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Abstract 30 

The reuniens (Re) and Rhomboid (Rh) nuclei of the ventral midline thalamus are reciprocally 31 

connected with the hippocampus (Hip) and the medial prefrontal cortex (mPFC). Growing evidence 32 

suggests that these nuclei might play a crucial role in cognitive processes requiring Hip-mPFC 33 

interactions, including spatial navigation. Here, we tested the effect of ReRh lesions on the firing 34 

properties and spatial activity of dorsal hippocampal CA1 place cells as male rats explored a familiar 35 

or a novel environment. We found no change in the spatial characteristics of CA1 place cells in the 36 

familiar environment following ReRh lesions. Contrariwise, spatial coherence was decreased during 37 

the first session in a novel environment. We then investigated field stability of place cells recorded 38 

over 5 days both in the familiar and in a novel environment presented in a pre-defined sequence. 39 

While the remapping capacity of the place cells was not affected by the lesion, our results clearly 40 

demonstrated a disruption of the CA1 cellular representation of both environments in ReRh rats. 41 

More specifically, we found ReRh lesions to produce 1) pronounced and long-lasting decrease of 42 

place field stability and 2) strong alteration of overdispersion (i.e., firing variability). Thus, in ReRh 43 

rats, exploration of a novel environment appears to interfere with the representation of the familiar 44 

one, leading to decreased field stability in both environments. The present study shows the 45 

involvement of ReRh nuclei in the long-term spatial stability of CA1 place fields.   46 

 47 

Significance statement 48 

Growing evidence suggest that the ventral midline thalamic nuclei (reuniens and rhomboid) might 49 

play a substantial role in various cognitive tasks including spatial memory. In the present paper, we 50 

show that the lesion of these nuclei impair the spatial representations encoded by CA1 place cells of 51 

both familiar and novel environments. First, reduced variability of place cell firing appears to indicate 52 

an impairment of attentional processes. Second, impaired stability of place cell representations could 53 

explain the long-term memory deficits observed in previous behavioral studies.  54 

 55 

 56 

 57 

key words: nucleus reuniens; ventral midline thalamus; hippocampus; CA1; spatial navigation; place 58 

cells; lesion; overdispersion; stability  59 
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I. Introduction 60 

Hippocampal place cells are specifically responding to a restricted location in space called the 61 

“place field”, and each place cell has a different place field in a given environment, such that the 62 

place cell population maps the entire space explored by the animal (O’Keefe and Nadel, 1978). This 63 

process is thought to be central in spatial navigation, and the hippocampus (Hip) to be the neural 64 

substrate of a cognitive map allowing an allocentric representation of space (Rev. Moser et al., 2015). 65 

These place cells are pyramidal neurons found in the Cornu Ammonis (CA) areas of the Hip. The 66 

nucleus reuniens (Re) of the ventral midline thalamus strongly and specifically projects to CA1, with 67 

virtually no projection to the CA3 area (Vertes et al., 2006). Re is also intensely projecting to the 68 

medial prefrontal cortex (mPFC), and receives afferents in return from both CA1 and mPFC (McKenna 69 

and Vertes, 2004; Vertes, 2002). Together with Re, the rhomboid (Rh) nucleus form the group of the 70 

ventral midline thalamic nuclei. Rh distributes more widely than Re (mainly to the same targets but 71 

also to several other regions; Vertes et al., 2006). Using experimental manipulations such as 72 

excitotoxic lesions, reversible inactivations or optogenetic stimulations, a growing body of data 73 

suggests that ReRh might play a substantial role in many cognitive processes including behavioral 74 

flexibility in spatial tasks (Dolleman-van Der Weel et al., 2009; Cholvin et al., 2013), memory 75 

specificity and generalization (Xu and Südhof, 2013), (spatial) working memory (Hallock et al., 2016; 76 

Hembrook and Mair, 2011; Hembrook et al., 2012; Layfield et al., 2015), goal-directed spatial 77 

navigation (Ito et al., 2015) and memory consolidation (Ali et al., 2017; Loureiro et al., 2012).  78 

 The role of Re as a major interface between the mPFC and Hip is further supported by the 79 

fact that some of its neurons projecting to CA1 receive direct inputs from the mPFC (Vertes et al., 80 

