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ABSTRACT 42 

Hippocampus receives dense serotonergic input specifically from raphe nuclei. However, what 43 

information is carried by this input and its impact on behavior has not been fully elucidated. Here 44 

we employed in vivo two-photon imaging of activity of hippocampal median raphe projection fibres 45 

in behaving male and female mice and identified two distinct populations, one linked to reward 46 

delivery and the other to locomotion. Local optogenetic manipulation of these fibres confirmed a 47 

functional role for these projections in the modulation of reward-induced behavior. The diverse 48 

function of serotonergic inputs suggests a key role in integrating locomotion and reward 49 

information into the hippocampal CA1. 50 

 51 

SIGNIFICANCE STATEMENTS 52 

Information constantly flows in the hippocampus, but only some of it is captured as a memory. One 53 

potential process that discriminates which information should be remembered is concomitance with 54 

reward. In this work we report a neuromodulatory pathway which delivers reward signal as well as 55 

locomotion signal to the hippocampal CA1. We found that the serotonergic system delivers 56 

heterogeneous input that may be integrated by the hippocampus to support its mnemonic functions. 57 

It is dynamically involved in regulating behavior through interaction with the hippocampus. Our 58 

results suggest that the serotonergic system interacts with the hippocampus in a dynamic and 59 

behaviorally specific manner to regulate reward-related information processing. 60 

  61 
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INTRODUCTION 62 

Serotonergic systems show anatomical heterogeneity in their source nuclei and afferent projections. 63 

As such, they can modulate a variety of brain functions (Lesch and Waider, 2012). The major 64 

source of forebrain serotonergic fibres, the dorsal raphe (composed of B6 and B7 subnuclei), 65 

projects to the structures including the basal ganglia, prefrontal cortex, septum, and amygdala 66 

(Azmitia and Segal, 1978; Gauthier and Tank, 2018). The activity of the dorsal raphe has been 67 

linked to a variety of behaviors including anxiety, pain, spatial memory, reward-seeking, and 68 

increased patience (Dugue et al., 2014; Liu et al., 2014; Miyazaki et al., 2014; Ohmura et al., 2014; 69 

Li et al., 2016; Teixeira et al., 2018). The median raphe (nucleus centralis superior, B5 and B8 70 

subnuclei), projects mainly to midline structures, including the tegmental nucleus, interpeduncular 71 

nucleus, mammillary body, supramammillary nucleus, hypothalamus, thalamus, lateral habenula, 72 

diagonal band nuclei, medial septum, and hippocampal formation (Kohler and Steinbusch, 1982; 73 

Vertes et al., 1999). Existing studies have linked median raphe activity to theta rhythm, aversive 74 

stimuli, sleep and memory processing (Kocsis et al., 2006; Jackson et al., 2008; Wang et al., 2015; 75 

Domonkos et al., 2016). These two projections are largely non-overlapping. This anatomical 76 

heterogeneity is consistent with the divergent functions of serotonergic system. 77 

The hippocampus, a fundamental structure for spatial and temporal learning (Eichenbaum, 78 

2000), receives heterogenous serotonergic inputs. The fibers mainly originate from the median 79 

raphe, where they are known to form synapses on various types of interneurons in the hippocampal 80 

circuit (Kohler and Steinbusch, 1982; Papp et al., 1999; Vertes et al., 1999; Varga et al., 2009; Turi 81 

et al., 2019). In addition, the caudal and interfascicular sub-nucleus of the dorsal raphe also project 82 

to the hippocampus (Vertes, 1991; McKenna and Vertes, 2001; Izawa et al., 2019). Given this 83 

anatomical heterogeneity, the possibility that serotonergic inputs to the hippocampus may play 84 

multiple functional roles highlights the importance of actually monitoring the activity of these 85 

inputs during behavior. Indeed, while existing evidence points to a role of the median raphe-86 

hippocampal serotonergic projections in memory (Wang et al., 2015; Fernandez et al., 2017; 87 
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Teixeira et al., 2018), the firing properties of these inputs and their functional roles remain elusive. 88 

We predict that a diverse range of information would need to be carried by the serotonergic system 89 

in order to explain its involvement in such a wide variety of behaviors. 90 

 In order to shed light on the role of serotonergic input to the hippocampus, we investigated 91 

the activity of serotonergic fibres within the dorsal hippocampal CA1 region via chronic in vivo 92 

Ca2+-imaging in mice behaving in virtual reality. We found that the fibres consist of at least two 93 

functionally distinct populations, one firing upon reward delivery and the other upon the initiation 94 

of locomotion. Optogenetic inhibition of these fibres modulated the reward-induced behavioral 95 

changes in a goal-directed task. These differential functions of serotonergic inputs suggest that the 96 

serotonergic system plays a key role in integrating locomotion and reward information in 97 

hippocampal CA1. 98 

 99 

  100 
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MATERIAL AND METHODS 101 

Animals 102 

All procedures conformed to the institutional guideline of RIKEN. Mice aged 12- to 18-103 

week-old at the beginning of the experimental procedure were housed with 1-4 cage-mates in a 12-104 

hour (8 am-8 pm) light/dark cycle, with food and water. Sert-GFP transgenic mice (Tg(Slc6a4-105 

