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633  Figure 9. In rats, the combination of tesofensine and 5-HTP is not more effective than
634  either drug alone in reducing sucrose intake. Panel A shows the dose-response curve
635 for tesofensine, and panel B shows the dose-response curve for 5-HTP. The curves show
636  that both tesofensine and 5-HTP reduce sucrose intake in a dose-dependent manner (i.e.,
637 the % anorexigenic effect). See Figure 9 Supplementary 1 for sucrose intake data before,
638  during, and after drug administration. C. The anorexigenic effect of the tesofensine + 5-HTP
639 combination at a 1:1 ratio. D. Isobologram graph depicting the anorexigenic interaction at a
640  1:1ratio. The x and y axes points indicate the experimental ED30 values of tesofensine and
641  5-HTP, respectively. At the same time, the red diamond (letter E) represents the ED30
642  obtained experimentally for the combination at a 1:1 ratio. The diagonal line connecting the
643  ED3O0 of tesofensine and 5-HTP represents the theoretical line of additivity, and the point on
644  this line represents the theoretical ED30 of the combination at a 1:1 ratio. The results show
645  that the combination of tesofensine and 5-HTP is not significantly more effective than either
646  drug alone. E. Anorexigenic effect of the tesofensine + 5-HTP combination at a 3:1 ratio. F.
647 Isobologram graph indicating the anorexigenic interaction at a 3:1 ratio. The same
648  conventions as panel D. Data are presented as mean + SEM. *p < 0.05 compared to the
649  control group. n.s. indicates no statistical difference between the experimental ED30 dose
650 and the theoretical ED30.

651

652 Tesofensine does not affect sucrose detection or oromotor palatability
653 responses

654 To investigate whether tesofensine impairs sucrose detection or palatability
655 responses, we modified a sucrose detection psychophysical task using a new
656  equipment called the homegustometer (Fonseca et al., 2020, 2018). Rats performed
657 the task day and night over multiple consecutive days, which allowed us to
658 characterize the temporal pharmacological effects of tesofensine across (Figure
659 10A) and within days (Figure 11). The rats (n=4) were trained to discriminate
660  between different concentrations of sugar and water using a homegustometer, and
661 their performance was recorded continuously for up to 23 hours daily. At the start of
662  each trial, rats visited the central port and delivered 2-5 dry licks, triggering a taste
663  stimulus, including a single drop of water or one of five sucrose solutions with varying
664  concentrations. The rats discriminated water from sucrose by moving leftward for
665  water and rightward for sucrose solutions (counterbalanced between subjects), with
666  successful discrimination resulting in a reward (three drops of water in lateral
667  outcome sippers). After the rats learned the sucrose detection task, we injected them
668  with 2 mg/kg of tesofensine at ~ 18:00 h for five days. We observed that tesofensine
669  did not impair daily task performance (Figure 10B; %Correct). The number of trials

670 and thus total consumption, we observed a temporal increase in the first and second
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671 days of baseline that gradually reached an asymptote (Figure 10B; Trials and
672  Consumption). Likewise, we observed that psychometric curves during the baseline,
673 tesofensine, and post-tesofensine days were practically identical (Figure 10C).
674  Although we also note that under and after tesofensine treatment, the subjects tend
675 to be more sensitive to sucrose, detecting it correctly even at the lowest sucrose
676  concentration (0.5%) (Figure 10C). Thus, it is unlikely that the tesofensine
677 anorexigenic properties are due to diminished sweetness detection or changes in
678  their hedonic value or palatability.

679
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681  Figure 10. Tesofensine did not affect performance of rats in a sucrose detection task.
682  A. Rats were trained to lick a central spout that dispensed the stimulus a drop of water or
683  solutions of sucrose. To obtain a reward (3 drops of water), rats had to choose between two
684 lateral spouts. B. Upper panel shows the number of trials, and the lower panel the correct
685  performance across the baseline, tesofensine treatment, and post-tesofensine days. There
686  were no significant differences in the percent correct, the trials per session, or the total
687  volume consumed between these periods, except for an overall decrease in the number of
688 trials during the baseline period as the rat re-learned the task. The gray rectangle depicts
689 days of tesofensine administration C. Plots of high sucrose responses as a function of
690  sucrose concentration. The psychometric curves for the sucrose detection task also did not
691 differ significantly between the baseline, tesofensine, and post-tesofensine periods. These
692 findings suggest that tesofensine does not affect performance in the sucrose detection task
693 inrats. The x-axis is scaled logarithmically, and the data are represented as mean + SEM.
694

695

696  Sucrose detection within a single day

697  This study investigated the effects of tesofensine administration on the perception of
698 sugar taste in rats over a day. The data were analyzed by dividing the day into
699 quartiles (6-hour periods) to investigate whether tesofensine affected the rats'
700  perception of the sucrose taste. First, we discuss the performance of the task under
701  control baseline conditions (Figure 11A). As expected, given that rats are nocturnal
702  animals, our results showed that they were more likely to complete more trials during
703  the second and third quartiles of the day (Q2 18:00 to 00:00 - and Q3 00:00 to 6:00),
704  corresponding to the dark cycle of the day. 30.5% of all trials were completed during
705  the daytime (Q1, Q4), while 69.3% were performed at night (Q2, Q3, Figure 11A;
706  see black percentages). However, the accuracy of the sucrose detection task was
707  not significantly different across the day.

708  However, rats exhibited a non-significant tendency to decrease performance in Q1
709  from 12:00 to 18:00 relative to the other quartiles. This poor performance could
710  explain the difficulty of fitting a psychometric curve during Q1 (see Figure 11A, right
711  upper panels). The oromotor palatability responses evoked by the delivery of one
712 drop of water or sucrose revealed a gradual increase in the bout size as a function
713 of sucrose, reflecting the hedonically positive reaction that sucrose evokes (Perez et
714 al., 2013). In addition, the palatability responses also did not vary across the day

715  (see Figure 11A, right lower panels).
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716  The major change observed during tesofensine treatment was a shift in the
717  distribution of trials completed on each quartile. Specifically, rats performed
718  significantly fewer trials in Q1 and Q2 but compensated for this by performing
719  significantly more trials in Q3 and Q4. Thus, tesofensine treatment shifted the
720  distribution of trials toward the right. However, the accuracy of the sucrose detection
721 task (i.e., the percent correct trials) was not significantly altered by tesofensine
722 (Figure 11B).

