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Abstract 30 

Plastic change in neuronal connectivity is the foundation of memory encoding.  It is not 31 

clear whether the changes during anesthesia can alter subsequent behavior. Here we 32 

demonstrated that in male rodents under anesthesia, a visual stimulus (VS) was 33 

associated with electrical stimulation of the auditory cortex (EAC) or natural auditory 34 

stimulus (AS) in the presence of cholecystokinin (CCK), which guided the animals’ 35 

behavior in a two-choice auditory task. Auditory neurons became responsive to the VS 36 

after the pairings. Moreover, high-frequency stimulation of axon terminals of entorhinal 37 

CCK neurons in the auditory cortex enabled long-term potentiation (LTP) of the visual 38 

response in the auditory cortex. Such pairing during anesthesia also generated VS-39 

induced freezing in an auditory fear conditioning task. Finally, we verified that direct 40 

inputs from the entorhinal CCK neurons and the visual cortex enabled the above neural 41 

plasticity in the auditory cortex. Our findings suggest that CCK-enabled visuoauditory 42 

association during anesthesia can be translated to the subsequent behavior action. 43 

Significant Statement: 44 

Our study provides strong evidence for the hypothesis that CCK plays an essential role in 45 

the formation of cross-modal associative memory. Moreover, we demonstrated an 46 

entorhinal-neocortical circuit underlying such neural plasticity, which will be helpful to 47 

understand the mechanisms of memory formation and retrieval in the brain. 48 

 49 
  50 
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Introduction 51 

     The hippocampal system consists of the hippocampus and adjacent entorhinal, 52 

perirhinal, and parahippocampal cortices (Squire and Zola-Morgan, 1991). The entorhinal 53 

and perirhinal cortices are the gateway between the hippocampus and the neocortex and 54 

have strong reciprocal connections with the entire neocortex (Canto et al.,2008; Swanson 55 

and Kohler, 1986). Observations that patients with hippocampal system damage show 56 

difficulties forming new long-term memories for facts and events (Scoville and Milner, 57 

1957; Corkin, 1984) led to our understanding that the hippocampal system is essential for 58 

establishing long-term memories (Squire and Zola-Morgan, 1991). However, patients 59 

with hippocampal damage can still recall remote memories (Teng and Squire, 1999; 60 

Wang et al., 2009; Lesburgueres et al., 2011), suggesting that the neocortex stores these 61 

memories (Graham and Hodges, 1997; Squire et al., 2001). Previously, we found the 62 

establishment of long-term visuoauditory associative memory by pairing a visual 63 

stimulus (VS) with electrical stimulation in the auditory cortex of rats was critically 64 

dependent on the entorhinal cortex (Chen et al., 2013). 65 

     Many neurons in the entorhinal cortex contain cholecystokinin (CCK) (Innis et al., 66 

1979; Greewood et al., 1981; Kohler and Chan-Palay, 1982), and its release is controlled 67 

by NMDA receptors (Chen et al., 2019). The released CCK of entorhinocortical 68 

projections in the auditory cortex produces long-term potentiation (LTP) and sound-69 

sound associative memory (Chen et al., 2019). They also enable the visuoauditory 70 

association in the auditory cortex by responding to a formerly ineffective sound or light 71 

stimulus after pairing with a noise-burst stimulus (Li et al., 2014). Infusion of a CCK 72 

antagonist into the auditory cortex prevents the formation of this visuoauditory 73 
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association, similar to inactivation of the entorhinal cortex (Chen et al., 2013; Li et al., 74 

2014). Conscious recall of intraoperative events under general anesthesia is rare 75 

(Kihlstrom et al., 1990; Ghoneim and Block, 1997), though there are cases where this 76 

occurs when the anesthesia is light (Lubke et al. 2000).  77 

     To test our hypothesis that CCK is a memory-writing chemical for visuoauditory 78 

associative memory in the neocortex, we examined whether the presence of CCK allows 79 

the formation of associative memory in the cortex of anesthetized rats that is retrievable 80 

in a behaviorally relevant context. In anesthetized rats, electrical stimulation in the 81 

auditory cortex (EAC) or acoustic stimulus (AS) was paired with a visual stimulus (VS) 82 

in the presence of CCK. The rats were subsequently tested if they could utilize the VS as 83 

an associative cue to retrieve a water reward in a two-choice task.  We then examined 84 

how neurons respond to the associated VS and what neuron types were involved in this 85 

visuoauditory association using optogenetics. We also examined if stimulating the axon 86 

terminals of CCK neurons in the auditory cortex could induce CCK-mediated 87 

visuoauditory associations. Finally, we examined if the convergence of entorhinal and 88 

visual projections in the auditory cortex accounts for this visuoauditory association. 89 

Materials and Methods 90 

Animals. Male Sprague Dawley rats (8 weeks old) with clean external ears were used for 91 

the behavioral study with no surgery and for pre-experimental sessions in which they 92 

were trained to use 2 tones as cues for reward retrieval. Rats were surgically implanted 93 

with electrodes and cannulae, and those that successfully finished the behavioral 94 

experiments were included in the study. Both male and female (8 to 10-week old) 95 

C57/BL/6 (C57, wild-type), CCK-ires-Cre (Ccktm1.1(Cre)Zjh/J, C57 background), and CCK-96 
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CreER (Ccktm2.1(Cre/ERT2)Zjh/J, C57 background, CCK-/-) mice were used for 97 

immunohistochemistry, in vivo extracellular recordings, and behavioral experiments. 98 

Animals were confirmed to have clean external ears and normal hearing and were housed 99 

in a 12-hour-light/12-hour-dark cycle. All procedures were approved by the Animal 100 

Subjects Ethics Sub-Committees of City University of Hong Kong and The Hong Kong 101 

Polytechnic University. 102 

Auditory and visual stimuli. The auditory stimulus (AS) were digitally generated using a 103 

computer-controlled TDT Auditory Workstation and delivered through a coupled 104 

electrostatic speaker (EC1, TDT). The sound pressure level was calibrated with a 105 

condenser microphone (Center Technology, Taipei, Taiwan). Pure tones of 60-70 dB SPL 106 

were used to screen rats in the pre-training experiments. The visual stimulus (VS) was 107 

white light generated by light-emitting diodes placed 5 cm above the center hole of the 108 

behavioral apparatus. When the light was on, the illumination at the bottom of the 109 

apparatus was 26 Lux. 110 

Implantation surgery for electrophysiology and drug infusion. Rats were anesthetized 111 

with sodium pentobarbital (50 mg/kg i.p.; Ceva Sante Animale Co., Libourne, France), 112 

and anesthesia was maintained at a dose of 15 mg/kg/h. Atropine sulfate (0.05 mg/kg, 113 

s.c.) was administered 15 min before anesthesia to inhibit tracheal secretions. A local 114 

anesthetic (xylocaine, 2%) was liberally applied to the incision site. Animals were 115 

prepared for surgery, as previously described (Chen et al., 2013). Rats were mounted in a 116 

stereotaxic device, and a midline incision was made in the scalp after a liberal application 117 

of a local anesthetic (2% xylocaine). Bilateral craniotomies were performed over the 118 

temporal lobe (3.0-6.5 mm posterior, 3.0-5.0 mm ventral to bregma) to access the AC, 119 
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and the dura matter was opened. Body temperature was maintained at 37-38 °C with a 120 

heating blanket. 121 

  Before electrode implantation, tungsten microelectrodes with impedances of 1-3 MΩ 122 

(Frederick Haer & Co., Bowdoinham, ME) were used to identify the AC. Electrodes were 123 

positioned with an oil hydraulic micromanipulator controlled from outside the 124 

soundproof room. Neuronal signals recorded by the microelectrode, together with 125 

auditory and visual signals, were amplified and stored using Tucker-Davis Technologies 126 

(OpenEX, TDT, Alachua, FL) and Axoscope software (Axon Instruments, Sunnyvale, 127 

