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A B S T R A C T   

Trans-urocanic acid (trans-UCA) is an isomer of cis-UCA and is widely distributed in the brain, predominantly in 
the hippocampus and prefrontal cortex. Previous studies have investigated the role of trans-UCA in non-spatial 
memory; however, its influence on spatial memory remains unclear. In the present study, network pharmacology 
strategy and behavioral testing were used to evaluate the role of trans-UCA in spatial memory and predict its 
possible mechanism. The results showed that there are 40 intersecting targets between trans-UCA and spatial 
memory identified by several databases and Venn diagram, indicating that trans-UCA may be involved in spatial 
memory. Behavioral results show that trans-UCA facilitates spatial working memory in the Y-maze test as well as 
spatial recognition memory acquisition, consolidation and retrieval in an object location recognition (OLR) task. 
Furthermore, PPI (protein-protein interaction) network analysis, GO (gene ontology) and KEGG (Kyoto ency-
clopedia of genes and genomes) pathway enrichment analyses show that the molecular mechanisms underlying 
the enhancing effect of trans-UCA on spatial memory are mainly associated with the regulation of insulin, 
mitogen-activated protein kinase (MAPK) and nuclear factor Kappa B (NF-κB) signaling pathways, serotonergic 
synapse and arginine and proline metabolism. The results of this study suggest that trans-UCA facilitates spatial 
memory in the Y-maze test and OLR task and may offer therapeutic potential for Alzheimer’s disease (AD). The 
underlying mechanisms predicted by network pharmacology should be further verified.   

1. Introduction 

Spatial memory, including encoding, retrieval and holding spatial 
information, plays an important role in topographical configuration of 
environments, location of objects, recalling of previously encountered 
locations and allowing navigation within environments [1]. Several 
brain regions including hippocampus and prefrontal cortex play essen-
tial roles in spatial memory [2, 3]. In addition, spatial memory deficit is 
one of the symptoms of neurodegenerative diseases, especially Alz-
heimer’s disease (AD), the most common type of dementia [4]. Conse-
quently, the development of novel drugs that enhance spatial memory is 
of great significance for alleviating the course of neurodegenerative 
diseases such as AD. 

Urocanic acid (UCA) was first discovered in the urine of dog and has 

two kinds of isomers: cis-UCA and trans-UCA [5]. Trans-UCA is found 
mainly in skin, liver and brain, and is produced by L-histidine degra-
dation [6, 7]. In the case of exposure to ultraviolet radiation (UVR), 
trans-UCA absorbs UVR and isomerizes in skin to cis-UCA that plays an 
important role in skin disease and vitamin D synthesis [7–9]. In brain, 
trans-UCA is distributed in various brain structures, particularly in 
hippocampus, amygdala and prefrontal cortex [6], where memories are 
formed [10]. As trans-UCA is able to across the blood-brain barrier, 
peripheral administration of trans-UCA leads to a significantly increased 
level of trans-UCA in the hippocampus and prefrontal cortex [6]. 
Trans-UCA is broken down to glutamate (GLU) that enhances gluta-
matergic synaptic transmission and improves the motor skill memory of 
the rotarod task and novel object recognition memory, two non-spatial 
memories [6, 11]. However, the role of trans-UCA in spatial memory 
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is not clear. In the current study, we performed network pharmacology 
analysis and found that trans-UCA might have a potential role in spatial 
memory. 

The Y-maze test and objective location recognition (OLR) tasks are 
non-aversive spatial memory paradigms that rely heavily on hippo-
campal activity [12, 13]. The Y-maze test assesses spatial working 
memory, while the OLR task assesses spatial recognition memory [14]. 
In the present study, we first used the Y-maze test to evaluate the effects 
of trans-UCA on spatial working memory. We then used the OLR task to 
evaluate the effects of trans-UCA on spatial recognition memory 
acquisition, consolidation and retrieval. Subsequently, we used network 
pharmacology analysis to investigate the possible molecular mecha-
nisms of trans-UCA on spatial memory. 

