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Ventral zona incerta parvalbumin neurons modulate
sensory-induced and stress-induced self-grooming
via input-dependent mechanisms in mice

Junye Ge,"?* Pengfei Ren,”* Biging Tian,”* Jiaqi Li,> Chuchu Qi,” Qiyi Huang,” Keke Ren,? Erling Hu,?
Honghui Mao,? Ying Zang," Shengxi Wu,” Qian Xue,”* and Wenting Wang?>*

SUMMARY

Self-grooming is an innate stereotyped behavior influenced by sense and emotion. It is considered an
important characteristic in various disease models. However, the neural circuit mechanism underlying
sensory-induced and emotion-driven self-grooming remains unclear. We found that the ventral zona
incerta (Ziv) was activated during spontaneous self-grooming (SG), corn oil-induced sensory self-
grooming (OG), and tail suspension-induced stress self-grooming (TG). Optogenetic excitation of Ziv
parvalbumin (PV) neurons increased the duration of SG. Conversely, optogenetic inhibition of Ziv"Y
neurons significantly reduced self-grooming in all three models. Furthermore, glutamatergic inputs
from the primary sensory cortex activated the Ziv and contributed to OG. Activation of GABAergic
inputs from the central amygdala to the Ziv increased SG, OG, and TG, potentially through local nega-
tive regulation of the Ziv. These findings suggest that the Ziv may play a crucial role in processing sen-
sory and emotional information related to self-grooming, making it a potential target for regulating
stereotyped behavior.

INTRODUCTION

Self-grooming is a complex innate behavior that is commonly observed in rodents." This behavior has a well-preserved sequence pattern
and serves various important physiological functions, such as hygiene maintenance, thermoregulation, social communication, de-arousal, and
stress regulation.' ™ Moreover, under pathological conditions, these normal self-grooming functions can be disrupted. Abnormal self-groom-
ing behavior has been observed in animal models of different diseases, including obsessive-compulsive disorder,** autism,*” and anxiety
disorder.'%"

Clean fur and self-soothing are two primary functions of self-grooming in rodents. By engaging in self-grooming, rodents can maintain
hygiene and reduce the risk of acquiring diseases.’ This behavior can be triggered by increased sensory input, such as the application of

1203 or by exposing mice to water squirts.““ ° These instances of self-grooming are referred

1,7,11,12,15,16 For

corn oil'? or capsaicin to the orofacial area of mice,
to as sensory self-grooming. Additionally, rodents may exhibit increased self-grooming behaviors in response to stress.
example, mice may engage in extensive grooming after being restrained in a tube'” or experiencing an electric shock.'”"” This behavior
may serve as an adaptive response to stress or a restraining force to prevent overresponse to stress and is classified as stress self-
grooming.”'"~"?

Previous studies have provided a framework for studying the neural circuits involved in self-grooming. The corticostriatal circuit,
24,25

18,20-23

cerebellum, and spinal trigeminal nucleus'” have been reported to play a role in the locomotion and rhythm of self-grooming. Addition-
ally, the amygdala and hypothalamus may be involved in the emotional aspects of self-grooming, and the sensory cortex is responsible for the
sensory information during self-grooming.'>?*"?” However, a region may be needed to converge the different information, including the sen-
sory and emotional information, to regulate self-grooming. The zona incerta (Zl), a region between the dorsal thalamus and subthalamic nu-
cleus, has been identified as an integrative node of circuits for global behavioral modulation.™ It has extensive connectivity with other brain
regions and is involved in innate instinctive behaviors, including binge eating,®’ sleeping,® predatory hunting,**** defensive behavior,” and
investigatory and seeking behavior.**” Recent studies have also shown that the ZI is involved in pain®*? and itching,”" which are closely
related to the behavior pattern of self-grooming. However, the specific identity and neural mechanisms of the ZI related to self-grooming

remain unknown.
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Figure 1. The involvement of Ziv in OG and TG

(A) Schematics of the corn oil-induced sensory self-grooming (OG) behavioral experiment design.

(B) The total self-grooming duration before and after dripping corn oil. Wilcoxon signed-rank test (n = é): Z= —2.201, p = 0.028. *p < 0.05.

(C) Schematics of the tail suspension-induced stress self-grooming (TG) behavioral experiment design.

(D) The total self-grooming duration before and after tail suspension. Two-tailed paired t test (n = 5): t = —6.244, df = 4, p = 0.003. **p < 0.01.

(E) Left, representative images of three groups (Control, OG, and TG) showing c-Fos protein (green) and site of magnified inset box indicated in the rostral sector
of the ZI (Zir). Scale bars for image and inset are 100 um and 10 um, respectively. Right, quantification of c-Fos+ cells number of three groups (Control, OG, and
TG) in Zir. One-factor ANOVA and Bonferroni correction for post hoc test (n = 8 in the control group, n = 6 in the OG group and 10 in the TG group): F (2,21) =
10.444, p = 0.001; peontroizoc = 0.002, peontroigta = 1. **p < 0.01. Data are represented as mean + SEM.
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Figure 1. Continued

(F) Left, representative images of three groups (Control, OG, and TG) showing c-Fos protein (green) and site of magnified inset box indicated in the dorsal sector
of the ZI (Zid) and Ziv. Scale bars for image and inset are 100 um and 10 um, respectively. Right, quantification of c-Fos+ cells number of three groups (Control,
OG, and TG) in Zir and Ziv. For the Zid, Kruskal-Wallis H test followed by Nemenyi multiple comparisons test (n = 9 in the control group, n= 11 in the OG group
and 9inthe TG group): x* = 23.395, df =2, p =0; x*control&06 = 22.72, Peontrol&os = 0; X controlaTa = 344, Peontrolars = 0.18. **p <0.01. For the Ziv, Kruskal-Wallis H
test followed by Nemenyi multiple comparisons test: (n = 9 in the control group, n = 11 in the OG group and 9 in the TG group): x> = 18.108, df =2, p = 0;
X’ controlzoG = 17.06, Peontroleoa = 0; X controlaTs = 9-3, Peontrolata = 0.01. **p < 0.01, ***p < 0.001.

(G) Left, representative images of three groups (Control, OG, and TG) showing c-Fos protein (green) and site of magnified inset box indicated in the caudal sector
of the ZI (Zic). Scale bars for image and inset are 100 pm and 10 pm, respectively. Right, quantification of c-Fos+ cells number of three groups (Control, OG, and
TG) in Zic. One-factor ANOVA and Bonferroni correction for post hoc test (n = 5 in the control group, n= 6 in the OG group and 5in the TG group): F(2,13) = 2.199,
p =0.15; pPeontrolgoc = 0.438, PeontrolaTc = 1.