2007). Moreover, about 8% of its neurons have collaterals projecting to both CA1 and mPFC (Hoover 81 

and Vertes, 2012; Varela et al., 2014). This feature could be the neuronal correlate to the 82 

involvement of this nucleus in the synchronization and coordination of the activity of these two brain 83 

regions. Indeed, Re has been associated with the effective coupling of Hip and mPFC by theta and 84 

delta oscillations (Roy et al., 2017), and manipulation of the theta rhythm in Re has been shown to 85 

induce working memory deficits (Duan et al., 2015). Re also strongly projects to the entorhinal cortex 86 

(EC; Vertes et al., 2006) and some of the projections of Re and EC are converging onto the same 87 

pyramidal cells in CA1 (Dolleman-van der Weel et al., 2016), which may be the neural basis for a 88 

facilitation of EC-Hip information flow mediated by Re activation (Xu and Südhof, 2013). Accordingly, 89 

Re stimulation induces long-term potentiation in CA1, suggesting a potential role in hippocampal 90 

plasticity (Dolleman-Van Der Weel et al., 1997). This result was confirmed by Bertram and Zhang 91 

(1999) who demonstrated that the excitatory efferent projection from Re to CA1 allows for a direct 92 

and powerful excitation of CA1, and that this projection can have an excitatory effect on CA1 similar, 93 
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or even greater, than that of CA3. These properties put the ReRh in an ideal situation to contribute to 94 

CA1 place cell activity.  95 

Here, we tested the effects of ReRh lesions on spatial properties and field stability of dorsal 96 

hippocampal CA1 place cells as rats explored a familiar or a novel environment. To assess the 97 

evolution of place cell firing patterns over time, we studied the activity of a set of well identified CA1 98 

place cells across 5 successive days, as rats were repeatedly exposed to the familiar and to the novel 99 

environment in a pseudo-randomized order. Our results provide evidence for a contribution of the 100 

ReRh nuclei in the long-term stability of the spatial representations encoded by hippocampal CA1 101 

place cells.   102 

II. Materials and methods 103 

All procedures complied with both European (2010/63/UE of September 22, 2010) and French 104 

(Council directive no. 87848) institutional rules and guidelines.  105 

Subjects. We used 16 male Long-Evans rats (Janvier breeding center, St.-Berthevin, France) aged 3 106 

months and weighting 255–275 g at their arrival in the laboratory. Six animals were excluded from 107 

the analyses due to misplaced tetrodes or unsuitable ReRh lesions (final number of individuals per 108 

group: 5 ReRh, 5 SHAM). Animals were housed individually in quiet facilities under a 12h light/dark 109 

cycle (light on at 07:00 a.m.) and maintained in the same temperature-controlled (20°C) room for the 110 

whole duration of the experiment. The animals had ad libitum access to food and water until the 111 

beginning of the training in the pellet-chasing task, then were food-deprived to 85%-90% of their 112 

bodyweight during the experiments. Animals were individually handled for several min each day over 113 

three consecutive days before surgical procedures (see below), then handled for one week before 114 

behavioral experiments. 115 

Apparatus and behavioral procedures. The familiar recording arena consisted of a dark gray 116 

cylindrical wall 50 cm high and 80 cm in diameter, placed on a gray wooden floor (Figure 1 B). The 117 

three novel recording arenas were two square- (50 cm high and 80 cm in diameter) and one triangle- 118 

(50 cm high and 85 cm in base) shaped walls. One square-shaped arena was painted dark gray, the 119 

other one white, as was the triangle-shaped one (Figure 1 C). Attached to one of the internal wall 120 

was a white (in dark grey arenas) or black (in white arenas) card, 50 cm high and covering 90° of arc 121 

(in the familiar circular arena) or ≈80% of the width of one of the walls in the square- or triangle-122 

shaped arenas, thus providing an orienting cue for spatial navigation. The arena was surrounded by 123 

ceiling-high curtains and dimly lit from above. To promote continuous locomotion and allow a 124 

complete spatial sampling of the environment, 20 mg food pellets (5TUL formula; TestDiet) were 125 
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thrown in every 20 s to random locations within the arena. Each recording session lasted 10 min. 126 

Rats were returned to their home cage between two consecutive sessions (without being 127 

disconnected from the recording setup) for a few (2-3) minutes (time required for the experimenter 128 

to clean the arena and, when required, change the arena with a different one).   129 