2. Materials and methods 

2.1. Animal treatment 

Male Institute of Cancer Research (ICR) mice (7 weeks old) were 
procured from the Hunan SJA Laboratory Animal Co., Ltd., Changsha, 
Hunan, China. The animals were housed in cages (2 animals per cage) 
and maintained at 24 ± 2

◦

on a 12 h light–dark cycle with free access to 
food and water. All experimental procedures were performed following 
the Guidance for the Care and Use of Laboratory Animals, University of 
South China. 

Trans-UCA (CAS number: 104–98–3, 99% purity, Merck Life Science 
UK Limited) was dissolved in sterile saline that was also used as vehicle. 
The doses of trans-UCA in the present study were chosen based on 
previous studies [11]. Trans-UCA was administered intraperitoneally to 
each mouse at a dosage of 10, 20 or 30 mg/kg body weight. 

2.2. Y-maze task 

As previously described [15], the Y-maze was made of wood and 
consisted of three horizontal arms (40 cm long, 3 cm wide walls and 12 
cm high), which were labeled A, B and C, with equal angles. The Y-maze 
task was conducted in a sound-attenuating room with dim lighting. Each 
mouse was randomly placed at the end of one arm and allowed to freely 
move to all the three arms for 5 min. A camera located above the Y-maze 
recorded the behaviors of mice. The total number of arm entries and the 
number of alternations were counted by an experienced researcher. An 
alternation was defined as a sequence of visits into all three arms 
consecutively without repetition. The number of maximum alternations 
was calculated as the total number of arm entries minus two. For the 
assessment of spatial working memory performance, the alternation 
ratio was calculated as: number of alternations/maximum alternations. 

2.3. Object location recognition (OLR) task 

OLR task was performed as previously described [16], briefly, the 
apparatus consisted of a wooden cabinet (25 × 35 × 50 cm) with dim 
lighting (25 lux) and constant noise (30 dB) and with a digital camera 
placed above the center of the cabinet. The objects used in the experi-
ments were two identical red plastic cylinders (3 cm diameter × 6 cm 
high). Mice have same preference for the chosen locations of the objects. 
The OLR task consisted of three periods separated by 24 h inter-trial 
intervals. In the first period (habituation period), the mouse was 
placed into the cabinet for 10 min with no objects present in order to 
habituate them to the test environment; in the second period (5 min 
sample period), the mouse was allowed to freely explore the cabinet in 
which two objects were fixed to the floor at opposite sides, 8 cm from the 
side wall respectively; in the third period (5 min test period), the mouse 
was allowed to freely explore the cabinet in which one of the objects had 
been moved to a new location, 8 cm from the back wall. A digital video 
camera recorded the mice behavior during the sample and test periods. 
Behavioral tracking software (Anymaze 6.10, https://www.any-maze. 

com/) was used to analysis mouse locomotor activity in the sample 
and test periods. An experienced observer who was blinded to the 
treatments used a stopwatch to record the time spent exploring the two 
objects during the sample and test periods. For the assessment of OLR 
spatial memory performance, the discrimination index (DI) in the test 
section was calculated as a percentage of the difference in exploration 
time for novel versus familiar location of object over the total time spent 
exploring both locations of objects. 

2.4. Screening trans-UCA and spatial memory related targets 

The Canonical SMILES (C1=C(NC––N1)C––CC(=O)O) and PubChem 
CID (736,715) of trans-UCA were available from PubChem database 
(https://pubchem.ncbi.nlm.nih.gov/) and were utilized to search for 
human targets of trans-UCA in Swiss Target Prediction platform (htt 
p://www.swisstarget prediction.ch/index.php), similarity ensemble 
approach (SEA)(https://sea.bkslab.org/) and BATMAN-TCM database 
(http://bionet.ncpsb.org/batman- tcm/) respectively [17]. Total targets 
of trans-UCA were obtained after removing duplicates. 89 genes from 
the Swiss Target Prediction platform, four genes from the SEA databases 
and 171 genes from the BATMAN -TCM database (Cutoff Score > 20 and 
p < 0.05) were chosen. Following removal of duplicate genes, a total of 
258 genes were identified as the targets of trans-UCA (Table S1). 