CA). 128 

  We then implanted guide cannulae for drug infusion and homemade electrode arrays, 129 

which typically consisted of 6 electrodes (one stimulating electrode, 4 recording 130 

electrodes, and one reference electrode) into the AC of each hemisphere. Stimulating 131 

electrodes were made of insulated stainless-steel wire (A-M Systems, Carlsborg, WA) 132 

with an impedance of <100 kΩ. Reference and recording electrodes were made of 133 

insulated tungsten wire (California Fine Wire Co., Grover Beach, CA) with an impedance 134 

of 0.5-1 MΩ. The electrode array was held by a micromanipulator and penetrated the 135 

cortex. Electrodes in the 2 hemispheres were deliberately implanted symmetrically at 136 

slightly different locations to avoid invoking strong commissural connections. Ground 137 

electrodes for stimulation and recording were separately connected to screws on the skull. 138 

The electrodes were advanced to a depth of 1000-1100 μm where neurons showed stable 139 

auditory responses, and the skull opening was covered with a layer of silicone (World 140 

Precision Instruments, Sarasota, FL). The connection sockets of the electrodes were 141 
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cemented to the skull with the cannulas. Rats were then housed in their home cages and 142 

recovered for 5 days prior to experiments. 143 

     For experiments in mice, CCK-ires-Cre and CCK-/- mice were anesthetized with 144 

pentobarbital sodium (0.8 mg/kg, i.p.), and anesthesia was maintained throughout surgery 145 

and neuronal recordings with periodic supplements. Atropine sulfate (0.05 mg/kg, s.c.) 146 

was administered 15 min before the induction of anesthesia to inhibit tracheal secretions. 147 

Briefly, animals were mounted in a stereotaxic device, and a midline incision was made 148 

in the scalp. A craniotomy was performed at the temporal lobe (2-4 mm posterior, 1.5-3 149 

mm ventral to bregma) to access the AC, and the dura mater was opened. In the 150 

experiment in which virus injection was applied to the entorhinal cortex, another 151 

craniotomy was performed (4-5mm posterior, and 2.5-3.5 mm lateral to bregma). 152 

Auditory cortex stimulation and reward retrieval. Five days after surgery, rats underwent 153 

behavioral training, during which they learned to retrieve a water reward cued by 154 

perceiving EAC. Water was restricted to 50% of normal intake prior to training. Rats 155 

were placed in a homemade cage with 3 horizontally aligned holes with infrared sensors 156 

and were first manually guided to poke their noses into the center hole before moving to 157 

the left or right hole, where a drop of water (15-20 μl) was delivered. Rats then 158 

underwent formal training consisting of 4 stages. In Stage 1, a nose-poke in the center 159 

hole triggered a high- or low-frequency sound stimulus, which indicated specific hole for 160 

reward retrieval (i.e., for 7 rats, high- or low-frequency indicated the left or right hole, 161 

respectively; vice versa for the other rats (see Movie 1). In Stage 2, rats were required to 162 

perceive EACL or EACR (5 pulses at 80-150 μA, 20 Hz) delivered after a nose-poke in 163 

the center hole. Pulses were generated by the TDT system and delivered through the 164 
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stimulating electrode (of low impedance) via an isolator (ISO-Flex, A.M.P., Israel). 165 

Stimulation of the left AC indicated reward availability in the right hole, and stimulation 166 

of the right AC indicated reward availability in the left hole. Infrared sensors detected 167 

whether rats arrived at the correct hole within 5s from the onset of stimulation, in which 168 

case a drop of water was delivered. Stimulations were delivered to only one hemisphere 169 

in one session (100 trials) and switched to another hemisphere in another session until a 170 

0.9 correct rate was reached. In Stage 3, electrical stimulations were delivered to one 171 

hemisphere to another hemisphere for 10 trials each. Rats were required to reach a correct 172 

rate of 0.9 or higher. In Stage 4, electrical stimulations were delivered to either 173 

hemisphere in a pseudo-random manner. Training finished when rats reached a correct 174 

rate of 0.9 or higher (see Movie 2).  175 

CCK local infusion and pairing the VS with EAC during anesthesia. After training, rats 176 

underwent a baseline testing phase during which a VS (white light, 500-ms duration, and 177 

26-Lux illumination) was randomly presented at a very low probability (10 out of 1000 178 

trials). Behavioral responses to the light were recorded. No water reward was delivered 179 

with the presentation of the VS. Responses to 10 presentations of the VS were collected. 180 

     Rats were then anesthetized with ketamine/xylazine. AC neuronal responses to the VS 181 

were measured before cholecystokinin octapeptide (CCK-8, 0.5-1.0 μl, 10 ng/μl, 0.1 182 

μl/min, Tocris) was infused into the left or right AC. Within 15 min after infusion, VS 183 

was then paired with EAC in the targeted hemisphere (2 pulses at 80-150 μA, 20 Hz). In 184 

each trial, VS (500 ms) was presented, followed by EAC at the offset of VS. Forty 185 

pairings (10-s inter-stimulation-interval in between) occurred on each day for 3-4 days. 186 

Neuronal responses to the VS in both the targeted and naïve hemispheres were recorded. 187 
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After full recovery from anesthesia, post-intervention tests of behavioral responses to the 188 

VS were carried out every week for up to 4 weeks. A “Decision Index” was assigned to 189 

quantify behavioral response. When the left hole was the target hole for the visuoauditory 190 

association, approaching the left hole was scored 1; not approaching to either hole was 191 

scored 0.5; and approaching the right hole was scored 0. When the right hole was the 192 

target hole, scores were assigned vice versa. To record neuronal activity in response to the 193 

VS, animals were placed in the training apparatus, and the VS was presented for 30 times 194 

and the corresponding neuronal activities were recorded.  195 

Vehicle controls. To eliminate the possibility of non-specific effects of infusion or other 196 

manipulations of rats during anesthesia, we designed 2 control experiments. First, we 197 

infused CCK-8 into one hemisphere and artificial cerebrospinal fluid (ACSF) into the 198 

other hemisphere at the same time and paired the VS with simultaneous EAC of both 199 

hemispheres. Second, we infused ACSF into one hemisphere and performed stimulus 200 

pairings. One hour later, we infused CCK-8 into other hemisphere and repeated the 201 

stimulus pairings. 202 

Natural auditory stimulus and water retrieval task. Water was restricted to 50% of 203 

normal intake before training. On Day 1, rats were placed in the training cage and were 204 

first manually guided to poke their noses into the center hole before moving to the left or 205 

right hole, where a drop of water (15-20μl) was delivered. On Day 2 and 3, the rat was 206 

anesthetized with ketamine/xylazine (87mg+13mg/kg, i.p.). Cholecystokinin tetrapeptide 207 

(CCK-4, 24μg/kg, 10 μl/min, Abcam) was infused through a tail-vein for 10 min, during 208 

which a visual stimulus (VS, a light flash; duration: 500 ms, 26-Lux illumination) was 209 

paired repeatedly for 60 trials with a noise-burst stimulus at one side of the box (target 210 
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side) (200 ms, inter-stimulus-interval 10 s). As the control, saline (0.9% sodium chloride) 211 

was infused in the same way for 10 min, during which the VS was paired with the 212 

presentation of the sound stimulus at the opposite side (non-target side). The order of 213 

infusions between CCK-4 and saline was reversed for half of the subjects. The interval 214 

between the two pairings was 10 min. The time interval between CCK-4 and saline 215 

infusion is much longer than the half-life of CCK-4 in rat plasma (less than 1 min), which 216 

is sufficient to allow CCK-4 to be degraded before another pairing session (Koulischer et 217 

al., 1982). Starting from day 5, rats then underwent stage-2 formal training. The rats were 218 

trained to poke to the center hole to initiate a trial, then approach the left hole for reward 219 

when the sound was delivered to the left speaker outside the training box and approach 220 

the right hole for reward when the sound was delivered to the right speaker. Infrared 221 

sensors detected whether rats arrived at the correct hole within 5s from the onset of 222 

stimulation, and a drop of water was delivered upon a correct response. Sound stimuli 223 

were delivered to the left and right speakers each for 10 trials, and then each for 5 trials, 224 

and finally either side in a pseudo-random manner. The training was accomplished when 225 

the rat reached a correct rate of 0.85 or higher.  226 

The rats then underwent the post-intervention tests from day 9 to day 11. The same VS in 227 

the pairing session on Day 2 and 3 was presented in place of sound stimulus in an 228 

occurrence of 1 in 10 trials. The behavioral responses to the VS and auditory stimuli were 229 

recorded. We defined a “Decision Index” to calculate the rat’s response to the VS and 230 

assigned the value of “1” when the rat approached the side where the sound was paired 231 

with the VS followed by CCK-4 injection, and the value of “0” when the rat approached 232 

the opposite side.  233 
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Optogenetic stimulation of auditory neurons and pairing with VS in the rats. AAV-234 