****************** 130 

Insert Figure 1 here 131 

****************** 132 

Surgical Procedures. NMDA permanent fiber-sparing excitotoxic lesions of Re nucleus. Subjects were 133 

anesthetized with sodium pentobarbital (50 mg/kg, i.p.), then placed in a stereotaxic frame (Kopf 134 

Instruments) where the head was held in the horizontal plane. Pentobarbital was used instead of 135 

classical ketamine / xylazine mixture in order to avoid any interaction between ketamine, which is an 136 

NDMA antagonist, and the NMDA per se, which was used as the neurotoxic agent inducing the 137 

lesions. Lesions targeting ReRh nuclei were made using 3 slow microinfusions of 0.12 M NMDA (0.1 138 

μl/site, 0.1 μl/min; Sigma-Aldrich, ref. M3262) per animal using an infusion needle (0.28 mm in 139 

diameter) connected to a motorized infusion pump (CMA-100; CMA/Microdialysis). NMDA was 140 

dissolved in PBS, and the sham-operated controls were infused with PBS instead of NMDA at the 141 

same coordinates. Using an angle of 15°, the coordinates of the three infusion sites were as follows: 142 

AP = -1.5, -2.1 and -2.7 mm from Bregma, DV = -7.0, -7.1 and -7.2 mm from skull, ML = 1.8, 1.8 and 143 

1.9 mm right from midline of the sagittal sinus (Paxinos and Watson, 2007). For each infusion site, 144 

the needle was slowly removed after having been left in situ for an additional 5 min to ensure 145 

diffusion of NMDA into the cerebral parenchyma. 146 

CA1 tetrode implantation. Around two weeks after the ReRh lesion surgery (see timeline of the 147 

experiment, Figure 1A), each rat was implanted with an array of 8 tetrodes, each consisting of 4 148 

platinum-iridium wires (90% platinum, 10% iridium; HML insulated, 25μm bare wire diameter, 149 

California Fine Wire Ltd., California, USA) twisted together aiming at the CA1 layer of the dorsal 150 

hippocampus on the hemispheric side that was not crossed by the infusion needle during the lesion 151 

surgery. This surgical procedure was done under general anesthesia with a mixture of ketamine (98 152 

mg/kg) and xylazine (13 mg/kg) administered intraperitoneally. The tips of the tetrode bundle were 153 

placed over hippocampal CA1, 3.8 mm posterior, 2.5 mm lateral to Bregma and 1.2 mm below dura 154 

mater (Paxinos and Watson, 2007). The tetrode headstage was anchored to the skull using small 155 

stainless steel screws. Embedded in dental cement with the headstage, three screws allowed to 156 

further way down the tetrodes in the rat brain when screening for place cells (Kubie, 1984).  157 
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Post-operative care. Following both surgeries, all animals received a subcutaneous injection of 158 

antibiotic (Clamoxyl, 50 mg/kg, s.c.) and were allowed one week to recover in a postoperative 159 

recovery room. Passed this delay, animals were transferred back to their stabulation room before the 160 

beginning of the behavioral experiments.  161 

Brain preparation and section processing. At the end of the experiments, rats were killed by an 162 

injection of an overdose of sodium pentobarbital (200 mg/kg, i.p.), then transcardially perfused with 163 

a 4% phosphate-buffered (0.1 M) paraformaldehyde solution at 4°C. Their brains were removed, 164 

postfixed in the same fixative at 4°C during 2 h, transferred to a 30% phosphate-buffered (0.1 M) 165 

sucrose solution for 48 h at 4°C before being snap frozen using isopentane at -40°C. They were then 166 

stored at -80°C before further processing. Using a cryostat, coronal sections (40 μm) were cut within 167 

a block of tissue extending from -0.96 to -4.44 mm from Bregma (according to Paxinos and Watson, 168 

2007) to allow the evaluation of both CA1 tetrode implantation and ReRh lesions. Half of the sections 169 

were collected on gelatin-coated slides and processed for Cresyl violet staining (data not shown), the 170 

other half being picked up and stored free-floating in a cryoprotectant solution in 24-well plates for 171 

NeuN immunohistochemistry. 172 

NeuN immunohistochemistry protocol. NeuN immunohistochemistry was performed using a mouse 173 

anti-NeuN antibody (1:2000; Millipore, ref. MAB377) as the primary antibody, and a biotinylated 174 

anti-mouse horse antibody (1:500; Vector Laboratories, ref.  BA-2001) as the secondary antibody. 175 

