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ABSTRACT 24 

The ability to capture the most relevant information from everyday experiences without 25 

constantly learning unimportant details is vital to survival and mental health.  While 26 

decreased activity of the medial prefrontal cortex (mPFC) is associated with failed or 27 

inflexible encoding of relevant events in the hippocampus, mechanisms used by the mPFC to 28 

discern behavioral relevance of events are not clear.  To address this question, we 29 

chemogenetically activated excitatory neurons in the mPFC of male rats and examined its 30 

impact on local network activity and differential associative learning dependent on the 31 

hippocampus.  Rats were exposed to two neutral stimuli in two environments whose 32 

contingency with an aversive stimulus changed systematically across days.  Over two weeks 33 

of differential and reversal learning, theta band activity began to ramp up toward the expected 34 

onset of the aversive stimulus, and this ramping activity tracked the subsequent shift of the 35 

set (stimulus modality to environment) predictive of the aversive stimulus.  With 36 

chemogenetic mPFC activation, the ramping activity emerged within a few sessions of 37 

differential learning, which paralleled faster learning and stronger correlations between the 38 

ramping activity and conditioned responses.  Chemogenetic mPFC activity, however, did not 39 

affect the adjustment of ramping activity or behavior during reversal learning or set-shifting, 40 

suggesting that the faster learning was not due to a general enhancement of attention, sensory, 41 

or motor processing.  Thus, the dynamics of the mPFC network activation during events 42 

provide a relevance-signaling mechanism through which the mPFC exerts executive control 43 

over the encoding of those events in the hippocampus. 44 

 45 

SIGNIFICANCE STATEMENT 46 

Although we now have a fair understanding of memory encoding, the real-time processes 47 

through which the brain controls the strength of memory encoding remain mostly unknown. 48 
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Developing an understanding of these memory regulation processes is important because it 49 

informs a new strategy for memory enhancement, which is critically needed for the fast-50 

growing elderly population facing memory handicaps. We discovered that activating one 51 

region of the brain, the medial prefrontal cortex (mPFC) facilitated rats to form memories of 52 

important events without increasing the learning of unimportant details. The memory 53 

enhancement was associated with improved responses of mPFC network to the important 54 

events. Manipulations of the mPFC, therefore, allow for tapping into intrinsic memory 55 

encoding processes to enhance event memories. 56 

 57 

 58 

 59 

  60 

  61 
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INTRODUCTION 62 

The hippocampus and surrounding rhinal cortices are essential for the rapid encoding of 63 

complex spatial and temporal sequences of events that we encounter during everyday life 64 

(Squire, 1992; Eichenbaum, 2000).  These early plastic changes within the hippocampal 65 

circuits subsequently induce gradual reorganization of neocortical circuits through which 66 

memory traces become consolidated (Squire, 1992; Nadel and Moscovitch, 1997; Frankland 67 

and Bontempi, 2005).  Several lines of evidence, however, suggest that the strong activation 68 

of the neocortex, in particular, the prefrontal cortex (PFC), during events is also essential for 69 

successful memory encoding.  In the human brain, the hippocampus and prefrontal cortex are 70 

co-activated during memory encoding, and the ability to later remember events is predicted 71 

by the magnitude of prefrontal activation during encoding (Brewer et al., 1998; Wagner et al., 72 

1998; Kao et al., 2005; Kirchhoff et al., 2000; Otten et al., 2002).  In rodents, transcriptional, 73 

structural, and functional remodeling occurs in the medial prefrontal cortex (mPFC; Bero et 74 

al., 2014; Kitamura et al., 2017) and orbitofrontal cortex (OFC; Lesburgueres et al., 2011) at 75 

the time of encoding, and the activation of the mPFC is necessary for gene expression leading 76 

to synaptic modifications in hippocampal neurons (Bero et al., 2014).  These findings raise 77 

the possibility that the PFC controls the activity of the hippocampus during learning, thereby 78 

determining whether certain information is made into long-term storage. 79 

The top-down control that the PFC exerts over hippocampal encoding processes bears 80 

a resemblance to its established role in executive control, which relies on flexible, context-81 

specific use of goals and expectations (Miller and Cohen, 2001; Euston et al., 2012).  In well-82 

trained animals, a sizable proportion of neurons in the mPFC and OFC respond to 83 

environmental stimuli that predict upcoming rewards (Shoenbaum and Eichenbaum, 1995; 84 

Pratt and Mizumori, 2001; Hosokawa et al., 2007; Morrison and Salzman, 2009; Insel and 85 
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Barnes, 2015) or aversive stimuli (Baeg et al., 2001; Gilmartin and McEchron, 2005; 86 

Hosokawa et al., 2007; Takehara-Nishiuchi and McNaughton, 2008; Morrison and Salzman, 87 

2009).  Some have proposed that the observed neural selectivity for behaviorally relevant 88 

stimuli may underlie the role of these regions in memory retrieval and memory-guided 89 

decision making: the mPFC represents rules (a learned mapping of stimuli and adaptive 90 

behavior; Euston et al., 2012; Eichenbaum, 2017) while the OFC uses these rules according 91 

to the task state (the current location in a task; Wilson et al., 2014; Wikenheiser and 92 

Schoenbaum, 2016).  A question remains open as to whether the same neural selectivity 93 

underlies the emeging role of the PFC in memory encoding.  94 

To address this point, we used chemogenetic approaches to artificially generate the 95 

mPFC network state associated with encoding success and examined its impact on behavior 96 

in trace eyeblink conditioning.  In this hippocampus-dependent memory paradigm, animals 97 

associate a neutral stimulus with a mildly aversive stimulus to the eyelid over a short 98 

temporal gap (Woodruff-Pak and Disterhoft, 2008; Takehara-Nishiuchi, 2018).  In the present 99 

study, we used two neutral stimuli and systematically changed their contingency with the 100 

aversive stimulus across days. To determine the effect of the manipulation on the mPFC 101 

network responses to the stimuli, we also recorded local field potentials (LFPs) from the 102 

mPFC during the conditioning. We found that the mPFC network responses differentiated the 103 

behaviorally relevant stimulus (i.e., paired with the aversive stimulus) from the irrelevant 104 

stimulus (i.e., presented alone).  Chemogenetic mPFC activation promoted the development 105 

of the selective network responses and in turn facilitated the initial formation of differential 106 

stimulus associations. It, however, did not affect subsequent adjustment of behavior and the 107 

network responses according to the changing stimulus contingency.   108 

 109 
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MATERIALS & METHODS 110 

Subjects 111 

Twenty-four male Long-Evans rats (Charles River Laboratories, St. Constant, QC, Canada), 112 

70 days old upon arrival, were individually housed in transparent plastic cages in a home 113 

colony room and maintained on a 12-hour reverse light/dark cycle (dark from 10:00 to 22:00) 114 

with free access to food and water.  Their weight ~one week after their arrival ranged from 115 

350-425 g.  Behavioral experiments were performed during the dark cycle.  Five rats were 116 

excluded due to insufficient expression of the transgene, leaving 19 rats for the analysis of 117 

behavioral data. Two additional rats were excluded due to misplaced electrodes, leaving 17 118 

rats for the analysis of LFP data.  One of these rats lost the head implant during the third 119 

stage of conditioning (set-shift stage, see below).  This rat was removed from behavioural 120 

and LFP analyses during the set-shift stage.  Among the 19 rats included in the behavioral 121 

analysis, 10 rats were used for the analysis of c-Fos expression.  In addition to the 24 rats that 122 

were purchased for this study, we re-analyzed c-Fos expression data collected from 15 rats in 123 

our previous study (Volle et al., 2016).  All procedures were in accordance with the National 124 

Institutes of Health Guide for Care and Use of Laboratory Animals (Publication NO. 85-23, 125 

revised 1985), the Canadian Council on Animal’s Care, APA ethical standard, and approved 126 

by the University of Toronto Animal Care Committee.   127 

Viral Vectors 128 

Recombinant adeno-associated virus (AAV) vectors encoding the Designer Receptors 129 

