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Abstract: U-104, an effective inhibitor of carbonic anhydrases (CAs), has been shown as a potential
anti-tumor drug in several human cancer types. However, the downstream mechanisms of U-104 and its
functions in tongue squamous cell carcinoma (TSCC) remain unclear. It is neither confirmed that
whether the anti-tumor effects of U-104 are dependent on CA9 and CA12. In this work, we found
differentially expressed genes (DEGs) and potential cellular processes regulated by U-104 through RNA
sequencing. The cell death-related, cell proliferation, migration and response to drug cellular processes
were among the top GO (gene ontology) processes, which were consistent with the observed biological
effects upon U-104 treatment in TSCC15 cells. Furthermore, knockdown (KD) of CA9 or CA12
completely eliminated the U-104 effects on the cell migration, cell death, and the expression of critical
DEGs. All together, our study suggests the regulatory mechanisms of U-104 at the transcriptome level
and demonstrates the anti-tumor functions of U-104 dependent on CA9 and CA12 in TSCC. Our findings
expand the current knowledge on the anti-tumor functions of U-104 and provide a potential therapeutic
option for TSCC.
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1　 Introduction
Carbonic anhydrases (CAs) are metalloenzymes that
catalyze hydration of CO2 to bicarbonates and protons.
In human cells, 15 α-CA isozymes have been
described[1] . Among these, CA9 and CA12 are the two
transmembrane isozymes that are aberrantly upregulated
in tumors[2] . Both CA9 and CA12 contribute to regulate
tumor microenvironment pH homeostasis, promote
tumor cell growth and accelerate tumor progression[2] .
Interfering with the expression of tumor-associated CA9
or CA12 results in impaired tumor growth and reduces
the population of cancer stem cells[3,4] . It has been
suggested that CA9 and CA12 are promising anti-tumor
targets[3-5] .

The CA inhibitors (CAIs) area group of agents in
different formats to inhibit the catalytic activity of CA
family members[6] . Some CAIs have been shown to
effectively slow down the progression of cancer[7] . U-
104 (also known as SLC-0111) is an ureido-substituted
benzene sulfonamide derivative CAI, which acts by
binding to the catalytic Zn2+ ion in the active site of the

enzyme and blocking its function[6] . In vitro enzyme
activity assay has confirmed that U-104 can selectively
and effectively inhibit CA9 and CA12 enzyme
activities[8,9] . Vivo and ex vivo studies showed that U-
104 can inhibit the growth and metastasis of several
types of solid tumors including breast cancer, colon
cancer and pancreatic cancer[10-12] . Recently, U-104 has
been applied into phase Ib clinical trial as an antitumor /
antimetastatic agent in pancreatic cancer[12,13] . In
addition, U-104 has been reported to induce a notable
depletion of the cancer stem cell population in breast
cancer[14] . U-104 also shows properties to sensitize
tumor cells to traditional chemotherapy[14,15] . However,
the downstream molecular networks regulated by U-104
remain largely unclear. Whether the anti-tumor effects
of U-104 are dependent on CA9 and CA12 is not
explored either.

Tongue squamous cell carcinoma ( TSCC) is a
malignancy with high incidence and mortality in males,
and high risk of metastasis in early stage[16,17] . The
tongue is located in the oral cavity with a rich lymphatic
drainage and dense neural network, which provides a



beneficial environment for tumor cells to gain access to
the lymph vascular compartment and accelerate the
locoregional metastasis[16] . For decades, the 5-year
survival rate of TSCC patients remains approximately
50% [18] . The standard treatment of primary TSCC is
surgical resection with adjuvant radiotherapy or
chemoradiotherapy[19] . CA9 was evaluated as a
contributor to chemoresistance of the tongue cancer and
may become a predictor for TSCC[20,21] . However, the
role of CA9 and CA12 in TSCC progression has not
been reported before. Additionally, the targeted therapy
is still a relatively new concept for TSCC[19] . Exploring
novel targeted drugs, such as U-104 that inhibits the
CA9 / CA12 activities, may become promising for TSCC
therapeutics.