In this study, we used cell type-specific fiber photometry, virus-mediated input-output tracing, electrophysiology, and optogenetics to
reveal that the ventral zona incerta (Ziv) is involved in self-grooming and serves as an integrative node of the circuits for sensory-induced
self-grooming and stress-induced self-grooming. Glutamatergic inputs from the primary sensory cortex (S1) activate the Ziv and selectively
contribute to sensory-induced self-grooming, and GABAergic inputs from the central amygdala (CeA) inhibit the Ziv and participate in both
sensory-induced self-grooming and stress-induced self-grooming, which may reveal the complex role of the Ziv in the interaction of feelings
and emotions in stereotyped self-grooming behavior.

RESULTS

The Ziv is involved in corn oil-induced sensory self-grooming (OG) and tail suspension-induced stress self-grooming (TG)

? as a stress stimulus to induce extensive self-grooming behavior. The self-groom-

We used corn oil as a sensory stimulus and tail suspension'
ing behavior of the two groups of mice was recorded through video observation for 30 min before and after the application of external stimuli
(Figures 1A and 1C). Our results revealed a significant difference in the duration of self-grooming between the pre- and posttest periods for
both external stimuli (Figures 1B and 1D).

To investigate the involvement of specific brain regions in both OG and TG, the animals were randomly assigned to three groups: a spon-
taneous self-grooming (SG) group that was placed alone in the test chamber for 30 min, an OG group that received 100 uL of corn oil on its
orofacial region and was then placed in the test chamber for 30 min, and a TG group that was subjected to tail suspension for 20 min followed
by placement in the test chamber for 30 min. After 30 min of video recording, all mice were returned to their home cages and perfused 1 h later
for staining of the immediate-early gene cellular oncogene (c-FOS) (Figure STA). In one of our recent studies,”' we observed that activation of
the ZI may be associated with self-grooming. Therefore, the expression of c-FOS in the Ziv was detected first. Interestingly, both the OG and
TG groups displayed a significant increase in c-Fos-expressing neurons in the ventral sector of the ZI (Figure 1F). However, the OG group
showed a significant increase in the number of c-Fos-expressing neurons in the rostral sector of the ZI, whereas no such difference was
observed in the TG group (Figure 1E). Additionally, there were no significant changes in the number of c-Fos-expressing neurons in the caudal
sector of the ZI in either the OG group or TG group (Figure 1G). Increased expression of c-FOS was also detected in various regions, such as
the anterior cingulate cortex (ACC), basolateral amygdala (BLA), and striatum (Figures S1B and S1C). However, our previous work suggested
that the ACC may not be involved in self-grooming.” The striatum is known to be involved in modulating self-grooming.?’ Consequently, our
subsequent investigation shifted its focus to the Ziv.

Neural activity of Ziv®V neurons during SG, OG, and TG

Previous research has indicated that parvaloumin (PV) neurons constitute the majority of the Ziv.*? Our results confirmed this finding
(Figures S2A-S2D). Therefore, we injected a Cre-dependent adeno-associated virus (AAV) expressing GCaMPés into the Ziv of PV-internal
ribosome entry site (IRES)-Cre mice to determine the activity patterns of Ziv"¥ neurons during self-grooming behavior (Figures 2A, 2B,
S2E, and S2F). By aligning the calcium signals with video recordings of self-grooming behavior, we observed a significant increase in neuronal
activity during SG, OG, and TG in awake mice (Figures 2C-2E). We also observed a significant decrease in neuronal activity at the end of self-
grooming (Figures S2I and S2J). Changes in calcium signals induced by movement were excluded (Figures S2K and S2L). To quantitatively
assess the extent of the calcium signal elevation throughout the self-grooming process, we established a baseline period (=2 to 0 s relative
to the onset of self-grooming) and measured the changes in calcium signals within 3 s after self-grooming using the area under the curve
(AUC) as an indicator. Our findings revealed a significant increase in single-fluorophore genetically encoded calcium indicators
(GCaMPb6s) fluorescence in Ziv"¥ neurons in all the self-grooming models compared to that in the control group (Figures 2C-2E and S2G).
Furthermore, this increase was sustained during SG, OG, and TG (Figure S2H). But there is no significant correlation between the AUC
and duration of self-grooming (Figure S2M). These results suggested that the Ziv plays a crucial role in self-grooming behavior, as mentioned
earlier, and that the Ziv may serve as a potential key modulator influencing self-grooming behaviors triggered by various stimuli.

ZivPY neurons regulate complicated and diverse self-grooming behavior

To establish a causal relationship between the activities of ZivF" neurons and self-grooming behavior, optogenetic techniques were employed
to selectively activate PV neurons in a Cre-dependent manner (Figure 3A). The functionality and expression of channelrhodopsin-2 (ChR2) in
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Figure 2. Activation of Ziv"¥ neurons during three self-grooming models

(A) Schematic representation of the setup of fiber photometry to record calcium activity from Ziv PV + neurons infected with rAAV-hSyn-DIO-GCaMPés or rAAV-
hSyn-DIO-EYFP virus.

(B) Expression of GCaMPés and placement of the fiber optics were verified postmortem. Scale bar 250 um (Left). Representative images, counterstained with
DAPI (blue), showing GCaMPés (green) colocalizing with PV protein (red). Left, scale bars for image and inset are 200 pm and 20 um, respectively. Right,
50 pm for the big image and 20 um for blown-up images.

(C-E) All results of calcium activity (left panel) and the averaged results of calcium activity (red, middle panel) in Ziv PV + neurons around the start of spontaneous
self-grooming (C; red, n = 61 trials from 5 mice; blue, n = 30 trials from 4 mice.), oil-induced self-grooming (D; n = 103 trials from 6 mice; blue, n = 35 trials from
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Figure 2. Continued

4 mice.), and tail suspension-induced self-grooming (E; n = 86 trials from 6 mice; blue, n = 27 trials from 4 mice). The blue traces represent signals from animals
which expressed only EYFP but not GCaMPés. Right, two-tailed unpaired t test (n = 5 mice in Gés group and n = 4 mice in EYFP group): t =2.428, df =7, p =0.046
(C); Mann-Whitney U test (n = 6 mice in Gés group and n =4 mice in EYFP group): Z = —2.558, p =0.011 (D); two-tailed unpaired t test (n = 6 mice in Gés group and
n =4 mice in EYFP group): t = 3.397, df =8, p = 0.009 (C). *p < 0.05, **p < 0.01. Data are represented as mean + SEM.

