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Abstract 25 

Urocanic acid (UCA) is an endogenous small molecule that is elevated in skin, blood and 26 

brain after sunlight exposure, mainly playing roles in the periphery systems. Few studies have 27 

investigated the role of UCA in the central nervous system. In particular, its role in memory 28 

consolidation and reconsolidation is still unclear. In the present study, we investigated the 29 

effect of intraperitoneal injection of UCA on memory consolidation and reconsolidation in a 30 

novel object recognition memory (ORM) task. In the consolidation version of the ORM task, 31 

the protocol involved three phases: habituation, sampling and test. UCA injection 32 

immediately after the sampling period enhanced ORM memory performance; UCA injection 33 

6h after sampling did not affect ORM memory performance. In the reconsolidation version of 34 

the ORM task, the protocol involved three phases: sampling, reactivation and test. UCA 35 

injection immediately after reactivation enhanced ORM memory performance; UCA injection 36 

6h after reactivation did not affect ORM memory performance; UCA injection 24h after 37 

sampling without reactivation did not affect ORM memory performance. This UCA-enhanced 38 

memory performance was not due to its effects on nonspecific responses such as locomotor 39 

activity and exploratory behavior. The results suggest that UCA injection enhances 40 

consolidation and reconsolidation of an ORM task, which further extends previous research 41 

on UCA effects on learning and memory. 42 

 43 
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1. Introduction 47 

Learning and memory can be divided into several functionally distinct phases. Memory 48 

consolidation is the phase in which a new, labile memory is stabilized and strengthened 49 

following acquisition. When reactivated, previously consolidated memory becomes 50 

temporarily labile and is then restabilized, undergoing reconsolidation [1]. Memory can be 51 

modulated during the labile periods of consolidation and reconsolidation by various factors, 52 

such as acute stress exposure, sleep deprivation and novel learning situations [2]. Importantly, 53 

memory can be also influenced by pharmacological manipulations [3-5]. For example, 54 

administration of agonists or antagonists of particular neurotransmitters or hormones can 55 

improve or impair memory consolidation and (or) reconsolidation [3-5]. 56 

Urocanic acid (UCA) is an endogenous small molecule that is found primarily in skin, 57 

blood, liver, and urine, playing a role in skin disease [6,7], vitamin D synthesis [8] and 58 

immune suppression [9, 10]. Recently, UCA was discovered in the central nervous system 59 

(CNS) and widely distributed in the entire brain, particularly in the hippocampus, prefrontal 60 

cortex and amygdala, which are associated with learning and memory [11]. In addition, UCA 61 

has been shown to cross the blood-brain barrier: peripheral administration of UCA triggered a 62 

significant increase of intracellular UCA level in the prefrontal cortex and hippocampus [11]. 63 

The increased UCA through the UCA-glutamate metabolic pathway was converted into 64 

glutamate in neurons. As is well known, glutamate is the most abundant neurotransmitter in 65 

the central nervous system and plays a critical role in memory consolidation and 66 



4 
 

reconsolidation [3, 12]. However, the direct role of UCA in memory consolidation and 67 

reconsolidation is unclear.  68 

Novel object recognition memory (ORM) task is a non-aversive learning paradigm that 69 

exploits animals'  innate preference for novelty [13, 14]. The ORM task evaluates 70 

non-spatial learning of object identity, which relies on multiple brain regions such as 71 

hippocampus，prefrontal cortex and entorhinal cortex, etc. [13]. Here, we used the ORM task 72 

to investigate the effect of UCA on memory consolidation and reconsolidation in mice. 73 

2. Materials and methods 74 

2.1. Animals 75 

Institute of Cancer Research (ICR) mice (male, 7 weeks old) were obtained from the 76 

Hunan SJA Laboratory Animal Co., Ltd., Changsha, Hunan, China. The animals were pair 77 

housed in standard conditions (temperature, 20±2°C; 12-h light/dark cycle, lights on at 7am) 78 

with food and water ad libitum. Experiments were conducted on day-time and the mice were 79 

handled (5min per mice per day) by experimenters in the 5 days prior to the beginning of 80 

trials. All animal experiments were conducted in strict accordance with Guidance for the Care 81 

and Use of Laboratory Animals, University of South China. 82 

2.2 Drugs 83 

UCA (Sigma, St Louis, USA) was dissolved in sterile 0.9% saline. The dose of UCA was 84 

based on a previous report, with minor modifications [11], and intraperitoneally injected at a 85 

dose of 10ml/kg body weight. 86 

2.3. Object recognition memory (ORM) task 87 

2.3.1 Apparatus 88 
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The ORM task was conducted in a wooden chamber (30 cm × 30 cm × 60cm) with dim 89 

lighting (35×lux) and low level of background white noise (40dB). Object A, a yellow plastic 90 

cube (3cm long × 3cm wide × 6cm high) and object B, a round white glass (3cm diameter × 91 