CaMKIIa-ChR2-mCherry (1E+13 gc/ml, 1 μl, UNC vector core) was infused into the 235 

rat’s primary cortex (5.0 mm posterior, 4.0 mm ventral to bregma). 4 weeks later, the 236 

animal was anesthetized with pentobarbital sodium, and the auditory neurons were 237 

confirmed by their responsiveness to the laser stimulus of 473-nm and the AS. CCK-8 238 

was then infused into the auditory cortex, and 500-ms VS was presented for 30 trials, 239 

each of which was followed by a 5-ms laser pulse at the end. The inter-trial-interval was 240 

10s. After pairing, auditory neurons’ response to VS was monitored for 10 min. 241 

Quantification of neuronal responses. Neuronal and behavioral responses were recorded 242 

simultaneously using a computer. Single-unit spikes were distinguished using spike 243 

sorting software (OpenSorter, TDT). We considered 3 standard deviations (SDs) above 244 

baseline as the threshold to distinguish spikes. K-means clustering method in OpenSorter 245 

was adopted to sort single-unit spikes. A unit with the largest amplitude and normal 246 

overlaid spike profile was chosen from each electrode. Another criterion was that the 247 

number of spikes with an inter-spike interval of <2ms in the histogram should be <0.2% 248 

of the total number of spikes. The timing of spike occurrence relative to stimulus delivery 249 

was calculated using MATLAB software. Peristimulus time histograms (PSTHs) were 250 

calculated over a bin size of 20ms for AC responses and 50ms for visual responses. 251 

     Because there was no guarantee of recordings from the same unit across days, we used 252 

Z-scores (mean ± standard error) to characterize neuronal responses and compare 253 

responses across different time points. Z-scores of neuronal responses to visual stimuli 254 

within a certain time period were calculated against the mean spontaneous firing rate 255 

within the same period, thereby representing the distance between the neuronal responses 256 
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and the mean of spontaneous firing in units of SD (Z = (x-μ)/δ; where x is the neuronal 257 

response in each trial, and μ and δ are the mean and SD, respectively, of spontaneous 258 

firing rates across all trials). Higher Z-scores typically indicate a larger neuronal 259 

response, although they also differ depending on the total number of testing trials. 260 

Changes in Z-score after each conditioning session were used to assess the effectiveness 261 

of conditioning to induce neuronal plasticity. Paired Student's t-tests were used to 262 

compare neuronal responses with spontaneous neuronal activity. One-way repeated-263 

measures analysis of variance (ANOVA) was used to test for differences in mean Z-264 

scores before and at different times after stimulus pairing sessions. Tukey’s post-hoc tests 265 

were used for mean comparisons. Statistical significance was set at p<0.05. 266 

Association between the EAC and VS in the mice. AAV-DIO-ChR2-mCherry (1E+13 267 

gc/ml, UNC vector core) was infused into the entorhinal cortex of CCK-ires-Cre or CCK-268 

/- mice (4.3 mm posterior, 3.2 mm lateral, and 4.5 mm ventral to bregma). Tamoxifen 269 

(150 mg/kg, i.p.) was injected for 5 consecutive days, starting from 4 days after virus 270 

injection. Mice recovered for at least 6 weeks to allow the virus to infect entorhinal 271 

cortical neurons. An optical fiber with 4 electrodes (~200 kΩ, 300 μm between 272 

electrodes, California Fine Wire Co., Grover Beach, CA, USA) was implanted into the 273 

AC. Neuronal responses measured by field potential and unit responses to the laser 274 

stimulation of the AC, the AS, and the VS were recorded by the implanted recording 275 

electrodes. 276 

     Single-pulse EAC was used as a conditioned stimulus in the cued fear conditioning 277 

protocol. Initially, 5 pulses (0.5 ms, 5 Hz, 100-150 μA) were applied. The onset delay 278 

between the first pulse and the footshock (0.5 s, 0.5 mA) was 5s. The number of pulses 279 
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was gradually reduced to one based on mouse performance. After mice showed more than 280 

2s of freezing within the first 5s of a single pulse, the VS as used before was used to test 281 

the baseline of freezing. We then anesthetized mice and recorded baseline fEPSPs in 282 

response to the VS. High-frequency (HF; 80 Hz, 5 pulses, 5-ms duration, 10 mW) or LF 283 

(1 Hz, 5 pulses) laser stimulation was delivered to the AC, followed 1s later by 5 pairings 284 

of the VS and single pulse EAC at 1 Hz. The onset of the VS was 100 ms earlier than the 285 

onset of EAC. This stimulation protocol was repeated 4 times with a 10s interval. fEPSPs 286 

in response to the VS were recorded for 15 min before and after the pairing. A second 287 

pairing was performed 15min after the first pairing, and fEPSPs were recorded for 288 

another 15 min. Neuronal responses to the VS that were three standard deviations above 289 

or below the mean were excluded. Mean fEPSP slopes before and after the pairings were 290 

calculated by linear regression and analyzed using two-way ANOVA. Freezing responses 291 

to the VS and EAC were measured 24-48 h after the pairing and analyzed using one-way 292 

ANOVA, separately. 293 

Recording of fEPSP evoked by laser stimulation on the projecting terminals with opsin 294 

expression or natural sound 295 

     To separately activate auditory cortical projections from entorhinal and visual cortices, 296 

AAV9-Syn-Flex-Chronos-GFP (3.7E+12 gc/ml, Boyden/UNC vector core) and AAV9-297 

Syn-ChrimsonR-tdTomato (4.1E+12 gc/ml, Boyden/UNC vector core) were injected into 298 

the entorhinal cortex and visual cortex, respectively. CCK-iRES-Cre mice (The Jackson 299 

Laboratory, US) were adopted as the subjects. The animal was firstly mounted on the 300 

stereotaxic instrument (68001, RWD Life Science, China) followed by the sterilization of 301 

the scalp with 70% ethanol. After the midline incision, the periosteum on the skull was 302 
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removed and the skull position was adjusted carefully so that bregma and lambda were on 303 

a horizontal plane, and the left and right sides of the skull were also on a horizontal plane 304 

with equal height. To approach entorhinal cortex, a 1×1 mm2 craniotomy window was 305 

made with the coordinates of -4.2 mm posterior to bregma (AP) and 3.5 mm lateral to the 306 

midline (ML) as the center, and then the injector was vertically penetrated to the depth of 307 

3000 μm below the pia. Five mins later, 300 nl of the virus was infused at a rate of 30 308 

nl/min. The injector stayed for 5 minutes after injection to allow virus spreading and 309 

avoid spilling. For the visual cortex, to avoid the spreading of the virus directly into the 310 

auditory cortex, the medial part of the visual cortex was chosen as the injection area. Two 311 

locations distributed rostral-caudally with different coordinates (AP -3.0 mm posterior to 312 

bregma, ML 1.7 mm lateral to midline; AP -4.0 mm, ML 1.7 mm) were adopted. The 313 

injector was vertically penetrated to the depth of 500 μm and then 150 nl of the virus was 314 

injected at each location. 315 

     To avoid cross-talk between the two wavelengths upon laser stimulation, we employed 316 

the use of two non-overlapping lasers, 473-nm and 635-nm, to stimulate the projecting 317 

terminals in the auditory cortex from the entorhinal cortex with Chronos expression and 318 

from the visual cortex with ChrimsonR expression, respectively. The power of 473-nm 319 

laser and 635-nm laser at the optic fiber end was maintained below 30 mW/mm2 and 40 320 

mW/mm2, respectively. To avoid the photoelectric effect, fEPSPs evoked by laser 321 

stimulation were recorded by glass pipette electrodes with an impedance around 1MOhm 322 

rather than any other metal electrodes.  323 

     fEPSPs to 635-nm laser and noise stimuli were recorded for more than 15 min before 324 

pairing as the baseline, during when the 635-nm laser and noise were alternately 325 
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delivered with an interval of 5 s. Then, HF (40 Hz, 5 ms, 10 pulses) or LF (1 Hz, 5 ms, 10 326 

pulses) laser stimulation of the entorhino-cortical projection terminals in the auditory 327 

cortex followed by the pairing of the laser stimulation of visuoauditory projection 328 

terminals and the noise stimulus, which was repeated for 5 times with an inter-trial 329 

interval of 10 s (Abbreviated as: HF_ENT/VALS/Noise or LF_ENT/VALS/Noise), was 330 

given. After pairing, fEPSPs were recorded for another 60 min.  Based on the Hebbian 331 

theory, noise was given 10 ms before 635-nm laser during pairing, considering the noise 332 

response latency of the auditory cortex. Mean fEPSP slopes before and after the pairings 333 

were normalized and calculated by linear regression and analyzed using two-way 334 