EGFP)JP55Gsat; Gensat) backcrossed 5 times to C57BL/6J were obtained from Dr. Kota Tamada 106 

and Dr. Toru Takumi. For Ca2+ imaging experiments, we used adult male and female mice 107 

heterozygous for the transgene Sert-Cre (Tg(Slc6a4-cre)ET33Gsat; Gensat) in the C57BL/6J 108 

background. For optogenetics experiments, we used male and female offspring obtained by crossing 109 

the Sert-Cre line with Ai39 (Gt(ROSA)26Sortm39(CAG-HOP/EYFP)Hze JAX No. 014539). 110 

 111 

Animals for in vivo two-photon imaging of serotonergic inputs to the CA1 112 

A total of 7 mice were used for the 2-photon imaging experiments of serotonergic fibres in 113 

CA1. Mice received one 5-minute session in the virtual linear track per day. All mice were trained 114 

between 1-4 days before the first imaging. This was necessary in order to find the location of a 115 

recordable fibre within the imaging window. Depending on the stability of the imaging window, the 116 

fibres were imaged over the course of 1-3 weeks of training, with 3-16 total sessions imaged per 117 

fibre. Animals were water deprived for 2 days before beginning virtual reality (VR) sessions. Both 118 

genders were used, of which 2 males and 1 female were used for the analysis of Type A fibers and 1 119 

male and 3 females were for Type B fibers. 120 

 121 

Surgical procedure for in vivo imaging 122 

Sert-Cre mice were anesthetized using isoflurane (3% induction, 1.5% maintenance) and 123 

placed in a stereotactic frame. The mice were injected with an adeno-associated virus (AAV) vector 124 

carrying a genetically encoded calcium sensor GCaMP6f 125 

(AAV9.CAG.Flex.GCaMP6f.WPRE.SV40 – concentration 5× 1012 genome copy (GC)/ml from 126 
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Penn Vector Core, USA) targeted to the raphe nuclei. The procedure consisted of 4 injection sites. 127 

The injection coordinates were mediolateral (ML) 1.5 mm at 10° angle to the skull on the 128 

mediolateral axis pointing medially, two injections at anteroposterior (AP) -4.5 mm from bregma, 129 

dorsoventral (DV) 3.5 mm and 4.0 mm from brain surface; and two injections at AP -5.0 mm from 130 

bregma, DV 3.5 mm and 4.0 mm from brain surface. 131 

After virus injection, a stainless-steel head plate was implanted on the head of the animal. The plate 132 

was designed to allow animal head fixation and had a 7-mm diameter opening to allow access to the 133 

skull. The location of the plate was centered roughly over the left hippocampus, and the plate was 134 

secured with dental acrylic. 135 

One week after the head plate implantation, the animals underwent an additional surgery for the 136 

excavation of a small area of cortex overlying the dorsal CA1 and implantation of an imaging 137 

window consisting of a stainless-steel ring with a glass bottom (2.0 mm diameter, 0.15 mm thick). 138 

This window was targeted to the dorsal CA1 (centered at AP -2.0 mm from bregma, ML -2.0 mm). 139 

After the surgery, the animals were returned to their home cages and allowed to rest for 3 weeks 140 

before imaging. 141 

 142 

Surgical procedure for optogenetic manipulation 143 

For optogenetic manipulation, a similar surgical procedure was employed as the one 144 

described above but without virus injection. Sert-Cre/Ai39 line mice were implanted with the same 145 

type of stainless-steel head plate, and an optic cannula was then implanted over dorsal CA1 regions 146 

of both hemispheres. The coordinates used for the cannula implantation were AP -2.0 mm from 147 

bregma; ML 1.7 mm both sides; DV 1.0 mm from the surface of the skull. Cannulas were then 148 

secured with dental acrylic and covered with a removable cap.  149 

 150 

Two-photon microscopic imaging 151 
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To image the serotonergic projections to the CA1, mice were briefly anesthetized in order to 152 

clean the imaging window and head-fixed under the two-photon microscope (Nikon A1MP 153 

microscope equipped with a 16x NA 0.8 objective, Japan). The laser used for excitation was 154 

Ti:Sapphire laser (Mai Tai DeepSee eHP, Spectra-Physics) at 910 nm, and time-series fluorescence 155 

changes were imaged using a 495–540 nm bandpass filter and a GaAsP photomultiplier tube. The 156 

laser power under the objective was 10–20 mW. Images were acquired at a frequency of 7 Hz. 157 

Raw videos were motion-corrected using ImageJ TurboReg image registration plug-in and a 158 

ROI was manually drawn around the imaged fibre. Activity trace was obtained by detecting the 159 

average fluorescence of the ROI across all frames, subtracting the background and applying a 5-160 

frames moving average. Baseline for graphs was calculated as the average fluorescence in the 2 161 

seconds preceding each reward event; or the -3 to -1 seconds preceding each run start. Stop events 162 

graphs baseline was calculated as the 2 seconds preceding each stop event. 163 

 164 

Immunostaining 165 

Mice were perfused with 4% paraformaldehyde in phosphate-buffered saline (PBS). Brain 166 

were removed and coronal sections were cut using a miscroslicer at 50 μm. The sections were 167 

incubated overnight with rabbit anti-serotonin transporter antibody (1:500, AB9726, Millipore 168 