6cm high), were used. The objects were fixed to the floor of the training box, with the location 92 

of objects counter-balanced. Prior to the test，the box and objects were cleaned with 75% 93 

ethanol to eliminate olfactory cues. Mice behavior was monitored by a digital camera 94 

positioned above the apparatus for later analysis. Locomotor activity in test phase was 95 

determined using behavioral tracking software (Anymaze 6.10). The exploration time of the 96 

mice for each object was recorded by an expert observer who was blinded to groups and 97 

treatments. For the assessment of ORM memory performance, the discrimination index 98 

during the test phase was calculated as the percentage of difference in time exploring a new 99 

object and a familiar object, over the total time spent exploring of the two objects.  100 

2.3.2 The consolidation protocol 101 

The ORM consolidation procedure was based on previous reports [13, 15]. Mice were 102 

placed in the empty box for a 10min habituation period. 24h later, for a 5min sampling period, 103 

mice were returned to the box in which now were two identical 'A' objects 8cm from the back 104 

and side walls of the box. 24h later, one object A was replaced by object B, and mice were 105 

placed in the box for the 5min test phase.  106 

2.3.3 The reconsolidation protocol  107 

The ORM reconsolidation procedure was carried out according to previous description [5, 108 

16]. Mice were placed in the box containing two identical 'A' objects for a 10 min sampling 109 

period. 24h later, mice were again placed in the box with two identical 'A' objects for a 5 min 110 
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reactivation phase. After 24h, mice were placed in the box for the 5 min test phase wherein 111 

one object A was replaced by object B.  112 

2.4 Experiment designs  113 

The designs of three experiments are illustrated in Figure1 and described below. 114 

2.4.1 Experiment 1  115 

Experiment 1A was designed to evaluate the effects on memory performance in the 116 

ORM task of UCA injection immediately after the sampling period. For these trials, mice 117 

received an injection of vehicle or various doses of UCA (10, 20, 30 mg/kg body weight) 0 h 118 

after sampling and subjected to the consolidation protocol of the ORM task, as described 119 

above. In Experiment 1B, the mice were subjected to the same protocol, this time receiving an 120 

injection of vehicle or a low dose of UCA (10 mg/kg body weight) 6 h after sampling. This 121 

dose was chosen as we found that UCA at a dose of 10 rather than 20 or 30 mg/kg body 122 

weight enhanced memory performance significantly in experiment 1. The animal number was 123 

8 per group.  124 

2.4.2 Experiment 2 125 

Experiment 2A was designed to evaluate the effects on memory performance in the ORM 126 

task of UCA injection immediately after reactivation. For this, mice received an injection of 127 

vehicle or various dose of UCA (10, 20, 30 mg/kg body weight) 0 h after reactivation and 128 

subjected to the reconsolidation protocol of ORM task, conducted as described above. 129 

Experiment 2B was designed to evaluate the effects of UCA injection 6 h after reactivation on 130 

memory performance in ORM task. For this, mice subjected to the reconsolidation protocol 131 

received an injection of vehicle or a low dose of UCA (10 mg/kg body weight) 6h after 132 
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reactivation, this dose chosen as we found that UCA at a dose of 10 rather than 20 or 30 133 

mg/kg significantly enhanced memory performance in experiment 2A. The animal number 134 

was 8 per group. 135 

2.4.3 Experiment 3  136 

Experiment 3 was designed to evaluate whether UCA injection enhances memory 137 

performance in the absence of the reactivation period of the ORM task. For this, mice were 138 

subjected to the reconsolidation protocol of ORM task but with no reactivation period. An 139 

injection of vehicle or a low dose of UCA (10 mg/kg body weight) was given 24h after 140 

sampling. The animal number was 8 per group. 141 

2.5 Statistical analysis 142 

All data are represented as mean ± SEM and analyzed by Sigma Stat 3.5. Total 143 

exploration time, distance traveled and discrimination index was analyzed using a One-way 144 

analysis of variance (ANOVA) test followed by a post-hoc Tukey HSD test. One-sample t 145 

tests were run to analyse whether discrimination indices were significantly different from 146 

chance level (0%). A p-value <0.05 was considered significant. 147 

3. Results 148 

3.1. UCA injection after sampling dose-dependently and time-dependently enhanced memory 149 

performance in ORM task 150 

To investigate the role of UCA in memory consolidation, we initially used ORM task to 151 

determine the effect on memory performance of UCA injection immediately after sampling., 152 