ANOVA followed by Bonferroni pairwise comparison. 335 

Immunohistochemistry. CCK-ires-Cre and CCK-/- mice injected with AAV-DIO-ChR2-336 

mCherry were fully anesthetized by an overdose of pentobarbital sodium and perfused 337 

with 30ml cold phosphate-buffered saline (PBS) and 30ml 4% paraformaldehyde. Brain 338 

tissue was removed, post-fixed, and treated with 30% sucrose at 4ºC for 2 days. Brain 339 

tissue was sectioned on a cryostat (40μm) and preserved with antifreeze buffer (20% 340 

glycerin and 30% ethylene glycol diluted in PBS) at -20ºC. Sections were incubated with 341 

anti-Dsred (Takara, 632496, Rabbit 1:500) multiclonal antibody at 4ºC for 48 h. After 4 342 

times PBS washing, sections were incubated with secondary antibody (Jackson, 488, 343 

111302) for 1.5h at 37ºC. All the sections were mounted on slides and subsequently 344 

imaged (20× magnification) by using an LSM 710 confocal microscope (Zeiss). 345 

Assessment of viral expression pattern. The extent of virus expression for rats and mice 346 

was examined by outlining the regions of expression on coronal sections from individual 347 
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animal redrawn from rat or mouse brain atlas and superimposing all animals at 70% 348 

transparency to highlight the average expression for each group. 349 

Quantification and statistical analysis. All statistical analysis (including paired student t-350 

test and one, two or three-way RM ANOVA) was done in Prism 7 (GraphPad Software, 351 

CA) or SPSS (IBM, USA). Pairwise comparisons were adjusted by Bonferroni 352 

correction. Statistical significance was set at p<0.05. 353 

 354 

Results 355 

Visuoauditory association between EAC and VS with local CCK infusion in the 356 

anesthetized rat 357 

      To examine if the local application of CCK enables the formation of the visuoauditory 358 

association in the auditory cortex of the anesthetized rat, we followed our previous 359 

paradigm (Chen et al., 2013) and used EACs as cues in the two-choice task. The rat was 360 

initially trained to detect the EAC in the left or right hemisphere and approach to the right 361 

or left hole respectively, for water reward (Fig. 1A). Once the rat reached a success rate 362 

of 90% for both the left and right EAC, the rat was anesthetized, and after locally 363 

infusing CCK-8 into the auditory cortex via the implanted cannula the VS was then 364 

paired with the target side of EAC (Fig. 1A). During the test session, the VS was 365 

presented at a frequency of 1:100 relative to EACs, and the Decision Index was assigned 366 

to quantify the animal’s behavior, in which “1” was assigned when the rat approached the 367 

target hole, “0” to the non-target hole, and “0.5” not to any of the two holes, respectively. 368 

We deliberately chose the hole to which the rat approached with fewer chances as the 369 



 

17 

target hole, showing a Decision Index of < 0.5 in the baseline test (Fig. 1B for a 370 

representative subject, Fig. 1C for the group result; Movies 3 and 5).  The rat preferably 371 

approached to the target side after the VS was paired with the EAC at the hemisphere 372 

contralateral to the target hole (Fig. 1B for representative subject and C for group data; 373 

Decision Index: 0.82 ± 0.06 at week 2 vs 0.40 ± 0.08 baseline, p=3.29E-5; 0.93 ± 0.03 at 374 

week3-4 vs 0.40 ± 0.08 baseline p=2.41E-7; DF=2, F=25.02, p=3.39E-7, one-way 375 

ANOVA with post-hoc Tukey tests; Movies 4 and 6). The decision index at both week 2 376 

and weeks 3-4 were significantly above the chance level 0.5 (Baseline, p=0.2614; week 377 

2, p=0.0002, week 3-4, p<0.0001, compared to 0.5, single sample t-test).  Such an effect 378 

was not due to the non-specific effect of the drug infusion since the rat still showed 379 

significant differences in its approach to the opposite side relative to the CCK-8 infusion 380 

site. Further evidence for this finding not being related to non-specific drug effects was 381 

found when CCK-8 and ACSF were infused into their respective sides and VS was paired 382 

with the EAC of both sides during the same anesthetized session, The rats still showed 383 

significant preference to approach the target side (Fig. 1D-E, Decision Index from 0.15 ± 384 

0.03 to 0.37 ± 0.05, p=0.0313, paired t-test).  385 

The visuoauditory association established between the natural AS and the VS in the 386 

presence of CCK in the anesthetized rat 387 

     Our next question was whether we could use the natural AS to replace the above EAC.  388 

We chose another CCKBR agonist, CCK-4, since studies have suggested that it is able to 389 

penetrate the blood-brain barrier (Bradwejn et al., 1990; Eser et al., 2009), which implied 390 

that we could apply it systemically through the tail vein without implanting infusion 391 

cannulas into the brain.  Based on our earlier findings (Li et al. 2014; Chen et al. 2019), it 392 
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is reasonable to assume that other than CCK application, the pairing of the inputs and 393 

neuronal activities are also important in order to induce neuroplasticity.  The pairing of 394 

the VS and the AS at the target side was carried out during CCK-4 application under 395 

anesthesia before the formal training (Stage 2, Fig. 2A).  In the anesthetized condition, 396 

rats (n=7) were first subjected to systemic administration of CCK-4 and pairing of the VS 397 

and the AS of the target side, and then subjected to systemic injection of saline and 398 

pairing of VS and AS of the non-target side (Fig. 2A).  The rat was trained to retrieve 399 

water reward in the two-choice task, in which the left or the right AS guided the rats to 400 

approach corresponding holes (Fig. 2A). The rat took five days to reach a correct rate of 401 

0.85 or above. The rat showed a significant preference to approach the target side across 402 

the three post-intervention test days when the VS was randomly presented to the animal 403 

in a low incidence (1 out of 30 trials; a representative subject in Fig. 2B; Decision Index 404 

of group data shown in Fig. 2C; Decision Index=0.86±0.06 on Day 9, 0.79±0.04 on Day 405 

10, 0.80±0.05 on Day 11; p=4.2E-4, compared to chance level 0.5, single sample t-tests). 406 

This preference was also significant compared to the negative control group where saline 407 

was injected before pairing the VS with the AS (Fig. 2C, lower panel; two-way ANOVA, 408 

F(2,26)=1.374, p=0.27; pairwise comparison, CCK group (n=8) vs. Negative control 409 

group (n=7), 0.86±0.08 vs. 0.46±0.07 on Day 9, p=0.002, 0.79±0.08 vs. 0.53±0.07 on 410 

Day 10, p=0.030, 0.80±0.08 vs. 0.48±0.08 on Day 11, p=0.012). Such behavioral 411 

preference reflects that the VS was successfully associated with the AS of the target side 412 

under the influence of CCK. 413 

Responses of auditory neurons to the VS after pairing the VS and activation of the AC in 414 

the presence of CCK  415 
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     We next investigated whether neural plasticity occurred at the cellular level. We 416 

monitored the neural activity of the auditory neurons in response to the VS before and 417 

after the intervention of CCK-8s infusion and the pairing paradigm. In the awake rats, 418 

neurons in the auditory cortex, which did not respond to the VS before the intervention, 419 

responded to the VS after the intervention (Fig. 3A; baseline: 0.08 ± 0.07 vs. week 3: 420 

0.48 ± 0.10, z-score; n=12; p=2.06E-4, paired t-test). We then questioned what type of 421 

neurons were involved in such neural plasticity and account for the visuoauditory 422 

association. 423 

     Given that excitatory cortical neurons are usually involved in neuroplasticity, we 424 

induced expression of the light-evoked channelrhodopsin-2 (ChR2) into the excitatory 425 

auditory neurons, and implanted an optic fiber and recording electrodes in the auditory 426 

cortex to stimulate and record these neurons (Fig. 3B and C). Neurons responded to the 427 