Spatial memory-associated genes were collected by using the Gene-
cards (http://www.genecards.org) and OMIM (http://omim.org/) da-
tabases with keywords “spatial memory” and species "Homo sapiens" 
[17]. Forty-four genes from the OMIM database and 865 genes from the 
Genecards databases (only relevance score ≥ 3) were collected as spatial 
memory-related genes (Table S2). 

2.5. Construction of Venn diagram and trans-UCA-targets-spatial 
memory network 

The overlapping targets between trans-UCA and spatial memory 
were obtained and visualized using the Venn diagram VENNY 2.1 (htt 
ps://bioinfogp.cnb.csic.es/tools/venny/). Following this, trans-UCA- 
targets-spatial memory Network was set up by inputting these over-
lapping targets into the Cytoscape software (version 3.7.1, https://cytos 
cape.org/). 

2.6. Construction of protein-protein interaction (PPI) networks 

A total of forty intersecting targets between trans-UCA and spatial 
memory were imported into the STRING database (https://string-db. 
org/) for PPI analysis. The analysis mode was set to “multiple pro-
teins”, and the species was selected as “Homo sapiens”. In the present 
study, the PPI network was constructed based on the nodes with a score 
higher than 0.4 with the discrete nodes hidden. The network graphics 
were downloaded and the data was saved in a TSV format and imported 
into the Cytoscape. 

2.7. Gene ontology (GO) and Kyoto encyclopedia of genes and genomes 
(KEGG) pathway enrichment analyses 

A total of forty intersecting targets between trans-UCA and spatial 
memory were imported into the DAVID database (https://david.ncifcrf. 
gov/tools.jsp) for GO and KEGG pathway enrichment analyses [18]. The 
threshold of p < 0.05 was set up, and the top ten enriched items of GO 
biological processes and top twenty enriched items of the KEGG 
pathway were chosen and imported into the R Studio software (htt 
ps://www.rstudio.com/) for Graphics drawing. 

2.8. Statistical analyses 

All statistical analyses were performed using Sigma Stat 3.1. A one- 
way ANOVA was performed for all behavioral experiments. Post-hoc 
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comparisons were carried out using the Tukey HSD method. All data 
were expressed as mean± SEM. The significance level was taken at p <
0.05 

3. Results 

3.1. Prediction for the relationship between trans-UCA and spatial 
memory and potential targets 

As a first step in studying the relationship between trans-UCA and 
spatial memory, the Venny 2.1 online mapping tool was used. As shown 
in Fig. 1A, Venn diagram exhibited that 40 overlapping target-proteins 
were identified between 130 targets of trans-UCA and 865 spatial 
memory-related target genes. In addition, Cytoscape software was used 
to further show this interaction through the trans-UCA-targets-spatial 
memory network in Fig. 1B. These results indicate that trans-UCA may 
be involved in spatial memory and that this effect might be through 
multiple potential targets. 

3.2. Trans-UCA injection 30 min before test facilitated spatial working 
memory performance in Y-maze task 

Firstly, we aimed to verify the predicted effects of trans-UCA on 
spatial working memory in Y-maze task. For this, mice were randomized 
to four groups, each containing eight animals: vehicle group; 10 mg/kg 
(body weight) trans-UCA group; 20 mg/kg (body weight) trans-UCA 
group; and 30 mg/kg (body weight) trans-UCA group. Mice were 
treated with vehicle or various doses of trans-UCA (10, 20, 30 mg/kg 
body weight) 30 min before the Y-maze test. The timeline of the Y-maze 
task is shown in Fig. 2A. 

The Y-maze test showed that the mice in each group exhibited 
comparable levels of arm entries (F (3, 28) = 0.313, p > 0.05; Fig. 2B) 
and total distance traveled (F (3, 28) = 0.351, p > 0.05; Fig. 2C) but that 
the alternation ratio (F (3, 28) = 3.259, p < 0.05; Fig. 2D) was signifi-
cantly different between groups. Post-hoc comparisons showed that 
trans-UCA at a dose of 10 mg/kg significantly increased the alternation 
ratio (p < 0.05), while trans-UCA at the dose of 20 or 30 mg/kg had no 
effect on the alternation ratio (both, p > 0.05), possibly due to higher 
doses of trans-UCA resulting in a high level of glutamate, which may 

affect glutamatergic synaptic transmission and memory [10]. 
As we found that only the dose of 10 mg/kg body weight of trans- 

UCA enhanced memory performance significantly, this dose was used 
in the following experiments. 