Sigma, USA), diluted in PBS containing 2% normal goat serum, 1% BSA and 0.1% Triton X-100, 169 

followed by Alexa Fluor 594-labeled goat anti-rabbit IgG antibody (1:1000, A-11032 or A-11037, 170 

Thermo Fisher Scientific, Waltham, MA) and Hoechst 33258 (1:1000, #382061, Calbiochem, 171 

USA). The GCaMP signal shown in all the images represents native fluorescence. Fluorescence 172 

images were acquired using a Keyence BZ-9000 epifluorescence microscope equipped with a 4X 173 

objective (Keyence, Osaka, Japan) or an Olympus FV1000 laser-scanning confocal microscope 174 

equipped with a 60X water immersion objective (Olympus, Tokyo, Japan). 175 

 176 

Virtual reality setup 177 
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The virtual reality (VR) setup consisted of a head fixed setup in which mice could run on a 178 

cylinder. About 30 cm in front of the mouse, a single widescreen LCD screen (Dell U2313) 179 

displayed a moving track, and a cannula delivered water rewards to the animals. The virtual track 180 

was rendered using OmegaSpace 3.1 (Solidray Co Ltd, Yokohama, Japan) running on a Windows 7 181 

computer in 81° horizontal and 51° vertical fields of view. Rotations of the cylinder were detected 182 

by an USB optical mouse (Logitech G400) placed in proximity of the cylinder itself. The USB 183 

mouse controlled the movements of the VR track using custom drivers and custom-made software 184 

in LabVIEW (National Instruments). Water rewards were controlled by VR track position and 185 

delivered using a pump (O’Hara & Co Ltd). 186 

 187 

Behavior under virtual reality  188 

After recovery from surgery, mice were habituated to the experimenters by 5 days of 189 

handling sessions lasting 10 minutes each. During these sessions, mice were also habituated to walk 190 

on a Styrofoam ball (20 cm in diameter) without being head-fixed. The ball was turned manually as 191 

the animal climbed around it. After this habituation, mice were water deprived for 2 days, and then 192 

began the regime of the VR linear track, one session per day. During the VR experiments, mice 193 

were head-fixed over the Styrofoam cylinder (20 cm in diameter and 10 cm in width) and began 194 

running on the track. The virtual linear track was 120 cm long, appearing as a corridor with black 195 

and white walls, grey sky and several cues outside the corridor. The mouse was only allowed to 196 

move straight in the track. Global cues were present in the distance within the VR track as well as 197 

proximal cues. In order to find the fibres to record, the mice had to be awake and behaving. For this 198 

reason, the first sessions of each animal in the VR were used to locate a fibre to record before daily 199 

imaging began. Between 1 and 4 sessions were spent to identify the location of a fibre. Recording 200 

of the fibre was then performed every day as long as the window and imaging conditions were 201 

maintained. Imaging sessions during the VR task lasted 5 minutes in order to minimize potential 202 
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photo-bleaching of the imaged fibre. 203 

 204 

Larger reward and satiety response tests 205 

One reward fibre was tested during either unpredicted water reward receipt, or enhanced 206 

reward receipt (10 rewards instead of 1). The single unpredicted rewards were delivered while the 207 

animal was not moving, to avoid locomotion effects related to the animal stopping running to drink. 208 

At the end of these sessions, the animal was allowed to drink water ad libitum in the home cage 209 

until the next day. Then the animal was tested in the same paradigm to observe activity of the fibre 210 

under satiety. 211 

 212 

Data analysis 213 

For quantification of mouse slow-down and halt, as well as water reward receipt, we used 214 

data from well-trained animals (all 7 imaged animals, day 7 of training). Delay was measured 215 

between water receipt and full stop (0 speed, 2 seconds timeout). The delay between reward receipt 216 

and 50% of the deceleration was also measured. Water reward receipt was measured as the number 217 

of water rewards received by the animals. 218 

Due to the sparsity of detected fibers, we rarely found more than one fibre per field of view. Even in 219 

cases where we could see multiple fibres at once, we focused one fiber in a session because it was 220 

difficult to judge if any two fibers are from two different cells or branches from single cells. Traces 221 

for the fibre average fluorescence were calculated by averaging all session for all imaged fibre of 222 

that type. Reward location was identified as frames in which the mouse received a water reward. 223 

Since the VR track is designed to deliver up to 3 reward drops in succession, only the first of the 224 

reward point per lap was used for activity averaging. Initiation of locomotion was detected as at 225 

least 3 seconds of movement (average speed above 1 cm/sec) preceded by at least 2 seconds of 226 

immobility (speed at 0 cm/sec). Speed average traces were generated in the same way, and 227 
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represent the average speed averaged at event. For individual session traces, the average was 228 

calculated across events within that session. 229 

Comparison against randomized data was performed by creating 1000 reshuffling of each 230 

fluorescent trace by shifting the fluorescence sequence by a random amount within each lap (every 231 

lap was reshuffled separately rather than the entire trace). The delta for reward and run-start were 232 

then measured using these randomized traces, and the means compared against the real data. 233 