In this work,we evaluated the effects of U-104 as
well as RNA interfering against CA9 and CA12 on
TSCC15 cell proliferation, migration and cell death.
Through the RNA sequencing analysis, we revealed the
downstream cellular processes regulated by U-104 and
further discovered critical U-104-regulated DEGs
including TGFB2, ITGB3 and TNFAIP3. In addition,
we showed that the anti-tumor effects of U-104 and its
regulation on TGFB2, ITGB3 and TNFAIP3 were
dependent on CA9 and CA12. Altogether, our study
expands the current knowledge of U-104’ s anti-tumor
effects at the transcriptome level.

2　 Materials and methods
2. 1　 Cell culture and transfection
The human TSCC15 cell line was purchased from the
American Type Culture Collection (ATCC) . TCC15
cells were cultured in Dulbecco’s modified Eagle’s
medium / Nutrient Mixture F-12 (DMEM/ F-12) medium
(Sigma, USA), containing 10% of the fetal bovine
serum (FBS, Biological Industries, Israel) and 1% of
penicillin-streptomycin ( WISENT Inc, CA ) in a
humidified incubator at 37 ℃ with 5% of CO2 . The
siRNA oligos were designed and synthesized by Ribobio
(Guangzhou, China) . The sequence information of the
siRNA oligos is listed in Supplementary Table S1. The
transfection of the siRNA was finished by Lipofectamine
TM 3000 Reagent ( Invitrogen, USA) according to
product instructions.
2. 2　 Carbonic anhydrase inhibitors treatment
U-104 and topiramate (Apex Bio, USA) were dissolved
in DMSO following product instructions. All
compounds were stored at -20 ℃ prior to use. When
the cell density was around 50% , 50 μmol / L or 100
μmol / L CAI was incubated with cells for 24 h or 48 h.
For the CAI treatment of cells transfected with the
siRNA oligos, 24 h after transfection, 100 μmol / L CAI
was incubated for another 24 h.

2. 3　 BCECF-AM assay
BCECF-AM kit ( Invitrogen, USA ) was used to
determine intracellular pH. BCECF-AM is a sensitive
indicator of intracellular pH, which can penetrate the
cell membrane and be hydrolyzed into BCECF by
phosphatases in the cell. BCECF can be excited to
produce green fluorescence, intensity of which indicates
the intracellular pH value. A more acidic intracellular
environment will show a higher fluorescence intensity.
Cell suspensions were prepared in HEPES buffer at a
concentration of 3 ×106 cells / mL. 1 mmol / L BCECF-
AM/ DMSO solution was added to the cell suspension to
the 3 μmol / L final concentration of BCECF-AM. After
30-min incubation at 37 ℃, the cells were washed with
HEPES buffer 3 times and adjusted to the same density.
Finally, the fluorescence intensity of the cells was
measured by the fluorescence microscopy.
2. 4　 Colony formation assay
200 cells were seeded in 6-well cell culture plates
(Corning, USA) . 3 days later, U-104 or TPM was
added to the fresh culture medium. At day 14 after
seeding, cells were fixed with 4% of paraformaldehyde
(Sangon, USA) and stained by 0. 25% of the crystal
violet. Colonies containing over 50 cells were counted
manually under the microscope.
2. 5　 Cell migration assay
The cell migration assay was performed with 8 μm pore
size chambers in 24-well cell culture plates (Corning,
USA) . 2×105 cells were suspended in 100 μL serum-
free medium and added to the upper chamber. Medium
containing 20% of FBS was added to the bottom
chamber. After 24 h incubation in the cell culture
incubator, upper cells that didn’t migrate across the
chamber were washed and removed. Then membranes
were fixed with 4% of paraformaldehyde and stained by
0. 25% of the crystal violet. Migrated cells from 5
random fields were counted under the microscope and
then the migration rate was calculated.
2. 6　 Wound cutting assay
6×105 TSCC15 cells were cultured in 6-well cell culture
plates until margins of cell communities fused. A
straight line was drawn by using a 200 μL sterile plastic
pipette tip. Then cell residues were removed by PBS
washing. The serum-free DMEM/ F12 medium added
with 100 μmol / L U-104 or TPM was used during the
cell migration test. The wound healing effect was
evaluated at 0, 12, and 24 h through photographs.
2. 7　 Hoechst 33342 / PI dual staining assay
Cell death was detected by Hoechst 33342 / PI dual
staining kit (Solarbio Science & Technology, China) .
For adhesion cells, after washing cells with cold PBS,
staining buffer, Hoechst 33342 and PI were added in
turn. After 30-min incubation (protecting from light) at
4 ℃, cells were washed with cold PBS and then images
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of 5 random fields were captured under the fluorescence
microscope. PI-positive staining cells represented both
red and bright blue fluorescence were considered as dead
cells. The percentage of cell death was calculated by the
average ratio of PI-positive cells in the 5 random image
fields.
2. 8　 RNA sequencing and data analysis
TSCC15 cells were divided into two groups named as
the DMSO control group and the U-104 treated group.
Total RNA was extracted from TSCC15 cells using
TRIzol (Ambion, USA) . Prior to the high-throughput
sequencing analysis, an aliquot of the RNA from each
sample was reverse transcribed. The RNA library
construction and sequencing were all performed by BGI
Genomics using the DNBSEQ platform. The
differentially expressed genes (DEGs) were determined
by using | log2FC | ≥ 0. 5 and Q value < 0. 05 as
criteria. The gene ontology (GO) was analyzed in the
“Dr. Tom” system provided by BGI Genomics. The
heatmap was drawn using the R package “pheatmap” .
2. 9　 RNA isolation and reverse transcription (RT)-