723 Finally, in the post-tesofensine period, rats received subcutaneous injections of
724  saline. Given that the half-life of tesofensine is about 8 days, we continued evaluating
725  the rats’ performance for three more days (Figure 11C). We observed no major
726  change in task performance, or the palatability responses sucrose elicited during this
727  period. Our data suggest that tesofensine in rats did not impair sweetness detection
728  or affect its palatability.

729
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731

732  Figure 11. Performance of rats in a sucrose detection task across 23 hours under
733 baseline, tesofensine, and post-tesofensine treatments. A. Baseline performance. The
734  data are presented in 6-hour intervals (divided into four quartiles, Q1-Q4- the moon symbol
735  indicates quartiles during night and sun symbol periods of light) and include the percentage
736  of correct responses and the fraction of trials performed in each quartile across the days.
737  The chance is 50% for the left blue axis. B. Tesofensine treatment (2 mg/kg). The data are
738  presented in the same way as in panel “A.” C. Post-tesofensine treatment. For all panels,
739  the psychometric curves at the right show the percentage of correct choices for detecting
740  sucrose solutions as a function of sucrose concentration. The x-axis of the psychometric
741  curve is scaled logarithmically. Below, the bout size is the time elapsed between the last lick
742 in the central port after stimulus delivery. * Depicts the mean bout size, and each color dot
743 is one single trial. The larger the bout size, the more palatable the drop of solution is to the
744  rat. Our results indicate that sucrose detection and palatability responses were unaffected
745 by tesofensine. The data are represented as mean + SEM.

746

747
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748  DISCUSSION

749

750  This study found that tesofensine induced greater weight loss in obese rats than in
751 lean Wistar rats. We hypothesized that this was due to tesofensine's ability to
752 modulate neuronal activity in the LH. Our electrophysiological results showed that
753  tesofensine produced a stronger and larger modulation of LH ensemble activity in
754  obese rats than in lean rats. This suggests that tesofensine may act, in part, by
755  modulating neuronal activity in the LH to reduce food intake and promote weight
756  loss. More importantly, we also found that tesofensine inhibited GABAergic neurons
757 inthe LH of Vgat-ChR2 and Vgat-IRES-cre transgenic mice. These neurons promote
758  feeding behavior optogenetically(Garcia et al., 2021; Jennings et al., 2015), so the
759 inhibition of these neurons by tesofensine may contribute to its appetite-suppressing
760 effects. In addition to its effects on the LH, in rats, tesofensine did not produce head
761  weaving stereotypy at therapeutic doses, suggesting that it may be a safer and more
762  tolerable option to treat obesity than other appetite suppressants such as
763  phentermine. It also did not significantly potentiate the acute suppression of sucrose
764  intake induced by 5-HTP, but it prolonged the weight loss induced by 5-HTP, a
765  serotonin precursor and appetite suppressant. This suggests that tesofensine may
766  be a useful adjunct to serotoninergic agents to treat obesity. Finally, we found that
767 the appetite suppressant effect of tesofensine is not due to the induction of taste
768  aversion. Rats resumed drinking sucrose right after the next treatment day in the
769  isobolographic assay. Further studies using a 23-hour psychophysical sucrose
770  detection task also showed that tesofensine might not affect the perception of
771  sweetness or its palatability responses, even though it is a weight-loss drug. Taken
772  together, our study provides new insights into the effects of tesofensine on weight
773 loss and the underlying neuronal mechanisms. These findings suggest that
774  tesofensine may be a promising new therapeutic agent for the treatment of obesity.
775

776  Tesofensine targets the LH, silencing a subset of GABAergic neurons

777  Tesofensine is more efficacious in inducing weight loss in obese rats than lean

778  Wistar rats. Our results replicate and confirm the findings observed by Hansen et al.,
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779 2013 in Sprague Dawley rats and (van de Giessen et al., 2012) in obese Wistar rats,
780  suggesting that this is a robust attribute of tesofensine. They suggested that the
781  grater efficacy was due to the ability of tesofensine to restore lower DA levels in the
782  nucleus accumbens observed in obese rats (Hansen et al., 2013). Here, we further
783  extend the neuronal correlates to the LH and uncovered for the first time that
784  tesofensine produced a stronger and larger modulation of LH ensemble activity in
785  obese rats than in lean rats. The effects of tesofensine on LH activity were complex.
786  However, tesofensine seems to enhance the recruitment of LH neurons exhibiting
787  activation after drug administration (i.e., see E4 neurons in Figure 2). The identity of
788  this cell type is out of the scope of this study, but it is tempting to speculate that most
789 likely includes a large subset of non-GABAergic neurons, perhaps enriched of
790  glutamatergic neurons. We acknowledge that our data cannot rule out the intriguing
791  possibility that a different subset of GABAergic neurons (from those inhibited) could
792  be activated by tesofesnine. This is because activation of GABAergic neurons can
793  trigger oromotor stereotypy (Nieh et al., 2015), similar to that observed with
794  phentermine and tesofensine at high concentrations (see below Figure 7). Further
795  studies using Cal-light or TRAP-like techniques should be conducted to confirm the
796 identity of the activated neuronal ensembles recruited by tesofensine (Guenthner et
797  al., 2013; Lee et al., 2017). These techniques could capture functional ensembles,
798  enabling more precise identification of the cells that respond to tesofensine and are
799  responsible for its therapeutic anorexigenic effects and stereotypies side effects.