Ziv?Y neurons were confirmed through patch clamp and immunofluorescence staining of brain slices (Figures 3B-3E, S3A, and $3B). Upon
delivery of blue light to the Ziv region, an increase in SG was observed (Figures 3F and Video S1), and locomotion was not influenced (Fig-
ure S3E, left). However, the delivery of light did not affect OG or TG (Figure 3F). Further analysis of the enhancement rate of the self-grooming
time after light exposure revealed that only the enhancement rate of spontaneous self-grooming was significantly greater than zero, while the
enhancement rates of the other two models were similar to those of the enhanced yellow fluorescent protein (EYFP) group and did not differ
from zero (Figure 3G).

To investigate whether the activity of ZivFY neurons is necessary for self-grooming behaviors, these neurons were optogenetically inhibited
by injecting rAAV-hSyn-DIO-eNPHR3.0-EYFP or rAAV-hSyn-DIO-EYFP (as a control) into the Ziv region of PV-IRES-Cre mice (Figure 3H). The
expression of microbial halorhodopsin (NPHR) in Ziv"Y neurons was confirmed through experiments conducted on brain slices (Figures 31, 3J,
S3C, and S3D). Surprisingly, the delivery of yellow light to the Ziv region resulted in suppressed self-grooming behavior across all self-groom-
ing models (Figure 3K), and this decrease was not attributed to a decrease in locomotion (Figure S3E, right). The inhibition rate of the self-
grooming time after light exposure further confirmed that all three types of self-grooming could be suppressed, while the EYFP group did not
exhibit this effect (Figures 3L, S3H, and S3I). Analysis of the number of grooming times and the duration of each grooming episode revealed
that the inhibition of Ziv?Y neurons primarily suppressed self-grooming by reducing the duration of each grooming episode (Figures S3F and
S3G). These results suggested that ZivF" neurons may serve as important nodes of SG, OG, and TG, especially by receiving and integrating
sensory and emotional information from upstream inputs.

1 CaMKil ASST

ZivPY neurons receive direct synaptic inputs from S neurons and Ce

To identify the presynaptic inputs to ZivF" neurons, we injected Cre-dependent helper viruses (rAAV-EF16-DIO-EGFP-T2A-TVA and rAAV-
EF1a-DIO-0RVG) into the Ziv of PV-IRES-Cre mice (Figure 4A). After 3 weeks, the rabies virus (RV) (RV-ENVA-AG-dsRed) was injected into
the same site (Figures 4A and 4B). Through this approach, we were able to identify several brain regions that contribute to the inputs received
by Ziv?Y neurons. Notably, the S1, which plays a crucial role in sensation (Figure 4C), as well as the CeA (Figure 4E), a region associated with
negative emotions,”*™** were among the identified input regions. Additionally, other brain regions, such as the ACC, lateral septal nucleus
(LS), retrosplenial cortex (RSC), primary motor cortex (M1), and specific parts of the lateral posterior thalamic nucleus (LPMR, LPLR), were
robustly labeled (Figure S4A), consistent with previous studies.” Inthe S1 and CeA, we observed neurons intensely labeled with dsRed, which
colocalized with the Calcium-calmodulin (CaM)-dependent protein kinase Il (CaMKII) antibody in the ST and the somatostatin (SST) antibody
in the CeA (Figures 4C and 4E), consistent with previous research.>>*® To further confirm the connections of the $12M<"' — 7iy?V pathway and
the CeA™T - ZivPY pathway, we infused rAAV-CaMKlla-mCherry into the S1 of C57BL/6J mice and rAAV-DIO-EYFP into the CeA of SST-IRES-
Cre mice. mCherry+ (CaMKII) cell bodies in the ST and numerous mCherry+ fibers in the Ziv were detected (Figure 4D), as were EYFP+ (SST)
cell bodies in the CeA and numerous EYFP+ fibers in the Ziv (Figure 4F). Furthermore, rAAV-DIO-retro-mCherry was injected into the Ziv of
SST-IRES-Cre mice or CaMKII-IRES-Cre mice, and we observed mCherry+ cell bodies in the CeA of SST-IRES-Cre mice (Figures S4B and S4C)
and in the S1 of CaMKII-IRES-Cre mice (Figures S4D and S4E). We also detected fiber projections from Zivf" neurons in other brain regions
(Figures S4F and S4G) by injecting rAAV-hSyn-DIO-EYFP into the Ziv of PV-IRES-Cre mice.

neurons

The $1°2MKI'_, ZivPY circuit is necessary for sensory-induced self-grooming but not for stress-induced self-grooming

Subsequently, we investigated the functional connections of the $1°2M!' - ZivPV pathway by injecting rAAV-CaMKlloa-hChR2(H134R)-mCherry
into the S1 and rAAV-hSyn-DIO-GCaMPés into the Ziv of PV-IRES-Cre mice (Figure 5A). After three weeks, fibers were inserted into the S1 and
Ziv to activate projection neurons in the S1 and record the calcium activity of PV cells in the Ziv, resulting in a significant increase in the number
of Ziv™Y neurons (Figure 5B). In acute brain slices, whole-cell voltage-clamp recordings were performed on PV neurons in the Ziv to record
optogenetically induced postsynaptic currents (Figures 5C and 5D). These recordings were conducted in the presence of tetrodotoxin
and 4-aminopyridine to exclude polysynaptic connections. By sequentially applying inhibitors of glutamate receptors (NBQX), we observed
that NBQX significantly inhibited synaptic responses (Figure 5D).

