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Abstract

Animalmodels of Parkinson’s disease are useful to evaluate new treatments and to elu-

cidate the etiology of the disease. Hence, it is necessary to have methods that allow

quantification of their effectiveness. [18F]FDOPA-PET (FDOPA-PET) imaging is out-

standing for this purpose because of its capacity to measure changes in the dopamin-

ergic pathway noninvasively and in vivo. Nevertheless, PET acquisition and quantifica-

tion is time-consumingmaking it necessary to find fasterways to quantify FDOPA-PET

data. This study evaluatedMaleWistar rats by FDOPA, before and after being partially

injured with 6-OHDA unilaterally. MicroPET scans with a duration of 120 min were

acquired and Patlak reference plots were created to estimate the influx constant Kc in

the striatum using the full dynamic scan data. Additionally, simple striatal-to-cerebral

ratios (SCR) of short static acquisitions were computed and compared with the Kc val-

ues. Good correlation (r > 0.70) was obtained between Kc and SCR, acquired between

80–120 min after FDOPA administration with frames of 10 or 20 min and both meth-

ods were able to separate the FDOPA-uptake of healthy controls from that of the PD

model (SCR −28%, Kc −71%). The present study concludes that Kc and SCR can be

trustfully used to discriminate partially lesioned rats from healthy controls.
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1 INTRODUCTION

Chemical-induced and genetic Parkinson disease (PD) rat models are useful to test new therapies (Simola et al., 2007). One of the most widely

used animal model for PD is the hemiparkinsonian rat in which rodents are unilaterally injected in the brain with the dopamine neurotoxin 6-

hydroxydopamine (6-OHDA) to induce dopaminergic denervation of the striatum. The damage can be evaluated by many methods such as rota-

tion, behavior, and immunohistochemistry among others (Truong et al., 2006). Positron emission tomography (PET) can also be used to eval-

uate this model noninvasively and in vivo, allowing the follow-up and evaluation of other procedures in the same animal. PET imaging of the

dopaminergic system has been performed with different radiotracers in diverse species evaluating the turnover, binding to postsynaptic recep-

tors (D1–D5), reuptake, and storage of dopamine. Despite the variety of dopaminergic radiopharmaceuticals, those based on fluorinated L-DOPA

analogs are the most used because of their effectiveness to measure the loss of presynaptic dopaminergic neurons and their wholeness (Loane

& Politis, 2011). 6-18F-fluoro-L-dopa ([18F]FDOPA) is by far the most widely used L-DOPA analog radiopharmaceutical. [18F]FDOPA has not

been extensively used in PD rat models because of many issues: robust PET quantification requires time-consuming scanning protocols, blood
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sampling for metabolite analysis and premedication with inhibitors of catechol-O-methyl-transferase and aromatic L-amino acid decarboxylase

(Walker et al., 2013). Furthermore, once the image is acquired, modeling of pharmacokinetics is also required. Simplification of the full kinetic

model such as reference models has been developed to avoid the need of blood sampling, including the Patlak reference model (Sossi et al.,

2003). When applying reference models in rats, the cerebellum is commonly used as reference tissue for dopaminergic radiopharmaceuticals

(Kyono et al., 2011).

In the clinical setting, a simple ratio analysis of [18F]FDOPA uptake in striatal subregions using a short 10-min scan acquisition has shown to be

useful for the evaluation of PD, as an alternative to the Patlak model (Dhawan et al., 2002). On the other hand, Jokinen et al. (2009) showed that

a simple striatal-to-occipital ratio of a short static scan 75 min after tracer injection is sufficient for reliably discriminating between patients with

early PD from healthy controls. Such methodology has been successfully applied and validated in humans, but not in rodent PDmodels. The aim of

this reportwas to compare the effectiveness of striatal-to-cerebellar ratio (SCR) andKcerebellar (Kc, Patlak referencemodel) to discriminate between

partial 6-OHDA rat model and healthy control animals.

2 MATERIALS AND METHODS

All animal experiments were performed observing technical specifications for the care and use of laboratory animals stated in the World Medical

Association Declaration of Helsinki andwere approved by the Animal Care and Use Committees of the Facultad deMedicina at UNAM.

2.1 Animals

Rats usedweremaleWistar (n= 10, 6–7weeks old, 230–250 g), housed in a 12-h light–dark cycle at 22± 2◦C,with free access to food andwater. A

baseline PET scanwas acquired to each rat (n= 10) 10 days before the 6-OHDA lesionswere performed. Ten days after the lesion process, a second

PET scanwas acquired to six rats.