Stop points were identified as at least 2 seconds of continuous immobility (speed at 0 cm/sec) 234 

preceded by at least 3 seconds of locomotion (average speed above 1 cm/sec). Analysis of activity 235 

at stopping was performed using trials in which the animals were voluntarily running in the VR 236 

setup without any visual input or any reward delivered.  237 

To assess the average fluorescence during ongoing locomotion and immobility, we excluded frames 238 

near events of run-start (1 second before and 1.5 seconds after) and reward (3 seconds after). The 239 

rest of the frames were pooled and averaged for the session. For high-activity (peak) analysis, we 240 

identified the top 5% intensity frames and then measured their frequency within locomotion, 241 

immobility, reward and run-start.  242 

To attempt separating locomotion activity from reward activity in type B fibres, reward-only points 243 

were detected as times in which the animal received a water reward without identified stop points or 244 

run-start points 3 seconds before or after the reward time.  245 

Detection of start and peak of event-related calcium activity was calculated by scanning 1.5 seconds 246 

before and after the events (reward for type A fibres, run-start for type B fibres) and identifying the 247 

highest activity as peak. The start of the peak was detected as two consecutive frames of the 248 

fluorescence raising above the baseline fluorescence. Sessions where the peak preceded the event 249 

were excluded. These are sessions from mice performing the VR linear track as described above. 250 

Individual calculation of delta fluorescence before the events was done by averaging fluorescence 2 251 

seconds before and 2 seconds after reward receipt or stop event; and -3 to -1 seconds before against 252 

-1 to +1 seconds for run-start.  253 
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 254 

Optogenetics 255 

A total of 12 mice, 7 double transgenic Sert-Cre/Ai39 mice (2 males and 5 females) and 5 256 

single-transgenic control littermate mice (3 males and 2 females), carrying either one or none of the 257 

transgene, were used. Mice underwent a similar paradigm as described before. Water deprived 258 

animals received one 10-minute session per day in the virtual linear track. Mice received a water 259 

drop reward upon entering the reward zone and up to two more drops if they remained in the reward 260 

zone for up to two seconds longer. At the end of the track, animals were teleported back to the start 261 

after a 1 second delay. The laser was active while the animal was in the reward zone, and off 262 

outside of it. We used a 593 nm laser at 10 mW with continuous illumination. 263 

Behavioral outputs were tracked by custom LabVIEW software and analyzed using 264 

MATLAB at a frequency of 50 Hz. Percentage of error trials were calculated as the number of trials 265 

where the animals failed to collect all 3 rewards, divided by the number of laps. Rewards per lap 266 

were calculated as the total rewards collected divided by the total laps performed by the animal 267 

during a session. Spatial occupancy was calculated by dividing the linear track in 20 bins after 268 

trimming the extremities of the track (2% at the borders at which the track starts and ends/resets). 269 

Number of frames spent within each bin were then added up and converted into time spent for that 270 

trial and that animal. Halt in reward zone was measured as the average duration of the animal’s 271 

halting in the reward zone for each sessions. Sessions were excluded from the analysis if a mouse 272 

completed less than 3 laps in 10 minutes, or if no rewards were collected across the entire 10 minute 273 

session.  274 

 275 

Experimental Design and Statistical Analysis 276 

Data are expressed as the mean ± SEM unless stated otherwise. All t-tests are two-tailed 277 

unless specified. Normal distribution of means was tested using F-test. Significance levels were set 278 

to P = 0.05. Sidak correction was applied to all multiple comparisons unless specified. Significance 279 
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for comparisons: *P < 0.05; **P < 0.01; ***P < 0.001. Outlier data points were detected using the 280 

method of interquartile range. No statistical methods were used to predetermine sample size. 281 

Sample sizes were chosen on the basis of previous studies. Statistical tests were performed using 282 

SPSS and GraphPad Prism version 6.01.  283 
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RESULTS 284 

Heterogeneity of serotonergic projections in CA1 285 

We first attempted to visualize the distribution of serotonergic fibers in the dorsal 286 

hippocampus in live mice. For this purpose, we implanted an optical window over the dorsal 287 

hippocampus by removing a part of overlaying cortex of Sert-GFP transgenic animal, which 288 

expresses GFP under the control of serotonin transporter (Slc6a4) promotor (Fig. 1A). Using a two-289 

photon microscope, we could find fibers in all layers of dorsal hippocampus from stratum oriens to 290 

the upper portion of stratum radiatum, after which the signal from the fibers were too dim for 291 

visualization (Fig. 1B). This distribution of serotonergic fibers in the dorsal hippocampus is largely 292 

consistent with previous literatures visualizing serotonin immunoreactivity in fixed tissues (Ihara et 293 

al., 1988).  294 

In order to monitor the activity of these serotonergic projections in live mice, we carried out 295 

Ca2+ imaging using GCaMP6f. We initially tested Ai95(RCL-GCaMP6f)-D (with floxed GCaMP6f 296 

locus) animals crossed with Sert-Cre animals. However, the fluorescent level was too weak for 297 

prolonged imaging. Therefore, we turned to a Cre-inducible adeno-associated viral (AAV) vector 298 

expressing the calcium sensitive indicator GCaMP6f (Fig. 2A). The vector was targeted to the 299 

median raphe in a transgenic mouse line expressing the Cre recombinase under the control of the 300 

serotonin transporter (Sert-Cre line) (Gong et al., 2003). As a result, 97.5 ± 1% of GCaMP6f 301 

expressing cells were also immunopositive for serotonin and 16.2 ± immunopositive 3.4% of cells 302 

for serotonin expressed GCaMP6f (n = 4 mice) (Fig. 2B), demonstrating specific targeting of 303 