AS and laser stimulus (Fig. 3D). We examined whether pairing the VS with the activation 428 

of these neurons in the presence of CCK-8 would change their response to the VS. 429 

Neuronal responses to the VS in the auditory cortex changed after paired presentation of 430 

the VS and laser stimulation of the auditory cortex (LAC) for 30 trials in the presence of 431 

CCK-8 (CCK-VS/LAC, Fig. 3E; population data in Fig. 3F left; Z-score, DF=1, F=8.07, 432 

p=0.009, two-way ANOVA), whereas no changes occurred after the same pairing 433 

preceded with ACSF infusion (ACSF-VS/LAC, Fig. 3F right; Z-score, DF=1, F=0.07, 434 

p=0.7883; two-way ANOVA). In the presence of CCK, pairing the VS and activation of 435 

the auditory neurons potentiated neuronal responses to the VS in the auditory cortex. 436 

High-frequency (HF) stimulation of terminals of entorhinal CCK neurons in the auditory 437 

cortex enabled the potentiation of the neuronal response to the VS 438 
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     Our recent study showed that HF stimulation of the entorhinocortical terminals 439 

enabled the formation of a sound-sound association (Chen et al., 2019). The next question 440 

is whether the same projection enables the formation of the cross-modal visuoauditory 441 

association. To verify our hypotheses that HF stimulation is sufficient to trigger 442 

entorhinal CCK neurons to release CCK at their terminals in the auditory cortex where 443 

after the released CCK enables auditory neurons to respond to the VS after the VS/EAC 444 

pairing, we induced ChR2 expression in entorhinal neurons driven by Cre recombinase in 445 

CCK-ires-Cre and CCK-CreER (CCK-/-) mice. We implanted optic fiber and electrode 446 

arrays in the auditory cortex for both stimulation and recording (Fig. 4A). CCK neurons 447 

expressing ChR2 were labeled in the entorhinal cortex of both mice (Figs. 4B-C, G-H). 448 

Their terminals were found in both auditory (Figs. 4D-E, I-J) and visual cortices (Figs. 449 

4D, F, I, K). Field excitatory postsynaptic potentials (fEPSPs) evoked by laser stimulation 450 

(80-Hz pulse train) toward terminals in the auditory cortex was found in both CCK-ires-451 

Cre (Fig. 4L, left) and CCK-/- mice (Fig. 4M, left), indicating that entorhinal CCK 452 

neurons that project to the auditory cortex were mainly excitatory. Neurons in the 453 

auditory cortex of both mouse types showed responses to the AS, as shown by the fEPSPs 454 

(Fig. 4L and M, middle). Moreover, we observed fEPSP responses to the VS in the 455 

auditory cortex of CCK-ires-Cre mice (Fig. 4L, right), but little to no response in the 456 

auditory cortex of CCK-/- mice (Fig. 4M, right). The weak visual response in the auditory 457 

cortex of the CCK-/- mice might reflect a deficit in the cross-modal association stemming 458 

from a lack of CCK. 459 

     Next, we adopted a pairing paradigm (Fig. 4N) in which HF laser activation of 460 

entorhinocortical CCK terminals in the auditory cortex was followed by five paired 461 
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presentations of the VS and EAC. The pairing paradigm (referred to as HF-VS/EAC) was 462 

repeated four times. We utilized the same mouse type and a similar paradigm but with 463 

low-frequency (LF) laser activation (LF-VS/EAC) of entorhinal CCK terminals in the 464 

auditory cortex as the control (Fig. 4N). The neuronal responses to the VS (fEPSP slope) 465 

increased after the HF-VS/EAC (Fig. 4O, two-way ANOVA, F(1,15)=17.631, p=0.001 466 

significant interaction; pairwise comparison, 96.0±5.4% Baseline vs. 152.1±8.7% after 467 

HF pairing, p=1.17E-4, n=9). There were no changes in the fEPSP slope after the LF-468 

VS/EAC pairing (Fig. 4O, two-way ANOVA, F(1,15)=17.631, p=0.001 significant 469 

interaction; pairwise comparison, 96.4±9.2% Baseline vs 106.9±5.7% after LF pairing, 470 

p=0.378, n=8). There was a significant difference in the changes of fEPSPs between the 471 

experimental and control groups at the end of the recording (Fig. 4O, two-way ANOVA, 472 

F(1,15)=17.631, p=0.001 significant interaction; pairwise comparison, 106.9±5.7% after 473 

LF pairing vs 152.1±8.7% after HF pairing, p=0.001), indicating that the potentiation in 474 

the neuronal responses to the VS could be induced with HF-VS/EAC, but not with LF-475 

VS/EAC.  476 

   In contrast, no enhancement in the neuronal response to the VS was observed in the 477 

auditory cortex of CCK-/- mice with the same manipulation (Fig. 4P, two-way ANOVA 478 

F(1,15)= 5.767, p=0.0297 significant interaction; pairwise comparison, after pairing, 479 

CCK-ires-Cre (n=9) vs. CCK-/- (n=8), 5.6±0.41 vs. 0.43±0.44, p<0.001; pairwise 480 

comparison, CCK-ires-Cre before vs. after, 3.9±0.34 vs. 5.6±0.41, p<0.001; pairwise 481 

comparison, CCK-/-, before vs. after, 0.51±0.36 vs. 0.43±0.44, p=0.885) suggesting that 482 

CCK is a key molecule responsible for such HF-induced LFP enhancement. The fEPSP to 483 

the VS in the auditory cortex was detectable only from 3 of 8 CCK-/- mice (as examples 484 



 

22 

shown in the right panel of Fig. 4M). However, there was a huge difference in the slope 485 

of fEPSP to the VS in the auditory cortex between the CCK-ires-Cre and CCK-/- mice 486 

even before the pairing (Fig. 4Q, 3.9±0.34 vs 0.51±0.36, p<0.001, t-test), indicating a 487 

possible deficit in the cortical associative connectivity between different modalities in the 488 

CCK-/- mice. 489 

HF stimulation-induced LFP during anesthesia drove behavioral changes 490 

     We hypothesized that the visuoauditory association represented by an enhanced 491 

neuronal response to the VS during the above paradigm in anesthetized mice should be 492 

reflected in behavioral experiments, so we pre-conditioned the EAC of mice with a 493 

footshock for 3 days before pairings and then compared the behavioral responses to the 494 

VS after the pairing with that occurring before the pairing (Fig. 4R). The CCK-ires-Cre 495 

mice showed significantly increased freezing responses to the VS after HF-VS/EAC (Fig. 496 

4S; two-way ANOVA, F(4,56)=6.2, p=3.4E-4 significant interaction; pairwise 497 

comparison, 3.33±1.26% Baseline vs 22.5±5.84% at Day 4, p=0.040, n=8; Movies 7-10), 498 

but not after LF-VS/EAC (Fig. 4T; two-way ANOVA, F(4,32)=0.91, p=0.468; pairwise 499 

comparison, 14.7±6.04% Baseline vs 9.3±4.22% at Day 4, p=1.000, n=5; Movies 11-14). 500 

The fear response to the VS was maintained at Day 7, or 4 days after the last HF-501 

VS/EAC pairing (Fig. 4S; two-way ANOVA, F(4,56)=6.2, p=3.4E-4 significant 502 

interaction; pairwise comparison, 3.33±1.26% Baseline vs 39.2±4.53% at Day 7, 503 

p=0.034, n=8). The CCK-/- mice, however, showed no increase in their freezing responses 504 

to the VS after HF-VS/EAC pairing (Fig. 4U; two-way ANOVA, F(4,64)=2.073, 505 

p=0.095; pairwise comparison, 2.22±3.69% Baseline vs 7.41±6.91% at Day 4, p=1.000, 506 

n=9). 507 
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Visuoauditory direct projections strengthened after HF activation of entorhino-508 

neocortical fibers 509 

     The above experiment demonstrated that HF activation of entorhino-neocortical fibers 510 

if followed by the pairing of the visual stimulus and electrical stimulation of the auditory 511 

cortex, could potentiate a marked neuronal response to the visual stimulus. We further 512 

examined whether the convergence of entorhinal and visual projections in the auditory 513 

cortex accounts for this visuoauditory association. We injected two viruses into the 514 

entorhinal cortex (AAV-syn-flex-Chronos-GFP) and the visual cortex (AAV-syn-515 

ChrimsonR-tdTomato) of the CCK-ires-Cre mice (Fig. 5A). The virus in the entorhinal 516 

cortex selectively transfected the CCK neurons (Fig. 5B), while the virus in the visual 517 

cortex transfected neurons in the visual cortex nonspecifically (Fig. 5C). Virus-labeled 518 

projections from both the visual cortex and the entorhinal cortex were found in 519 

superficial layers (Fig. 5D-E) and deep layers (Fig. 5D-F) of the auditory cortex. 520 