To further investigate whether the $1<®M'— 7PV circuit is involved in Ziv-regulated self-grooming, we injected rAAV-CaMKilla-
hChR2(H134R)-EYFP into the S$1 and implanted an optical fiber onto the Ziv for optogenetic stimulation of the excitatory $12M<!— 7PV
pathway terminals (Figures 5E and S5A). Activation of this pathway triggered self-grooming behavior under normal conditions, similar to the
stimulation of the Ziv. When blue light was delivered into the excitatory $1<*™ ' ZivP¥ pathway terminals in the Ziv, there was an increase
in spontaneous self-grooming compared to that in control mice (Figure 5F, left panel). However, light delivery did not affect OG or TG (Figure 5F,
middle and right panel). Additionally, we injected rAAV-CaMKlla-eNpHR3.0-mCherry into the S1 and implanted an optical fiber onto the Ziv for
optogenetic stimulation of the excitatory $1<®M<' — ZivPV pathway terminals (Figure 5G). Interestingly, inhibition of this pathway specifically tar-
geted sensory-evoked self-grooming behavior. When yellow light was delivered into the excitatory $1¢MK!
there was a decrease in OG (Figure 5H, middle panel). The total grooming time changes are mostly explained by the average time of each bout

—ZivPY pathway terminals in the Ziv,
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Figure 3. Activation of Ziv"¥ neurons leads to increased spontaneous self-grooming
(A) Left, optogenetic activation of Ziv™Y neurons by targeting an optic fiber at Ziv that expressed ChR2-EYFP after injection with rAAV-hSyn-DIO-hChR2(H134R)-

EYFP. Right, sequence of the self-grooming behavior test and the parameters of laser light.
(B) Representative images showing c-Fos protein (red) and ChR2-EYFP (green) in the Ziv. Scale bars for image and inset are 50 pm and 20 pm, respectively.
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Figure 3. Continued

(C) Light-pulse trains (5 ms, 5 mW, 20 Hz) reliably evoked phase-locked spiking in ChR2-expressing Ziv"" neurons in acute brain slices.

(D) Example coronal brain section showing the optical fiber track above the ChR2-expressing neurons in the Ziv of PV-IRES-Cre mice. Scale bar, 1 mm.

(E) Example micrographs from the Ziv showing colocalization of ChR2 (green) with PV protein (red). Scale bars for image and inset are 200 pm and 20 pm,
respectively.

(F) Optical activation of Ziv"¥ neurons increase spontaneous self-grooming, but not oil-induced self-grooming and tail suspension-induced self-grooming. Left,
two-tailed paired t test (n = 6 mice): t = —4.645, df =5, p = 0.006; Middle, two-tailed paired t test (n = 6 mice): t =0.196, df =5, p = 0.853; Right, two-tailed paired't
test (n = 6 mice): t = 0.649, df =5, p = 0.545. **p < 0.01.

(G) The enhancement rate of self-grooming = (self-grooming time,,, — self-grooming time)/self-grooming time. One-sample t test (n = 6 mice in ChR2 group
and 6 mice in the EYFP group): tchrz sg = 2.876, df =5, p =0.035; teyrp sg = —0.463, df =5, p = 0.663; tchrz o = 0.199, df =5, p = 0.85; teyrp o = 0.126, df =5,p =
0.905; tcpra 76 = 0.196, df =5, p = 0.852; teyep 16 = 1.235, df = 5, p = 0.272.

(H) Left, optogenetic inhibition of ZivP¥ neurons by targeting an optic fiber at Ziv that expressed NPHR-EYFP after injection with rAAV-hSyn-DIO-eNpHR3.0-EYFP.
Right, sequence of the self-grooming behavior test and the parameters of laser light.

(I) Example coronal brain section showing the optical fiber track above the NPHR-expressing neurons in the Ziv of PV-IRES-Cre mice. Scale bar, 1 mm.

(J) Example micrographs from the Ziv showing colocalization of NPHR (green) with PV protein (red). Scale bars for image and inset are 100 pm and 10 pm,
respectively.

(K) Optical inhibition of Ziv PV + neurons suppress self-grooming. Left, two-tailed paired t test (n = 7 mice): t = 3.686, df = 6, p = 0.01; Middle, two-tailed paired t
test (n = 7 mice): t = 4.592, df = 6, p = 0.004; Right, two-tailed paired t test (n = 7 mice): t = 5.023, df = 6, p = 0.002. **p < 0.01.

(L) The inhibition rate of self-grooming = (self-grooming time,,, - self-grooming time¢)/self-grooming time One-sample t test (n = 7 mice in NPHR group and 6
mice in the EYFP group): tenphr s = —4.283, df =6, p = 0.005; teyep sg = 0.88, df =5, p =0.419; tonphr o = —6.53, df =6, p =0.001; teyrp o = —0.161, df=5,p =
0.879; tonpHr TG = —5.639, df = 6, p = 0.001; teyrp 16 = 1.196, df =5, p = 0.285.

(Figure S5C). However, light delivery did not affect SG or TG (Figure 5H, left and right panels). We also injected rAAV-CaMKlla-EYFP into the S1
and implanted an optical fiber onto the Ziv in the control group (Figure S5B). The results showed that light delivery did not affect SG, OG, or TG
in the control group.

Furthermore, we injected rAAV2/Retro-hSyn-CRE-mCherry into the Ziv and rAAV-hSyn-DIO-hChR2(H134R)-EYFP or rAAV-hSyn-DIO-
eNpHR3.0-EYFP into the S1, and an optical fiber was implanted onto the S1 to stimulate the pyramidal neurons projecting to the Ziv (Figure 5I).
The results obtained were consistent with previous findings, demonstrating that activation of the $1<°M<' - Ziv*¥ pathway can increase SG in a
natural state (Figure 5J). Inhibition of the S1—Ziv circuit was only necessary for OG, not for TG (Figure 5K), highlighting the specificity and
necessity of the S1— Ziv circuit in sensory-evoked self-grooming. And the total grooming time changes are mostly explained by the average
time of each bout (Figure S5D).