serotonergic neurons. It is important to note that while neurons are known to release serotonin, 304 

some can also co-release glutamate (Szonyi et al., 2016; Sos et al., 2017). Nonetheless, this 305 

approach allows us unprecedented detection of the activity of individual genetically defined 306 

serotonergic terminals in the CA1 in a behaving animal. 307 

In order to visualize the locomotion- and reward-related activity of these fibers, we used a 308 

head-fixed virtual reality (VR) task (Sato et al., 2017) in which a water-restricted mouse move 309 
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through a virtual linear track by running on a wheel under a two-photon microscope. The animal 310 

can receive up to three drops of water reward (1 drop/second) delivered through a mouth straw upon 311 

reaching a specific area of the track (Fig. 2C). If the animal leaves the reward zone prematurely the 312 

second and/or third reward is not delivered. Thus, trained mice immediately slowed down upon 313 

delivery of the reward and came to a full halt to maximize reward (the time required to reach 50% 314 

of the speed at the reward delivery; 269 ± 49 msec, n = 7 mice). In most laps mice successfully 315 

received at least one water reward (96 ± 3 %, n = 7, day 7). Thereafter, the mice started moving 316 

again to complete the lap and were teleported back to the start of the track to resume a new lap (Fig. 317 

2D). 318 

Activity of GCaMP6f expressing serotonergic fibres could be imaged in the stratum oriens 319 

of CA1 via the optical window (Fig. 2E). Seven serotonergic projection fibers from 7 animals could 320 

be successfully imaged for 3-7 days and were analyzed in depth. We found these fibers showed 321 

either of two distinct patterns of response, though we do not rule out the existence of additional 322 

types of fibres whose activity was not detected under this task. Type A fibres displayed an increase 323 

in activity right after the animals received reward and ceased movement (Fig. 3A1-3; Paired two 324 

tailed t-test t(20 )= 7.841, p < 0.0001, compared to reshuffled. n = 21 sessions from 3 animals). 325 

Activity then decayed as the reward delivery finished. In contrast, type B fibres demonstrated 326 

pronounced activity at the start of a running bout (Fig. 3B4-6. Paired two tailed t-test t(31) = 11.79, 327 

p < 0.0001, compared to reshuffled. n = 32 sessions from 4 animals).  328 

Type A fibres did not fire when animals stopped at an unrewarded position, indicating that 329 

activity is not due to halting (Fig. 3C, top. N = 8 sessions, 2 animals). Further, in contrast to type B 330 

fibres, the fluorescence change at run-start was close to zero (Fig. 3A4-6; paired two tailed t-test 331 

t(20) = 0.5079, p = 0.617 fluorescence change in data compared to reshuffled, n = 21 total sessions 332 

from 3 animals). Quantitative comparison of fluorescence increase shows a significant difference 333 

between reward receipt and run-start (first two seconds after event, repeated measures 2-way 334 

ANOVA F(1, 300) = 56.10, p < 0.0001, n = 21 sessions from 3 animals). 335 
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The activity of type B fibres peaked within 0.49 ± 0.04 sec after the onset of locomotion, 336 

then gradually reduced to the basal level as the animal reached a steady speed (Fig. 3B4-6. See 337 

material and methods for details). Type B fibres did not show activity at the delivery of reward 338 

(paired two tailed t-test t(31)=1.053, p = 0.3005 fluorescence increase in data compared to 339 

reshuffled, n = 32 total sessions from 4 animals, Fig. 3B1-3). Quantitative comparison of 340 

fluorescence change from the baseline shows a significant difference between run-start and reward 341 

receipt (first two seconds after event, repeated measures 2-way ANOVA F(1, 465) = 309.7, p < 342 

0.0001, n = 32 sessions from 4 animals). There was rather a slight reduction in activity, which can 343 

be explained by locomotory effects, as the mice halt following reward receipt to drink (Fig. 3D). 344 

Indeed, when we analyze the data using instances when reward receipt did not come to a full 345 

locomotion halt, the decrease in fluorescence following reward for type B fibres becomes less 346 

pronounced (n = 12 sessions from 4 animals, Fig. 3E).  347 

None of the observed fibres displayed a mixed pattern of activity; for all 7 observed fibres 348 

the overall fluorescence change in response to run-start was significantly different from change to 349 

the reward event (repeated measures 2-way ANOVA interactions between groups, p<0.0001 for 350 

each of the 7 fibres individually; for all 3 type A fibres combined F(1, 404) = 187.6, p<0.0001; for 351 

all 4 type B fibres combined F(1, 681) = 207.3, p<0.0001). We analyzed the distribution of peaks 352 

(Fig. 3F) within reward, run-start, and period of mobility or immobility (excluding run-start/reward, 353 

peaks defined as top 5% of activity. See material and methods). The result shows that the highest 354 

activity was concentrated around reward for type A fibres (repeated measures one-way ANOVA 355 

F(1.787, 35.74) = 12.85, p = 0.0001; post hoc reward vs mobile t(20) = 4.256, p = 0.0002; vs 356 

immobile t(20) = 5.23, p = 0.0023; vs run-start t(20) = 3.265, p = 0.023, Sidak’s correction, n = 21 357 

sessions from 3 animals) and start of locomotion for type B fibres (repeated measures one-way 358 