quantitative PCR (qPCR)
Total RNA of TSCC15 cells was extracted with TRIzol
according to the manufacturer’ s instructions. Then the
reverse-transcription was finished by the HiScript II 1st
strand cDNA synthesis Kit (Vazyme, China) . The real-
time PCR was performed using SYBR Green Master
Mix (Vazyme, China) on Light Cycle 96 (Roche,
USA) . 18S ribosomal RNA was used as the internal
control to analyze the relative quantification. Primers for
the real-time PCR are listed in Supplementary Table S2.
2. 10　 Statistical analysis
All data were presented as the mean ± SEM. Statistical
significance was carried out by two-tailed Student’s t-
test for the comparison of two groups. A value of P<
0. 05 was considered statistically significant.

3　 Results
3. 1 　 U-104 inhibits TSCC proliferation, migration

and promotes cell death
To determine the effects of U-104 on TSCC, we treated
TSCC15 cells with 100 μmol / L U-104. At the same
time, topiramate (TPM), a weaker CAI that may have
potential to inhibit tumor development[22], was used as
a control for U-104. With the same initial cell density
and incubation time, the U-104 treatment changed the
morphology of the cell community and decreased the
cell density ( Figure 1 ( a)) . The BCECF-AM assay
showed U-104 interfered with intracellular pH
homeostasis of TSCC15 (Figure S1), which implied
that U-104 inhibited CA9 and CA12 enzyme activities.
Moreover, the colony formation ability of TSCC15 was
significantly suppressed by U-104 ( Figure 1 ( b )) .
Based on the morphology change of cell margins, we

inferred the migration of cells may be affected so cell
migration assays were performed to detect the migration

Figure 1. U-104 inhibits TSCC proliferation, migration and
promotes cell death. ( a ) Morphological features and cell
density of TSCC15 treated by U-104. The results were shown at
100 × magnification ( scale bar, 1mm ) ( n = 3 ) . ( b )
Representative images of the colony formation assay to compare
the proliferation abilities of TSCC15 cells treated by U-104 and
TPM ( n = 3) . ( c, d) The migration abilities of TSCC15
determined by transwell assay ( c) and wound cutting assay
(d) after CAI treatment. The results were shown at 100 ×
magnification ( n = 3 ) . ( e ) Representative images of the
Hoechst 33342 / PI staining to determine the cell death rates of
TSCC15 cells treated by U-104 and TPM. The results were
shown at 200 × magnification ( scale bar, 500μm) ( n = 3) .
Data were presented as mean±SEM. ∗P<0. 05.