The Cea**" - ZivY circuit regulates stress-induced self-grooming and sensory-induced self-grooming

Finally, we investigated the functional connections of the Cea®" — ZivP¥ pathway. To do this, we injected rAAV-DIO-hChR2(H134R)-mCherry into
the CeA of SST-IRES-Cre mice (Figure 6A). After three weeks, we conducted whole-cell voltage-clamp recordings from cells in the Ziv to record
ChR2-induced postsynaptic currents (Figure 6B, left panel). These recordings were performed in the presence of tetrodotoxin and
4-aminopyridine to exclude polysynaptic connections. By using an inhibitor of GABA receptors (bicuculline), we observed that bicuculline had
asignificant effect on synaptic responses (Figure 6B, middle and right panels), which is consistent with previous research.® Furthermore, we em-
ployed a similar strategy to investigate the role of the Cea®" — Ziv"™" circuit in different types of grooming. We injected rAAV-DIO-hChR2(H134R)-
EYFP (Figure 6C) or rAAV-DIO-mCherry (Figure S4E) into the CeA and implanted an optical fiber onto the Ziv for optogenetic stimulation of the
inhibitory Cea®*" —Ziv"" pathway terminals (Figure 6C). Interestingly, the activation of this pathway significantly increased all three types of
grooming behavior (Figure 6D). Conversely, inhibition of the Cea®>" — Ziv"" circuit did not have any effect on any of the three types of grooming
behavior (Figures 6E and 6F). This may be related to the intricate local negative regulation in the Ziv, as indicated by the following pieces of ev-
idence. First, rAAV-CaMKllo-hChR2(H134R)-mCherry was administered into the ST and rAAV-hSyn-DIO-hChR2(H134R)-EYFP was administered
into the CeA of SST-IRES-Cre mice (Figure S6A), resulting in distinct fiber distributions within the Ziv, with mCherry fibers from the S1 predom-
inantly located in the dorsal region and EYFP axons from the CeA predominantly located in the ventral region of the Ziv (Figure SéB). Subse-
quently, rAAV-hSyn-Flp was injected into the CeA, and rAAV-EFla-fDIO-EGFP was injected into the Ziv to label the PV neurons in the Ziv receiving
CeA projections (Figure S6C), revealing that the neurons receiving CeA projections sent axons to the dorsal part of the Ziv (Figure SéD).

DISCUSSION

In the present study, our findings indicate that the Ziv serves as a potential integrative node for circuits involved in sensory-induced self-
grooming and stress-induced self-grooming. First, the PV neurons in the Ziv not only positively regulate self-grooming behavior under normal
physiological conditions but also regulate self-grooming behavior induced by sensory stimuli and stress. Second, glutamatergic inputs from
the S1 region activate the Ziv and specifically contribute to OG, but not TG. Finally, GABAergic inputs from the CeA region inhibit the Ziv and
participate in SG, OG, and TG, revealing the complex role of sensory and emotional information in self-grooming behavior.
Self-grooming behaviors can be broadly categorized into two types: sensation-induced self-grooming and stress-induced grooming. Pre-
vious studies have shown that mice exhibit extensive self-grooming when sprayed with water'*'® or placed in a swimming pool.'>*’ However,
these paradigms introduce stress to the mice through the action of spraying water or physical exertion during swimming. To minimize the
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Day 1: Day 21:
rAAV-EF1a-DIO-oRVG & RV-ENVA-AG-DsRed

SST Cre mouse

Figure 4. The presynaptic inputs to Ziv"¥ neurons

(A) Schematic of the Cre-dependent retrograde trans-monosynaptic rabies virus tracing strategy.

(B) Typical images of injection sites and viral expression within the Ziv of PV-IRES-Cre mice. Starter cells (yellow) co-expressing rAAV-EF1a-DIO-EGFP-T2A-TVA,
rAAV-EF1a-DIO-oRVG (green), and rabies RV-EnvA-AG-dsRed (red). Scale bars for image and inset are 200 um and 10 um, respectively.

(C) dsRed-labeled neurons within the S1 traced from the Ziv were colocalized with the CaMKIl immunofluorescence. Scale bars forimage and inset are 200 um and
20 pum, respectively.

(D) Left, schematic diagram and example coronal brain section showing injection of rAAV-CaMKlla-mCherry into the S1 of C57/BL6 mice. Scale bar, 1 mm. Right,
example coronal brain section showing mCherry+ axonal projections of $1<™! neurons in the Ziv. Scale bar, 200 pm.

(E) dsRed-labeled neurons within the CeA traced from the Ziv were colocalized with the SST immunofluorescence. Scale bars forimage and inset are 100 pm and
20 um, respectively.

(F) Left, schematic diagram and example coronal brain section showing injection of rAAV-hSyn-DIO-EYFP into the CeA of SST-IRES-Cre mice. Scale bar, 200 um. Right,

SST

example coronal brain section showing EYFP+ axonal projections of Cea>"' neurons in the Ziv. Scale bar, 200 pm for the big image and 20 um for blown-up images.

influence of stress on the induction of sensory-related grooming behaviors in mice, we applied corn oil to the orofacial area to induce stable
sensory-dependent and stress-independent self-grooming.'? Additionally, existing stress-induced self-grooming models, such as body re-
straint'® and electric shock protocols,'” have limitations, such as the presence of sensory factors or potential injury to the mouse’s paws.
In the present study, we developed a new stress-induced self-grooming model using tail suspension, which minimizes the influence of sensory
factors. The utilization of these two models enables the distinction between the neural circuits involved in self-grooming induced by sensory
stimuli and those induced by stress. We found that the Ziv was an important region involved in self-grooming behavior. While we acknowl-
edge that activation of the Zid during OG (Figure 1F) suggests that the Zid may be involved in sensory input during self-grooming behavior,
our study aimed to identify a potential site involved in both sensory input and stress input, leading us to focus on the Ziv rather than the Zid.

Previous studies have shown that the ZI, which is the ventral part of the thalamus, plays an important role in different innate behaviors
through its innervation of different subregions and subsets of neurons.?'*>*% The Ziv, located in the ventral part of the ZI, is involved in senso-
rimotor and emotional processes due to its widespread connectivity with various neural centers.*%>=3419% Although the regulation of innate
338 our findings still
suggest that the Ziv may serve as a potential crucial node in integrating information related to self-grooming. Indeed, we demonstrated
that the Ziv is necessary for self-grooming, as its inhibition suppressed SG, OG, and TG. However, activation of the Ziv led to an increase
in spontaneous self-grooming, but not OG or TG. We suspected that the activation of the Ziv may reach a plateau in response to sensory
or stressful stimuli in the present models. The self-grooming levels in the OG and TG groups were greater than those in the SG group during
the off stage of optogenetics (Figure 3F). Consequently, the optogenetic stimulation of the ZivF¥ neurons may not have induced additional

behavior does not solely rely on the ZI, as this region also widely receives information from various upstream regions,

elevations in self-grooming levels within the OG and TG groups.