3.3. Trans-UCA injection 30 min before sampling facilitated spatial 
recognition memory performance in OLR task 

Next, we investigated the effects of trans-UCA on spatial recognition 
memory acquisition in the OLR task. Mice were randomly assigned to 
the vehicle group (n = 8) and the trans-UCA group (n = 8) and received 
an injection of vehicle or trans-UCA (10 mg/kg body weight) 30 min 
before the sample period. The timeline of the OLR task is shown in 
Fig. 3A. 

In the sample period, trans-UCA had no significant effect on the total 
object exploration time (F (1, 14) = 0.00919, p > 0.05; Fig. 3B) or the 
total distance traveled (F (1, 14) = 2.636, p > 0.05; Fig. 3C). Similarly, in 
the test period trans-UCA had no significant effect on the total object 
exploration time (F (1, 14) = 0.415, p > 0.05; Fig. 3D) or the total 
distance traveled (F (1, 14) = 1.016, p > 0.05; Fig. 3E), but showed a 
tendency towards increase of the discrimination index (F (1, 14) =
4.111, p = 0.062; Fig. 3F). One-sample t-test showed that the discrimi-
nation index of mice exposed to vehicle indicated a performance well 
above chance. It is noteworthy that, as shown by one-way ANOVA, the 
discrimination index of the trans-UCA group was not statistically 
different to that of the vehicle group. This phenomenon was possibly due 
to a ceiling effect, given that the discrimination index of the vehicle 
group was well above chance (p < 0.05). The elevated discrimination 
index of the vehicle group might partly mask the potential increasing 
effect of trans-UCA on the discrimination index in the present study. In 
fact, the discrimination index of trans-UCA group was statistically 
significantly increased compared to that of the vehicle group by another 
statistical method, unpaired t-test (p < 0.05). 

3.4. Trans-UCA injection after sampling time-dependently facilitated 
spatial recognition memory performance in OLR task 

We also investigated the effects of trans-UCA on spatial recognition 
memory consolidation in OLR task. For this, mice were randomly 

Fig. 1. Prediction for targets of trans-UCA involved in spatial memory. (A) The intersection of trans-UCA targets and spatial memory targets. (B) The network of 
trans-UCA –target –spatial memory. ACE: angiotensin I converting enzyme; ADA: Adenosine Deaminase; ADRA2A: adrenoceptor alpha 2A; AR: androgen receptor; 
CA4: carbonic anhydrase; CACNA1A: Calcium Voltage-Gated Channel Subunit Alpha1 A; CASP3: caspase 3; DAO: D-amino acid oxidase; ESR2: estrogen receptor 2; 
FASLG: Fas ligand; FGF2: fibroblast growth factor 2; FMR1: FMRP translational regulator 1; FYN: FYN proto-oncogene, Src family tyrosine kinase; GATA3: GATA 
binding protein 3; GBA: glucosylceramidase beta; GRIN1: glutamate ionotropic receptor NMDA type subunit 1; HEXA: hexosaminidase subunit alpha; HSP90AA1: 
heat shock protein 90 alpha family class A member 1; IGF-1: insulin-like growth factor 1; IL 1β: interleukin 1 beta; IL 13: interleukin 13; INS: insulin; KDM4C: lysine 
demethylase 4C; KMO: kynurenine 3-monooxygenase; MAOA: monoamine oxidase A; MAOB: monoamine oxidase B; MME: membrane metalloendopeptidase; NOS1: 
nitric oxide synthase 1; NOTCH1: Notch receptor 1; PPARA: peroxisome proliferator activated receptor alpha; PPARG: peroxisome proliferator activated receptor 
gamma; PTGS2: prostaglandin-endoperoxide synthase 2; SLC6A4: solute carrier family 6 member 4; SLC8A3: Solute Carrier Family 8 Member A3; SNCA: synuclein 
alpha; SP1: specificity protein1; TCF3: transcription factor 3; TLR4: toll-like receptor 4; TNF: tumor necrosis factor; TSPO: translocator protein. 
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assigned to vehicle group (n = 8), trans-UCA 0 h group (n = 8), and 
trans-UCA 6 h group (n = 8). Mice were treated with vehicle or trans- 
UCA (10 mg/kg) 0 h or 6 h following the sample period. The timeline 