Exclusively Activated by Designer Drug (DREADD; (Armbruster et al., 2007; Rogan and 130 

Roth, 2011)) was a gift from Bryan Roth (Addgene viral prep # 50476-AAV8).  All rats 131 

received intracranial injection of pAAV8-CaMKIIa-hM3D(Gq)-mCherry, and the titer was 132 

3×10¹² vg/mL. 133 
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 134 

Surgery  135 

Rats underwent two surgery protocols: they first received the viral vector (1) and then after at 136 

least a five week incubation period were implanted with local field potential (LFP) and 137 

electromyogram (EMG) electrodes (2). 138 

Viral vector surgery (1) One week after their arrival at the facility, rats were anesthetized 139 

(1-2% isoflurane by volume in oxygen at a flow rate of 0.8 L/min; Fresenius Kabi, Richmond 140 

Hill, ON, Canada) and placed in a stereotaxic frame.  Skin was retracted and holes drilled in 141 

the skull bilaterally above the prelimbic region of the medial prefrontal cortex (mPFC) 142 

[anteroposterior (AP) = +3.2, mediolateral (ML) = ±0.5 from bregma; (Paxinos and Watson, 143 

2007)].  A 30-G stainless steel cannula was connected to a microsyringe (Hamilton, Reno, 144 

NV, USA) via polyethylene tubing and lowered to 3.5 mm below bregma.  The viral vector 145 

(pAAV8-CaMKIIa-hM3D(Gq)-mCherry; 0.5 μl/side) was injected at a rate of 0.1 μl/min.  146 

The cannula was left in place for an additional 10 min following the microinjection to ensure 147 

the diffusion of the vector.  The cannula was then slowly retracted, and the incision was 148 

sutured.  The rats were treated with analgesic (carprofen, 5 mg/kg, s.c.) for 48 hours after 149 

surgery and left in their home cage for five weeks.    150 

Electrodes surgery (2) Bipolar LFP electrodes were fabricated by inserting two short 151 

pieces of stainless steel wire (No. 791000; A-M Systems, Carlsborg, WA, USA) into a 25-G 152 

stainless steel cannula (distance between electrodes tips was 0.7mm).  As described in (1), 153 

rats were anesthetized and placed in a stereotaxic frame.  After craniotomy and removal of 154 

dura, an electrode was implanted in the prelimbic region of mPFC (AP = +3.2, ML = +0.6, 155 

DV = -3.9 mm from bregma) contralateral (right) to the conditioned eye.  In addition, four 156 

Teflon-coated stainless-steel wires (No. 791000; A-M Systems, Carlsborg, WA, USA) were 157 

implanted subcutaneously in the upper left orbicularis oculi (eyelid muscle) to record EMG 158 
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activity and deliver a periorbital shock.  All electrode wires were attached to a connector cap 159 

(Ginder Scientific, Nepean, ON, Canada), and the connector cap was secured to the skull 160 

with stainless steel screws and dental acrylic resin.  The rats were given an analgesic 161 

treatment [see (1)] and at least seven days to recover from surgery before beginning daily 162 

conditioning sessions. 163 

Histology   164 

Upon the completion of behavioral testing, brain tissue was collected to conduct three 165 

experiments to address the following points: A, the location and spread of viral vector 166 

infection; B, the location of LFP electrodes; C, the ex vivo validation of the cumulative 167 

impact of CNO treatment and trace eyeblink conditioning on the activity of mPFC neurons.  168 

Tissue collection Rats were subcutaneously injected with either CNO (0.1 mg/kg 169 

body weight) or 0.9% physiological saline solution prior to the start of conditioning, using 170 

the same drug assignment the rats received during conditioning sessions. Five rats were 171 

injected with saline and five rats were injected with CNO.  Following a thirty minute wait, 172 

the rats underwent conditioning for ten minutes.  After conditioning, fifty minutes later, rats 173 

were deeply anesthetized with an excess amount of sodium pentobarbital (102 mg/kg; 174 

Euthansol, Merck, Kirkland, QC, Canada), and the tips of the LFP electrodes were marked by 175 

electrolytic lesions (20 μA for 45 s, positive to electrode, negative to animal ground).  They 176 

were perfused transcardially with chilled 0.9% physiological saline solution, followed by 177 

chilled 4% Paraformaldehyde (PFA).  Brains were extracted and left submerged within 4% 178 

PFA at 4°C overnight, followed by Phosphate Buffered Saline – 30% Sucrose solution (PBS-179 

Suc) for 48 hours.  Coronal brain slices (40 μm) across the entire anterior-posterior extent of 180 

the medial prefrontal cortex were collected using a cryostat (CM3050S, Leica Biosystems, 181 

Nussloch, Germany).  Every first, and second tissue section was stored in a separate tube 182 
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filled with Tissue Storage Buffer (TSB, PBS with sucrose and ethylene glycol solution), 183 

whilst every third tissue section was stored in PBS, all tubes aside from those stored in only 184 

PBS were then stored at -20°C.  Each tube was used for the experiment A, B, and C.  185 

Location and extent of viral infection For experiment A, sections were mounted on a 186 

glass slide and cover-slipped with ProLong® Diamond antifade mounting medium 187 

containing DAPI (Thermo Fisher Scientific, Waltham, MA, USA).  Endogenous mCherry 188 

signal was used to determine the placement and extent of viral infection for each rat.  Rats 189 

which received pAAV8-CaMKIIa-hM3D(Gq)-mCherry were included in subsequent 190 

analyses if robust mCherry expression was observed in the prelimbic region in at least one 191 

hemisphere.  192 

Location of LFP electrodes For experiment B, tissue was mounted on a glass slide 193 

and stained with cresyl violet.  It was subsequently examined under a light microscope, and 194 

the locations of the electrode tips were drawn on to templates from the stereotaxic atlas of the 195 

rat brain (Paxinos and Watson, 2007).  All data from the two rats whose electrodes were not 196 

located in the prelimbic region were omitted from the analyses (1 saline-treated and 1 CNO-197 

treated rat). 198 

Immunostaining For experiment C, sections were removed from TSB, washed in 199 

PBS, and submerged in 20% goat serum (#ab156046, Abcam, Cambridge, MA, USA) for 200 

two hours at room temperature.  The sections were then washed three times with Phosphate 201 

Buffered Saline – 0.1% Triton X-100 Detergent (PBS-T).  Then, they were incubated with a 202 

primary antibody against c-Fos (Rabbit, #2250, 1:400, Cell Signaling Technology, Beverly, 203 

MA, USA) at 4°C overnight.  Subsequently, the sections were washed three times using PBS-204 

T and then incubated in a secondary anti-rabbit IgG antibody conjugated with ALEXA 488 205 

(Goat, #111-545-003, 1:400, Jackson ImmunoResearch, West Grove, PA, USA) for two 206 

hours at room temperature.  The sections were washed three times with PBS, and were 207 
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mounted on glass slides and sealed with coverslips and ProLong® Diamond antifade 208 

mounting medium containing DAPI, as in experiment A. 209 

Image acquisition Images were collected from the immunostained tissue using an 210 

upright fluorescence microscope (Axio Imager, Z1, Zeiss, Jena, Germany) with a 20× 211 

objective.  Areas of analysis consisted of a 0.35 × 0.35-mm region on the XY scale.  A 212 

section with the track of cannula used for the viral vector injection was identified.  Then, an 213 

image was taken from an area adjacent to the injection track.  Three images were collected 214 

from the prelimbic region from each rat. 215 

Cell counting Collected images were manually analyzed by two experimenters who 216 

were blind to the treatment condition with the help of FIJI (ImageJ) software.  In each image, 217 

the number of DAPI-positive cells was marked and counted.  Small, bright uniformly DAPI 218 

stained nuclei from putative glial cells were not included in the DAPI counts.  The number of 219 