The identification of the projections of Ziv"¥ neurons provides insights into how the Ziv coordinates with the S1 and CeA regions to
generate different types of self-grooming motor actions. Previous studies have shown that the S1 has excitatory effects on the Ziv,*> while
the CeA has inhibitory effects on the Ziv.** Our results support these findings and suggest that these two circuits may project to different
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Figure 5. Activation and inhibition of the $1— Ziv circuit regulates self-grooming

(A) Left, schematics for simultaneous activation and recording cells in vivo, which was achieved by injection of rAAV-CaMKlla-hChR2(H134R)-mCherry into S1 and
the rAAV-hSyn-DIO-GCaMPés was injected into Ziv in PV-IRES-Cre mouse.

(B) Averaged results of calcium activity in Ziv PV + neurons around the start of blue light were delivered into S1 (n = 28 trials from 3 mice).

(C and D) Representative traces (C) and summarized data (D) of light-evoked currents (473 nm, 20 Hz, 5ms) before and after 1,2,3,4-tetrahydro-6-nitro-2,3-dioxo
(NBQX) (10 uM, n = 4 neurons from 2 mice). Two-tailed unpaired t test (n = 4 cells): t =5.534, df =6, p =0.001. ***p < 0.001. Data are represented as mean + SEM.
(E) Schematics for optogenetics manipulation. Targeted functional activation of the S1— Ziv circuitry was achieved by injection of rAAV-CaMKlle-hChR2(H134R)-
EYFP into S1, and implantation of optical fiber onto Ziv. Scale bars for image and inset are Tmm and 50 um, respectively; scale bars for image and magnified
images are 200 pm and 20 pm, respectively.

(F) Optogenetic stimulation of the terminals of the excitatory S1— Ziv pathway increased spontaneous self-grooming. Left, two-tailed paired t test (n = 8 mice):
t=-2.698, df =7, p =0.031; Middle, two-tailed paired t test (n = 8 mice): t = —0.047, df =7, p = 0.964; Right, two-tailed paired t test (n = 8 mice): t =0.915, df =7,
p =0.39. *p <0.05.

(G) Schematics for optogenetics manipulation. Targeted functional inhibition of the S1— Ziv circuitry was achieved by injection of rAAV-CaMKlle-eNpHR3.0-
mCherry into S1 (A), and implantation of optical fiber onto Ziv (B). Scale bars for image and inset are T mm and 50 um, respectively; scale bars for image and
magnified images are 200 pm and 20 um, respectively.

(H) Inhibition of the terminals of the excitatory S1— Ziv pathway decreased oil-induced self-grooming. Left, two-tailed paired t test (n = 8 mice): t = —0.386, df =7,
p =0.711; Middle, two-tailed paired t test (n = 8 mice): t = 2.834, df =7, p = 0.025; Right, two-tailed paired t test (n = 8 mice): t = —1.763, df =7, p =0.121. *p <0.05.
(I) Schematics for optogenetics manipulation. Targeted functional activation of the S1— Ziv circuitry was achieved by injection of rAAV2/Retro-hSyn-Cre into Ziv,
rAAV-hSyn-DIO-hChR2(H134R)-EYFP or rAAV-hSyn-DIO-eNpHR3.0-EYFP into S1 and implantation of optical fiber onto S1.
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Figure 5. Continued

(J) The self-grooming time were significantly increased when light was delivered. Left, two-tailed paired t test (n = 8 mice): t = —2.519, df =7, p =0.04; Middle, two-
tailed paired t test (n = 8 mice): t = —1.252, df =7, p = 0.251; Right, two-tailed paired t test (n = 8 mice): t = 0.466, df =7, p = 0.655. *p < 0.05.

(K) The oil-induced self-grooming time were significantly decreased when light was delivered. Left, Wilcoxon signed-rank test (n = 8 mice): Z = —0.169, p = 0.866;
Middle, two-tailed paired t test (n = 6 mice): t = 2.673, df = 5, p = 0.044; Right, two-tailed paired t test (n = 6 mice): t = —0.165, df = 5, p = 0.876. *p < 0.05.

groups of PV neurons in the Ziv (Figures S6A and S6B). Furthermore, we revealed that glutamatergic inputs from the primary sensory cortex
(S1) are activated in the Ziv and specifically contribute to OG. Conversely, optogenetic activation of GABAergic inputs from the CeA to the
Ziv increased SG, OG, and TG, potentially due to the complex local negative regulation within the Ziv. First, our results indicated that the
axons originating from the S1 projected to the dorsal region of the Ziv, while the axons from the CeA targeted the ventral region of the Ziv
(Figures S6A and S6B). Additionally, through the use of an AAV1 anterograde transsynaptic strategy and the flippase (Flp) dependent
fashion (Flp-fDIO) method, we found that neurons receiving projections from the CeA may project to the dorsal part of the Ziv
(Figures S6C and S6D). Notably, when we activated the axons from the S1 and suppressed the axons from the CeA in the Ziv, the neuronal
activity in the Ziv exhibited a smaller increase than did the activation of the S1 projections to the Ziv (data not shown here). These results
suggested that PV neurons receiving inhibitory projections from the CeA concurrently inhibit PV neurons receiving excitatory S1 projec-
tions in the Ziv. This negative modulation within the Ziv may play a role in the intricate sensory and emotional interactions involved in
self-grooming behavior.

According to our results, the $1¢®M!' . ZivPY pathway primarily focuses on sensory information during self-grooming. The Cea>*" —
Ziv"Y pathway may be involved in the complex local negative regulation of the ZI region and the integration of sensory and emotional
information in self-grooming behavior. It is worth noting that rodents exhibiting increased self-grooming behavior also frequently
display anxiety-like behavior”'""? 1249 suggesting a potential interaction between sensory and emotional
information in repetitive self-grooming.’” In this context, the act of stress-induced self-grooming itself generates new sensory stimuli

and sensory abnormalities,

to the face, while sensory-induced repetitive self-grooming may generate new stress stimuli. Our findings highlight the Ziv region as
a key player in processing sensory and emotional information related to self-grooming, as well as its upward information intake. These
findings may offer new targets for the treatment of stereotyped behavior and provide insights into the interplay between emotions and
self-grooming behavior.

Limitation of the study

However, our study has certain limitations. For example, we cannot entirely rule out the possibility that the activation of the CeA projection to
the Ziv could activate other postsynaptic regions to the CeA through antidromic collaterals. Further direct evidence is needed to substantiate
the local negative network modulation in the Ziv by the CeA and S1. Employing a method to simultaneously express dual colorful GCaMP
proteins in these two neuron populations and imaging them could serve as a means to validate this hypothesis in subsequent investigations.
In addition, self-grooming has a well-preserved sequence pattern®’; however, we did not extensively focus on the circuitry mechanisms un-
derlying the grooming microstructure.
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Figure 6. Activation and inhibition of the Cea — Ziv circuit regulates self-grooming

(A) Schematics for simultaneous activation and recording cells in vivo, which was achieved by injection of rAAV -DIO-hChR2(H134R)-mCherry into Cea in SST-
IRES-Cre mouse.