of the OLR task is shown in Fig. 4A. 
In the sample period, no significant differences were found in the 

total object exploration time between groups (F (2, 21) = 0.0957, p >

Fig. 2. Effect on spatial working memory performance 
of 10, 20 and 30 mg/kg trans-UCA injection 0.5 h prior 
to Y-maze test (A) The timeline of Y-maze task and 
trans-UCA injection. Number of arm entries (B), total 
distance traveled (C) and alternation ratio (D) in Y- 
maze during the test period. There was no significant 
difference in arm entries (B) and in total distance (C) 
when t-UCA-treated group (10, 20 or 30 mg/kg body 
weight) were compared to the vehicle group (all p >
0.05). There was a significant difference in alternation 
ratio when the t-UCA-treated group at a dosage of 10 
mg/kg body compared to the vehicle group (D) (p <
0.05); however, there was no significant difference in 
alternation ratio between the t-UCA-treated group at a 
dosage of 20 or 30 mg/kg body weight and the vehicle 
group (D) (p > 0.05). t-UCA: trans-urocanic acid; *p <
0.05; n = 8.   

Fig. 3. Effect on memory performance in 
OLR task of 10 mg/kg trans-UCA injection 
0.5 h prior to sample period. (A) The time-
line of OLR task and trans-UCA injection. 
(B) Total time of exploration of both objects 
during the sample period and (C) total dis-
tance traveled in the training chamber 
during the sample period. In the test sec-
tion, (D) Total time of exploration of both 
objects during test period; (E) total distance 
traveled in the training chamber during test 
period; and (F) the discrimination index 
during test period. There was no significant 
difference between vehicle and t-UCA- 
treated groups in the above experiments (all 
p > 0.05). OLR, object location recognition 
memory; t-UCA: trans-urocanic acid; n = 8.   
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0.05; Fig. 4B) or the total distance traveled (F (2, 21) = 0.407, p > 0.05; 
Fig. 4C). In the test period, no significant differences were observed in 
either the total object exploration time between groups (F (2, 21) =
1.410, p > 0.05; Fig. 4D) or the total distance traveled (F (2, 21) = 2.636, 
p > 0.05; Fig. 4E), while there was a significant difference in discrimi-
nation index (F (2, 21) = 4.841, p < 0.05; Fig. 4F) between groups. Post- 
hoc comparisons demonstrated trans-UCA 0 h injection mice had a 
significantly higher discrimination index (p < 0.05); trans-UCA 6 h in-
jection had no effect on the discrimination index (p > 0.05). One-sample 
t-test displayed that the discrimination index of mice exposed to vehicle 
performed at a chance level (p > 0.05). 

3.5. Trans-UCA injection 30 min before test facilitated spatial recognition 
memory performance in OLR task 

We next examined the effects of trans-UCA on spatial memory 
retrieval in the OLR task. Mice were randomly assigned to the vehicle 
group (n = 10) and trans-UCA group (n = 10) and received, as appro-
priate, an injection of vehicle or trans-UCA (10 mg/kg) 30 min before 
the test period. The timeline of OLR task is shown in Fig. 5A. 

In the sample period there was no significant difference in the total 
object exploration time between groups (F (1, 18) = 1.124, p > 0.05; 
Fig. 5B) or the total distance traveled (F (1, 18) = 1.148, P > 0.05; 
Fig. 5C). In the test period, there was no significant differences between 
the two groups in terms of the total object exploration time (F (1, 18) =

Fig. 4. Effect on memory performance 
in OLR task of 10 mg/kg trans-UCA in-
jection 0 or 6 h following sample period. 
(A) The timeline of OLR task and trans- 
UCA (t-UCA) injection. (B) Total time 
of exploration of both objects during 
sample period; (C) total distance traveled 
in the training chamber during sample 
period. (D) Total time of exploration of 
both objects during test period; (E), Total 
distance traveled in the training chamber 
during test period; (F) discrimination 
index during test period. There was no 
significant difference in total exploration 
time (B, D) and total distance (C, E) be-
tween the t-UCA-treated groups and the 
vehicle group (all p > 0.05). There was a 
significant difference in discrimination 
(F) index between the t-UCA-treated 
group (injection 0 h) and the vehicle 
group (p < 0.05). OLR, object location 
recognition memory; t-UCA: trans- 
urocanic acid; *p < 0.05; n = 8.   