2.2 Lesion procedures

Lesions were performed as previously reported (Arias-Carrión et al., 2004). Briefly, rats were intraperitoneally (i.p.) anesthetized with ketamine,

xylazine, and acepromazine (66 mg, 0.26 mg, and 1.3 mg/kg, respectively) and placed in a stereotaxic instrument. The injection site was located

according to the coordinates−3.5mm anteroposterior to bregma,−1.5mm sideline, and−8.8mm ventral skull surface, and then injected with 4 μl
of 6-OHDA (2 μg/μl of 6-OHDA in physiological saline solution, plus 0.5% of ascorbic acid).

2.3 Behavioral testing

Onday7, after injurywith 6-OHDA, ratswere injectedwith apomorphine (0.02mg/kg dissolved in a 0.1%ascorbate saline solution). Ratswere fixed

in a harness and linked to mechanical sensors connected directly to a computer. Each 360◦ clockwise or counterclockwise turn was automatically

recorded for 30min and the total turns were determined (Truong et al., 2006)

2.4 Micro PET imaging

Imaging was performed in a Focus 120 microPET scanner. [18F]FDOPA (37 ± 8 MBq) was administered intravenously as a slow bolus injection via

the tail vein, while rats were under anesthesia (2–3% isoflurane). Brain PET datawere acquired for 120min from themoment of dose injection. Ani-

mals were maintained under gaseous anesthesia for the duration of scans. Images were acquired in dynamic mode (frames: 10 × 60 s; 10 × 120 s;

10 × 180 s; and 6 × 600 s) and reconstructed with a 2D-OSEM algorithm on a matrix of 128 × 128 pixels, including corrections for scanner nor-

malization, detector dead time, as well as random and scattered events. Carbidopa (Psicopharma) (10 mg/kg i.p. in sterile water) and entacapone

(Sigma–Aldrich) (40 mg/kg i.p., in 0.3 ml of DMSO) were administered to the anesthetized rats 60 and 90 min before [18F]FDOPA administration,

respectively.
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F IGURE 1 (a) (Left) striatal Kc values of [18F]FDOPA obtained for control (baseline study), nonlesioned, and lesioned sides. (Right)
Striatum-to-cerebellar ratios (SCR–FDOPA) evaluated at different time intervals (control, nonlesioned, and lesioned sides, respectively). All
lesioned sides are statistically different from control sides (F= 43.7, p< .001). (b) Kc and SCR values for [18F]FDOPA uptake (mean± SD) in rat
striatum of controls, lesioned and nonlesioned sides, and their percentage difference

2.5 Image data processing

Processing of reconstructed images was performed with PMOD software v3.7 (PMOD Technologies LLC). Time activity curves were obtained by

drawing volume of interest (VOI) into the striatum (left and right) and into the cerebellum using spheres of 33.5 mm3 drawn on the baseline scan,

and once imageswere aligned, theVOIs of the first scanwere copied to the second scan. Patlak reference analysiswas performed from0 to 120min

with a t* of 10 min in order to obtain Kc for each striatum (Patlak & Blasberg, 1985). SCRs were determined at different time-points postinjection

(between 54 and 110min) and intervals (from 8 to 30min) from the same acquired data. A parametric image ofKc was alsomadewith PXMOD tool

in order to illustrate visual differences betweenmethods.

2.6 Statistical analysis

A correlation matrix comparing Kc versus SCR at different times was made to find the best Kc–SCR correlation match and a Pearson correlation

(α= 0.05) was performed. For comparison of controls, lesioned, and nonlesioned sides, nonparametric one-way analyses of variance followed by a

Dunn’s test weremade. Statistical analysis was performed using GraphPad Prism 8.0.

3 RESULTS

The rats showed a rate of rotation of 389 (±151) turns/30 min contralateral to the injured side. Both measures, Kc and SCR, allow to discriminate

controls from lesioned side as showed inFigure1(a); althoughKc separate better lesioned fromnonlesioned side (−78%), SCRs also allow todiscrim-

inate them (27–29%), as shown in Figure 1(b). PET data showed that starting at 80 min after [18F]FDOPA administration, the semi-quantification

achieves confident SCRvalues (r≥0.70). For this reason, only timesafter1hpostinjection (p.i.)wereevaluated to compareSCRversusKc. Figure2(a)

shows a correlation matrix between the computed Kc values and the SCRs obtained at different time points-intervals postinjection of the tracer;
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F IGURE 2 (a) Correlationmatrix of Kc versus SCR evaluated at different time intervals, ordered by length of evaluated time interval. The color
scale bar represents the r value from Pearson correlation and p is the test probability. (b) Typical parametric images (transverse plane) in terms of
Kc (0–120min, t*= 10min) and SCRs at two evaluated time intervals obtainedwith [18F]FDOPA using a partial lesionmodel of PD in rats. Circles
are the VOIs used for measurement, centered in the striatum. (c) Striatal Kc versus SCR plot of control (baseline study), lesioned and nonlesioned
sides. Lines indicate the threshold of bothmeasurements that separate the lesioned side from the control and nonlesioned sides

this matrix was used to infer the optimal time interval and frame duration. As an example, parametric images in terms of Kc and SCRs were created

and are presented in Figure 2(b); SCRs images in this figure are representative for the best time interval found in this work for rats (100–110 min)

and a typical acquisition time used for humans (75–90min). Since the correlationmatrix showed a better correlation between SCRandKc at around