ANOVA, F(2.209, 68.48) = 17.63, p < 0.0001; post hoc run-start vs mobile t(31) = 3.247, p = 359 

0.0167; vs immobile t(31) = 9.817, p < 0.0001; vs reward t(31) = 4.602, p = 0.0004, Sidak’s 360 

correction, n = 32 sessions from 4 animals). 361 
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 362 

Reward fibre identity is stable across days and responds to reward magnitude 363 

The fibres demonstrated stable activity across several days of recordings, retaining their 364 

activity pattern observed on the first day (Fig. 4A, B). These results demonstrate the presence of a 365 

heterogeneous pool of serotonergic inputs into the CA1, with at least two patterns of activity, one 366 

related to reward and a second related to locomotion, that maintain the same signal across time. 367 

In order to test whether type A fibres respond to the value of the reward, we tested whether 368 

the reward-response was still present if the animal was given unpredicted reward while it is not 369 

moving. A reliable increase of the activity of type A fibres was still detected (Fig. 4C), and the 370 

increase was dependent on the animal being water-deprived (Fig. 4D). We also wondered if type A 371 

fibres show an early increase in activity preceding the reward, relevant for reward prediction or 372 

reward prediction error (Schultz, 1997). Such activity was not detected (Fig. 3A1, 2) unlike 373 

dopaminergic neurons in ventral tegmental area and thus the type A fibres have a distinct function. 374 

The increase of fibre activity is related to the reward receipt itself and not to the reward expectation 375 

or the halt of locomotion. In contrast, the activation of type B fibres preceded the initiation of 376 

locomotion by 0.63 ± 0.06 sec (Fig. 3B4, 5, n = 32 sessions from 4 animals), suggesting that this 377 

response reflects the animal’s action planning.  378 

We then decided to explore whether A fibres carry any quantitative evaluation of the reward 379 

magnitude. As such we analyzed the magnitude of response during the repeated laps as the animals 380 

were gradually sated and the reward devalues. We detected a statistically significant decline of the 381 

intensity of Ca2+ response as the animal collected more rewards (Fig. 5A, Pearson correlation p = 382 

0.0451, R2 = 0.2742, n = 21 sessions from 3 animals). Moreover, the reward-elicited increase in 383 

activity was sustained during the delivery of multiple rewards (10 water drops over 9 seconds), 384 

compared to 1 reward delivery (Fig. 5B, repeated measures two-way ANOVA, interaction between 385 

groups and time significant after the peak F(1, 13) = 5.567, p = 0.0346, n= 11 reward events for 1-386 

reward group, n = 4 reward events for 10-rewards group, from two different sessions in the same 387 
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mouse). We quantitatively compared the 2-9 second interval against the peak preceding it (0-2 388 

seconds after reward receipt) and subtracting the average of 10 seconds preceding the reward 389 

delivery. Sustained activity was significantly lower than the peak that precedes it in the 1-drop trace 390 

(Fig. 5C, paired two tailed t-test t(10) = 2.478, p = 0.0327, n=11 events), but not in the 10-drops 391 

trace (paired two tailed t-test t(3) = 2.366, p = 0.0988, n=4 events). 392 

 393 

Serotonergic input into CA1 is required for shaping reward-induced behavior 394 

The evidence from our in vivo imaging suggests a possible role of serotonergic input in the 395 

transmission of reward information to the hippocampus. In order to test if activity of hippocampal 396 

serotonergic fibre shapes reward-related behavior, we employed an optogenetic approach locally in 397 

dorsal hippocampus. Given that two different types of fibres coexist in CA1 region, type A fibres 398 

activated upon reward delivery and type B activated when the animals resume running (Fig. 3A and 399 

B), we decided to inhibit the activity of all fibres specifically when the animals occupied the reward 400 

delivery zone, with the expectation that this inhibition would disrupt the temporal structure of the 401 

activation. We crossed the Sert-Cre mouse line with a Cre dependent line expressing NpHR (Sert-402 

Cre/Ai39D) (Madisen et al., 2012) and implanted optic fibres in dorsal CA1 to target the fibre 403 

terminals (Fig. 6A). As a control, we used littermates not expressing light-sensitive channels. Light 404 

was delivered while animals were inside the reward zone (Fig. 6B).  405 

Inhibition of the CA1 serotonergic projections led to impaired performance, including a 406 

significant increase in errors (defined as laps without full collection of all three rewards; inhibited 407 

24.2 ± 5.6% vs control 5.8 ± 2.6%, unpaired two tailed t-test with Welch’s correction t(45.35) = 408 

3.005, p = 0.0043, n = 34 sessions for transgenics and 23 sessions from controls, pooled from the 5-409 

day duration of the task, from 7 transgenic mice and 5 control animals, Fig. 6C) and a decrease of 410 

rewards collected per lap (inhibited 2.71 ± 0.07 vs control 2.94 ± 0.03, unpaired two tailed t-test 411 

with Welch’s correction t(44.07) = 2.953, p = 0.0050, n = 34 + 23 sessions, Fig. 6D). Distribution 412 

of time spent per section of the linear track also differed between the two groups. Inhibited animals 413 
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spent less time within the reward zone (repeated measures two-way ANOVA interaction F(19, 414 

1045) = 2.076, p = 0.0044, post hoc comparison with Sidak’s correction for reward bin t(1100) = 415 