DAPI-positive cells which were also positive for c-Fos- or hM3Dq (detected as mCherry 220 

signal) were counted.  The raw count was converted to a ratio for each image. The proportion 221 

of c-Fos expressing cells (P(c-Fos)) was calculated as the number of c-Fos expressing cells 222 

that were also DAPI-positive divided by the total number of DAPI-positive cells.  In a 223 

separate cohort of six animals, we tested the possibility of a non-selective effect of CNO on 224 

c-Fos expression.  Rats were transfected in the same manner previously described with either 225 

rAAV2/8-CamKIIa- eGFP or rAAV2/8-CamKIIa-hM3D (Gq)-mCherry (purchased from the 226 

vector core at the University of North Carolina) and randomly assigned to one of three 227 

groups: hM3Dq-Sal, hM3Dq-CNO, GFP-CNO.  Animals were injected with either CNO or 228 

saline, immediately placed back into their home cages, and perfused 90 minutes after.  P(c-229 

Fos) in the prelimbic region of the mPFC was calculated in the same manner as our other 230 

experiment. 231 
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Behavioral Analyses 232 

Drug assignments At least six weeks after the intracranial injection of pAAV8-233 

CaMKIIa-hM3D(Gq)-mCherry, the rats were randomly assigned to receive subcutaneous 234 

injections of either clozapine-N-oxide (CNO, Tocris, CAT#4936, Minneapolis, MN, USA) 235 

dissolved in 0.9% saline solution (0.1 mg/kg body weight, n = 10) or saline solution (n = 9) 236 

thirty minutes before daily conditioning sessions (starting from the second adaptation 237 

session).  All rats received the same treatment for the entirety of the experiment. 238 

Trace eyeblink conditioning All rats were trained in trace eyeblink conditioning for 239 

twenty-three days each of which consisted of two conditioning epochs in two different 240 

conditioning environments (Context 1 and 2) in a sound and light-attenuating chamber. 241 

Context 1 consisted of a transparent, cylindrical, plastic container with P80-grit sandpaper 242 

covering the floor.  The floor was kept at 15 °C through the use of a hot-cold compress pack.  243 

Context 2 consisted of a striped black and white walled, rectangular, plastic container with 244 

paper towel covering the floor.  The floor was kept at 25 °C through the use of the hot-cold 245 

compress pack.  Rats were counterbalanced such that half the animals underwent the first 246 

conditioning epoch in Context 1 and the other half in Context 2.  In the second epoch, 247 

animals were placed into the opposite context than the first epoch. 248 

For the first two sessions, rats were placed in the conditioning chamber for fifty 249 

minutes without any stimulus presentations in order to habituate them to the procedures and 250 

chamber.  Starting on the third session, rats underwent seven days of conditioning in each of 251 

the three learning stages of differential trace eyeblink conditioning.  Rats were presented with 252 

the conditioned stimulus (CS), which was presented for 100 ms and consisted of an auditory 253 

stimulus (85 dB, 2.5 kHz pure tone) or a visual stimulus (white LED light blinking at 50 Hz). 254 

The unconditioned stimulus (US) was a 100 ms mild electrical shock to the eyelid (100 Hz 255 

square pulse).  The auditory CS was delivered through a speaker in the chamber ceiling, and 256 
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the visual CS was delivered through an LED light placed on the wall of the chamber.  The 257 

US was delivered to the eyelid with a stimulus isolator (ISO-Flex, A.M.P.I., Jerusalem, 258 

Israel).  The shock level was initiated at 0.3 mA and was adjusted individually and daily for 259 

each rat to induce an optimal unconditioned response (UR; an eyeblink/head-turn response) 260 

which was monitored through web-cameras mounted inside the chambers.  Stimulus delivery 261 

was controlled by a RZ-5 recording system (Tucker-Davis Technologies, Alachua, FL, USA) 262 

with a microcontroller (Arduino Mega, Arduino, Italy).  263 

Daily recording sessions consisted of two epochs of conditioning, each with 100 trials, 264 

separated by a 10 min rest period.  The inter-trial intervals were pseudorandomized between 265 

20 s and 40 s with a mean of 30 s.  Each epoch included 50 presentations of the auditory CS 266 

and 50 presentations of the visual CS, pseudorandomized over the course of the fifty-minute 267 

recording.  During the first stage (Differential Learning, Days 3-9), one of the CS (CS1, e.g. 268 

auditory CS) was paired with the US with a 500-ms stimulus-free interval between them 269 

while the other type of CS (CS2, e.g. visual CS) was presented alone in both Context 1 and 2.  270 

During the second stage (Reversal Learning, Days 10-16), CS-US contingency was reversed 271 

in such a manner that rats received pairings of CS2 and US, while CS1 was presented alone, 272 

in both Context 1 and 2.  During the third stage (Set-Shift, Days 17-23), both CS1 and CS2 273 

were paired with the US in Context 1 while both CS were presented alone in Context 2.  274 

 During conditioning, eyeblink responses were monitored by recording EMG activity 275 

from the left upper orbicularis oculi muscle through two surgically implanted stainless steel 276 

wires.  EMG activity was band-pass filtered between 0.3 and 3.0 kHz, digitized at 6,102 Hz, 277 

and stored using a RZ-5 recording system (Tucker-Davis Technologies, Alachua, FL, USA).   278 

EMG analysis All analyses were performed using custom code written in Matlab 279 

(Mathworks, Natick, MA, USA) with the same procedure as that used in our previous studies 280 

(Volle et al., 2016; Morrissey et al., 2017).  For each session per animal, the amplitude of the 281 
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EMG signal during each 1 ms of time was calculated by subtracting the minimum signal from 282 

the maximum signal during that 1-ms window.  EMG amplitude was averaged during a 300-283 

ms window before CS presentation in each trial.  The baseline was set as the median of 284 

averaged EMG amplitude plus one standard deviation.  EMG activity above the threshold was 285 

averaged together during the 300-ms pre-CS period (pre-value) and during a 200-ms window 286 

before US onset (CR value).  The CR value was designed to capture the adaptive, anticipatory 287 

blinking responses that occur immediately before US onset.  A trial was defined as a CR trial 288 

if the CR value was at least five times that of the pre-value.  In some trials, the pre-value 289 

exceeded 10 times the threshold because the rats engaged in grooming, teeth grinding, or 290 

climbing immediately before CS onset (Morrissey et al., 2017).  These trials were classified as 291 

“hyperactive” trials and discarded.  The percent of conditioned responses (CR%) for each 292 

animal in a given session was the ratio of CR trials relative to the total number of valid trials.  293 

The significance of differentiation of CR% between two CS types was tested with random 294 

permutation tests.  In each rat, in each session, the differential index (DI_CR) was calculated 295 

as: DI_CR = abs(CR1% – CR2%) / (CR1% + CR2%) where CR1% and CR2% are the 296 

percentage of CR trials in CS1 and CS2 trials, respectively. Then, trial types were randomly 297 

re-assigned to each trial, and DI_CR was calculated.  This procedure was repeated 1000 times 298 

to construct sampling distributions.  The DI_CR with the real trial label was considered 299 

significant when it fell in the 0.05% of upper tail of its corresponding distribution.  The 300 

number of sessions needed for DI_CR to reach the significance was counted in each rat.  To 301 

examine the temporal pattern of EMG activity in each learning stage, EMG amplitude was 302 

averaged across all valid trials in the final session of each learning stage, then across animals 303 

in each group. EMG amplitude was divided by the averaged amplitude during a 300-msec 304 

window before the CS onset for normalization.  305 

 306 
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Electrophysiological Analyses 307 

General procedures for LFP recording and analyses are the same as those used in our 308 

previous study (Volle et al., 2016).  All analyses were conducted with custom codes written 309 

in Matlab (Mathworks, Natick, MA, USA).  These codes will be made available in response 310 

to reasonable requests sent to the corresponding author. 311 

LFP Recording LFPs were measured as the voltage difference between the two tips 312 

of a bipolar electrode (the difference in the length was 0.7 mm) and continuously recorded 313 

during daily conditioning.  LFPs were amplified by 1000 times, filtered between 1 and 400 314 