800 The second larger group of cells that were more strongly modulated by tesofensine
801 in obese than in lean rats was the ensemble of neurons exhibiting a robust inhibition
802 (see E1 in Figure 2). Our data in Vgat-IRES-cre mice demonstrate that these
803 neurons correspond to a subset of LH GABAergic neurons (Figure 3). We
804 uncovered that tesofensine could silence a subset of optogenetically identified LH
805 GABAergic neurons using optrode recordings. It also impaired their ability to be
806  activated by an open loop optogenetic stimulation (Figure 3). Using lean Vgat-ChR2
807 mice, we found that tesofensine reduces the feeding behavior induced by the
808 optogenetic activation of LH GABAergic neurons (Figure 4). Moreover, in Vgat-
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809 IRES-cre obese mice, only a higher tesofensine dose could suppress
810 optogenetically induced feeding, suggesting that, during obesity, LH GABAergic
811 neurons seem to be hypersensitized. Thus, these neurons are more resilient to
812  evoked feeding during obesity (Figure 5). Conversely, the chemogenetic inhibition
813 of LH GABAergic neurons potentiates the anorexigenic effects of tesofensine
814  (Figure 6). Our data is the first to demonstrate that tesofensine directly targets LH
815 feeding circuits, particularly silencing a subset of GABAergic neurons, and activating
816  a still unidentified cell type (perhaps a subset of glutamatergic neurons). It paves the
817  way to uncover better ways to enhance the therapeutic effects of tesofensine and

818 perhaps for other appetite suppressants.

819 Recently, tesofensine has demonstrated promising results for treating rare human
820 feeding disorders, such as hypothalamic obesity (Huynh et al., 2022). Hypothalamic
821  obesity symptoms include exacerbated hunger, rapid increase in body weight, and
822 low metabolism. Approximately 50% of craniopharyngioma survivors develop
823  hypothalamic obesity (Muller et al., 2004). This type of tumor most often affects the
824  physiological function of the hypothalamus, a part of the brain that regulates appetite
825 and metabolism, thus leading to rapid, intractable weight gain, a condition known as
826  hypothalamic obesity (Muller et al., 2004). In particular, the lack of satiety feedback
827 from the hypothalamus has been proposed as a mechanism for hypothalamic
828 obesity (Bray et al., 1981; Brobeck, 1960, 1946). Hypothalamic obesity is a
829 challenging condition to treat, as there are currently no approved or effective
830 pharmacological treatments. However, tesofensine is a novel compound with
831 potential in human studies and may be a promising alternative for these patients
832  (Huynh et al., 2022). Given the ability of tesofensine to modulate the activity of the
833  LH, our preclinical findings agree with the proposal that tesofensine could be a useful
834 treatment for patients with hypothalamic obesity, a rare feeding disorder, as recently
835 demonstrated (Huynh et al., 2022).

836

837

838
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839 Comparison of tesofensine with other appetite suppressants:

840

841  Tesofensine vs. a dopaminergic agent: phentermine

842

843 Tesofensine was initially intended to treat Parkinson's and Alzheimer's disease
844  because it increases dopamine efflux. However, in phase Il trials, tesofensine was
845  discontinued for lack of potent effects (Bara-Jimenez et al., 2004; Hauser et al.,
846  2007; Rascol et al., 2008). Unexpectedly, both patients showed significant dose-
847  dependent loss in body weight (Astrup et al., 2008b). Originally, tesofensine was
848  reported to have a greater affinity for dopamine than noradrenaline and serotonin
849 transporters (van de Giessen et al., 2012). However, new studies showed that
850 tesofensine (NS2330) has a lower dopaminergic activity and a stronger effect on
851 norepinephrine: NE (ICso 1.7 nM) > DA (6.5) > 5-HT(11), likewise for the major
852  metabolite M1 (NS2360) NE (0.6) > 5-HT(2.0 nM) > DA(3.0) (Appel et al., 2014; Lehr
853 et al., 2008). Accordingly, we found that tesofensine at therapeutic doses did not
854 induce head weaving stereotypy, a classic behavior induced by most, if not all,
855 dopaminergic-acting appetite suppressants (Kalyanasundar et al., 2020, 2015).
856 Here, we characterized this behavior in more detail for the first time using a
857  subjective visual human observation of a bottom-view videotape and an automatic
858 DeepLabCut analysis. Our human visual inspection revealed that rats performed
859 tongue movements in the air rather than head weaving, which appears to have no
860 apparent function. Hence, it looks like a head weaving stereotypy from a top view,
861  but the tongue protrusions could be seen from a bottom view videotape. This finding
862  suggests that head weaving in rats may be an indirect indicator of tardive dyskinesia-
863 like behavior, which is characterized by oro-facio-buccal-lingual stereotypic
864 movements (Vijayakumar and Jankovic, 2016). Our DeepLabCut analysis found that
865 forward locomotion was reduced in rats that engaged in head weaving stereotypy
866  for hours, as this stereotypic behavior commonly occurred when rats were standing
867  still on all four limbs (Figures 7A-C). Our data showed that, unlike phentermine,
868  tesofensine at 2 mg/kg induced few, if any, head weaving stereotypy (Figure 7C).

869 However, it reduced forward locomotion (Figure 7A), suggesting it slightly affected
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870  the overall motor map profile relative to control rats that received saline (see Figure
871 TE, see blue dots slightly separated from control black dots). Our findings of a
872  reduction in locomotion are consistent with a previous study (van de Giessen et al.,
873  2012), although the authors attributed their results to a technical issue. However, we
874  replicated their findings using a more precise method, suggesting that the reduction
875 in locomotion is a genuine phenomenon. Rats treated with tesofensine 2mg/kg
876 commonly transitioned from a sleep-like state to a quiet-awake state. In rare
877 instances, the rats also performed jaw and tongue movements, but at a lower
878 intensity and for brief periods (see Video 6).

879

880 In contrast, only the higher dose of 6 mg/kg induced strong tongue movements in
881 the air, and this stereotypy exhibited some similarities with phentermine. However,
882  we note it was similar but not identical (Figure 7E, green vs. yellow dots). This is
883 expected since tesofensine increases striatal DAT occupancy dose-dependently
884  between 18% and 77% in humans (Appel et al., 2014). Our results suggest that
885 tesofensine at therapeutic doses does not exhibit strong dopamine activity, as
886 evidenced by the absence of head weaving stereotypies. These findings are also
887  consistent with the low risk of abuse for tesofensine, as it has been reported to be
888 unlikely to be abused recreationally (Schoedel et al., 2010).