     To verify that HF stimulation (HFS) but not LF stimulation (LFS) of the entorhino-521 

cortical projection terminals in the auditory cortex enables neuronal plasticity locally, we 522 

designed a pairing paradigm, as shown in Fig. 5G, in which either HF (40 Hz) or LF (1 523 

Hz) blue light stimulation was followed by a pair of red-light stimuli in the auditory 524 

cortex and a natural sound stimulus. Five pairings after the HFS on the terminals of 525 

entorhinal CCK neurons induced LTP of fEPSP to laser stimulation of the visuoauditory 526 

terminals, while that after LFS did not (LTP curves, Fig. 5H; fEPSP traces, Fig. 5I; two-527 

way RM ANOVA, F(1,15)=21.326, significant interaction p=3.3E-4; pairwise 528 

comparison, increased by 11.2±2.2%, p=1.7E-4, n=8, after vs. before HFS; pairwise 529 

comparison, changed by 3.1±2.1%, p=0.16, n=9, after vs. before LFS; pairwise 530 
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comparison, after pairing: 110.5±2.5% HFS vs. 96.6±2.4 % LFS, p=1.2E-3, Fig. 5J). 531 

     The neuronal responses represented by the fEPSP to the natural auditory stimulus was 532 

also examined after the above HF and LF protocols. We found that fEPSPs to the noise 533 

stimulus were significantly potentiated after the HFS but not the LFS (LTP curves, Fig. 534 

5K; fEPSP traces, Fig. 5L; two way RM ANOVA, F(1,15)= 8.296, significant interaction 535 

P=0.011; pairwise comparison, increased by 13.1±3.6%, p=0.0026, n=8, after vs. before 536 

HFS; pairwise comparison, changed by 1.3±3.4%, p=0.71, n=9, after vs. before LFS; 537 

pairwise comparison, 112.4±3.9% HFS vs. 97.8±3.7% LFS, p=0.016, Fig. 5M). 538 

     These results indicate that pairing a visual input to the auditory cortex in conjunction 539 

with a natural sound stimulus, induced LTP of the visuoauditory direct projections when 540 

HFS of the entorhinal projections was applied. This suggests that HFS of CCK positive 541 

projections triggers the release of CCK in the auditory cortex. 542 

Discussion 543 

     Infusion of CCK into the auditory cortex of anesthetized rats enabled a neuroplastic 544 

change that enabled auditory neurons to start responding to a VS after the VS was paired 545 

with EAC. This visuoauditory association lasted for more than 3 weeks. Not only did 546 

auditory cortex neurons respond to the VS in awake rats, but this association between the 547 

VS and activation of the auditory cortex formed under anesthesia was translated into 548 

noticeable behavioral changes. In the presence of CCK, the visuoauditory association was 549 

also established between the VS and the natural AS and was additionally reflected in a 550 

similar behavioral task. 551 
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     Pairing the VS and the stimulation of the excitatory neurons in the auditory cortex in 552 

the presence of CCK changed the neuronal response to the VS. HF activation of the 553 

terminals of the entorhinal CCK neurons in the auditory cortex, followed by pairing the 554 

VS and EAC, enhanced neuronal responses to the VS in the auditory cortex of 555 

anesthetized mice. When the mice were pre-conditioned to associate a footshock with 556 

EAC, followed by pairing EAC with a VS, they showed significantly increased freezing 557 

responses to the VS after the pairings. The fear response to the VS was maintained for 4 558 

days after the HF-VS/ES pairing. Neither potentiation in neuronal response to the VS, nor 559 

freezing response to the VS was observed from the CCK-/- mice after the same operation. 560 

Similarly, after HF activation of the terminals of entorhinal CCK neurons in the auditory 561 

cortex, pairing laser stimulation of the projections from the visual cortex in the auditory 562 

cortex with natural sound stimulus-induced LTP of neuronal responses to visuoauditory 563 

inputs and the natural sound stimulus. 564 

     In a previous study, we established an artificial association between a VS and EAC 565 

through classical conditioning, such that auditory cortex neurons began responding to a 566 

VS (Chen et al., 2013). Inactivation of the entorhinal cortex blocked the establishment of 567 

this association. Previous experiments in rats demonstrated that inactivation of the 568 

perirhinal cortex disrupts the encoding, retrieval, and consolidation of object recognition 569 

memory (Winter and Bussey, 2005), whereas deep-brain stimulation of the medial 570 

temporal cortex in humans boosts memory performance (Suthana et al., 2012). Together, 571 

these findings add to our current understanding that the formation of associative 572 

memories requires interactions between the neocortex and the hippocampal system 573 

(Scoville and Milner, 1957; Corkin, 1984). 574 
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     CCK is the most abundant of all neuropeptides (Rehfeld, 1978), and heavy labeling of 575 

CCK-containing neurons is observed in the entorhinal cortices (Innis et al., 1979). 576 

Recently, we found that retrogradely labeled neurons in the entorhinal cortex after the 577 

infusion of a tracer in the auditory cortex are mostly CCK-containing neurons. Moreover, 578 

activation of the entorhinal cortex enabled neuronal plasticity in the auditory cortex, but 579 

this was minimized by local infusion of CCK antagonists into the auditory cortex (Li et 580 

al., 2014; Chen et al., 2019). Therefore, we propose that the hippocampal system sends a 581 

memory-encoding signal, the neuromodulator CCK, to the neocortex to enable the 582 

formation of a new associative memory through its entorhinal gateway. Aside from the 583 

functional marriage of the hippocampal and entorhinal systems, CCK also facilitates 584 

neuronal plasticity in hippocampal neurons in vitro (Deng et al., 2010). 585 

     Further support for our hypothesis that CCK plays a critical role in behavior, are 586 

studies showing that blockade of CCK receptors suppresses conditioned fear (Tsutsumi et 587 

al., 1999), and deletion of the CCKB receptor gene reduces anxiety-like behavior 588 

(Horinouchi et al., 2004). Furthermore, activation of CCKB receptors in the amygdala 589 

potentiates the acoustic startle response (Fendt et al., 1995; Frankland et al., 1997), and 590 

application of a CCKB receptor antagonist attenuates fear-potentiated startle (Josselyn et 591 

al., 1995). Findings that mice lacking the CCK gene exhibit poor performance in a 592 

passive avoidance task and impaired spatial memory (Lo et al., 2008) could be 593 

interpreted as the result of a memory-encoding deficit in the brain. 594 

     People have been trying to induce memories under anesthesia for decades. For 595 

example, an early study demonstrated Pavlovian fear conditioning induced by 596 

epinephrine under anesthesia in rats (Weinberger et al., 1984). More recently, using fear 597 
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conditioning and optogenetic techniques in rats, memory-encoding neurons created a 598 

false association between a particular context and a footshock that was never delivered 599 

(Ramirez et al., 2013). Similarly, we implanted an artificial association between a VS and 600 

an EAC stimulus upon CCK infusion while rats were under anesthesia. Subsequently, the 601 

rats used an existing association between the EAC and a water reward and thus used the 602 

VS to guide their retrieval of the reward. More specifically, we demonstrated a 603 

hippocampal-cortical circuit underlying such plasticity. Although the visuoauditory 604 

associative memory implanted in the auditory cortex was quickly reflected in neuronal 605 

responses to the VS, it took several days before the association was reflected in the rats’ 606 

behavior. This delay may be due to the time needed for the newly implanted memory in 607 

the neocortex to be registered in the hippocampus (Teyler and DiScenna, 1986) or to be 608 

linked with place cells in the hippocampus for directional guidance (O’Keefe and 609 