ability of TSCC15 treated by U-104. Results showed
that U-104 inhibited the migration of TSCC15 while
TPM showed no inhibition effects (Figure 1(c, d)) .
Next, we examined the effect of U-104 on cell death by
the Hoechst 33342 / PI dual staining experiment. U-104
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Figure 2. Functions of U-104 are related to cell death, proliferation and migration processes analyzed by RNA-sequencing. (a)Volcano
plot displayed 544 differentially expressed genes (DEGs) after U-104 treatment. (b) GO process enrichment of the 544 DEGs between
the U-104 treated group and control group. ( c) Cluster heat map of the top 10 downregulated and upregulated DEGs enriched in
apoptotic, response to drug, migration, proliferation-related cellular process. (d, e) RT-qPCR validation of the top downregulated
DEGs (d) and upregulated DEGs (e) in (c) (n=3) . Data were presented as mean±SEM. ∗P<0. 05.

induced a higher cell death rate of TSCC15 according to
the quantification analysis (Figure 1(e)) . These data
indicated that U-104 could suppress the proliferation and
migration of TSCC15 and induce cell death.
3. 2 　 Functions of U-104 are related to cell death,

proliferation and migration processes analyzed
by RNA sequencing

To explore the downstream networks regulated by the U-

104 inhibition, we submitted RNA samples of U-104-
treated and DMSO-treated control TSCC15 cells for
RNA sequencing. There were 544 differentially
expressed genes (DEGs) between the U-104 treated and
control group ( | log2FC | ≥ 0. 5 and Q value< 0. 05)
(Figure 2 ( a )) . Furthermore, the GO enrichment
analysis indicated the cellular processes in which these
DEGs participated. Consistent with our observations on
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Figure 3. CA9 and CA12 are required for TSCC cells proliferation, migration and survival. (a, b) Representative images of colony
formation assay to demonstrate the proliferation abilities of CA9 or CA12 KD TSCC15 cells. (c, d) Representative images of transwell
assay demonstrating the migration abilities of CA9 or CA12 KD TSCC15 cells. The results were shown at 100× magnification. (e, f)
Representative images of the Hoechst 33342 / PI staining to determine the cell death rates of CA9 or CA12 KD TSCC15 cells. The
results were shown at 200× magnification (scale bar, 500μm) (n=3) . Data were presented as mean ± SEM. ∗P<0. 05.

cell biological functions, the top 20 GO processes
included apoptotic process, cell migration, regulation of
cell proliferation and response to drug (Figure 2(b)) .
We screened out and validated the top 10 upregulated
and downregulated DEGs enriched into these processes
based on log2fold change and expression levels of DEGs
(Figure 2(c-e)) . In addition, CA9 and CA12 were not
among the DEGs, and several genes among the top 10
downregulated or upregulated DEGs were related to the
microenvironment pH regulation[23,24], which hinted that
these genes might respond to the pharmacological
inhibition of CA9 and CA12.
3. 3 　 CA9 and CA12 are required for TSCC cells

proliferation, migration and survival
CA9 and CA12 are important regulators of tumor
microenvironment homeostasis in many tumors[2,25] .
Functions of CA9 and CA12 in TSCC have not been
evaluated so we investigated the role of these two
isozymes in the TSCC development. We respectively
knocked down the expression level of CA9 or CA12
mRNA by RNA-interference. Then colony formation
assay was performed to test the proliferation ability of
CA9 or CA12 knockdown (KD) TSCC15 (Figure 3(a,
b)) . As expected, CA9 or CA12 KD TSCC15 showed
a lower colony formation rate, suggesting the positive
role of CA9 and CA12 in the TSCC15 proliferation.
Next, the transwell assay indicated that knocking down

CA9 and CA12 significantly reduced the migration
ability of TSCC15 (Figure 3(c,d)) . In addition, CA9 /
CA12 KD TSCC15 showed higher rates of cell death
(Figure 3 ( e, f)) . All results showed that CA9 and
CA12 were required for the TSCC proliferation,
migration and cell survival.
3. 4　 U-104-mediated anti-tumor events and regulation