Hz, and digitized at 2,034 Hz with the same RZ-5 recording system used for the recording of 315 

EMG activity.    316 

Pre-processing To remove trials with movement artifact, a threshold was defined as 317 

the across-trial mean plus four standard deviations of the raw LFP signals during a 500-ms 318 

period before CS onset.  This threshold was selected based on visual inspection of several 319 

datasets.  If LFP signals during a 500-ms period before CS onset exceeded this threshold in a 320 

trial, the trial was excluded from further analyses.  All remaining trials, regardless of the 321 

presence of CR or not, were included in the analysis, and the results were pooled.  322 

Subsequently, the power spectrum density was calculated to ensure that its shape was 323 

consistent with those reported in previous studies (Paz et al., 2008; Insel et al., 2012; Volle et 324 

al., 2016). 325 

Spectrogram Time-frequency analyses were conducted on raw LFP data during the 326 

seven differential learning sessions by means of the Morlet wavelets method, using the 327 

ft_freqanalysis function from the FieldTrip toolbox (Oostenveld et al., 2011).  To detect 328 

changes in oscillatory activity induced by CS presentation, the power in each frequency band 329 

was divided by the averaged power during a 1-sec window before the CS presentation.   330 
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Amplitude of CS-evoked oscillatory activity To detect CS-induced changes in 331 

oscillatory activity, we computed instantaneous amplitude by using the Hilbert transform.  332 

This method was chosen over other methods because of its high temporal resolution.  The 333 

amplitude of three predetermined frequency bands (theta, 4-12 Hz; beta, 13-30 Hz; gamma, 334 

30-100 Hz) during the CS and interval between the CS and US (trace interval) was computed 335 

with the following steps.  First, in each trial, raw LFP signals during a 2-second window 336 

around CS onset were filtered with a bandpass filter (third order Chebyshev Type 1, forward 337 

and backward for zero phase distortion using the filtfilt function in MATLAB).  Second, the 338 

instantaneous amplitude was calculated as the absolute value of the Hilbert transform of the 339 

filtered signal.  Third, the amplitude was divided by the averaged amplitude during a 500-340 

msec window before the CS onset (Figures 3, 4).  Fourth, the normalized amplitude was 341 

averaged in a pre-determined time window.  Fifth, the values were averaged across trials and 342 

then used to calculate the Differential Index (DI) as: 343 

DI = abs(AMP_CSP - AMP_CSM) / (AMP_CSP + AMP_CSM) 344 

where AMP_CSP and AM_CSM are the averaged, normalized amplitude in reinforced and 345 

unreinforced trials, respectively. 346 

Correlation with CR%  In each rat, the Pearson correlation coefficient (r) was 347 

calculated between CR% and the normalized theta amplitude to each CS type during the 348 

seven sessions of the differential learning stage.  R values were then averaged across rats in 349 

each group. 350 

 351 

EXPERIMENTAL DESIGN AND STATISTICAL ANALYSES 352 

Cell counting The data presented are the group's mean ± the group's standard error of 353 

the mean across rats.  Each group contained five rats. T-tests were used to determine 354 

statistical significance (alpha = 0.05).  For the experiment testing the possibility of a non-355 
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specific effect of CNO, a one-way ANOVA with group as a between-subjects factor was 356 

used with a Tukey post hoc test. 357 

EMG analysis For the comparison of CR%, the data presented are the group's mean 358 

for each day of conditioning ± the group's standard error of the mean.  Mixed ANOVAs with 359 

group as a between-subjects factor and session, epoch and CS type as within-subjects factors 360 

were used to determine statistical significance.  The number of sessions needed for DI_CR to 361 

reach the significance was compared between the groups with Wilcoxon rank sum test. 362 

            Electrophysiological analyses The data were presented as the mean and standard 363 

error of the mean across rats (Figures 3C, 4, and 5).  To test the difference in CS-evoked 364 

amplitude, we ran Mixed ANOVA on the DI with sessions or learning stages as a within-365 

subjects factor and groups as a between-subjects factor.  Correlations between CS-evoked 366 

theta amplitude and CR% were compared between the two groups with t-tests. 367 

 368 

RESULTS 369 

Excitatory pyramidal neurons in the mPFC were selectively activated by virally 370 

transduced DREADDs 371 

We used adeno-associated viral vectors (AAV) to transduce the evolved human M3-372 

muscarinic receptor (hM3Dq) gene into a subset of pyramidal neurons in the prelimbic region 373 

of the mPFC in adult male Long-Evans rats.  The hM3Dq receptor can be activated by 374 

systemic injection of the pharmacologically inert ligand, clozapine-N-oxide (CNO; Alexander 375 

et al., 2009).  To target expression to excitatory pyramidal neurons, the hM3Dq gene was 376 

expressed under the control of the CaMKIIα promoter.  The expression of hM3Dq receptors 377 

(detected by co-expression of mCherry) was restricted to the prelimbic region with very 378 

minor spread into adjacent rostral anterior cingulate and infralimbic regions (Figures 1A, B).  379 

Among 24 rats which received the viral vector with the hM3Dq gene, five rats had 380 
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insufficient spread into the prelimbic region.  The data from these rats were removed from 381 

subsequent analyses.  382 

To examine the cumulative impact of the chemogenetic manipulation and behavioral 383 

conditioning on the activity of single neurons, we monitored the expression of the immediate 384 

early gene, c-Fos, induced by subcutaneous injection of CNO or saline prior to the start of 385 

conditioning in 10 hM3Dq-expressing rats (Figure 1C).  Although many previous studies 386 

used hM3Dq to induce artificial firing (Farrell and Roth, 2013), our goal was to enhance 387 

natural responses of prefrontal neurons to incoming stimuli.  Therefore, we used a low dose 388 

of CNO (0.1 mg/kg body weight) which is ~5-30 times lower than the doses used in other 389 

studies (Garner et al., 2012; Zhan et al., 2013; Yau and McNally, 2015).  390 

The overall number of c-Fos-expressing cells was higher in CNO-treated hM3Dq-391 

expressing rats (n = 5 rats) than those treated with saline (n = 5; Figure 1E; t-test, p < 0.001).  392 

Consistent with previous reports (Garner et al., 2012; Zhan et al., 2013; Yau and McNally, 393 

2015; Volle et al., 2016), the increase was observed regardless of hM3Dq expression: the 394 

proportion of c-Fos-expressing cells was higher in CNO-treated rats than in saline-treated rats 395 

in both hM3Dq-positive (p = 0.001) and hM3Dq-negative cells (p = 0.002). These results 396 

suggest that our manipulation increased the number of activated cells during the conditioning 397 

after systemic CNO injection.  398 

Increased c-Fos expression in hM3Dq-negative cells raises a possibility that CNO 399 

may have non-specifically increased neural activity regardless of hM3Dq expression. We 400 

confirmed that this was not the case by using a separate cohort of hM3Dq- and GFP-401 

expressing rats which received CNO or saline injections without the conditioning (Figure 1F).  402 

The proportion of c-Fos-expressing cells was significantly higher in CNO-treated hM3Dq-403 

expressing rats (n = 5) compared to CNO-treated GFP-expressing rats (n = 5) and saline-404 

treated hM3Dq-expressing rats (n = 5; one-way ANOVA, F(2,12) = 32.150, p < 0.001; Tukey 405 
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post hoc test: p < 0.001).  The latter two groups showed a comparable proportion of c-Fos 406 

expressing cells (p = 0.303).  These findings suggest that CNO itself was not effective in 407 

activating neurons and that the increased c-Fos expressing in hM3Dq-negative cells (Figure 408 