(B) Left, schematic of recording configuration in acute slices. Representative traces (middle) and summarized data (right) of light-evoked currents (473 nm, 20 Hz,
5ms) before and after Bicuculline (50 pM, n = 4 neurons from 4 mice). Two-tailed paired t test (n = 4 cells): t = 2.448, df = 3, p = 0.09. Scale bar, 200 pm.

(C) Schematics for optogenetics manipulation. Targeted functional activation of the CeA— Ziv circuitry was achieved by injection of rAAV-DIO-hChR2(H134R)-
EYFP into CeA, and implantation of optical fiber onto Ziv. Scale bars for image and magnified images are 200 pm and 20 um, respectively.

(D) Optogenetic stimulation of the terminals of the inhibitory CeA — Ziv pathway increased all types self-grooming. Left, Wilcoxon signed-rank test (n = 15 mice):
Z=-1.988, p =0.047; Middle, two-tailed paired t test (n = 16 mice): t = —4.405, df = 15, p = 0.001; Right, two-tailed paired t test (n = 16 mice): t = —4.312, df = 15,
p =0.001. *p < 0.05, ***p < 0.001.

(E) Schematics for optogenetics manipulation. Targeted functional activation of the CeA— Ziv circuitry was achieved by injection of rAAV-DIO-eNpHR3.0-
mCherry into CeA, and implantation of optical fiber onto Ziv. Scale bars for image and magnified images are 200 pm and 20 um, respectively.

(F) Optogenetic stimulation of the terminals of the inhibitory CeA— Ziv pathway did not worked for any types self-grooming. Wilcoxon signed-rank test (n = 8 mice):
Z=-0.980, p =0.327; Middle, two-tailed paired t test (n = 8 mice): t =0.893, df =7, p = 0.401; Right, two-tailed paired t test (n = 8 mice): t = —0.767, df =7, p = 0.468.
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RESOURCE AVAILABILITY

Lead contact

Further information and requests for resources and reagents should be directed to and will be fulfilled by the lead contact, Dr. Wenting Wang
(wwt0657@fmmu.edu.cn).

Materials availability

All requests for resources and reagents should be directed to and will be fulfilled by the lead contact, Dr. Wenting Wang (wwt0657@fmmu.
edu.cn). This includes selective mouse lines, antibodies, viruses. All reagents will be made available on request after completion of a Material
Transfer Agreement.

Data and code availability
e Data: Data reported in this paper will be shared by the lead contact upon request.
e Code: This paper does not report original codes.
e Additional information: Any additional information required to reanalyze the data reported in this paper is available from the lead con-
tact upon request.

EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

All experimental procedures were approved by the Institutional Animal Care and Use Committee of the Fourth Military Medical University
(Approval No. IACUC-20220370)and conformed to the Guide for the Care and Use of Laboratory Animals published by the National Institutes
of Health. All mice were maintained under a 12-h light/dark cycle at 22-25°C with ad libitum access to food and water under environmentally
controlled conditions. C57BL/6J mice were purchased from the Experimental Animal Center of the Fourth Military Medical University. The PV-
IRES-Cre, SST-IRES-Cre, CaMKII-IRES-Cre, and Ai 9 mice were obtained from the Jackson Laboratory (key resources table). All virus injections
were administered to mice aged 2 months old, and all behavioral tests were carried out during the light phase. The experimenters were
blinded to the genotype and experimental conditions. All the mice employed in the behavioral tests were male, and some females were
used to provide morphological tests, the details were shown in the Table S1.

METHOD DETAILS

Virus and trace injection

Mice were anesthetized with isoflurane (4% for induction and 1.5% for maintenance), and their heads were fixed in a stereotaxic injection frame
(RWD Life Science Inc., China). Injections into the brain were performed using a microinjection needle with a 10 pL microsyringe (Shanghai
Gaoge Industry & Trade Co., LTD, China) to deliver the virus at a rate of 30 nL/min using a microsyringe pump (KD Scientific Inc., USA). The
coordinates were defined as dorsal-ventral (DV) from the skull surface, anterior-posterior (AP) from bregma and medio-lateral (ML) from the
midline (in mm). Following injection, the needle was held at the site for another 15 min to allow for diffusion.

The stereotaxic coordinates for the Ziv injection were as follows: anterior posterior (AP), -2.35 mm; medial lateral (ML), +1.65 mm; and
dorsal ventral (DV), -4.15 mm. The stereotaxic coordinates for the S1 injection were as follows: anterior posterior (AP), -1 mm; medial
lateral (ML), £3.05 mm; and dorsal ventral (DV), -1.5 mm. The stereotaxic coordinates for the CeA injection were as follows: anterior posterior
(AP), -1.15 mm; medial lateral (ML), +2.9 mm; and dorsal ventral (DV), -4.68 mm.

For retrograde monosynaptic tracing, helper viruses that contained rAAV-EF1a-DIO-EGFP-T2A-TVA and rAAV-EF1a-DIO-oRVG (1:2,
120nl) were co-injected into the Ziv (AP: -2.10 mm, ML: -0.77 mm, DV: -3.20 mm) of PV-IRES-Cre mice. After three weeks, the rabies virus
RV-ENVA-AG-DsRed (120 nl) was injected into the same site of the Ziv.

Optogenetic manipulation

For ChR2 photostimulation, 470-nm light laser (5 ms, 20 Hz, with a 5-min light-on period that followed a 5-min light-off period, Newdoon Tech-
nology) was delivered via an optic cable (200-um core, 0.37 NA, ThinkerTech, China). Laser power was 5-6 m\W measured at the tip of the fiber,
which was implanted 0.3 mm above the targeted nucleus. For eNPHR photostimulation, 593-nm light laser (5-min light-on period that fol-
lowed a 5-min light-off period, Newdoon Technology) was delivered via an optic cable (200-um core, 0.37 NA, ThinkerTech, China). Laser
power was 6-9 mW measured at the tip of the fiber, which was implanted 0.3 mm above the targeted nucleus.
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Grooming behavioral test
For all behavioural tests, animals were habituated for 2 h before testing. The behaviours of the animals were recorded in a test chamber (25 cm
length, 25 cm width and 30 cm height) by a video camera (GUCEE, HD82-8MAF).