Dostrovsky, 1971). 610 

     It has been reported that certain types of emotional associative learning occur even 611 

when subjects are anesthetized, and such associative memory is hippocampus-612 

independent (Rosenkranz and Grace, 2002). In our control experiment, where the VS and 613 

the AS were paired after saline injection, animals showed no behavioral changes in 614 

response to the VS that went beyond the level of chance. No detectable changes in the 615 

visual responses in the auditory cortex were observed after repetitive pairing of the VS 616 

and the EAC with ACSF infusion or LF stimulation of CCK terminals at the cellular 617 

level. These data suggest that the general visuoauditory association by simply pairing 618 

visual and auditory stimulation under anesthesia may occur at a minimum level that is not 619 

sufficient to be detectable in our case. Other components, such as aversive stimulation 620 
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might be necessary for learning during anesthesia, which is not involved in our 621 

intervention. 622 

     Deep-brain stimulation of the entorhinal cortex, while subjects learned locations of 623 

landmarks enhanced their subsequent memory of these locations (Suthanna et al., 2012). 624 

Evidence suggests that coordinated oscillation of entorhinal and hippocampal neurons in 625 

20-40 Hz links to the encoding and retrieval of the associative memory (Igarashi et al., 626 

2014), whereas gamma-band (40-120 Hz) oscillation links to cortical plasticity and 627 

formation of new memories (Osipova et al., 2006; Headley and Weinberger, 2011). 628 

However, multimodal associative memory is likely based on the association of multiple 629 

cortical areas (Andersen et al., 1997; Calvert et al., 1997). Formation of paired visual 630 

associations or paired visuoauditory associations critically depends on the perirhinal and 631 

entorhinal cortex (Higuchi et al., 1996; Chen et al., 2013). In the present study, we 632 

showed that HF activation, but not LF stimulation, of the neocortical projection terminals 633 

of entorhinal neurons, leads to LTP in fEPSPs to the VS in the auditory cortex. Modifying 634 

synaptic strength leads to memory formation (Nabavi et al., 2014). The potentiated 635 

neuronal responses to the VS led to an increased freezing time when the VS was 636 

presented, indicating that an association between the AS and ES in the auditory cortex 637 

was strengthened. 638 

     Given that we used CCK-ires-Cre mice, neurons infected with AAV-DIO-ChR2-639 

mCherry in the entorhinal cortex were CCK neurons. Earlier studies indicate that the 640 

release of neuropeptides occurs slowly in response to repetitive firing (Whim and Lloyd, 641 

1989; Shakiryanova et al., 2005). Our recent study showed that NMDA receptors control 642 

the release of CCK from entorhinocortical projection in the neocortex, and the released 643 
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CCK enables cortical LTP and sound-sound associative memory (Chen et al., 2019).  644 

     Consistent with previous findings that CCK is associated with learning and memory 645 

(Josselyn et al., 1995; Tsutsumi et al., 1999; Chen et al., 2019), we found that CCK-/- 646 

mice show deficits in associating the visual and auditory stimuli. CCK-/- mice needed 1-2 647 

times more conditioning trials to associate the sound cue with footshock (even with a 648 

delayed conditioning protocol). In the present study, CCK-containing entorhinal neurons 649 

in CCK-ires-Cre mice labeled with AAV-DIO-ChR2-mCherry projected to the auditory 650 

cortex and visual cortex. Laser stimulation of these terminals elicited fEPSPs in the 651 

auditory cortex, suggesting that they are glutamatergic neurons. Association of artificial 652 

manipulation using electrical stimulation and a natural stimulus suggests potential 653 

neuroengineering and therapeutic applications. The rescuing effect of intravenous 654 

application of CCK-4 in forming associations between the VS and AS in the brain further 655 

proved that CCK is a key chemical for encoding visuoauditory associative memory in the 656 

brain. 657 

     These results, together with our three recent studies (Chen et al., 2013; Li et al., 2014; 658 

Chen et al., 2019), indicate that the entorhinal cortex is important for the establishment of 659 

visuoauditory associative memory and that CCK is involved in this bridging process. In 660 

the presence of CCK, neurons in the auditory cortex begin to respond to a VS after 661 

pairings of the VS and ES of the auditory cortex. Moreover, this altered neuronal 662 

response can be interpreted as an artificial memory in a behaviorally relevant context. 663 

Although we have more questions related to the gap in the temporal window between 664 

stimulus pairings and behavioral changes, as well as the processes that underpin 665 

extinguishing such associative memories, our study provides a new perspective on how 666 
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memory is established in the neocortex. These results also provide insight for future 667 

efforts to rewire malfunctioning brains to bypass lost functions. 668 

 669 
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Figure Legends 812 

Figure 1. The visuoauditory association established between the VS and the auditory 813 

cortical stimulation with CCK-8 local infusion. A. The schematic presentation of 814 

electrode and injection cannula placement, timeline and diagram for the experiment. Rats 815 

underwent three experimental phases after training: baseline test, CCK-8 infusion, and 816 

pairing during anesthesia and post-intervention test. For vehicle control, CCK and ACSF 817 

were simultaneously infused into each hemisphere, respectively, prior to pairings of the 818 

VS and EAC of both hemispheres. B. Behavioral responses (trajectory of head 819 

movement) to the VS during baseline (green curves) and post-intervention (black curves) 820 

testing of a representative rat. L, left hole; R, right hole; M, middle hole. Stimulus 821 

pairings with CCK infusion are marked by red arrowheads. C. Individual values (upper) 822 

and mean±SEM (lower) for Decision Index across weeks. ** p<0.01, one-way ANOVA 823 

with post-hoc Dunnett’s multiple comparison tests; ## p<0.01, n.s., not significant, 824 

compared to chance level 0.5, single sample t-tests. D. Behavioral responses to the VS 825 

from a representative rat. Arrowheads indicate stimulus pairing sessions followed by 826 

infusion of CCK (red) or ACSF (blue). E. Decision Index of individual animals (hollow 827 

circle) and grouped data (mean±SEM) before and after stimulus pairings. n=6, *p<0.05, 828 

paired t-tests. 829 

Figure 2. The visuoauditory association established between the VS and the AS in the 830 

presence of CCK-4. A. Experiment timeline and schematic drawing of the experimental 831 

design for CCK-4 pairing and negative control groups. Grey shade represents the 832 

procedure under the anesthesia. B. Behavioral performance during the post-intervention 833 

test from Day 9 to Day 11. Raster display on the left shows the performance of an 834 
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exemplary rat for its response to the AS in small dots and the VS in large black dots. The 835 

VS was paired to the AS on the left side when CCK-4 was administered. C. Decision 836 

index for CCK-4 pairing and negative control groups over the three test days. Plots are in 837 

mean±SEM. **, p<0.01, compared to chance level 0.5, single sample t-tests; #, p<0.05, 838 

##, p<0.01, two-way ANOVA with pairwise comparisons. 839 

Figure 3. Changes of auditory cortical neuronal responses to the VS. A. Neuronal 840 

responses to the VS before and after stimulus pairings. Z-scores were calculated based on 841 

differences between average neuronal firing during a 200-ms period after the VS and an 842 

equivalent period of spontaneous firing. Mean±SEM, **p<0.01, paired t-tests. B. 843 

Positions of virus injection in the auditory cortex and virus expression in the auditory 844 

cortex. The regions of viral expression (n=3) were superimposed on redrawn coronal 845 

sections of rat brain atlas (Swanson, 2017). Numbers at the bottom are distance posterior 846 

to Bregma (mm). C. Representative image of ChR2 expression in AC. D. Representative 847 

neuronal response to AS and laser in the AAV-CaMkIIa-ChR2-mCherry injection AC. E. 848 

Raster plots and PSTHs show neuronal responses to the VS (light flash) before (leftmost) 849 

and after (rightmost) CCK infusion and stimulus pairings of VS/Laser stimulation of the 850 

auditory cortex (CCK-VS/LAC). The middle panel shows the procedure of the pairing. F. 851 

Z-scores (mean±SEM) show that the neuronal responses to the VS before and after the 852 

CCK-VS/LAC or the ACSF-VS/LAC. Z-scores were calculated based on differences 853 

between average neuronal firing on 20-ms time bins after the VS and an equivalent 854 

period of spontaneous firing. *p<0.05, n.s., not significant, two-way ANOVA with 855 