1E) was likely due to the excitatory synaptic connections between hM3Dq-expressing and 409 

hM3Dq–negative cells.  410 

 411 

Increasing prefrontal neuron activity accelerated the formation of temporal stimulus 412 

associations without compromising accuracy or flexibility 413 

We first examined the effect of chemogenetic activation of the mPFC on differential, reversal 414 

learning and set-shifting paradigms in trace eyeblink conditioning.  Although CNO or the 415 

metabolic conversion of CNO to clozapine may have off-target effects (Gomez et al., 2017), 416 

our previous study confirmed that systemic injections of CNO to rats that did not express 417 

hM3Dq had no effect on the acquisition of conditioned responses (CRs) in trace eyeblink 418 

conditioning (Volle et al., 2016).  We, therefore, used saline-treated hM3Dq-expressing 419 

animals as controls.  Nineteen hM3Dq-expressing rats daily underwent two epochs of 420 

differential trace eyeblink conditioning in two distinct conditioning environments (Figure 2A).  421 

Thirty minutes before the first conditioning epoch, nine rats received systemic injection of 422 

saline while ten rats received injection of CNO (0.1 mg/kg).  These rats received the same 423 

treatment across all sessions.  In the differential learning stage, CNO-treated hM3Dq-424 

expressing rats acquired CRs to a neutral stimulus (CS1+, tone or light) that was paired with 425 

mild electric shock near the eyelid (US) faster than saline-treated hM3Dq-expressing rats in 426 

both epochs (Figure 2B; four-way Mixed ANOVA, Epoch×Group×CS×Session interaction, 427 

F(6,102) = 0.686, p = 0.662 ; Group×CS×Session interaction, F(6,102) = 4.716, p < 0.001).  428 

Follow-up two-way Mixed ANOVA revealed that the frequency of CR expression (CR%) to 429 

the CS1+ was higher in the CNO-treated than saline-treated rats (Group×Session interaction, 430 
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F(6,102) = 5.617, p < 0.001).  In contrast, the two groups showed comparable CR expression 431 

to the other CS presented alone across seven sessions (CS2-, light or tone; Group×Session 432 

interaction, F(6,102) = 1.063, p = 0.390; Group, F(1,17) = 3.445, p = 0.081; Session, F(6,102) 433 

= 0.631, p = 0.705).  434 

Subsequently, the rats underwent the reversal learning stage, during which the 435 

stimulus contingency of the two CS with the US was reversed in both environments.  CR% to 436 

either the currently non-reinforced CS1- or the newly reinforced CS2+ did not differ between 437 

the two groups in either of the two epochs (Figure 2B; Epoch×Group×CS×Session interaction, 438 

F(6,102) = 0.583 , p = 0.743 ; Group×CS×Session interaction, F(6,102) = 1.866, p = 0.094).  439 

Both groups increased CR% for the CS2+ (CS×Session interaction, F(6,102) = 95.721, p < 440 

0.001; follow-up one-way repeated measure ANOVA, F(6,108) = 91.823, p < 0.001) while 441 

concurrently decreasing CR expression for the CS1- (F(6,108) = 9.371, p < 0.001).  442 

The last set-shift stage required the rats to revise the previously acquired associations 443 

such that the conditioning environment, rather than the modality of CS, signaled which CS 444 

was predictive of the US.  One CNO-treated rat was removed due to the loss of the head 445 

implant.  Both groups showed comparable CR% to the two CS in each of the two epochs 446 

(Figure 2B; Epoch×Group×CS×Session interaction, F(6,96) = 0.530 , p = 0.785 ; 447 

Group×CS×Session interaction, F(6,96) =1.226, p = 0.300).  CR%, however, differed 448 

between the two epochs (Epoch×Session interaction, F(6,96) = 8.154, p < 0.001) as both 449 

groups increased CR% to both CS in Epoch 1 during which the two CS were paired with the 450 

US (follow-up one-way repeated measure ANOVA, a main effect of session F(6,102) = 4.604, 451 

p < 0.001).  In contrast, they decreased CR expression to both CS in Epoch 2 during which 452 

the two CS were presented by themselves (F(6,102) = 7.768, p < 0.001).  453 

Faster differential learning in CNO-treated rats was also confirmed with another 454 

measure which was designed to quantify the speed that rats developed reliable, differential 455 
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responding to the two CS types (DI_CR combined with random permutation tests, see 456 

Materials and Methods).  Compared to saline-treated rats, CNO-treated rats took fewer 457 

sessions to significantly differentiate CR% between the two CS during the differential 458 

learning stage (Figure 2C; Wilcoxon rank-sum test, p < 0.001).  In contrast, both groups took 459 

a comparable number of sessions to adjust CR expression during the reversal learning and 460 

set-shift stages (p = 0.423, 0.377). 461 

In addition, the two groups showed comparable temporal patterns of EMG activity in 462 

all three stages (Figure 2D), suggesting that chemogenetic mPFC activation did not change 463 

the timing or the degree to which EMG amplitude was increased after CS onset (see also, 464 

Volle et al., 2016). 465 

Collectively, these findings suggest that chemogenetic mPFC activation facilitated 466 

differential learning but did not affect reversal learning or set-shifting.   467 

 468 

CS-evoked theta amplitude was selective for the behavioral relevance of stimuli.  469 

To monitor changes in the network activity in responses to stimuli, we recorded local field 470 

potentials (LFPs) from the prelimbic region of the mPFC during these conditioning sessions 471 

(Figure 3A).  Two rats (one from each group) were removed due to misplaced electrodes, 472 

leaving 8 saline-treated and 9 CNO-treated rats for neural activity analyses.  To examine 473 

whether the mPFC activity was selective for the behavioral relevance of the stimuli, we first 474 

analyzed LFPs during the differential learning stage.  The CS evoked a lasting field potential 475 

response in the mPFC of both saline- and CNO-treated rats with prominent components in the 476 

theta frequency band (4–12 Hz; Figure 3B).  Both groups showed larger evoked responses to 477 

the CS paired with the US (CS1+) than the CS presented alone (CS2-).  Moreover, after the 478 

CS1+, the stimulus-evoked responses became stronger to the expected onset of the US.  To 479 

quantify these observations, raw LFPs were band-pass filtered within a predetermined 480 
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frequency band, converted to instantaneous amplitude with Hilbert transform, and normalized 481 

with baseline amplitude.  We then averaged the normalized amplitude during the last 100-482 

msec time window ending at the time point closest to the US onset without any 483 

contamination of US artifact.  These amplitude data were then converted to a Differential 484 

Index (DI) in each rat to quantify the degree to which the normalized amplitude differentiated 485 

two CS types.  In both groups, the DI of CS-evoked theta band activity (4-12 Hz; Figure 3C, 486 

left) became stronger across seven sessions (Two-way Mixed ANOVA; 487 

Group×Session interaction, F(6,90) = 1.462, p = 0.200; Session, F(6,90) = 2.991, p = 0.010).  488 

Also, CNO-treated rats showed larger DI than saline-treated rats (Group, F(1,15) = 7.399, p = 489 

0.016).  On the other hand, there was a trend that the DI of CS-evoked beta band activity (13-490 

30 Hz) was increased in CNO-, but not saline-treated rats 491 

(Group×Session interaction, F(6,90) = 2.184, p = 0.052).  The DI of CS-evoked gamma band 492 

activity (30-100 Hz) did not significantly change across sessions 493 

(Group×Session interaction, F(6,90) = 1.432, p = 0.211; Session, F(6,90) = 1.840, p = 0.100). 494 

However, there was a trend that the DI in CNO-treated rats was larger than saline-treated rats 495 

(Group, F(1,15) = 4.507, p = 0.051).  These results suggest that with differential learning, 496 

CS-evoked theta amplitude became more selective for behavioral relevance of the CS and 497 

that chemogenetic activation of excitatory neurons facilitated the development of this 498 

selectivity.  Based on these observations, we concentrated further analyses on theta band 499 

activity.   500 

 501 

Increasing prefrontal neuron activity promoted the development of ramping theta 502 

responses selective for behaviorally relevant stimuli       503 

Having established that stimulus-evoked theta band activity differentiated the reinforced CS 504 

from the unreinforced CS, we then examined the time course over which the selective activity 505 