889

890  Tesofensine vs. a serotoninergic precursor: 5-HTP

891

892  We previously found that the triple combination of phentermine (a dopaminergic
893 compound) plus 5-HTP/carbidopa, a serotoninergic precursor, leads to greater
894  weight loss than each drug alone (Perez et al., 2019). Building on this finding, we
895 investigated whether tesofensine could synergistically interact with 5-HTP/CB to
896  prevent weight loss tolerance. We measured body weight and food intake in the
897 homecages of rats while tesofensine alone or in combination with 5-HTP/CB was
898 administered. Two doses of tesofensine (1 and 2 mg/kg) were used. During the first
899 6 treatment days, our results demonstrated that this combination did not induce more

900 body weight loss than 5-HTP alone; thus, no synergy effect was observed. However,
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901 the group treated with 5-HTP/CB exhibited a marked weight loss tolerance in
902 subsequent days and began regaining body weight afterward. Unexpectedly,
903 tesofensine (at both doses) prolonged the weight loss induced by 5-HTP and
904 completely blocked the body weight tolerance (or body weight rebound) over the
905 following days (Figure 8A, see days 7-15). This suggests that tesofensine may have
906 two components: one anorexigenic and a second that stimulates energy
907 expenditure, the latter perhaps mediated by its NE component (Axel et al., 2010;
908 Hansen et al., 2010). This is a promising finding suggesting that tesofensine could
909 be an important adjunct for serotoninergic-acting appetite suppressants to prevent
910 the occurrence of body weight tolerance (Hansen et al., 2010; van de Giessen et al.,
911  2012).

912

913 In this regard, a human study found that subjects who took tesofensine for 24 weeks
914  and then stopped taking it for 12 weeks did not regain all their lost weight (Gilbert et
915 al., 2012). Our results support this finding and extend it by showing that tesofensine
916 can also prevent weight rebound after losing weight with another appetite
917  suppressant.

918

919  We next tested the interaction of tesofensine and 5-HTP using a variation of the
920 isobolographic assay, with a 1-hour suppression of sucrose intake as the behavioral
921 response. We observed a tendency for a synergistic effect, as indicated by
922 interaction indices lower than 1 of 0.52 and 0.64 for the 1:1 and 3:1 dose ratio,
923 respectively. However, these differences did not reach statistical significance.
924  Therefore, we concluded that tesofensine and 5-HTP/CB exhibited an additive
925  pharmacological interaction for liquid sucrose intake suppression (Figure 9). Unlike
926 the synergistic interaction of phentermine/5-HTP/CB (Perez et al., 2019), our results
927 again indirectly suggest that tesofensine, at therapeutic doses, has lower
928 dopaminergic activity. This could explain why we did not find a synergistic effect
929  between tesofensine and 5-HTP.

930

38


https://doi.org/10.1101/2023.08.02.551706
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2023.08.02.551706; this version posted August 5, 2023. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

931 These experiments also revealed that rats recovered sucrose intake the following
932 day after receiving 5-HTP or tesofensine (Figure 10). This suggests that taste
933 aversion does not explain the appetite-suppressing effect of these two drugs.
934  Therefore, tesofensine appears to have anorexigenic properties on its own that are
935 not solely dependent on taste aversion.

936

937 Tesofensine and sweet perception

938 A human study found that tesofensine increased satiety and decreased cravings for
939  sweet foods after 12 weeks of treatment (Gilbert et al., 2012). However, these effects
940 disappeared after 24 weeks. The reasons for this are unclear (Gilbert et al., 2012).
941 To investigate this further, we used a psychophysical sucrose detection task in rats
942 to determine whether tesofensine affects taste perception. Our data showed that
943 tesofensine did not directly impair the perception of sweetness or its palatability
944  responses (Figures 10-11). Although taste responses in rats and humans differ
945 depending on the sweet stimulus, because the homology between sweet receptors
946 in the two species is less than 70% (Nelson et al., 2001), our results suggest that
947  the diminished sweet craving effect observed in humans treated with tesofensine is
948  most likely not due to taste aversion or impairment in sweet perception. Instead, it is
949 likely because of other taste-independent factors, such as post-oral "appetition"
950  signals that mediate food preference via gut-brain nutrient signaling mechanisms
951  (Sclafani, 2013). Further studies are needed to clarify this point.

952

953 Limitations and future directions

954  The balance of neurotransmitters in the brain, specifically norepinephrine (NE),
955 dopamine (DA), and serotonin (5-HT), is a major determinant of the overall weight
956 loss properties of most appetite suppressants (Baumann et al., 2000; Perez et al.,
957 2019; Rothman and Baumann, 2006). A caveat of our study is that we did not
958 measure the release of these neurotransmitters. Therefore, future studies are
959  warranted to measure NE, DA, and 5-HT simultaneously and map the neurochemical
960 landscape evoked by tesofensine (and other appetite suppressants) using either
961 GRAB sensors with fiber photometry (Feng et al., 2023; Sun et al., 2020) or classic
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962 in vivo microdialysis with capillary electrophoresis. These studies will clarify the
963  neurochemical profile of each appetite suppressant and will guide us in classifying
964 and combining them better.

965

966 CONCLUSION

967 Our findings suggest that tesofensine is a promising new therapeutic agent for
968 treating obesity. It modulates neuronal activity in the LH to reduce food intake and
969  promote weight loss. Our data also pave the way for LH GABAergic neurons to be a
970  potential pharmacological target for developing new appetite suppressants to treat
971  obesity. Additionally, this study found that tesofensine may be a valuable adjunct to
972  serotonergic agents to treat obesity, primarily to prevent body weight rebound.