Fig. 5. Effect on memory performance in 
OLR task of 10 mg/kg trans-UCA (10 mg/kg) 
injection 0.5 h prior to test period. (A) The 
timeline of OLR task and trans-UCA injec-
tion. (B) Total time of exploration of both 
objects during sample period; (C) Total dis-
tance traveled in the training chamber dur-
ing sample period. (D) Total time of 
exploration of both objects during test period 
(E) Total distance traveled in the training 
chamber during test period; (F) discrimina-
tion index during test period. There was no 
significant difference in total exploration (B, 
D) and total distance (C, E) between the t- 
UCA-treated group and the vehicle group (all 
p > 0.05); there was a significant difference 
in discrimination index (F) between the two 
groups(p < 0.05). OLR: object location 
recognition memory; t-UCA: trans-urocanic 
acid; * p < 0.05; n = 8.   
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1.989, p > 0.05; Fig. 5D) or the total distance traveled (F (1, 18) =
0.0065, p > 0.05; Fig. 5E), but there was a significant difference in the 
discrimination index between the groups (F (1, 18) = 7.388, p < 0.05; 
Fig. 5F). Post-hoc comparisons showed that trans-UCA significantly 
increased the discrimination index (p < 0.05). 

3.6. Construction of PPI networks of potential targets of trans-UCA 
involved in spatial memory 

To understand the potential mechanism of enhancing roles of trans- 
UCA in spatial memory, 40 potential targets were further analyzed using 
the STRING database and visualized by the Cytoscape software to create 
a PPI network. With discrete nodes hidden, Fig. 6A shows the 39 nodes 
and their interactions visualized by the STRING database. For better 
visualization, Fig. 6B shows a PPI network created using the Cytoscape 

software, which had 39 nodes and 184 edges. The size of the node degree 
value is represented by the size and color of the nodes: the bigger the 
node and the deeper the red color, the higher the node degree value. 
Proteins with “degree” value higher than 20 were selected as the sig-
nificant targets, including Tumor Necrosis Factor (TNF), Insulin (INS), 
Interleukin 1 β (IL-1β) and Caspase 3 (CASP3) as central targets, which 
may play a critical role in enhancing spatial memory by trans-UCA. 

3.7. GO and KEGG pathway enrichment analysis for potential targets of 
trans-UCA involved in spatial memory 

Next, to further understand the potential mechanism of the role of 
trans-UCA in enhancing spatial memory, 40 potential targets were 
performed using GO and KEGG pathway enrichment analyses using the 
DAVID database. 

Fig. 6. PPI network analysis of potential targets of trans-UCA involved in spatial memory. (A) PPI network based on STRING database showed 39 potential targets. 
(B) PPI network based on Cytoscape 3.7.2 software showed 39 potential targets. 
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GO enrichment analysis can reveal three aspects: biological process 
(BP), cell composition (CC), and molecular function (MF). Based on the 
screening criteria of p < 0.05, a total of 192 GO terms, including 133 of 
BP, 26 of CC, and 33 of MF were obtained (Supplementary Table S3). 
The top 10 terms of BP, CC, and MF, that were ranked based on their p 
values, are shown in Fig. 7A. The results showed that these potential 
targets of BP were mostly related to positive regulation of transcription, 
response to drug and response to lipopolysaccharide; these potential 
targets of CC belong mainly to the plasma membrane, extracellular re-
gion and extracellular space; based on the classification of MF, these 

potential targets are mainly focused on protein binding, zinc ion bind-
ing, enzyme binding and transcription regulatory region DNA binding. 