of critical DEGs are dependent on CA9 and CA12
To examine whether U-104 inhibited TSCC progression
dependent on its pharmacological target CA9 and CA12,
we treated CA9 or CA12 KD TSCC15 cells with U-104,
then counted the rates of cell migration and cell death.
As expected, in CA9 or CA12 KD TSCC15, U-104 did
not significantly inhibit cell migration or induce cell
death (Figure 4(a-c)), which suggested that the U-
104-induced migration attenuation and cell death were
dependent on CA9 and CA12. Interestingly, expression
levels of TGFB2, ITGB3, and TNFAIP3 that have been
validated as DEGs were not regulated by U-104 in CA9
or CA12 KD TSCC15 (Figure 4(d)) . This indicated
that U-104 regulated the expression of these DEGs
dependent on CA9 and CA12. TGFB2 and ITGB3 often
cooperatively promote the epithelial-to-mesenchymal
transition (EMT) [24,26,27] . TNFAIP3 encodes the protein
A20, whose degradation target is RIPK1, an essential
factor in the activation of NF-κB signaling[28,29] . RIPK1
was also one of the downregulated DEGs in the results
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Figure 4. U-104-mediated anti-tumor events and regulation of critical DEGs are dependent on CA9 and CA12. ( a) Representative
images of transwell assay demonstrating the migration abilities of CA9 / CA12 KD TSCC15 cells treated by U-104. The results were
shown at 100× magnification (n=3) . (b, c) Representative images of the Hoechst 33342 / PI dual staining demonstrating the cell death
rates of CA9 KD TSCC15 cells (b) and CA12 KD TSCC15 cells (c) treated by U-104. The results were shown at 200× magnification
(scale bar, 500μm) (n = 3) . (d) The RT-qPCR analysis showed the DEGs that were not affected by U-104 in CA9 or CA12 KD
TSCC15 cells (n=3) . Data were presented as mean ± SEM. ∗P<0. 05.

of the RNA sequencing. RT-qPCR results suggested that
these three DEGs may be the potential downstream
targets of CA9 / CA12 inhibition. All results indicated
that the anti-tumor events caused by U-104 were
dependent on CA9 and CA12.

4　 Discussion
Although U-104 has been progressed to phase the Ib
clinical trial in pancreatic cancer, the anti-tumor impact
of U-104 is limited to a few types of solid tumors[12,13] .

The molecular mechanism of the U-104’ s anti-tumor
impact is also largely unexplored. In the present work,
we investigated the anti-tumor impact of U-104 in
TSCC15 cells, revealed the downstream cellular
processes regulated by U-104 through transcriptome
analysis, and demonstrated the requirement of CA9 and
CA12 in U-104-mediated anti-tumor effects and
regulation on the critical DEGs.

U-104 has been reported to interfere with several
signaling pathways that mediate key processes in tumor
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development. The U-104 treatment has been shown to
inhibit the mTOR signaling or KRAS pathway, and
slowed down the tumor growth in breast cancer and
pancreatic cancer[10,14] . To comprehensively analyze the
downstream molecular networks regulated by U-104, we
performed the transcriptome analysis and demonstrated
544 DEGs regulated by U-104 in TSCC15 cells. These
DEGs were enriched for genes that are involved in cell
death-related, cell migration, cell proliferation and
response to drug processes, which are in agreement with
our observed biological effects upon the U-104
treatment. Therefore, our results will provide valuable
information and insight to understand the molecular
mechanisms of U-104 in tumor cells.

The current knowledge of U-104 only shows that
U-104 specifically inhibits CA9 / CA12 activities and
slows down a few types of tumor progression, but it is
still unclear that whether the inhibitory effects of U-104
are dependent on CA9 and CA12. In the present work,
we found that both U-104 treatment and knockdown of
CA9 and CA12 exhibited similar anti-tumor effects on
TSCC. We further determined that the anti-tumor effects
of U-104 are dependent on CA9 and CA12. TGFB2,
ITGB3, TNFAIP3 are the three critical DEGs identified
from the U-104 treated TSCC15 cells by RNA-Seq.
TGFB2 and ITGB3 have been reported to promote the
tumor EMT progression through the TGFβ signaling
pathway[24,26] . TGFB2 is involved in the uptake of fatty
acids for storage or immediate use to generate energy
and in the adaptation of cancer cells to the acidic
microenvironment[24] . ITGB3 has been shown to
interact with CA9[30] . The silencing of CA9 has been
shown to decrease ITGB3 expression[31] . TNFAIP3 is a
key factor of the TNF signaling pathway, which inhibits
the NF-κB system to favor necroptosis[28] . We
demonstrated that regulations of these critical DEGs by
U-104 are also dependent on CA9 and CA12. These
results together prove that the anti-tumor effects of U-
104 are mediated by CA9 and CA12.