973

974 METHODS

975

976  Drugs and Delivery methods

977  Several drugs used in the study, including 5-HTP (5-Hydroxytryptophan), carbidopa
978 (CB), and tesofensine, were kindly donated by Productos Medix (Mexico). 5-HTP
979 was dissolved in physiological saline (9% NaCl) at 40°C and injected
980 intraperitoneally. CB was suspended in carboxymethyl cellulose (0.5%) and saline
981 (1:4 ratio) and injected intraperitoneally. Tesofensine was dissolved in saline and
982 injected subcutaneously. Clozapine-N-Oxide (CNO) was dissolved in DMSO/saline
983  (0.1/1ml) and administered intraperitoneally.

984

985 Diets

986  The control diet of standard chow is composed of 3.43 kcal/g of the following 4.5%
987 lipids, 20% proteins, and 6% carbohydrates (PicoLab, 5053). The High Fat Diet is
988 composed of 4.7 kcal/g of the following: 45% lipids, 20% proteins, and 35%
989 carbohydrates (Research Diet, D12451). Body weight and food intake were
990  measured weekly.

991

992  Subjects: Mice
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993 Male and female adult VGAT-ChR2-EYFP mice (RRID: IMSR_JAX:014548,
994  weighing 20-30 g; n=4) and weaned Vgat-IRES-cre mice (RRID:IMSR_JAX:016962,
995 after 21 postnatal day; n=27) were studied. Both mouse types were purchased from
996 The Jackson Laboratory (Sacramento, CA, USA). VGAT-ChR2-EYFP mice were
997  housed in individual standard laboratory cages with ad libitum access to water and
998 chow diet (PicoLab Rodent Diet 20, St. Louis, MO, USA). Vgat-IRES-cre mice were
999 placed in a body weight monitoring protocol (described below). Mice were

1000  maintained in standard laboratory conditions of a temperature-controlled (22 + 1°C)

1001  room with a 12:12 h light-dark cycle (7:00 — 19:00). The Institutional Animal Care

1002  and Use Committee (CINVESTAV) approved all procedures.

1003

1004  Body weight monitoring protocol

1005 Weaned female or male Vgat-IRES-cre mice were separated into groups of 3-5 mice

1006  in standard laboratory cages. They were given in their homecages ad libitum access

1007 to water and either a standard chow diet (PicoLab Rodent Diet 20, St. Louis, MO,
1008  USA) or high fat diet (HFD, Research Diet, D12451). Body weights were measured
1009 in the evenings once per week for 3 months.

1010

1011  Viral constructs

1012  The Cre-inducible adeno-associated virus (AAVs) were purchased from addgene
1013 Watertown, MA USA). For  ChR2-eYFP mice (AAVS-Efla-DIO-
1014 hChR2(E123T/T159C)-EYFP, #35509, at a titer of 1x10'3 vector genome/ml (vg/ml),
1015 eYFP-vector (AAV5-Efla-DIO EYFP), #27056, at a titer of 1.0x10"® vg/ml, and
1016 hM4D(Gi) (AAV8-hSyn-DIO-hM4D(Gi)-mCherry), #44362, at a titer of 1.0x10"3
1017 vg/ml. Viruses were divided into aliquots and stored at —80 °C before their use.
1018

1019  Stereotaxic surgery in mice

1020  After 8-10 weeks of the body weight monitoring protocol, Vgat-IRES-cre mice were
1021  individually anesthetized with an intraperitoneal injection of ketamine/xylazine (100/8
1022  mg/kg) and the mice were then placed in a stereotaxic apparatus. A midline sagittal

1023  scalp incision was made to expose the skull and two holding screws were inserted
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1024  into the skull. A microinjection needle (30-gauge) was connected to a 10 pyl Hamilton
1025  syringe and filled with adeno-associated virus (AAV). Mice were microinjected with
1026  AAV (0.5 pl) at a 0.2 yl/min rate. The injector was left in position for 5 additional
1027  minutes to allow complete diffusion. For the expressing ChR2, eYFP, or hM4D(Gi).
1028  For expressing ChR2, eYFP, or hM4D(Gi) the microinjection was performed
1029  unilaterally in the LH (from bregma (mm): AP -1.3, ML £1.0, and from dura (mm): DV
1030  -5.5). In the case of hM4D(Gi), the mice's head was sutured, and one month was
1031  allowed for recovery and expression.

1032

1033  Optogenetic experiments

1034  After AAVs infection and to deliver blue light stimulation, a zirconia ferrule of 1.25
1035  mm diameter with multimode optical fiber (200 ym, Thorlabs) was implanted in the
1036  LH (from bregma (mm): AP -1.3, ML £1.0, and from dura (mm): DV -5.3). Mice were
1037 allowed one month to recover and to obtain a stable expression of ChR2 or eYFP.
1038

1039  Optrode LH implantation in mice

1040  The head of the mice was sutured, and they were allowed 3 weeks for recovery and
1041  protein expression. Then, one optrode (16 tungsten wires surrounding a central optic
1042  fiber) was unilaterally implanted in the LH (from bregma (mm): AP -1.3, ML £1.0, and
1043  from dura: DV -5.5), and a subcutaneous catheter was inserted subcutaneously for
1044  tesofensine administration. Mice were allowed one additional week for recovery.
1045

1046  Optogenetic stimulation protocol

1047 A 473-nm laser was intensity-modulated by a DPSS system (OEM laser, UT, USA).
1048 Laser pulses were synchronized with behavioral events using Med Associates Inc.
1049  software and a TTL signal generator (Med Associates Inc., VT, USA). The patch
1050 cord's optical power was 15 mW and measured with an optical power meter (PM20A,
1051  Thorlabs, NJ, USA). However, depending on the efficiency of each fiber, we
1052  delivered between 10 and 12.6 mW at the fiber optic tip. Unless otherwise
1053  mentioned, the laser was turned on for 2 seconds (at 50 Hz) and off for 4 seconds,

1054  with a 10-ms pulse width and a duty cycle of 50%.
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1055

1056  Open-loop task

1057  Mice were injected subcutaneously with tesofensine (2 mg/kg, 6 mg/kg, or saline)
1058 and maintained in their homecage for 30 minutes. After that, mice were placed in an
1059  operant chamber (Med Associates Inc., VT, USA) with access to 10% sucrose via
1060 licking a central sipper port. Mice received a 5-min block of no stimulation (off)
1061 followed by the delivery of the optostimulation pattern (on) for 30 minutes (see
1062  Optogenetic stimulation protocol section). All licking responses were recorded by a
1063  contact lickometer (Med Associates Inc., VT, USA).