KEGG pathway enrichment analysis obtained a total of 192 GO 
terms, according to the screening criteria of p < 0.05 (Supplementary 
Table S4); the top 20 terms were ranked according to their p values and 
are shown in Fig. 7B. Results showed that these potential targets-related 
pathways mainly include Alzheimer’s disease, Serotonergic synapse, 
MAPK signaling pathway, NF-kappa B signaling pathway and Arginine 
and proline metabolism, indicating that these pathways are possibly 
associated with the enhancing roles of trans-UCA in spatial memory. 

Fig. 7. Enrichment Analysis of potential targets of trans-UCA involved in spatial memory. (A) The top 10 GO Functional analyses including BP, CC and MF showed 
the potential targets. (B) The top 20 KEGG pathway analyses showed the potential targets. BP, biological processes; CC, cellular components; MF, molecu-
lar functions. 
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4. Discussion 

In the present study, we investigated for the first time the effects of 
trans-UCA on spatial memory in the Y-maze and OLR task in mice. In the 
Y-maze task, our results showed that injection of trans-UCA 10 mg/kg 
(but not 20 or 30 mg/kg) prior to the test period improved the alter-
nation ratio of mice, while having no effect on the total number of arm 
entries and the distance traveled. These results suggest that trans-UCA 
facilitated spatial working memory and that this potentiating role 
could not be attributed to general changes in locomotor activity 
(nonspecific response). 

In the OLR task, our results showed that trans-UCA (10 mg/kg) in-
jection 0.5 h prior to the sample period tended to facilitate spatial 
recognition memory performance in the test period. Trans-UCA (10 mg/ 
kg) injection 0.5 h prior to the test period or 0 h (but not 6 h) following 
the sample period facilitated spatial recognition memory performance in 
the test period. In addition, trans-UCA did not influence the total time 
spent exploring the objects or the total distance traveled 0.5, 18 or 24 h 
after injection. Taken together, these results suggest that trans-UCA 
enhanced retrieval as well as time-dependently enhanced consolida-
tion and showed a tendency to enhance acquisition of spatial recognition 
memory in OLR task and that this effect was not due to any other non- 
specific behavioral effects. Our findings are consistent with a previous 
study that trans-UCA promotes memory consolidation and retrieval in 
novel object recognition memory, a non-spatial memory paradigm [6, 
11]. These observations support the notion of an enhancing effect of 
trans-UCA on spatial memory. 

There is mounting evidence to suggest that, post-acquisition, new 
and initially unstable memories undergo stabilization over a period of 
time, usually 1–6 h [19, 20]. During this crucial time window, memory 
can be modified, enhanced or deleted. Subsequent to this time window, 
memories become resilient. For example, administration 0 h after sam-
ple period of AMPA receptor antagonist CNQX impairs social memory 
consolidation, an outcome that does not occur when it is administrated 
6 h after the sample period [21]. Similarly, cocaine enhances object 
recognition memory consolidation at 0 h but not 6 h after the sample 
period [22]. Consistently, our present results show that trans-UCA in-
jection 0 h rather than 6 h after sample section facilitated OLR memory 
performance, which provides further experimental support for the ex-
istence of the time window in memory consolidation. Additionally, the 
present results are consistent with our previous study demonstrating 
that trans-UCA time-dependently enhanced memory consolidation in 
object recognition memory [11], further indicating the enhancing effect 
of trans-UCA in spatial memory consolidation. 

Growing evidence suggests that multiple brain regions are associated 
with spatial memory, particularly the hippocampus and prefrontal cor-
tex [23–27]. Trans-UCA is highly expressed in the hippocampus and 
prefrontal cortex, and a peripheral injection of trans-UCA, induced, 30 
min later, a rapid rise in trans-UCA levels in these brain regions [6]. It 
seems that these brain regions are of importance in the enhancing effects 
of trans-UCA to spatial memory in the Y-maze and OLR task. However, 
the underlying molecular mechanisms related to the enhancing effect of 
trans-UCA on spatial memory in normal mice remain unclear. 