Briefly, sections were first rinsed three times during 10 min in PBS before being soaked for 1 h in 5% 176 

normal donkey serum (to block unspecific staining) in PBS containing 0.5% Triton X-100 (PBST). The 177 

sections were transferred into the primary anti-NeuN antibody solution for 18 h (overnight) at room 178 

temperature, then rinsed three times and soaked in a buffer solution containing the secondary 179 

antibody for 1h. After three more rinses, the staining was finally amplified and revealed using the 180 

avidin-biotin peroxidase method (Vectastain ABC kit, Vector Laboratories, Burlingame, CA, USA) 181 

coupled to diaminobenzidine (SK-4100 kit, Vector Laboratories).  182 

Localization and extent of ReRh lesions. Figure 2 A-D illustrates the location and extent of ReRh 183 

lesions in the rats that were included in analyses. Using a microscope (Leica DMLB) equipped with a 184 

digital camera connected to a computer, NeuN slices were digitized. Then using Free-D (a 3D 185 

reconstruction and modeling software allowing to generate, process and analyze 3D point and 186 

surface models from stacks of 2D images), volumes of ReRh lesions and of the intact and lesioned 187 

parts of all thalamic nuclei surrounding the ventral midline thalamus were assessed. Four ReRh rats 188 

had insufficient damage to the Re area (<50%) and/or excessive damage to the surrounding thalamic 189 

nuclei (>15%) and were discarded from the analyses. In the five remaining ReRh rats, there was an 190 
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average of 80.9% ± 6.1 damage to the Re (range 62.5–93.9%). Left and Right Ventral Reuniens nuclei 191 

(VRe, also sometimes called perireuniens region) were considered functionally related to the Re per 192 

se and prone to lesioning. Their condition in ReRh rats was evaluated separately: we observed 73.4% 193 

± 7.5 to the left VRe (range 47.6–85.9%) and 77.1% ± 5.9 to the right VRe (range 63.1–88.1%). Based 194 

on their neuroanatomical position, their connectivity and their role in cognitive functions, ReRh 195 

nuclei are frequently considered to form a functional group (rev. Cassel et al., 2013). Furthermore, 196 

the location of Rh (lying just above the Re) and the lesion procedure used in our experiments make it 197 

very unlikely to ensure an efficient damage to Re without damaging the Rh. Here, we noticed 60.1% ± 198 

5.9 damage to the Rh (range 43.2–77.4%) in our five ReRh rats. Damage to thalamic structures other 199 

than Re, VRe and Rh nuclei were generally minimal to modest, even when considering needle tract 200 

damage to dorsal thalamic nuclei. The average damage was <15% for all the nuclei surrounding the 201 

region of interest (centromedial nucleus, interanteromedial thalamic nucleus, mediodorsal nucleus, 202 

posterior hypothalamic area…), except for the submedius nuclei. Lying just above the VRe in both 203 

hemispheres, laterally to the ReRh nuclei, they are particularly prone to unwanted damage in our 204 

experiments. Indeed, the mean damage was of 23.7 ± 1.0% (range 20.3-28.6%) in the left submedius 205 

nucleus, and 19.6 ± 1.4% (range 14.2-24.7%) in its right part. Overall, our lesions were highly specific 206 

to the ventral midline thalamic nuclei region, with minimal damage to other adjacent thalamic nuclei. 207 

Moreover, incidental unilateral damage due to the passage of the cannula to overlying areas 208 

comprising the thalamus, hippocampus and cortex remained very limited.  209 

Histological verifications of recording sites. Recording sites were identified by following the tetrode 210 

tracks through both Cresyl violet stained sections and NeuN stained sections. The lowest visible 211 

tissue damage indicates the tips of the wires (Figure 2 E-G). The position of the wires at a given time 212 

(i.e., for a given electrophysiological recording) can be estimated by virtually going backward in the 213 

positioning process consisting of lowering the tetrode during the screening phase until reaching CA1 214 