 

 22 

was developed and later adjusted according to changing stimulus contingencies.  During the 506 

first few sessions of the differential learning stage, saline-treated rats showed a stronger 507 

phasic increase after the presentation of CS1+ compared to CS2- (Figure 4A).  Similar 508 

patterns were also observed in Epoch 2.  The strong phasic response to the CS1+ was 509 

maintained during the rest of the differential learning stage.  During the reversal learning 510 

stage, the phasic response continued to be stronger for the CS1- than the CS2+ despite the 511 

reversed stimulus contingency.  In addition, during the first few sessions, in which the rats 512 

still frequently showed CRs to the CS1- (Figure 2B), theta amplitude ramped up starting at 513 

~100 ms before the timing at which the US was presented during the previous stage (Figure 514 

4A, white arrows).  This ramping response to the CS1- disappeared toward the end of the 515 

reversal stage while similar ramping responses gradually developed after the CS2+ (Figure 516 

4A, last three sessions).  During the set-shift stage, in Epoch 1 the ramping responses were 517 

observed for both CS with comparable strength though the phasic response was still stronger 518 

for the CS1+ than CS2+.  The ramping response was absent in Epoch 2 in which neither of 519 

two CS was paired with the US.      520 

In parallel to the enhanced differential learning (Figures 2B, C), chemogenetic mPFC 521 

activation accelerated the development of the selective ramping response.  From the 522 

beginning of the differential learning stage, CNO-treated rats showed strong phasic responses 523 

as well as signs of ramping responses differentiating the two CS (Figure 4B).  Toward the 524 

end of the differential learning stage, the differentiation of the ramping responses became 525 

stronger.  During the reversal stage, the ramping response gradually became smaller for the 526 

CS1- while concomitantly becoming larger for the CS2+.  During the set-shift stage, the 527 

ramping responses did not differ between the two CS types in either of the epochs.  These 528 

results suggest that in both saline- and CNO-treated rats, the CS-evoked theta band activity 529 

consisted of two components: the first component sharply increased after CS onset and 530 
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differentiated the CS+ from the CS- during differential learning, but not during subsequent 531 

reversal learning or set-shifting (Phasic responses).  The second component gradually ramped 532 

up toward the expected US onset during differential learning and tracked changing stimulus 533 

contingency during reversal learning and set-shifting (Ramping responses).        534 

To quantify these observations, we separately calculated the DI for the phasic (50-150 535 

msec after CS onset) and ramping (250-350 msec after CS onset) responses and averaged 536 

these values across the first (early) and last (late) three sessions of each learning stage (Figure 537 

4C, D).  During the differential learning stage, the DI of the phasic responses was comparable 538 

between the early and late phases and between the two groups (Figure 4C, left; two-way 539 

Mixed ANOVA, Group×Phase interaction, F(1, 15) = 0.011, p = 0.919; Phase, F(1, 15) = 540 

0.237, p = 0.633; Group, F(1, 15) = 0.005, p = 0.945).  During the reversal learning stage, the 541 

DI became smaller in both groups (middle; Group×Phase interaction, F(1, 15) = 2.726, p = 542 

0.120; Phase, F(1, 15) = 54.474, p < 0.001; Group, F(1, 15) = 0.736, p = 0.404).  During the 543 

set-shift stage, the DI was comparable between the two phases and between the two groups 544 

(right; Group×Phase interaction, F(1, 14) = 3.003, p = 0.105; Phase, F(1, 14) = 3.614, p = 545 

0.078; Group, F(1, 14) = 1.442, p = 0.250).  546 

The greater effect of chemogenetic mPFC activation was found in the ramping 547 

responses.  During the differential learning stage, the DI of ramping responses was increased 548 

across the phases in both groups (Figure 4D, left; Group×Phase interaction, F(1, 15) = 1.924, 549 

p = 0.186; Phase, F(1, 15) = 6.791, p = 0.020), and it was significantly larger in CNO-treated 550 

rats than saline-treated rats (Group, F(1, 15) = 6.669, p = 0.021).  During the reversal stage, in 551 

both groups, the sign of DIs changed from positive to negative, reflecting the strengthening of 552 

the ramping responses to the CS2 which was originally non-reinforced and became newly 553 

reinforced (middle; Group×Phase interaction, F(1, 15) = 4.436, p = 0.052; Phase, F(1, 15) = 554 

37.156, p < 0.001; Group, F(1, 15) = 0.019, p = 0.892).  During the set-shift stage, DIs in 555 
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both groups came close to zero, suggesting comparable responses to two CS types (right; 556 

Group× Phase interaction, F(1, 14) = 3.596, p = 0.079; Phase, F(1,14) = 6.908, p = 0.020; 557 

Group, (F,14) = 0.400, p = 0.537).  We also confirmed similar patterns of the group-558 

differences in the phasic and ramping responses in Epoch 2 (data not shown).  These results 559 

suggest that chemogenetic mPFC activation enhanced the differentiation of the ramping 560 

responses between the reinforced and unreinforced CS only during differential learning. 561 

 562 

Increasing prefrontal neuron activity strengthened correlations between the ramping 563 

activity and conditioned responses.  564 

The previous section showed that chemogenetic mPFC activation augmented the ramping 565 

activity selective for the behaviorally relevant stimuli (i.e., the CS paired with the US).  To 566 

test whether the stronger ramping response was related to the faster differential learning 567 

(Figure 2B), we calculated correlations between the ramping response and CR% across 568 

sessions during the differential learning stage. The majority of CNO-treated rats showed a 569 

significant correlation between the ramping response and CR% (an example rat, Figure 5A; 570 

correlation coefficient in each rat, Table 1).  As a group, CNO-treated rats showed stronger 571 

correlations than saline-treated rats (Figure 5B; t-test, p = 0.003).  In contrast, the strength of 572 

correlation between the phasic response and CR% was comparable between two groups 573 

(Figure 5C, p = 0.560).  These results suggest that the ramping, but not the phasic, theta 574 

activity was relevant for learning the behavioral relevance of stimuli and that the improved 575 

ramping activity was tightly linked to the improved differential learning.  576 

  577 

DISCUSSION  578 

Although we experience an ongoing stream of events every day, the brain does not form 579 

lasting memory traces for every sequence of events that we have encountered.  Seminal 580 
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imaging studies in humans (Brewer et al., 1998; Wagner et al., 1998) and recent behavioral 581 

studies in rodents (Tse et al., 2011; Bero et al., 2014) implicated that the mPFC may control 582 

the strength of encoding of hippocampus-dependent memories.  However, the real-time 583 

dynamics in the mPFC network that promote the encoding of relevant events remained 584 

unknown.  Here, we show that the mPFC network response differentiated behaviorally 585 

relevant events from irrelevant ones, and that artificial enhancement of this exact network 586 

process facilitated the initial encoding of those events.  Notably, the same manipulation did 587 

not affect the subsequent revision of these associations in the face of the changing stimulus 588 

contingency.  These findings identify the mPFC network activity selective for behavioral 589 

relevance of events as a mechanism that controls the mnemonic fate of event information.   590 

  Linking two events that occur separately in time is an important aspect of everyday 591 

memory.  Previous lesion and inactivation studies have shown that this ability depends on the 592 

integrity of the mPFC (Weible et al., 2003; Takehara-Nishiuchi et al., 2005; Gilmartin and 593 

Helmstetter, 2010; Gilmartin et al., 2013) and hippocampus (Solomon and Graves, 1985; 594 

Moyer et al., 1990; McEchron et al., 1998; Suh et al., 2011).  In line with these early findings, 595 

we found that chemogenetic activation of the mPFC facilitated the formation of temporal 596 

stimulus associations, thereby highlighting the critical involvement of the mPFC in memory 597 

encoding dependent on the hippocampus.  In contrast to the enhanced learning, chemogenetic 598 

mPFC activation did not affect rats’ ability to adjust behavioral responses to the stimuli when 599 

stimulus contingency was reversed or when the set predictive of aversive events was shifted 600 

