C. Performance for animals with severe deficits. Symbols represent 
individual mice. Thick lines represent medians across mice with percentiles (n=3-4).
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Figure 5. Comparison of multiple behavioral metrics and DA depletion in the 6-OHDA mouse model.  A. Minor deficit group (n=3). 
Detection: Perceptual thresholds (at P=0.5) from the detection task for all mice before and after the 6-OHDA lesion. Rotation: Percent left turns 
performed by animals in the rotameter test before and after 6-OHDA lesion. Weight loss: Maximum weight loss during the recovery period for 
each animal. DA depletion: Left. The percentage of DA preservation is quantified from histological analysis for all mice of this group. Right. 
Coronal sections of an example mouse after 6-OHDA-lesion, stained for tyrosine hydroxylase (TH) expression. B. Same metrics for the moder-
ate deficit group (n=4). C. Same metrics for the severe deficit group (n=3). Symbols represent individual mice. Solid filled circles represent 
medians across mice with percentiles. Gray areas represent median range across sham operated mice (n=2). Note, histological assessment 
was performed for a subset of mice (minor deficit n=3; moderate deficit n=3.; severe deficit n=2). Scale bars: 1 mm.
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