(see recording methods). In the animals kept for analyses, the tetrodes were located in dorsal CA1 215 

between -3.2 mm and -4.1 mm from Bregma in the rostro-caudal axis and between 2.3 mm and 3.1 216 

mm in the medio-lateral axis.  217 

****************** 218 

Insert Figure 2 here 219 

****************** 220 

Recording methods. Beginning one week after surgery, the activity from each tetrode was screened 221 

daily while the rats underwent pellet-chasing sessions. If no waveform of sufficient amplitude was 222 

found, the tetrodes were lowered 25 – 50 μm. The animals were screened 1 or 2 times per day, and a 223 

period of at least 4h was left between two successive screening sessions conducted in the same rat, 224 
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in order to guarantee the stabilization of the position of the tetrodes in the parenchyma. Once 225 

several units were recorded at the same time (i.e., at least three well isolated place cells), the 226 

recording protocol consisting of 5 days of alternated presentations of familiar and novel 227 

environments was initiated on the next day. Briefly, the animals were allowed to explore the familiar 228 

arena (a dark gray cylinder, Figure 1 B) or one of the three possible novel environments to which they 229 

were exposed  in a fixed order (first, the white square-shaped; second, the white triangle-shaped; 230 

third, the dark grey square-shaped arenas, Figure 1 C) for 4 sessions per day (Figure 1 D). At least two 231 

weeks elapsed between the exposures to two different novel environments.  232 

On day 0 (baseline day) of the five-day recording protocol, only the familiar environment was 233 

presented 4 times in a row. On Days 1 to 4, the familiar and novel environments were presented in a 234 

pre-defined sequence that varied from day to day so that each environment was presented two 235 

times each day in an unpredictable order (Figure 1D). All sessions lasted 10 min. During this 5-day 236 

recording protocol, the rats were only connected once a day (they were never disconnected between 237 

the daily sessions). Screening and recording were done with a cable attached to a powered slip ring 238 

commutator that allowed the rat to turn freely in the arena. The end of the cable (connected to the 239 

rat headstage) was equipped with operational amplifiers and two light-emitting diodes (LEDs) for 240 

tracking the rat’s head position and direction. The signals were then carried to an adjacent room 241 

where the signals from each wire were further amplified 5,000x, bandpass-filtered between 0.3 and 242 

6 kHz, digitized at 32 kHz and stored by a Datawave Discovery setup (Longmont, CO). The two LEDs 243 

were independently tracked with an overhead camera connected to a digital spot follower. Each LED 244 

was detected in a grid of pixels allowing a resolution of 2.5 cm concerning head position.  245 

Data analyses. Waveforms from the cells recorded on the same tetrode were discriminated using 246 

Offline Sorter (Plexon), which allows waveforms separation based on at least eight features 247 

(including spike amplitude, spike duration, maximum and minimum spike voltage). Cluster 248 

boundaries were then refined and outlier waveforms removed. Interspike interval histograms were 249 

built for each isolated unit and the whole unit was removed from analysis if it revealed the existence 250 

of interspike intervals below 2 ms (limit of the refractory period). Also only the waveforms of 251 

sufficient amplitude (>100 μV) were further analyzed. These two criterions are essential for good 252 

cluster isolation. Positional firing rate maps were constructed at a pixel resolution of 2.5 cm 253 

according to the autoscaling scheme (Muller et al., 1987). The definition of the spatial coding of a 254 

given cell was measured using the information content (Skaggs et al., 1993) and spatial coherence 255 

(Muller and Kubie, 1987). The aforementioned accurate unit isolation was confirmed by direct 256 

inspection of the positional firing rate maps. Finally, similar to previous studies (Fenton et al., 2010; 257 

Hok et al., 2012, 2013), place cells were selected for analysis if their spatial firing patterns were both 258 
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location specific (spatial coherence ≥ 0.25 and spatial information carried by an action potential ≥ 0.5 259 

bits per spike) and robust (average firing rate ≥ 0.25 Hz). 260 

Overdispersion is a measure of the place cell firing variability. It was measured as described by 261 

Fenton and Muller (1998) and similar to previous studies (Fenton et al. 2010; Hok et al. 2012, 2013). 262 

Briefly, passes through the firing field are considered as the time series of positions starting when the 263 

rat enters the field and ending when the rat leaves it. The passes needed to fulfill two conditions to 264 

be considered for analysis: each pass had to last 1 sec or more, and the animal trajectory must have 265 

passed through the center of the field. The observed number of spikes that occurred during a given 266 

pass was compared with a predicted number of spikes calculated on the basis of a constant 267 

distribution among the different passes. Thus, the number of spikes predicted by the session-268 

averaged positional firing rate distribution during a pass depends only on the specific pixels visited 269 

and the time spent in those pixels, without regard to the sequential order of positions. Finally, 270 

overdispersion was measured as the variance of the distribution of Z values (correlation scores) 271 

computed for a set of passes (i.e., all the passes of a given recording session that reached the 272 

aforementioned criteria).  273 

Experimental Design and Statistical Analysis. The global design of the experiments is presented in 274 