4.666, p = 0.0001, n = 34 + 23 sessions, Fig. 6E) and had overall shorter halt duration in the 416 

rewarded area per lap (inhibited 6.46 ± 0.61 seconds vs control 9.69 ± 0.93 seconds, unpaired two 417 

tailed t-test t(55) = 3.044, p = 0.0036, n = 34 + 23 sessions, Fig. 6F).  418 

 419 

  420 
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DISCUSSION 421 

Remembering, locating and exploring rewarded locations is fundamental to an animal’s 422 

survival. Our data suggest ways in which reward-triggered activity in the median raphe may lead to 423 

behavioral changes via modulation of the hippocampal CA1 region. Furthermore, the diverse 424 

activity of the axonal fibres we described supports a way that the serotonergic system can allow the 425 

CA1 to integrate both locomotion signals as well as signals related to rewarded locations. 426 

We first show that serotonergic innervation in the dorsal CA1 can be classified into two 427 

functionally distinct activity patterns. Type A fibres fire after reward receipt, but not when animals 428 

stop in an unrewarded area. In contrast, type B fibres fire when animals initiate locomotion. 429 

Because firing of type A fibers was observed even when the animals was given reward when it was 430 

not running and also the firing were not associated with spontaneous stopping (Fig. 3C), we 431 

reasoned that the activity of type A fibre activity is not simply a “stop here” signal, but rather 432 

conveys information concerning reward receipt and modulates the stationary period.  433 

Previous studies have shown that inputs from the raphe preferentially synapse upon various 434 

classes of interneurons in the hippocampus, many of which are known to be dendrite targeting and 435 

disinhibitory (Papp et al., 1999; Varga et al., 2009). Of particular interest, vasoactive intestinal 436 

peptide (VIP) interneurons are one of the downstream targets of median raphe projections and have 437 

been shown to exhibit locomotion-modulated and reward-modulated activity in CA1 in vivo (Turi et 438 

al., 2019). Furthermore, serotonin in the hippocampus has been linked with increased plasticity 439 

(Lesch and Waider, 2012; Fernandez et al., 2017; Teixeira et al., 2018). Combined with our 440 

findings, we could speculate that activation of a population of serotonergic fibres in the 441 

hippocampus at the time of reward might transiently increase the likelihood of pyramidal cell co-442 

firing and subsequent synaptic plasticity. Therefore, the observed serotonergic signal may be the 443 

basis for the formation and consolidation of reward-cells in CA1(Gauthier and Tank, 2018). Future 444 

studies are likely to explore this possibility, as well as the role of other populations of serotonergic 445 

fibres in the hippocampus. 446 
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Median raphe is the major source of hippocampal serotonergic fibers (Kohler and 447 

Steinbusch, 1982; Papp et al., 1999; Vertes et al., 1999; Varga et al., 2009; Turi et al., 2019). In 448 

addition, the caudal and interfascicular sub-nucleus of the dorsal raphe also project to the 449 

hippocampus (Vertes, 1991; McKenna and Vertes, 2001; Izawa et al., 2019). Single cell 450 

transcriptome and lineage analyses have found that there is heterogeneity among serotonergic 451 

neuronal cell types, identifying at least four in median raphe and also four in dorsal raphe (Okaty et 452 

al., 2015). Among those, Egr2-Pet1 positive neurons and Rse2(Hoxa2)-Pet1 positive neurons in 453 

median raphe both project to hippocampus. Notably, Rse2(Hoxa2)-Pet1 positive neurons co-express 454 

vesicular glutamate transporter vGluT3 and corelease glutamate along with serotonin (Szonyi et al., 455 

2016). Future studies using specific Cre line are required to test which subpopulation represents 456 

which fibre type and also to identify exact transmitter used in the behavioral modulation as 457 

described above. 458 

In conclusion, our work provides new insight on the serotonergic input activity within the 459 

CA1 and on how this pathway could connect reward and behavioral changes during learning.  460 

 461 

  462 
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FIGURE LEGENDS 545 

Figure 1 Distribution of serotonergic fibers in dorsal hippocampus 546 

A. Imaging scheme. A part of overlaying cortex was removed and an optical window was 547 

implanted, through which hippocampus could be observed under two-photon microscope. 548 

B. Serotonergic fibers in Sert-GFP transgenic mouse. The images were taken from the stratum 549 

oriens to the superficial portion of stratum radiatum using the same excitation and detection 550 

conditions. The numbers indicate depth from alveus. 551 

 552 

Figure 2 Imaging of serotonergic projections in CA1.  553 

A. Injection of AAV vector expressing calcium indicator GCaMP6f into raphe.  554 

B. Representative histology of Sert-Cre mouse injected with floxed GCaMP6f virus. Diagram 555 

adapted from Paxinos and Franklin (2004). 556 

C. Schematic drawing of the virtual reality used in this study.  557 

D. Representative example of animal’s behavior in the virtual linear track, position (top), speed and 558 

reward receipt (bottom).  559 

E. Representative images of serotonergic fibre in vivo. See Movie 1. 560 

 561 

Figure 3 Dynamics of serotonergic fibre activity in CA1.  562 

A, B. Two populations of serotonergic fibres identified in hippocampal CA1 region. Type A: a 563 

reward modulated fibres (A). Type B: locomotion modulated fibres (B). Fluorescent intensity and 564 

running speed (blue) at reward delivery or run-start are shown. Example traces are shown with 565 

every individual reward and run-start instances taken from a single session (grey) and the average 566 

for that session (black) (A1, B1, A4, B4). The activity of the same fibre is shown at reward receipt 567 

and running start (one example fibre for type A, one different example fibre for type B). Averaged 568 

fluorescent activity (A2, B2, A5, B5) and running speed (A3, B3, A6, B6) of all fibres classified as 569 

type A (n = 21 sessions from 3 animals) or type B (n = 32 sessions from 4 animals) fibres are 570 
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shown. Data were normalized by the baseline before the events (-3 to -1 sec for run-start events and 571 