A one-way ANOVA test of the total object exploration time revealed no significant 153 

differences between the groups during the sampling period (F (3, 28) = 1.110, p>0.05; Fig. 154 
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2A). Similarly, a one-way ANOVA test revealed no significant differences between the groups 155 

for the total object exploration time during the test period (F (3, 28) = 2.580, p>0.05; Fig. 2B) 156 

or total distance traveled (F (3, 28) = 0.563, p>0.05; Fig. 2C). However, a significant 157 

difference between the groups for the discrimination index during the test phase was observed 158 

(F (3, 28) = 3.314, p<0.05; Fig. 2D). Post hoc test revealed that the UCA had a significantly 159 

higher discrimination index than the vehicle group (p<0.05). Furthermore, One-sample t test 160 

showed that the discrimination index of mice treated with vehicle did not differ significantly 161 

from zero (p>0.05). These results showed that a single injection of UCA immediately after 162 

sampling enhanced ORM memory performance, implying that UCA may enhance the 163 

consolidation of ORM memory. 164 

We then investigated the effect on memory performance of UCA injection 6h after 165 

sampling. One-way ANOVA test of the total object exploration time during the sampling 166 

period of the ORM task revealed no significant differences between the groups (F (1, 14) = 167 

0.415, p>0.05; Fig. 2E). During the test phase, there were no significant differences between 168 

the groups for the total object exploration time (F (1, 14) = 0.812, p>0.05; Fig. 2F), the total 169 

distance traveled (F (1, 14) = 2.417, p>0.05; Fig. 2G), or the discrimination index (F (1, 14) = 170 

0.286, p>0.05; Fig. 2H). Furthermore, one-sample t test showed that the discrimination index 171 

of mice treated with vehicle did not differ significantly from zero (p >0.05). 172 

3.2. UCA injection after reactivation dose-dependently and time-dependently enhanced 173 

memory performance in ORM task 174 

We next investigated the effect of UCA on memory reconsolidation in mice injected with 175 

UCA immediately after the reactivation period of the ORM task. A one-way ANOVA test of 176 
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the total object exploration time during the sampling and reactivation periods revealed no 177 

significant differences between the groups (F (3, 28) = 2.437, p>0.05, Fig. 3A; F (3, 28) = 178 

0.304, p>0.05, Fig. 3B, respectively). Furthermore, there were no significant differences 179 

between the groups for the total object exploration time during the test phase (F (3, 28) = 180 

0.111, p>0.05; Fig. 3C) or the total distance traveled (F (3, 28) = 0.338, p>0.05; Fig. 3D); 181 

However, a significant difference between the groups for the discrimination index was 182 

observed (F (3, 28) = 5.823, p<0.01; Fig. 3E). Post hoc test revealed that the UCA at the dose 183 

of 10mg/kg body weight had significantly better discrimination index than the Vehicle group 184 

(p<0.01). Meanwhile, one-sample t test showed that the discrimination index of mice treated 185 

with vehicle did not differ significantly from zero (p >0.05). 186 

We then investigated the effect on memory performance of UCA injection 6 h after the 187 

sampling period. A one-way ANOVA test of the total object exploration time revealed no 188 

significant differences between the groups during the sampling and reactivation periods (F (1, 189 

14) = 0.0323, p>0.05, Fig. 3F; F (1, 14) = 0.103, p>0.05, Fig. 3G, respectively). There were 190 

also no significantly differences between the groups for the total object exploration time (F (1, 191 

14) = 0.404, p>0.05; Fig. 3H), the total distance traveled (F (1, 14) =0.400, p>0.05; Fig. 3I), 192 

or the discrimination index (F (1, 14) = 0.784, p>0.05; Fig. 3J). Furthermore, one-sample t 193 

test showed that the discrimination index of mice treated with vehicle did not differ 194 

significantly from zero (p >0.05). 195 

3.3. In the absence of a reactivation period, UCA injection had no effect on memory 196 

performance in the reconsolidation procedure of ORM task.  197 

Next, we investigated the effect on memory performance of UCA injection 24 h after 198 
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sampling in the mice subjected to the reconsolidation procedure of the ORM task without the 199 

reactivation period. A one-way ANOVA test revealed no significant differences between the 200 

groups in total object exploration time during the sampling period (F (1, 18) = 0.162, p>0.05; 201 