Sidak’s multiple comparisons tests. 856 

Figure 4. High-frequency activation of CCK-containing entorhino-neocortical 857 
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projections enables the association between the VS and EAC, leading to behavioral 858 

changes. A. Schematic drawings for positions of virus injection in the entorhinal cortex 859 

and implantations of the laser fiber and stimulating/recording electrodes in the auditory 860 

cortex (AC). The regions of viral expression (n=6 for CCK-ires-Cre, n=4 for CCK-/- 861 

mice) were superimposed on redrawn coronal sections of mouse brain atlas (Paxino and 862 

Franklin, 2001). B. AAV-DIO-ChR2-mCherry was injected into the entorhinal cortex of 863 

CCK-ires-Cre mice. Images show virus expression in the entorhinal cortex (B-C), the AC 864 

(D-E), and the visual cortex (VC) (D, F). G. AAV-DIO-ChR2-mCherry was injected into 865 

the entorhinal cortex CCK-CreER (CCK-/-) mice. Images show virus expression in the 866 

entorhinal cortex (G-H), the AC (I-J), and the VC (I, K). Scale bars: 500μm for B, D, G, 867 

I; 100 μm for C, E, F, H, J, and K. L. fEPSPs to laser pulse train in the AC, AS, and VS 868 

of CCK-ires-Cre mice. M. fEPSPs to laser pulse train in the AC, AS, and VS of CCK-/- 869 

mice. N. Representative fEPSPs before (left) and after (right) the HF-VS/EAC and LF-870 

VS/EAC protocols (middle). The upper panel shows fEPSPs and the protocol of HF-871 

VS/EAC, and the lower panel shows fEPSPs and the protocol of LF-VS/EAC. O. 872 

Normalized slopes of fEPSPs after the HF-VS/EAC (red) or LF-VS/EAC (blue) pairing 873 

in CCK-ires-Cre mice. **p<0.001, two-way ANOVA. P. Slopes of fEPSPs (mean±SEM) 874 

after the HF-VS/EAC (red) or LF-VS/EAC (blue) pairing in CCK-/- mice. Q. Baseline 875 

fEPSP slopes (mean±SEM plus individual values) to VS in CCK-ires-cre and CCK-/- 876 

mice. R. Cued fear conditioning and stimulation protocols. S-U. Bar charts show the 877 

percentage (mean±SEM) of time spent freezing in response to the conditioned EAC and 878 

the paired VS before and after the HF-VS/EAC (S) or LF-VS/EAC (T) pairing in CCK-879 

ires-Cre mice, and HF-VS/EAC pairing in CCK-/- mice (U). *p<0.05, n.s., not significant, 880 
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one-way ANOVA. 881 

Figure 5. Visuo-auditory direct cortico-cortical projection strengthened after HF 882 

activation of entorhino-neocortical CCK+ fibers. A. Diagram of the experiment design. 883 

473-nm and 635-nm laser were used to activate the projecting terminals with opsins 884 

expression in the auditory cortex from entorhinal and visual cortex of Cck-ires-Cre mice, 885 

which were transfected by AAV9-syn-Flex-Chronos-GFP (green) and AAV9-syn-886 

ChrimsonR-tdTomato (red) respectively. Glass pipette electrodes were used to record the 887 

field EPSPs evoked by natural sound stimuli and different laser stimulations. The regions 888 

of viral expression (n=3) were superimposed on redrawn coronal sections of mouse brain 889 

atlas (Paxinos and Franklin, 2001). B. Chronos-GFP (green) expression at the injection 890 

site in entorhinal cortex. Blue is DAPI Staining. C. ChrimsonR-tdTomato (red) 891 

expression at the injection site in visual cortex. D. Projections from entorhinal CCK+ 892 

neurons (green) and visual cortical universal neurons (red) could be found in both 893 

superficial layers (white dashed rectangle) and deep layers (blue dashed rectangle) of 894 

auditory cortex, which are enlarged in E and F respectively. E1 is merged by E2 and E3, 895 

while F1 is merged by F2 and F3. (Scale bar: 1000 μm for B and C, 200 μm for D, and 50 896 

μm for E and F.) G. Protocols of using HF (40 Hz, upper) or LF (1 Hz, bottom) laser 897 

stimulation (473 nm) on entorhinal CCK+ projecting terminals (HF_Ent or LF_Ent) 898 

followed by pairing of laser stimulation (635 nm) on visuoauditory projecting terminals 899 

(VALS) and natural sound stimulus (Noise). H. Normalized slopes of fEPSPs evoked by 900 

VALS before versus after HF_Ent/VALS/Noise (red circles) or LF_Ent/VALS/Noise 901 

(gray circles) pairing protocol. I. Representative single fEPSPVALS trace before versus 902 

after HF_Ent/VALS/Noise (a vs b, upper) or LF_Ent/VALS/Noise (a’ vs b’, bottom) 903 
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pairing protocol. Gray transparent rectangles indicate the laser stimulations. (Scale bar: 5 904 

ms and 50 μV.) J. Statistics for normalized slopes of fEPSPVALS (two-way RM ANOVA, 905 

significant interaction F(1,15)=21.326, P=0.00033; pairwise comparison, increased by 906 

11.2±2.2%, before vs. after HF_Ent/VALS/Noise, p=0.00017, n=8; pairwise comparison, 907 

changed by 3.1±2.1%, before vs. after LF_Ent/VALS/Noise, p=0.16253, n=9; pairwise 908 

comparison, 96.6±2.4% vs. 110.5±2.5%, after LF_Ent/VALS/Noise vs. after 909 

HF_Ent/VALS/Noise, p=0.00121, n=9 (1 Hz), 8 (40 Hz);  pairwise comparison,  910 

99.7±1.1% vs. 99.4±1.2%, before LF_Ent/VALS/Noise vs. before HF_Ent/VALS/Noise, 911 

p=0.83437, n=9 ( 1Hz), 8 (40 Hz).) All data are mean ± sem. *p < 0.05; ** p < 0.01; n.s., 912 

no significance. K. Normalized slopes of fEPSPs evoked by Noise before versus after 913 

HF_Ent/VALS/Noise (olive squares) or LF_Ent/VALS/Noise (gray squares) pairing 914 

protocol. L. Representative single fEPSPNoise trace before versus after 915 

HF_Ent/VALS/Noise (a vs. b, upper panel) or LF_Ent/VALS/Noise (a’ vs. b’, bottom 916 

panel) pairing protocol. Gray transparent rectangles indicate the noise stimuli. (Scale bar: 917 

50 ms and 0.2 mV.) M. Statistics for normalized slopes of fEPSPNoise (two-way RM 918 

ANOVA, significant interaction F(1,15)=8.296, p=0.01144; pairwise comparison, 919 

increased by 13.1±3.6%, before vs. after HF_Ent/VALS/Noise, p=0.00260, n=8; pairwise 920 

comparison, changed by 1.3±3.4%, before vs. after LF_Ent/VALS/Noise, p=0.71249, 921 

n=9; pairwise comparison, 97.8±3.7% vs. 112.4±3.9%, after LF_Ent/VALS/Noise vs. 922 

after HF_Ent/VALS/Noise, p=0.01578, n=9 (1 Hz), 8 (40 Hz);  99.1±1.2% vs. 923 

99.3±1.3%, before LF_Ent/VALS/Noise vs. before HF_Ent/VALS/Noise, pairwise 924 

comparison, p=0.88270, n=9 (1 Hz), 8 (40 Hz)). All data are means ± sem. *p < 0.05; 925 

** p < 0.01; n.s., no significance. 926 
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Movies 1-2. Behavioral response to AS (1) and EAC (2) in the two-choice water retrieval 927 

task training. 928 

Movies 3-4. Behavioral response to VS before (3) and after (4) CCK pairing for subject 929 

#2. 930 

Movies 5-6. Behavioral response to VS before (5) and after (6) CCK pairing for subject 931 

#5. 932 

Movies 7-10. Behavioral response to VS before (7) and after (8) HF-VS/EAC pairing, 933 

and before (9) and after (10) EAC training for animal #3. 934 

Movies 11-14. Behavioral response to VS before (11) and after (12) LF-VS/EAC pairing, 935 

and before (13) and after (14) EAC training for animal #2. 936 