1064

1065 Chemogenetic silencing

1066  Five mice fed a high-fat diet (HFD) with the expression of hM4D(Gi) were placed in
1067  their homecage with an automated feeder (FED 3, Open Ephys; Lisbon, Portugal).
1068  Each time mice executed a nose poke, the feeder delivered a chocolate pellet (20
1069 mg, #F05301, Bio-Serv, Nueva Jersey, USA). Tesofensine (2 mg/kg,
1070  subcutaneously), Clozapine-N-Oxide (CNO, 3 mg/kg, intraperitoneally), both drugs
1071  or vehicle (DMSO or saline) were administered at 18:30 (30 minutes before the dark
1072  cycle begins). The vehicle was always administered in the subsequent session to
1073  avoid a carryover effect of drugs. Sessions were counterbalanced between subjects.
1074

1075  Electrophysiology in mice

1076

1077  Extracellular recordings of LH in freely moving Vgat-IRES-cre mice

1078 Multi-unit recordings were performed using a Multichannel Acquisition Processor
1079  system (Plexon, Dallas, Texas) and a Med Associates (Fairfax, VT) interphase to
1080 record behavioral events simultaneously. Voltage signals were sampled at 40 kHz
1081 and digitalized at 12 bits resolution. Action potentials with a signal-to-noise ratio
1082 larger than 3:1 were analyzed. They were identified online using a voltage-time
1083  threshold window and a three-principal component contour template algorithm
1084  (Gutierrez etal., 2010). After the experiment, spikes were sorted using Off-line Sorter

1085  software (Plexon Inc.).
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1086  Mice were recorded in a baseline period of 5 min, then saline (0.15 ml, 0.9 %) or
1087  tesofensine (2 mg/kg) was administered via a subcutaneous catheter. Thirty minutes
1088  after, mice received optogenetic stimulation in blocks of 5 min Off-5 min followed by
1089  a block On (2s on-4s off) for 40 min (eight blocks total).

1090

1091  Histology in mice

1092 Mice were anesthetized with sodium pentobarbital (75 mg/kg), then perfused
1093  intracardially with PBS 1x and paraformaldehyde at 4%. Their brains were removed
1094  and stored in 4% paraformaldehyde solution for 48-h hours and put in a 30% sucrose
1095  solution for 72-h hours. The brain was sliced, and sections of 40 ym were mounted
1096 in Dako fluorescence mounting medium. Immunofluorescence was observed using
1097 a ZEISS LSM 800 confocal microscope.

1098

1099 Subjects: Rats

1100  Adult male Wistar rats were used in all experiments: From weaning thirty-three rats
1101  were housed in pairs until 12 weeks of age, after which they were housed
1102 individually. During those 12 weeks, the rats were given either a high-fat diet (HFD)
1103  or achow diet and had ad libitum access to water. Six male rats (n=3 with HFD, n=3
1104 with chow food) had electrodes implanted in their LH for electrophysiological
1105 recordings.

1106 A total of 24 male rats, 330-370 g, were used for the locomotion and stereotypy
1107  experiments. The rats were housed in their home cages in pairs and had ad libitum
1108 access to food and water. In the acrylic box, rats were given one pellet of chow and
1109  one high-fat diet (HFD) attached to a side wall. In the isobologram studies, lean rats
1110  (n=142) were maintained on a chow diet and received 10% sucrose instead of water
1111 for one hour during the treatment. Finally, 4 male rats were trained in a sucrose
1112  detection task (data not shown). Unless otherwise mentioned, all rats were kept in a
1113 temperature-controlled environment at 21 £ 1°C and on a 12:12 hour light-dark cycle
1114  (06:00-18:00).

1115

1116  Tesofensine administration on a diet-induced obesity model
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1117  This study investigated the effectiveness of tesofensine in treating obesity using a
1118 diet-induced obesity model (Gajda, 2008; Kimura et al., 2017). Three-week-old,
1119  weight-matched male rats (60-65 g) were housed in pairs and fed either a standard
1120  chow diet or a high-fat diet until they reached 12 weeks of age. After 12 weeks, the
1121  rats were divided into four groups: Chow-Saline (n=6), Chow-Tesofensine (n=7),
1122  HFD-Saline (n=6), and HFD-Tesofensine (n=8). Rats were housed individually
1123  during the treatment and maintained access to their assigned diet. The two
1124  tesofensine groups received 2 mg/kg tesofensine, injected subcutaneously 60
1125  minutes before the dark cycle onset for 15 consecutive days. The rat’s body weight
1126  and food intake were measured every 24 hours and expressed as daily body weight
1127  gain compared to the first day of drug administration. After the treatment, the rats
1128  were fasted for 12 hours and euthanized by an overdose of pentobarbital sodium
1129  anesthesia (100 mg/kg i.p.). Total fat mass was measured by weighing the gonadal,
1130  perirenal, and mesenteric adipose tissues (Kim et al., 2000; Schipper et al., 2018;
1131  Wallenius et al., 2002).

1132

1133 Surgery for extracellular recording in rat’s LH

1134 The electrophysiological data was collected and processed as detailed in
1135 extracellular recordings in mice. All rats underwent surgery under anesthesia,
1136  obtained by an intraperitoneal injection of xylazine (8 mg/kg) and ketamine (80
1137  mg/kg). A local analgesic, lidocaine (4 mg/kg of 1% solution), was administered
1138  subcutaneously under the head skin. The rats were then placed in a stereotaxic
1139  apparatus for implantation of a homemade electrode array composed of 16 tungsten
1140  wires (35 um in diameter, arranged in a 4x4 array with an area of 1 mm?) in the right
1141 LH (AP -2.1 mm, ML -1.5 mm from bregma, and DV -8.3 mm from the dura). The
1142  electrode array was attached to a dedicated tungsten filament inserted into the LH,
1143  and a stainless-steel screw was soldered to a silver wire for electric ground, which
1144  was screwed above the cerebellum and cemented into the skull.