Figure 1 A. Familiar and novels environments as well as the pattern of exposure to the environments 275 

are shown in Figure 1 B-D. Data were obtained from 5 SHAM rats and 5 ReRh-lesioned rats. Simple 276 

between-groups differences in behavior and electrophysiological properties of place cell were 277 

assessed using independent t-tests. To compare distributions (e.g., localization of place field 278 

centroids, or proportion of unstable place fields), we used chi-squared tests of independence. To 279 

assess field stability or remapping between two sessions, we used a similarity score defined as the 280 

pixel-by-pixel Pearson's spatial correlation score (r) between the corresponding firing rate 281 

distributions (statistical analyses were conducted on the Fisher’s z-transforms of r values). Two-way 282 

repeated measures ANOVAs with lesion as the between-group measure and sessions as the repeated 283 

measure were used to compare across-session changes in similarity scores. When appropriate, these 284 

analyses were complemented by post-hoc multiple comparisons using Newman–Keuls tests. Note 285 

that these analyses were first conducted separately on the three data sets obtained in the three 286 

different novel arenas. An overall ANOVA comparing the three data sets revealed a Group effect (F(1, 287 

95) = 11.12, p = 0.001) but no Arena effect (F(2, 95) = 0.214, p = 0.807) or Group x Arena Interaction (F(2, 288 

95) = 0.16, p = 0.848). Since there was no effect of the type of novel environment being used, the 289 

three data sets were pooled for further analyses. Finally, variability of place cell firing 290 

(overdispersion) was analyzed in two ways. In a first analysis, we considered all the passes of all place 291 

cells as individual data, and assessed the effect of ReRh lesion using Levene’s test for equality of 292 
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variances. In a second analysis, we computed the mean overdispersion for each animal separately 293 

and then conducted simple independent t-tests to compare ReRh and SHAM groups. STATISTICA 294 

software (StatSoft, Inc.) was used to carry out all these analyses.  295 

III. Results 296 

General observations. Rats were first trained in the dark gray cylindrical arena only, which therefore 297 

became highly familiar with repeated exposures. The recordings in the familiar arena reported here 298 

were obtained after all rats received at least 13 sessions (over at least 10 days) in that environment. 299 

In addition, the very first exposure to a novel environment occurred after a similar number of 300 

exposures to the familiar environment in SHAM and ReRh rats (44.8 ± 6.9 and 41.6 ± 6.3, 301 

respectively; t(8) = -0.34; p = 0.742). 302 

 303 

Locomotor activity is not modified following ReRh lesion. We first determined if ReRh lesions had 304 

any effect on locomotor activity in either the familiar or in the novel environment during pellet-305 

chasing sessions. The data are shown in Table 1. No effect of the lesion was found in the familiar 306 

environment, whether only the first exposure of the 5-day experimental protocol was considered 307 

(Day 0, Session 1; t(26) = -0.38; p = 0.705), or all the other sessions combined (t(306) = -1.05; p = 0.293). 308 

Similarly, no effect was found in the novel environment, whether only the first exposure was 309 

considered (in case a transient locomotor “novelty effect” would occur; Day 1, Session 2; t(26) = -0.68; 310 

p = 0.499), or regarding all other sessions in the novel environment (t(194) = 0.81; p = 0.418). These 311 

results are in agreement with previous studies showing no locomotor deficit in behavioral tasks after 312 

ReRh lesions in rats (Dolleman-van der Weel et al., 2009; Loureiro et al., 2012; Prasad et al., 2013). 313 

 314 

Characteristics of cell samples used for analyses 315 

We analyzed only pyramidal (complex-spike) cells with clear spatially selective firing patterns and 316 

stable activity within a recording session. In the familiar environment, n(SHAM)=268 and n(ReRh)=211 317 

place cells recorded during the screening phase or experimental protocol per se were kept for further 318 

analysis of the basic electrophysiological and spatial characteristics of our cells samples (see Table 1). 319 

For the basic properties of place cells in the novel environment, we used n(SHAM)=78 and n(ReRh)=73 320 

place cells that were recorded during the first exposure (Day 1, Session 2; see Table 1). The main 321 

purpose of our experiment was to measure firing changes in the same cells across exposures to 322 

different environments. Accordingly, cells that were lost before the full session series starting on Day 323 