90–120 min p.i., a regression analysis for SCR at 100–110 min p.i. versus Kc (Figure 2(c)) was performed as an example finding a good correlation

(r= 0.76, p< 0.0001) between bothmeasures.

4 DISCUSSION

Reference tissuemodels have proven quantitative accuracy, noninvasively, obtaining similar results ofKc in striatum (0.0005–0.0013 1/min) for PD

models (Becker et al., 2017; Kyono et al., 2011). Unfortunately,Kc still requires the acquisition of time-consuming dynamic scans. Acquisition of long

PET scans is impractical for many reasons, hence a method capable of balancing quantitative accuracy and scan time reduction is desirable. Ratio

methods allow a significant reduction in total acquisition time and the values obtained by these methods are only an approximation of the true Ki
value obtained from a full dynamic scan (Tantawy et al., 2009). In this report, it was found that a short 10 min scan acquired at least 80 min p.i. can

effectively separate partially lesioned striatum sides from controls. The decrease of FDOPA uptake in partially lesioned striatum in terms of SCR

was around 30% comparedwith that of controls.

This research also showed that SCR values are more dependent on the evaluated p.i. time than on the duration of the acquisition; for example,

correlation between theKc and SCRs for static images acquired at 100minp.i. is almost the same for scanswith a duration of 10 and20min, showing

even similar statistical values (r and p), as shown in Figure 2(a). For the time interval 80–120min p.i., all SCR showed a strong correlation (r> 0.70)

with the gold standard Kc. Furthermore, around 100–110 min, the correlation between SCR and Kc is stronger (r = 0.76, p = .000004) (Figure 2)

and has the capability to separate controls from partially lesioned rats, dividing both groups by a dotted line. For humans, the optimal time for ratio

analysis with [18F]FDOPA is 75–90 min but in this research, it was found that for rats it is not; differences could be due to diverse physiological

processes and dissimilar conversion rates of DOPA between species, affecting the pharmacokinetics of the radiopharmaceutical. For the above, a

simple ratio of an image acquired at 100–110 min after radiopharmaceutical injection can be used as an optimal time for [18F]FDOPA acquisition,

but other time intervals as 100–120min, 100–115min, 110–120min, are also useful.
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5 CONCLUSIONS

A simple ratio method analysis in terms of SCR computed around 80–120min p.i., with a frame duration between 10 and 20min, has a good corre-

lation (r> 0.70) with the influx constant Kc of [18F]FDOPA in rat striatum, allowing to obtain reliable values to test the PD rat model in an easy way

without the need of long acquisition image times and Patlak modeling. A single short scan of 10 min around 100 min after [18F]FDOPA injection is

enough to separate partially lesioned rat models of PD from healthy controls.

ACKNOWLEDGMENTS

Our thanks to Dafne Garduño and Brenda García for animal care and handling; E. Zamora, H. M. Gama, M. Mendoza, F. Trejo, R. Tecuapetla, U.

Rabadan, G. Contreras, A. Zarate, and A. Flores for production and quality control of FDOPA;Mrs. Josefina Bolado for English language proofread-

ing, and Psicofarma S.A. de C.V. for providing the carbidopa. This study was supported by grants UNAM-DGAPA-PAPIIT IN214017 and IN220120

(to L. V. D.) and SECTEI/226/2021 (toM. A. A. R.).

CONFLICT OF INTEREST

The authors declare that there is no conflict of interest.

AUTHOR CONTRIBUTION

All authors planned the experiments and wrote the article; A. A. E. andM. A. A. R. performed the acquisition and analysis of MicroPET imaging and

L. V. D. provided the animal model.

DATA AVAILABILITY STATEMENT

The data that support the findings of this study are available on request from the corresponding author.

ORCID

ArturoAvendaño-Estrada https://orcid.org/0000-0002-7089-4797

REFERENCES

Arias-Carrión, O., Verdugo-Díaz, L., Feria-Velasco, A., Millán-Aldaco, D., Gutiérrez, A. A., Hernández-Cruz, A., & Drucker-Colín, R. (2004). Neurogenesis in the

subventricular zone following transcranial magnetic field stimulation and nigrostriatal lesions. Journal of Neuroscience Research, 78(1), 16–28.
Becker, G., Bahri, M. A., Michel, A., Hustadt, F., Garraux, G., Luxen, A., Lemaire, C., & Plenevaux, A. (2017). Comparative assessment of 6-[18F]fluoro-L-m-

tyrosine and 6-[18F]fluoro-L-dopa to evaluate dopaminergic presynaptic integrity in a Parkinson’s disease rat model. Journal of Neurochemistry, 141, 626–
635.