1145

1146  For subcutaneous catheter implantation, the rats underwent two small incisions

1147  (~1mm) in the superior left abdomen and dorsal neck areas. Sterilized silicone
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1148  tubing (12 cm long, Silastic laboratory tubing, Dow Corning, Midland, MI, CAT. No.
1149  508-004) was used as a catheter and tunneled subcutaneously from the back
1150 incision to the dorsal neck incision. The incisions were then sutured and closed using
1151  USP 3-0 (Atramat, Mexico). After surgery, the rats were treated with intraperitoneal
1152 enrofloxacin (10 mg/kg) and meloxicam (2 mg/kg) for three consecutive days.
1153  Experiments began seven days after surgery(Perez et al., 2019).

1154

1155 Histology in rats

1156  Rats were anesthetized with an overdose of sodium pentobarbital (150 mg/kg), then
1157  perfused intracardially with PBS 1x and paraformaldehyde at 4%. The brain was
1158 removed and put it in a 10% sucrose solution for 24 h, followed by sequential
1159 increases in sucrose concentration until reaching 30% in a 72-h period. The brain
1160  was then sliced coronally (50 uym thick) and stained with cresyl violet. For histological
1161  confirmation of electrode location in the brain, the electrodes were covered with Dil

1162  lipophilic carbocyanine dye (1%; Sigma-Aldrich) allowing the observation of the
1163  fluorescent track left by the electrodes.

1164

1165  Chronic treatment with tesofensine and 5-HTP/CB

1166  The interaction between tesofensine and 5-HTP was characterized in lean male rats
1167 fed a standard chow diet. The rats were given daily injections of tesofensine plus a
1168 fixed dose of 5-HTP (31 mg/kg, i.p.) and CB (75 mg/kg, i.p.) for 15 days, following
1169 one of six protocols: vehicle (control, n=6 for each group), 5-HTP/CB (31 and 75
1170  mg/kg), tesofensine1 (1 mg/kg, s.c.), tesofensine2 (2 mg/kg, s.c.), tesofensine1 + 5-
1171  HTP/CB, and tesofensine2 + 5-HTP/CB. CB was administered 30 minutes before 5-
1172  HTP, and tesofensine was injected subcutaneously 30 minutes after 5-HTP. Body
1173  weight and food intake were measured every 24 hours and expressed as daily body
1174  weight gain or food intake relative to the first day of drug administration. The drugs
1175  were administered between 13:00 and 18:00 h.

1176

1177  Isobologram curve for sucrose intake assay
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1178  In order to investigate the potential pharmacological interaction between tesofensine
1179  and 5-HTP/CB, we developed a novel isobolographic assay based on 10% sucrose
1180 consumption (Tallarida, 2000). Before the experiment, rats were only fed a chow diet
1181  and trained to lick a bottle filled with 10% sucrose for one hour each day for six days,
1182  during which they were habituated to regular sucrose consumption. After
1183  establishing baseline sucrose intake levels, the rats were randomly divided into
1184  groups of n=6, matched for their initial sucrose intake levels (basal period). On the
1185  seventh day (experimental day), the rats received either a vehicle or a single dose
1186  of tesofensine (0.1-5 mg/kg, s.c.), 5-HTP (0.5-100 mg/kg, i.p.), or a combination of
1187  tesofensine and 5-HTP ata 1:1 or 3:1 ED30 ratio. For tesofensine alone, the sucrose
1188  bottle was presented one hour after administration. For 5-HTP alone, the group
1189  received a vehicle or CB (75 mg/kg i.p.) 30 minutes before 5-HTP, and the sucrose
1190 bottle was presented 90 minutes after the last injection. CB was given first for the
1191  combination drug curve, followed by 5-HTP, and tesofensine was administered 30
1192 minutes later. The sucrose bottle was always presented one hour after the last
1193  injection. The total sucrose intake was measured to the nearest milliliter, and the
1194  sucrose bottle was available for one hour between 17:00 to 18:00.

1195

1196  Homegustometer appararatus

1197 A homegustometer is a homemade behavioral setup that adapts the animal
1198  homecage for psychophysical tasks. Rats can perform the task day and night for
1199  weeks. To create the homegustometer, the frontal wall of a standard homecage was
1200 opened to allow the insertion of three sippers. The central sipper was fixed in
1201  position, while the two lateral sippers were adjusted to 60 degrees relative to the
1202  central sipper. A metal floor was inserted into the homecage’s floor and served as
1203  ground for the contact lickometers. All licks were recorded using a Med Associates
1204 interphase (Fonseca et al., 2018).

1205

1206  Sucrose Detection Task

1207 To assess sucrose’s perception, rats were trained to visit a central port and give

1208  between 2 and 5 licks in an empty sipper to receive a 10 yL drop comprising either
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1209  water or one of five sucrose solutions with varying concentrations (0.5, 1.3, 3.2, 7.9,
1210  or 20% wi/v). Trials were balanced such that the probability of receiving water (0%)
1211  or sucrose (any concentration) was 0.5, and they were presented in pseudo-random
1212 order. Then the subjects were required to report whether the drop contained or did
1213 not contain sucrose, by approaching and then licking the left outcome port if the
1214  stimulus was water (0%), and the right port if it was sucrose. This rule was
1215  counterbalanced across subjects (Fonseca et al., 2018). Successful detection led to
1216  reward, which consisted of the delivery of a drop of water per each of the subsequent
1217  three licks. Error trials were unrewarded. Trials ended 0.3 seconds after the last
1218  water drop for rewarded trials; and for unrewarded trials, the trials ended 0.3 seconds
1219  after the first dry lick. After receiving either the Stimulus or the Reward, the subjects
1220  could keep dry licking the ports with no penalties but wasting time to complete more
1221  trials and obtain more rewards. The number of dry licks after the Stimulus in the
1222  central port is an indirect measurement of the hedonic value of the tastant; indeed,
1223 in our task the post-stimulus licks increased with sucrose palatability(see Perez et
1224  al., 2013) . For this reason, the task could measure oromotor palatability responses
1225  elicited by one single drop of sucrose.