(Figure 2B).  The lack of the effect on reversal and set-shifting is not due to tolerance to CNO 601 

which might occur after repeated administration over three weeks, because c-Fos expression 602 

was higher in CNO-treated than saline-treated rats even on the day after the last set-shifting 603 

session (Figure 1E).  These observations counter the possibility that the enhanced learning is 604 

due to a general enhancement of sensory, motor processing, working memory, or attention.  605 
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Rather, they support our view that increasing the activity of mPFC improves the functionality 606 

of the system specifically for the encoding of new event information.       607 

The lack of effect on reversal and set-shifting appears to contradict with the 608 

established role of the mPFC in behavioral flexibility (Dalley et al., 2004; Floresco et al., 609 

2009; Bissonette et al., 2013).  In particular, manipulations that activate the mPFC network, 610 

such as reduced local GABA signaling via pharmacological blockade of GABAA receptors 611 

(Enomoto et al., 2011) or disruption of GABAergic neurons by genetic manipulation (Cho et 612 

al., 2015), impair set-shifting, but not differential or reversal learning.  Our study differed 613 

from those studies in several points, including behavioral paradigms (classical versus 614 

instrumental conditioning), valence of reinforcement (aversive event versus reward), and 615 

types of the set predictive of reinforcement (environmental context versus unimodal stimuli).  616 

In addition to these procedural differences, another critical difference is the impact of the 617 

manipulations on the balance between excitation and inhibition in local circuits.  The primary 618 

consequence of our chemogenetic manipulation was the elevated activity of CaMKIIα-619 

positive, excitatory neurons that expressed hM3Dq; however, the elevated activity was also 620 

observed in cells without hM3Dq expression (Figure 1E).  Considering that excitatory 621 

neurons form synaptic input onto excitatory as well as inhibitory neurons (Povysheva et al., 622 

2008; Otsuka and Kawaguchi, 2009), the latter group of neurons likely include both 623 

excitatory and inhibitory neurons.  It is, therefore, possible that the concomitant increase of 624 

glutamatergic and GABAergic signaling may lead to an optimum circuit performance for fast, 625 

accurate and flexible memory encoding.  In contrast, pharmacological blockade of GABA 626 

receptors or genetic disruption of GABAergic cells reduces GABA signaling.  This may be 627 

detrimental to the proper functioning of the circuit, leading to a condition similar to the 628 

dysregulation of prefrontal activity in schizophrenia and bipolar disorder (Lewis et al., 2005; 629 

Green, 2006; Lisman, 2012; Tse et al., 2015).   630 
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In parallel to enhanced differential learning, chemogenetic mPFC activation promoted 631 

the development of the ramping increase of theta amplitude toward the expected onset of the 632 

aversive stimulus.  Importantly, in rats with chemogenetic mPFC activation, the ramping 633 

activity developed hand-in-hand with differential learning (Figures 2B, 4B).  Moreover, the 634 

ramping activity was correlated with the frequency of conditioned responses to the reinforced 635 

and unreinforced stimuli during differential learning (Figure 5A, B).  These observations 636 

suggest a tight link between the ramping activity and the encoding of temporal stimulus 637 

relationships.  One may argue that the ramping theta activity is related to eyelid muscle 638 

contraction which rats showed after the reinforced, but not unreinforced, stimuli.  Several 639 

observations counter this argument.  Firstly, theta amplitude began to ramp up ~250 ms after 640 

CS onset (Figure 4) while the major increase in EMG activity occurred at ~350 ms after CS 641 

onset (Figure 2D).  Secondly, saline-treated rats did not display ramping activity in the same 642 

temporal pattern as CNO-treated rats during the last three sessions of the differential learning 643 

stage even though the two groups of rats showed comparable patterns of eyelid movement 644 

(Figures 2D, 4).  These findings are consistent with our view that ramping theta activity is a 645 

process that leads to associative learning rather than a consequence of eyelid movement (see 646 

Volle et al., 2016, for additional discussion). 647 

Caution is required for the interpretation of neural activity patterns induced by gain-648 

of-function approaches because they may be artificial and never occur in intact brains.  In the 649 

present study, chemogenetic mPFC activation elevated the oscillatory activity specifically for 650 

the reinforced CS (Figure 3C), in particular the ramping theta band response toward the 651 

expected onset of the aversive stimulus (Figure 4B, C, D).  Notably, the ramping response 652 

was also observed in control rats although it was not detectable during the differential 653 

learning stage due to US artifact (Figure 4A).  During the reversal and set-shift stages, the 654 

latency of the ramping activity became shorter, which made it possible to detect the ramping 655 
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activity in control rats.  These observations, along with similar findings in differential fear 656 

conditioning in mice (Likhtik et al., 2014) and humans (Chien et al., 2017), suggest that the 657 

mPFC develops selective theta responses to stimuli that are important enough to be sent to 658 

long-term storage.  And, it is this specific computation that was augmented by chemogenetic 659 

enhancement of the activity of prefrontal excitatory neurons.   660 

  In the present study, the activity level of the mPFC was artificially elevated by 661 

chemogenetic approaches, which resulted in enhanced differential learning.  This raises the 662 

question as to what controls the activity level of an intact mPFC during an experience.  One 663 

factor that is known to elevate mPFC activity and facilitate learning is the similarity between 664 

new information and prior knowledge of latent patterns, categories, and rules acquired 665 

through past experiences (Wang and Morris, 2010; van Kesteren et al., 2012; Preston and 666 

Eichenbaum, 2013).  For example, the mPFC becomes strongly activated while new 667 

associations are incorporated into a previously learned set of similar associations in rats (Tse 668 

et al., 2011) and humans (van Kesteren et al., 2010; Bonasia et al., 2018).  Moreover, when 669 

rats encounter familiar associations in a novel environment, both memory expression and 670 

prefrontal neuron firings selective for those associations immediately generalized to the new 671 

situation (Morrissey et al., 2017).  The present finding expands upon the previous behavioral 672 

and neurophysiological evidence by providing a proof of concept that the elevated mPFC 673 

activity induces a network state conducive to fast, accurate, and flexible memory encoding.  674 

Therefore, one role of the mPFC would be to continuously monitor the relevance of events 675 

based on their similarity to existing knowledge structure and then send the relevancy signal to 676 

promote the encoding of those events in the hippocampus.  This top-down modulation of 677 

memory encoding contrasts with the bottom-up modulation based on extrinsic factors, such 678 

as novelty and emotional arousal of experiences, which depends on the locus coeruleus 679 
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(Aston-Jones and Bloom, 1981; Sara et al., 1994; Takeuchi et al., 2016; Wagatsuma et al., 680 