Fig. 4A). There were also no significant differences between the groups for the total object 202 

exploration time during the test periods (F (1, 18) = 0.061, p>0.05; Fig.4B), the total distance 203 

traveled (F (1, 18) = 1.831, p>0.05; Fig. 4C), or the discrimination index (F (1, 18) = 0.0147, 204 

p>0.05; Fig. 4D). Furthermore, one-sample t test showed that the discrimination index of 205 

mice treated with vehicle did not differ significantly from zero (p >0.05). 206 

4. Discussion 207 

In this study, we investigated the effects of UCA on memory consolidation and 208 

reconsolidation in an ORM task. We found that injection of a 10 mg/kg dose of UCA 209 

immediately following the sampling period facilitated memory performance in the 210 

consolidation protocol of the ORM task, while injection at 6h after sampling period had no 211 

significant effect. Similarly, in the reconsolidation protocol of the ORM task, we found that 212 

injection of 10 mg/kg dose of UCA injection immediately following the reactivation phase 213 

facilitated memory performance while injection at 6h after reactivation had no significant 214 

effect; Therefore, these observations suggest that UCA improves object recognition memory 215 

consolidation as well as reconsolidation, and that these activities of UCA occur within a 6h 216 

time window.  217 

To further confirm the potentiating role of UCA in memory consolidation and 218 

reconsolidation, we examined the effect of UCA injection 24h after sampling, this time 219 

omitting the reactivation period (Expt. 3; Figure 4). We found that UCA had no effect on the 220 
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discrimination index, indicating that the potentiating effect of UCA on memory performance 221 

is dependent on memory reactivation. These results also rule out the possibility that the effect 222 

of UCA might last for 24 h to enhance the retrieval process so that improved memory 223 

performance would occur during the test phase. Additionally, UCA had no effect on 224 

exploration time or locomotor activity 18 and 24 h after injection, suggesting that the 225 

enhancement of memory performance by UCA is not due to its effects on these nonspecific 226 

behaviours. Taken together, these results suggest that post-sample or post-reactivation UCA 227 

injection has an enhancing effect on, respectively, consolidation and reconsolidation in the 228 

ORM task. 229 

Evidence suggests that memory changes from an initial unstable state to a stable state 230 

following acquisition or reactivation, this stabilization occuring in a critical time window, 231 

usually 1–6h [15, 17-19]. During this window, memory can be shifted, modified, strengthened 232 

or deleted. Following this period, however, memories become resilient. For example, 233 

dihydrokainic acid administration at 0h impaired memory performance, while at 6h had no 234 

effect [15]; similarly, sulfur dioxide administration 0h after reactivation, but not 6h, impaired 235 

reward memory reconsolidation [19]，while nicotine injection at 0h rather than 6h after 236 

sample or reactivation enhanced both memory consolidation and reconsolidation [17, 18]. In 237 

the present study, we found that UCA injection at 0h rather than 6h after sample or 238 

reactivation improves, respectively, memory consolidation and reconsolidation. These 239 

observations suggest that UCA improves memory consolidation and reconsolidation 240 

dependent on a 6h time window, further supporting the hypothesis that there is a specific time 241 

window for both memory consolidation and reconsolidation.  242 



12 
 

Although it has been shown that consolidation and reconsolidation are distinctive phases 243 

[20], it is possible that these two processes may signaling molecular mechanisms in common 244 

[21]. Thus, various pharmaceuticals may have identical effects in these two phases. For 245 

example, the administration of muscimol, MK-801, and calpain inhibitor PD150606 impairs 246 

both the memory consolidation and reconsolidation processes [22-24]. By contrast, the 247 

administration of bicuculline, memantine and NMDA receptor agonist D-cycloserine 248 

improves the memory consolidation and reconsolidation processes [22, 25, 26]. Importantly, 249 

dimebon, an AMPA receptor activator, facilitates memory consolidation as well as 250 

reconsolidation[12]. Consistently, the present study showed that UCA administration 251 

significantly enhanced both consolidation and reconsolidation processes of ORM task, which 252 

further supports the hypothesis that both memory consolidation and reconsolidation are 253 

mediated, at least in part, by similar molecular mechanisms.  254 

Data suggests that multiple brain regions such as the hippocampus and prefrontal cortex 255 

are critically involved in ORM tasks [14, 27]. UCA is highly distributed in the hippocampus 256 

and prefrontal cortex and, through a UCA-glutamate metabolic pathway, is able to convert to 257 

glutamate that improves not only the motor skill memory ability in rotarod task but also 258 

recognition memory retrieval in ORM task of mice [14]. Additionally，glutamate and its 259 

synaptic transmission also play a critical role in memory consolidation and reconsolidation. 260 