1226

1227  The subjects were trained in the homegustometer which allowed a 23 h training in
1228  their homecages. Four rats were trained in the sucrose detection task for at least 10
1229  days until they achieved 75% correct responses during two consecutive days.
1230  Following initial training (not shown), rats underwent 1-2 months break before being
1231  reintroduced to the homegustometer. Three baseline sessions were recorded before
1232 5 days of treatment with s.c. tesofensine 2 mg/kg. This was followed by 3 days of
1233  saline injections in the post-tesofensine period. The equipment was cleaned and
1234  recalibrated daily at noon, and injections occurred around 18:00. Thus, rats had
1235 access to water ad libitum in their home cages for one hour while the
1236  homegustometer was being cleaned.

1237

1238  Open acrylic box and locomotor activity
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1239  For behavioral experiments, locomotor activity was measured in an acrylic box (41.5
1240  cm in length, 30 cm in width, and 26 cm in height) coupled with a camera (in the
1241  bottom view position). From a bottom-view video recording, the animals’ position at
1242 x and y coordinates of rats' noses, forelimbs, hind-limbs, and tail base was tracked
1243 using DeepLabCut software (DLC)(Mathis et al., 2018). A video was recorded at 60
1244  frames per second (fps) with a resolution of 1280 x 720 pixels using a Kayeton
1245 camera (model KYT-U400-MCS2812R01). The forward locomotion was tracked
1246  using the rats' center mass of the hind-limbs method and plotted as total distance
1247  traveled (cm) for 240 minutes.

1248

1249

1250 Data analysis

1251  All data analysis was performed using MATLAB (The MathWorks Inc., Natick, MA),
1252  GraphPad Prism (La Jolla, CA, USA), DeepLabCut, and Python. For isobologram
1253  analysis we wrote a custom Matlab script that is available as supplementary material.
1254  Unless otherwise indicated, we used the mean = sem and the o level at 0.05.

1255

1256  DeepLabCut

1257 DeeplLabCut 2.2.3 was used to track all points of interest in a bottom-view videotape.
1258 A network was trained using 15 frames from 12 randomly selected videos for
1259 1,030,000 iterations. The learning rate was decreased in a stepwise fashion, starting
1260  at 0.005 for 10,000 iterations, then 0.02 for 750,000 iterations, 0.002 for 800,000
1261 iterations, and finally 0.001 for the remaining 103,000 iterations. Ten outliers from
1262  each training video were then corrected by relabeling points with a likelihood below
1263  0.9. The network was then refined using the same number of iterations.

1264

1265 Measurements of head weaving stereotypy

1266  The head weaving stereotypy was measured using the data obtained from DLC
1267  tracking of the angular variation of the Euclidean position of the nose regarding its
1268  base tail. Snippets were made from the angular variation data by averaging 3600

1269  data points corresponding to one minute of the session time. Outliers were removed,
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1270  and the first derivative of the snippet data was taken. Once this new vector was
1271  obtained, the standard deviation of the data was calculated, and it was found that
1272  the values greater than two negative standard deviations and less than two standard
1273 deviations and the centroid corresponding to the hind-limbs remain static (variation
1274  less than 1cm between minutes) corresponds to data describing the head weaving
1275 behavior. We consider stereotypy only for moments in which the rat remained
1276  immobile with four legs in contact with the floor (Perez et al., 2019). These results
1277  were displayed as the percentage of time spent in each behavioral state.

1278

1279  Isobologram analysis

1280 To evaluate the pharmacological interaction between tesofensine and 5-HTP, an
1281 isobolographic analysis was performed using a sucrose intake assay. The data were
1282  presented as the mean + standard error of the mean (SEM), with six rats per group.
1283  Dose-response curves were plotted by showing the percentage of anorexigenic
1284  effect against the log dose. The percentage of the anorexigenic effect was calculated
1285 by subtracting the basal intake and then dividing the volume of sucrose consumed
1286  in one hour by the following formula:

1287
o Sucrose intake on basal period — Sucrose intake on experimental day
1288 % anorexigenic effect = , , * 100
Sucrose intake on experimental day
1289

1290  Statistical analysis

1291  For statistical analysis of differences between groups treated with tesofensine plus
1292  5-HTP/CB, a repeated measure two-way ANOVA was conducted, followed by a
1293  Tukey's post hoc test. The experimental Effective Dose (ED3o) for tesofensine and
1294  EDso for 5-HTP were found using linear regression of the log dose-response curves
1295  for the isobolographic analysis. The theoretical additive line was constructed by
1296  plotting the ED3o values of tesofensine and 5-HTP alone and by computing the
1297  theoretical ED3o of the combination. The dose-response curve was obtained after
1298 the co-administration of fixed doses of tesofensine and 5-HTP based on fractions
1299  (1/2, 1/4, and 1/8) relative to their respective ED3o values. A one-way ANOVA
1300 followed by a Dunnett's test post-hoc was used in the GraphPad Prism 6 software.
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1571  sucrose. A dose-dependent intake suppression can be seen. Finally, on day 8 (D8), intake
1572  was observed the day after treatment. 5-HTP/CB suppressed acute sucrose intake on day
1573 7 (D7), but consumption returned to baseline levels on day 8 (D8). Bar plots show acute
1574  sucrose intake (1 hour) for control rats (vehicle injection) and treated rats (different doses of
1575  5-HTP/CB). Each dose was tested only once in a new set of naive rats. Note that 5-HTP/CB
1576  induced a dose-dependent decrease in sucrose intake. BL = baseline sucrose intake. B.
1577  Same convention as panel “A” but for tesofensine. * p<0.05 significantly different.
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