2018) and amygdala (McGaugh et al., 1996, 2002; McIntyre et al., 2005). 681 

In summary, we found that enhanced mPFC activity facilitates the accurate and 682 

flexible learning of stimulus associations by promoting the development of mPFC network 683 

activity selective for behavioral relevance of stimuli.  Future studies need to identify the long-684 

range pathways through which prefrontal relevancy signals control memory encoding 685 

processes in the hippocampus.  Although monosynaptic projections from the mPFC to the 686 

hippocampus are limited (Jones and Witter, 2007; but see Rajasethupathy et al., 2015 in 687 

mice), several mPFC efferent regions, such as the entorhinal cortex (Ryou et al., 2001; Brun 688 

et al., 2008; Lu et al., 2013) and nucleus reuniens (Ito et al., 2015; Hallock et al., 2016), are 689 

capable of modifying firing patterns of hippocampal neurons.  From a clinical perspective, 690 

the present finding identifies manipulations of the mPFC’s activity level as a way to tap into 691 

an intrinsic memory encoding mechanism.  This raises the potential of activating the mPFC 692 

as a novel strategy for cognitive enhancement to treat the growing elderly population facing 693 

memory disabilities. 694 

 695 
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 914 

 915 

 916 

LEGENDS 917 

Figure 1. Histological validation of chemogenetic manipulations in hM3Dq-expressing 918 

rats. A, A representative photomicrograph of the mPFC of a rat with virally transduced 919 

hM3Dq-mCherry gene. hM3Dq expression (red) was observed bilaterally in the prelimbic 920 

region of mPFC. Scale bar, 100 μm. B, A histological reconstruction of the viral infection 921 

area in hM3Dq-expressing rats. Each red oval shape represents the spread of mCherry signal 922 

observed in each rat. hM3Dq was expressed in the prelimbic region with minimal spread into 923 

adjacent infralimbic and anterior cingulate cortices in all the rats included in the behavioral 924 

and neurophysiological analyses. C, Representative images of hM3Dq (red) and c-Fos 925 
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(green) expression in saline-treated rats (top) and CNO-treated rats (bottom). Scale bars, 100 926 

μm. D, Experimental timeline. E, Cell-counting results confirmed that the proportion of c-927 

Fos-positive cells was higher in the CNO-treated rats than in those treated with saline. The 928 

difference was significant in both hM3Dq-positive and hM3Dq-negative cells. Data are 929 

shown as mean ± SEM. **p <0.01 ***p < 0.001 (t-test). F, The proportion of c-Fos-positive 930 

cells was significantly higher in hM3Dq-expressing rats treated with CNO (hM3Dq-CNO) 931 

than those treated with saline (hM3Dq-Sal) or GFP-expressing rats treated with CNO (GFP-932 

CNO). Data are shown as mean ± SEM. ***p < 0.001 (One-way ANOVA). 933 

 934 

Figure 2. Increasing prefrontal neuron activity promoted the formation of specific 935 

temporal stimulus associations. A, Schematic diagram showing stimulus contingency used 936 

during differential, reversal learning, and set-shift stages. Daily sessions consisted of two 937 

epochs during which rats received pairings of either tone or light (CS1, 2) with eyelid shock 938 

(US) in two distinct conditioning environments (Context A and B). Red color shows stimuli 939 

that were predictive of the US. B, In the differential learning stage (left), CNO-treated 940 

hM3Dq-expressing rats (red; n = 10; mean ± SEM) acquired CRs to the CS that was paired 941 

with the US (CS1+) faster than saline-treated rats (blue; n = 9) in both epochs. In contrast, 942 

CR expression to the other CS that was presented alone (CS2-) did not differ between saline- 943 

(cyan) and CNO-treated (magenta) rats. In the reversal stage (middle), both groups increased 944 

CR% for the newly reinforced CS2+, while concurrently decreasing CR expression for the 945 

currently non-reinforced CS1-. In the set-shift stage (right), both groups showed comparable 946 

CR% to two CS in each of two epochs while differentiating CR% to the same CS between the 947 

two epochs. p < 0.001 (Mixed ANOVA). C, CNO-treated rats developed differential 948 

responding faster than saline-treated rats during differential learning, but not the other two 949 

stages. Individual data shown with the median (line). *p < 0.05 (Wilcoxon rank-sum test). D, 950 
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Averaged normalized EMG amplitude revealed that the temporal pattern of EMG activity 951 

was comparable between the saline-treated (blue and cyan) and CNO-treated (red and 952 

magenta) rats in both epochs across the three learning stages. Grey bars depict CS 953 

presentation and black bars mask the artifact generated by the US. 954 

 955 

Figure 3. CS-evoked theta amplitude was selective for relevant temporal stimulus 956 

correlations. A, Representative image of electrode tip location in the prelimbic region of 957 

mPFC (top) and histological reconstruction of electrode locations (bottom) in the CNO-958 

treated (red) and saline-treated (black) hM3Dq-expressing rats included in 959 

neurophysiological analyses. The locations of shorter and longer tips of bipolar electrodes are 960 

depicted as circles and triangles, respectively. Scale bar, 500 μm.  B, Spectrograms during the 961 

differential learning stage showing the power of oscillations averaged across sessions and rats 962 

in each group. Two white lines show CS onset and offset. Black bars mask the artifact 963 

generated by the US. C, The degree of differentiation of the CS-evoked oscillatory amplitude 964 

between the reinforced and unreinforced CS during the differential learning stages (mean ± 965 

SEM, Saline: n = 8 rats; CNO: n = 9 rats).  The amplitude of theta band activity (4-12 Hz) 966 

differentiated two CS types, and the differentiation was stronger in CNO-treated (red) than 967 

saline-treated (black) rats. *p < 0.05 (Mixed ANOVA) 968 

 969 

Figure 4. Increasing the mPFC activity promoted the development of ramping theta 970 

responses selective for behaviorally relevant stimuli. A, Normalized theta amplitude to the 971 

originally reinforced CS (CS+; left) and unreinforced CS (CS-; right) in saline-treated rats is 972 

plotted over time within trials (x axis) across days (y axis, descending from top to bottom) in 973 

Epoch 1 (top) and 2 (bottom).  Horizontal white lines separate the three stages of learning. 974 

Two vertical black and white lines show the timing of the CS and US, respectively. Black 975 
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bars mask the artifact generated by the US. During the differential learning stages, theta 976 

amplitude was transiently increased during the CS+ but not the CS-. Although this phasic 977 

response did not track the subsequent change in stimulus contingency, theta amplitude came 978 

to ramp up toward the expected onset of the US during the reversal learning and set-shift 979 

stages (white arrows). B, The same as A for CNO-treated rats. Within a few sessions in the 980 

differential learning stages, theta amplitude came to ramp up toward the expected US onset, 981 

and the ramping responses tracked changing stimulus contingency during the reversal 982 

learning and set-shift stages (white arrows). C, The Differential Index of the phasic responses 983 

during the first three (early phase) and latter three (late phase) sessions of each learning stage 984 

(mean ± SEM, Saline: n = 8 rats; CNO: n = 9 rats). ***p < 0.001 (main effect of phase in 985 

Mixed ANOVA). D, the same as C for the ramping responses. During differential learning, 986 

both groups improved the differentiation of the ramping responses across two phases, and the 987 

differentiation was stronger in CNO-treated rats than saline-treated rats. *, ***p < 0.05, 0.001 988 

(main effect of stage); #p < 0.05 (main effect of group). 989 

 990 

Figure 5. Increasing the mPFC activity strengthened the correlation between the 991 

ramping response and the frequency of conditioned responses. A, Correlations of CR% 992 

with the ramping response in a representative CNO-treated rat. B, Correlation coefficients 993 

between CR% and the ramping response (mean ± SEM) in CNO group (n = 9 rats) were 994 

significantly stronger than saline group (n = 8 rats). **, p < 0.01 (t-test). C, The same for the 995 

phasic responses, showing the lack of the group difference.  996 

TABLES 997 

Table 1. Correlation coefficient between ramping theta activity and CR% in individual 998 

rats Correlation coefficients (R2), F and P values for individual rats. 999 

 1000 
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Rat Differential learning 

 R2 F P 

SAL1 0.016 0.433 0.516 

SAL2 0.079 2.244 0.146 

SAL3 0.040 1.089 0.306 

SAL4 0.000 0.001 0.972 

SAL5 0.089 2.547 0.123 

SAL6 0.025 0.656 0.425 

SAL7 0.065 1.796 0.192 

SAL8 0.077 2.179 0.152 

CNO1 0.402 17.457 <0.001 

CNO2 0.037 0.990 0.329 

CNO3 0.219 7.290 0.012 

CNO4 0.642 46.541 <0.001 

CNO5 0.246 8.477 0.007 

CNO6 0.532 29.600 <0.001 

CNO7 0.046 1.264 0.271 

CNO8 0.305 11.398 0.002 

CNO9 0.293 10.799 0.003 
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