Specifically, during memory consolidation, glutamate is increased in the brain [28]. Ghrelin 261 

has been shown to induce a glutamate increase alongside enhanced memory consolidation 262 

[29]. By contrast, antagonist glutamate receptors, such as AMPA or NMDA receptors, 263 

impaired both memory consolidation and reconsolidation [23, 30]. However, agonist AMPA 264 
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or NMDA receptor facilitates memory consolidation and reconsolidation [4, 12, 31]. The 265 

present study showed that UCA enhances both memory consolidation and reconsolidation in 266 

ORM task. It seems that UCA increases neuronal glutamate synthesis and release from nerve 267 

terminals to activated NMDA and AMPA receptors, both of which enhance glutamatergic 268 

transmission. Presumably, increased glutamate levels and glutamatergic synaptic transmission 269 

may account for the potentiating effect of UCA on memory consolidation and reconsolidation. 270 

Glutamatergic synaptic transmission is of crucial important in regulation of neuronal protein 271 

synthesis and cellular energy metabolism related to synaptic plasticity [28, 32]. Further 272 

studies are needed to determine the role of synaptic plasticity in the facilitation of memory 273 

consolidation and reconsolidation by UCA.  274 

In conclusion, we have demonstrated that UCA time-dependently facilitates memory 275 

consolidation and reconsolidation in an ORM task in mice, and that its effect on 276 

reconsolidation depends on reactivation. Our observations further extend the previous studies 277 

on the role of UCA in learning and memory.  278 
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Figure Legends 374 

 375 

 376 

 377 

Figure 1 Schematic of the experimental designs. Details of individual experiments are 378 

described in Materials and methods section. Exp, experiment; UCA, Urocanic acid. 379 
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 383 

Figure 2 Effect of UCA injection 0h or 6h after sampling on memory performance in ORM 384 

task. (A–D) UCA (10, 20, 30 mg/kg) injection 0h after sampling. (A) total exploration time 385 

during sampling period; (B) total exploration time during test period, (C) total distance 386 

traveled during test period; (D) discrimination index during test period. (E–H) UCA (10 387 

mg/kg) injection 6h after sampling. (E) total exploration time during sampling period; (F) 388 

total exploration time during test period; (G) total distance traveled during test period; (H) 389 

discrimination index during test period. *p<0.05 versus vehicle mice. ORM, novel object 390 

recognition memory; DI, discrimination index; N=8 per group. Data represent group mean ± 391 

SEM. 392 
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 398 

Figure 3 Effect of UCA injection 0h or 6h after reactivation on memory performance in 399 

ORM task. (A–E) UCA (10, 20, 30 mg/kg) injection 0h after reactivation. (A) total 400 

exploration time during sampling period; (B) total exploration time during reactivation period; 401 

(C) total exploration time during test period, (D) total distance traveled during test period; (E) 402 

discrimination index during test period. (F–J) UCA (10 mg/kg) injection 6h after sampling. (F) 403 

total exploration time during sampling period; (G) total exploration time during reactivation 404 

period; (H) total exploration time during test period; (I) total distance traveled during test 405 

period; (J) discrimination index during test period. **p<0.01 versus vehicle mice. ORM, 406 

novel object recognition memory; DI, discrimination index; N=8 per group. Data represent 407 

group mean ± SEM. 408 

 409 

 410 

 411 

 412 

 413 

 414 



21 
 

 415 

Figure 4 Effect of a low dose of UCA (10 mg/kg) injection 24 h after sampling on memory 416 

performance without the reactivation in ORM task. (A) The total exploration time for both 417 

objects for the two groups during the 10 min-sampling session. (B) The total exploration time 418 

for both objects for the two groups during the 5 min-test session. (C) The total distance 419 

traveled in the training box for the two groups during the 5 min-test session. （D）The 420 

discrimination index for the two groups during the 5 min-test session. ORM, novel object 421 

recognition memory; DI, discrimination index; N=10 per group. Data represent group mean ± 422 

SEM. 423 
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