For spontaneous self-grooming model, the animal was acclimated to the test chamber for 3-5 min, and then the spontaneous activities
were recorded for 30 min.

For oil-induced self-grooming model, the experimenter gently held the animal and dripped corn oil (100uL) onto its orofacial area and put
the animal into the test chamber to acclimate for 3-5 min and start recording for 30 min.'?

For stress-induced self-grooming model, firstly, the animal was tail-suspended for 20 minutes, then put into the test chamber to adapt for
3-5 min and then started to record for 30 min.

Behavioural analysis: The grooming was quantified manually by observer with the aid of a animal behavior video analysis software (Boris
8.0.9).>" The observer was blind to the experimental conditions. For gross analysis of self-grooming, the number of grooming bouts, the dura-
tion of individual bout and therefore the total grooming time in the test period, were evaluated. Self-grooming was defined as when the an-
imal licked, or used the forelimb to stroke, its own body parts including the paws, nose, eyes, head, body, legs, tail and genital. An interruption
of 6 s or more separated two individual bouts.™

Fiber photometry

Fiber photometry was used to record calcium signals using a commercialized fiber photometry system (ThinkerTech, China) as described pre-
viously.52 To record the fluorescence signals, a 488-nm laser beam (OBIS 488LS; Coherent) was reflected off a dichroic mirror (MD498, Thor-
labs) that was focused by a x10 objective lens (0.3 NA; Olympus) and coupled to an optical commutator (Doris Lenses). An optical fiber
(230 um OD, 0.37 NA) guided the light between the commutator and the implanted optical fiber. The laser power at the tip of the optical
fiber was adjusted to 0.01-0.02 mW to decrease laser bleaching. Fluorescence was bandpass-filtered (MF525-39, Thorlabs), and an amplifier
was used to convert the photomultiplier tube current output to a voltage signal. The analog voltage signals were digitalized at 500 Hz and
recorded by a Power 1401 digitizer with Spike2 software (CED).

For data analysis, the fluorescence change was calculated as Z-score, the Z-score values of the animals in each group were averaged. To
precisely analyze the changes in the fluorescence values across the scratching train, we defined the baseline period (-2 to O s relative to the
behavior onse). To quantify the change in the level of calcium signal induced by self-grooming, the area under the curve (AUC) of Z-score in
each time window defined was calculated.

Brain slice electrophysiology and optogenetics

Preparation of acute brain slices was performed according to the published work.”->® Briefly, the mice were anesthetized with isoflurane
and transcardially perfused with ice-cold carbogenated (95% O,, 5% CO,) cutting solution containing the following: 115 mM choline chlo-
ride, 2.5 mM KCI, 1.25 mM NaH,PQOy4, 0.5 mM CaCl,, 8 mM MgCl,, 26 mM NaHCO3, 10 mM D-(+)-glucose, 0.1 mM L-ascorbic acid and
0.4 mM sodium pyruvate (300-305 mOsm |~"). Coronal slices (300 um-thick) containing the Ziv were prepared using a vibratome
(VT1200S, Leica). Whole-cell patch-clamp recordings were made using infrared differential interference contrast visualization at 28—
30°C in artificial cerebral spinal fluid (ACSF) containing the following: 119 mM NaCl, 2.3 mM KCI, 1.0 mM NaH,PO,, 26 mM NaHCOs3,
11 mM D-(+)-glucose, 1.3 mM MgSQO,4 and 2.5 mM CaCl, (pH 7.4, 295-300 mOsm I="). Patch pipettes were filled with a solution containing
the following: 128 mM potassium gluconate, 10 mM HEPES, 10 mM phosphocreatine sodium salt, 5mM lidocaine N-ethyl chloride, 1.1 mM
EGTA, 5 mM ATP magnesium salt and 0.4 mM GTP sodium salt (oH 7.3, 300-305 mOsm |~"). The recordings were obtained using a multi-
clamp 700B amplifier (Molecular Devices) filtered at 5 kHz and sampled at 20 kHz with a Digidata 1550B. Clampex 10.7 was used for acqui-
sition and analysis. For EPSCs recordings, the cell membrane potential was held at -70 mV in the presence of 1 uM TTX, 50 pM 4-AP, and
50 uM NBQX. For IPSCs recordings, the cell membrane potential was held at -70 mV in the presence of 1 uM TTX, 50 uM 4-AP, and 10 uM
bicuculline.

Immunohistochemistry

Mice were anesthetized with isoflurane and sequentially perfused with saline and PBS containing 4% PFA. Post-fixation of the brain was
avoided to optimize immunohistochemistry. Brains were incubated in PBS containing 30% sucrose until they sank to the bottom. Cryostat
sections (35 mm) were collected, incubated 2h with blocking solution (PBS containing 10% donkey serum), and then incubated with primary
antibodies (key resources table) overnight. Primary antibodies were washed three times with PBS before incubation with secondary antibodies
(key resources table) for 3 h at room temperature. The sections were rinsed in PBS and counterstained with DAPI and mounted. Sections were
imaged with an Olympus FV3000 confocal microscope or Olympus VS 200 epifluorescence microscope. Confocal images were analyzed with
Imaris7.9 software.

QUANTIFICATION AND STATISTICAL ANALYSIS

Statistical analyses were performed using Origin 2021 and MATLAB 2018b (MathWorks). Statistical significance was set at P < 0.05, and
all statistical parameters are reported in the figure legends. The normality test was performed using the Kolmogorov-Smirmov or
Shapiro-Wilk test. For the analysis of immunostaining data, one-way ANOVA with a post hoc least significant difference (LSD) test or
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an unpaired t-test was used. For the analysis of the behavioral data of the lesion and optogenetic experiments, a paired t-test or a
Wilcoxon signed-rank test was used. For the analysis of the behavioral data, an unpaired t-test was used. For normally distributed fiber
photometry data, a repeated measures ANOVA was firstly performed. If significant main effects were found, a simple effect analysis was
performed. When significant main effects were not found, unpaired and paired t-test were used to compare the effects of the variables.
For non-normal fiber photometry data, the Friedman test was used, followed by the Wilcoxon signed-rank test and Mann-Whitney U test
to compare the effects of the variables.
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