In order to elucidate the possible mechanisms, we utilized network 
pharmacology to predict the possible molecular mechanisms of trans- 
UCA in enhancing spatial memory. Based on the PPI network, INS is 
one of the core targets. Indeed, insulin signaling is important for spatial 
memory [28]. Administration of insulin into the hippocampus by 
microinjection improves spatial memory acquisition, consolidation and 
retrieval in water maze performance of normal rats [29–31]. The other 
core targets, TNFα and IL-1β, are related to inflammatory responses. 
Inflammation is thought to contribute to spatial memory impairment 
[32]. Numerous preclinical studies demonstrate lipopolysaccharide 
(LPS)-induced production of proinflammatory cytokines, such as IL-1β 
and TNFα, causes deficiency in the formation of spatial memory in ro-
dents [33–35]. Transgenic mice with overexpression of IL-1β or TNFα in 

the hippocampus demonstrate impaired spatial memory performance 
[36–38], while knockout of TNFα resulted in an opposite effect on 
spatial memory performance [39]. So, enhancement of spatial memory 
performance by trans-UCA is possibly mediated by inhibition of 
inflammation. Consistently, the GO enrich analysis revealed that BP of 
targets is related to response to lipopolysaccharide and positive regu-
lation of NF-kappaB import into nucleus. The result of KEGG pathway 
enrichment is also associated with NF-kappa B signaling pathway. These 
inflammatory responses-related targets, pathways and biological pro-
cesses are involved in progression and development of spatial memory 
deficit related to neurodegenerative diseases [40]. 

According to KEGG pathway enrichment, Serotonergic synapse, 
MAPK signaling pathway and Arginine and proline metabolism are the 
predominant pathways involved in the spatial memory-enhancing effect 
of trans-UCA in normal subjects. Indeed, optogenetic activation of 
serotonergic terminals by evoked 5-HT release in the hippocampus en-
hances spatial memory in normal subjects [41]. In addition, 5-HT2A 
receptor agonist TCB-2 enhances object memory and fear memory in 
normal subjects [42, 43]. Importantly, cis-UCA has a chemical structure 
similar to that of 5-HT and a relatively higher binding affinity to 5-HT2A 
receptors [44, 45]. Possibly, trans-UCA isomerizes to cis-UCA that binds 
to 5-HT2A receptor and enhances spatial memory. Moreover, evidence 
suggests that the 5-HT2A receptor regulates the activation of the MAPK 
pathway [46] and that the activation of the hippocampal MAPK 
signaling pathway playa an enhancing role in spatial memory of normal 
rats in water maze test [47]. Furthermore, the pathway of arginine and 
proline metabolism have been shown to be involved in memory; for 
example, arginine administration facilitated memory in a passive 
avoidance task [48]. Arginine degradation produces glutamate, which is 
critically related to spatial memory. Possibly, glutamate transformed by 
trans-UCA or derived from arginine combine to enhance memory per-
formance. Thus, trans-UCA enhances spatial memory in normal subjects 
possibly through regulating insulin and 5-HT2A− MAPK signaling path-
ways as well as glutamate production relating to arginine and proline 
metabolism. 

KEGG pathway enrichment analyses also revealed that Alzheimer’s 
disease (AD) is a predominant pathway. It is well known that spatial 
memory is markedly impaired in AD, possibly caused by remapping 
deficiency in the hippocampus [49]. The development and progression 
of AD is thought to be associated with accumulation of extracellular 
amyloid beta (Aβ42), a metabolite of amyloid precursor protein. Aβ42 
can induce neuroinflammation by activating microglia and releasing 
proinflammatory cytokines (e.g. IL-1β and TNFα) and has been shown to 
impair spatial memory in mice [50, 51]. Pharmacological inhibition of 
neuroinflammation rescues spatial memory deficit in AD mice [52]. The 
network pharmacological data suggests that trans-UCA may play a 
similar role in AD and may rescue spatial memory impairment by sup-
pressing inflammatory responses. 

In conclusion, we demonstrated that trans-UCA enhanced spatial 
memory in normal mice; Network pharmacology showed that there are 
multiple signal pathways associated with the effect of trans-UCA on 
spatial memory. Trans-UCA has a therapeutic potential for promoting 
spatial memory performance in neurodegenerative disorders, particular 
in AD. Further studies are needed to determine the molecular mecha-
nisms by which trans-UCA improves spatial memory under physiolog-
ical and pathological conditions. 
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