Dhawan, V., Ma, Y., Pillai, V., Spetsieris, P., Chaly, T., Belakhlef, A., Margouleff, C., & Eidelberg, D. (2002). Comparative analysis of striatal FDOPA uptake in

Parkinson’s disease: Ratio method versus graphical approach. Journal of Nuclear Medicine, 43, 1324-1330
Jokinen, P., Helenius, H., Rauhala, E., Brück, A., Eskola, O., & Rinne, J. O. (2009). Simple ratio analysis of18F-fluorodopa uptake in striatal subregions separates

patients with early Parkinson disease from healthy controls. Journal of Nuclear Medicine, 50(6), 893–899.
Kyono, K., Takashima, T., Katayama, Y., Kawasaki, T., Zochi, R., Gouda, M., Kuwahara, Y., Takahashi, K., Wada, Y., Onoe, H., & Watanabe, Y. (2011). Use of

[18F]FDOPA-PET for in vivo evaluation of dopaminergic dysfunction in unilaterally 6-OHDA-lesioned rats. Ejnmmi Research, 1(1), 25.
Loane, C., & Politis, M. (2011). Positron emission tomography neuroimaging in Parkinson’s disease. American Journal of Translational Research, 3, 323–341.
Patlak, C. S., &Blasberg, R.G. (1985). Graphical evaluation of blood to brain barrier transfer constants frommultiple timeuptake data. Generalizations. Journal

of Cerebal Blood FlowMetabolism, 5, 584–590.
Simola, N., Morelli, M., & Carta, A. R. (2007). The 6-hydroxydopaminemodel of Parkinson’s disease.Neurotoxicity Research, 11, 151–167.
Sossi, V., Holden, J. E., De la Fuente-Fernandez, R., Ruth, T. J., & Stoessl, A. J. (2003). Effect of dopamine loss and the metabolite 3-O-methyl[18F]fluorodopa

on the relation between the fluorodopa tissue input uptake rate constant Kocc and the fluorodopa plasma input uptake rate constant Ki. Journal of Cerebral
Blood Flow andMetabolism, 23(3), 301–309.

Tantawy, M. N., Jones, C. K., Baldwin, R. M., Ansari, M. S., Conn, P. J., Kessler, R. M., & Peterson, T. E. (2009). [18F]Fallypride dopamine D2 receptor studies

using delayedmicroPET scans and amodified Logan plot.Nuclear Medicine and Biology, 36, 931–940.
Truong, L., Allbutt, H., Kassiou, M., & Henderson, J. M. (2006). Developing a preclinical model of Parkinson’s disease: A study of behaviour in rats with graded

6-OHDA lesions. Behavioural Brain Research, 169, 1–9.
Walker, M. D., Dinelle, K., Kornelsen, R., McCormick, S., Mah, C., Holden, J. E., Farrer, M. J., Stoessl a, J., & Sossi, V. (2013). In-vivo measurement of LDOPA

uptake, dopamine reserve and turnover in the rat brain using [18F]FDOPAPET. Journal of Cerebral Blood Flow andMetabolism, 33, 59–66

How to cite this article: Avendaño-Estrada, A., Verdugo-Díaz, L., & Ávila-Rodríguez, M. A. (2022). Comparative analysis of striatal

[18F]FDOPA uptake in a partial lesionmodel of Parkinson’s disease in rats: Ratio method versus graphical model. Synapse, 76, e22231.

https://doi.org/10.1002/syn.22231

https://orcid.org/0000-0002-7089-4797
https://orcid.org/0000-0002-7089-4797
https://doi.org/10.1002/syn.22231

	Comparative analysis of striatal [18F]FDOPA uptake in a partial lesion model of Parkinson’s disease in rats: Ratio method versus graphical model
	Abstract
	1 | INTRODUCTION
	2 | MATERIALS AND METHODS
	2.1 | Animals
	2.2 | Lesion procedures
	2.3 | Behavioral testing
	2.4 | Micro PET imaging
	2.5 | Image data processing
	2.6 | Statistical analysis

	3 | RESULTS
	4 | DISCUSSION
	5 | CONCLUSIONS
	ACKNOWLEDGMENTS
	CONFLICT OF INTEREST
	AUTHOR CONTRIBUTION
	DATA AVAILABILITY STATEMENT

	ORCID
	REFERENCES