The 5-year survival rate of TSCC patients has no
significant improvement in recent years[18] . Tongue
cancer has been reported to be insensitive to
immunotherapy and chemotherapy and lack effective
targeted therapy strategies[32,33] . It has been proposed
that targeting tumor microenvironment pH homeostasis
may sensitize tumors to chemotherapy and immune-
checkpoint blockade[15,33,34] . Our results of the
modulated cellular pH in the presence of U-104 is in
agreement with its function as a CA inhibitor. In
melanoma, breast cancer, glioblastoma and colorectal
tumors, U-104 exhibits enhanced anti-tumor effects in
combination with therapeutics of conventional
chemotherapy or immunotherapy[11,15,34] . It is plausible
to propose that the utilization of U-104 can improve the

outcome of the TSCC immunotherapies. Therefore, by
exploring the genome-wide modifications in U-104-
treated tumor cells and determining its requirement on
CA9 / CA12, our work not only provides a great value
for the deeper understanding of the anti-tumor effects
mediated by U-104, but also builds up fundamental
knowledge for its potentially expanded applications in
the anti-tumor therapy.

Supplementary data
Supplementary data are available at J. Univ. Sci. Tech.
China online.
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碳酸酐酶抑制剂 U-104 通过 CA9 和 CA12
抑制舌鳞状细胞癌的进程

杨紫暄1,张雪寒1,申涛1,施荣华2,汪香婷1∗

1. 中国科学技术大学生命科学与医学部,安徽合肥 230026;
2. 中国科学技术大学生命科学学院综合仪器实验中心,安徽合肥 230026

∗通讯作者. E-mail:wangxt11@ ustc. edu. cn

摘要: U-104 是一类高效的碳酸酐酶(CA)抑制剂,有望作为潜在的抗肿瘤药物应用于少数几类肿瘤的治疗.
然而,U-104 的下游机制及其在舌鳞状细胞癌中的功能尚不明确;其抗肿瘤效果是否依赖于 CA9 和 CA12 也未

被证明. 在本工作中,我们通过 RNA 测序发现了受 U-104 调节的差异表达基因和 U-104 可能影响的细胞内生

物过程. 在差异基因的富集分析中,排名位于前列的生物学过程包括与细胞死亡相关、细胞增殖、迁移和药物反

应等生物学过程;这与我们利用 U-104 处理 TSCC15 舌癌细胞后观察到的生物学效应一致. 进一步地,干扰

CA9 或 CA12 的表达完全消除了 U-104 对细胞迁移、死亡及关键差异基因表达的影响. 总体而言,我们的研究

在转录组水平提示了 U-104 的下游调节机制,并证明了在舌鳞状细胞癌中 U-104 的抗肿瘤功能依赖于 CA9 和

CA12. 此工作拓展了现阶段人们对于 U-104 抗肿瘤功能的认知,并提供了一类针对舌鳞状细胞癌的潜在治疗

方法.
关键词: 碳酸酐酶抑制剂;U-104;CA9;CA12;舌鳞状细胞癌
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一套用于秀丽隐杆线虫多感觉信息整合机制研究的行为学系统

赵秉珍1,罗林娇2,温泉1∗

1. 中国科学技术大学生命科学与医学部,安徽合肥 230027;
2. 南京大学物理系,江苏南京 210093

∗通讯作者. E-mail:qwen@ ustc. edu. cn

摘要: 动物通过感知不同的感觉信息来介导自己的行为. 神经系统如何进行多感觉信息整合仍然是神经科学

领域一个悬而未决的问题. 本文对秀丽隐杆线虫如何整合温度和盐刺激这两种对其生存至关重要的刺激进行

研究. 我们设计了一套行为学系统,可以在正交方向同时产生稳定的线性温度和盐浓度梯度. 通过将本文中的

行为学系统与一套追踪系统和钙成像系统结合,我们对秀丽隐杆线虫趋向行为的行为策略以及参与这一行为

的两个主要感觉神经元 AFD 和 ASER 的功能进行分析. 我们的工作开启了一个全新的视野,在精巧的神经系

统结构中进行多感觉信息整合的研究.
关键词: 行为学系统;温度梯度;盐梯度;多感觉信息整合
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