-2 to 0 sec for other events). Data shown in A1 and A4 were obtained from a single session from a 572 

mouse. The same applies to B1 and B4. 573 

C, D. Calcium activity at stopping of locomotion without receipt of reward (C, for type A fibres n= 574 

8 sessions, 2 animals; D, for type B fibres n= 11 sessions, 3 animals).  575 

E. Calcium activity for type B fibres averaged at instances of reward receipt that occurred without 576 

complete stop of locomotion (n = 12 sessions from 4 animals).  577 

F. Distribution of peak-activity within times of reward receipt, run-start, immobility or locomotion. 578 

For type A fibre, reward frames had significantly more peak-activity than other groups (for type A 579 

fibre, repeated measures one-way ANOVA, p < 0.05 or lower, n = 21 sessions from 3 animals). For 580 

type B fibre, run-start frames had significantly more peak-activity than other groups (repeated 581 

measures one-way ANOVA, p < 0.05 or lower, n = 32 sessions from 4 animals).  582 

All data represent mean ± s.e.m. *: p<0.05; **: p<0.01; ***: p<0.001; ****: p<0.0001 with 583 

repeated measures one-way ANOVA. 584 

 585 

Figure 4 Stability of the fibre activity and dependency to the reward.  586 

A, B. Representative trace of type A and B fibre activity over consecutive days of imaging. The 587 

trace was averaged across events in the same day.  588 

C. Type A fibre activity to single unpredicted reward delivered in the absence of VR, randomly 589 

delivered while the animal is immobile Calcium activity in black, speed in blue.  590 

D. The same fibre but imaged one day later after the animal was given free access to water for a day 591 

and no longer thirsty.  592 

All data represent mean ± s.e.m. 593 

 594 

Figure 5 Quantitative effects of multiple rewards on reward fibre dynamic.  595 
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A. Type A fibre activity dynamic as animals collect more rewards within the same session. Pearson 596 

correlation p = 0.0451 (n = 21 sessions from 3 animals).  597 

B. Averaged reward activity of a type A fibre when 10 drops of reward (blue) or single-drop reward 598 

(red) were given. Repeated measures two-way ANOVA, interaction between 1-drop and 10-drops 599 

groups significant after the peak p = 0.0346, n= 11 reward events for 1-reward group, n = 4 reward 600 

events for 10-rewards group, from two different sessions in the same mouse). 601 

C. Quantitative assessment of fluorescence in the 0-2 and 2-9 seconds interval relative to a baseline 602 

for the 1-drop trace (p=0.0327, paired t-test, n=11 events) and 10-drops trace (p=0.0988, paired t-603 

test, n=4 events).  604 

All data represent mean ± s.e.m. 605 

 606 

Figure 6 Inhibition of serotonergic fibre in CA1 modifies reward-induced behavior.  607 

A, B. Experimental settings. Optic cannulas were implanted bilaterally over dorsal hippocampal 608 

CA1 regions in transgenic mice expressing NpHR in serotonergic neurons.  609 

C. Percentage of errors during the performance of the virtual linear track task. Inhibition of CA1 610 

serotonergic fibres significantly increased the number of errors (t-test, p < 0.01 n = 34 sessions for 611 

transgenics (TG) and 23 sessions from controls (CTR), pooled from the 5-day duration of the task, 612 

from 7 transgenic mice and 5 control animals).  613 

D. Effect of the optogenetic inhibition on the reward collection performance. Inhibition of the 614 

serotonergic fibres in CA1 reduced the average number of rewards collected per lap (t-test, p < 615 

0.01, n = 34 sessions for transgenics and 23 sessions from controls, pooled from the 5-day duration 616 

of the task, from 7 transgenic mice and 5 control animals).  617 

E. Occupancy in the virtual linear track. Inhibition of serotonergic fibres in CA1 caused a reduction 618 

of time spent in the rewarded area (2-way repeated measure ANOVA interaction p < 0.01, post hoc 619 

test p < 0.0001 for reward bin).  620 
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F. Average halt per lap in reward zone. CA1 serotonergic fibre inhibition resulted in shorter halting 621 

in the reward zone compared to control animals (t-test, p < 0.01, n = 34 sessions for transgenics and 622 

23 sessions from controls, pooled from the 5-day duration of the task, from 7 transgenic mice and 5 623 

control animals).  624 

All data represent mean ± s.e.m. 625 

  626 

Movie 1 Example two-photon microscopic images of a serotonergic fiber in hippocampal CA1 627 

region in a behaving mouse. This fiber belonged to type B. The recording was performed at 50 μm 628 

below the alveus at 2 Hz. 629 

 630 