0 and ending on Day 4 was completed, or whose waveforms changed so much between sessions that 324 

we could not be confident that they were the same cells, were discarded from further analysis. For 325 

these reasons, the final pool of place cells that were kept for data analyses over the five days of the 326 
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study was further restricted to n(SHAM)=58 and n(ReRh)=52 cells in the familiar environment, n(SHAM)=55 327 

and n(ReRh)=46 in the novel environment.  328 

 329 

****************** 330 

Insert Table 1 here 331 

****************** 332 

In a familiar environment, place cell spatial characteristics are not affected by ReRh lesion. 333 

According to Dolleman-Van der Weel et al. (1997), Re is able to modulate transmission in CA1 334 

through both excitatory and inhibitory mechanisms (via a (subthreshold) depolarization of pyramidal 335 

cells and a (suprathreshold) excitation of inhibitory interneurons). Thus, a ReRh lesion may 336 

potentially impact CA1 pyramidal cell activity. We therefore analyzed the basic and spatial firing 337 

properties of 268 place cells recorded in SHAM animals (number of neurons per rat: 32—76) and 211 338 

place cells found in ReRh animals (number of neurons per rat: 28—58) that were recorded during the 339 

very first recording session in the familiar dark gray cylindrical arena (Day 0, Session 1). Our data did 340 

not indicate any significant difference between ReRh and SHAM rats in either spike amplitude, spike 341 

height, firing activity, information content, spatial coherence, field size or stability within session (see 342 

Table 1).   343 

****************** 344 

Insert Figure 3 here 345 

****************** 346 

Place field distribution is not altered by ReRh lesion. We then asked if ReRh lesion would affect the 347 

spatial distribution in the familiar arena (i.e., the dark gray circular arena). To do so, we first 348 

calculated the centroid of each place field (i.e. an estimate of peak firing location) according to the 349 

formula: Xc xiri / ri and Yc = yiri / ri where the coordinates Xc, Yc of the centroid are the means of 350 

xi and yi (the X and Y positions of ith pixel in the field) weighted by ri, the firing rate in the ith pixel. We 351 

then divided the surface of the arena in two equal-area zones, a central disc (middle of the arena) 352 

and an external ring (next to the wall), and compared the proportion of field centroids in these two 353 

regions in both SHAM and ReRh rats. In SHAM animals, we found 143 place cells (54.1%) having their 354 

centroids in the external ring, while 123 centroids (45.9%) were located in the central region. In ReRh 355 

rats, 117 centroids (59.3%) were located in the external ring and 88 (41.7%) in the central zone. 356 

These two distributions were not different (chi-squared test of independence: X2 (1, n = 479) = 0.84, p = 357 

0.359).  358 

 359 

Remapping is not altered by ReRh lesions. Remapping defines the capacity for the hippocampus to 360 

form a specific configuration of place fields (i.e., a unique map) for each environment. Thus, place 361 
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fields can appear, disappear or move to unpredictable locations every time the animal faces a new 362 

environment. This is a fundamental property of hippocampal neurons, since it allows the mapping of 363 

a virtually infinite number of different environments and the possibility to distinguish them from 364 

each other. Here, we tested the effects of ReRh lesions on the capacity of CA1 place cells to remap 365 

when the rats were exposed to a novel environment. To do so, we compared the similarity scores 366 

(see Methods) for two consecutive sessions recorded in the familiar and novel environments on Day 367 

1 to Day 4 (i.e., Sessions 1 and 2 on Day 1, Sessions 1 and 2 on Day 2, Sessions 2 and 3 on Day 3 and 368 

Sessions 3 and 4 on Day 4; data not illustrated) for the n(SHAM)=58 and n(ReRh)=52 place cells recorded 369 

over the entire duration of the protocol. Similarity scores were 0.14 ± 0.02 on Day 1, 0.11 ± 0.02 on 370 

Day 2, 0.11 ± 0.02 on Day 3, 0.13 ± 0.02 on Day 4 in SHAM animals, and 0.04 ± 0.02 on Day 1, 0.09 ± 371 

0.01 on Day 2, 0.09 ± 0.01 on Day 3, 0.13 ± 0.02 on Day 4 in ReRh rats. We found no significant 372 

alteration of remapping for the place cells recorded from ReRh rats: there was no lesion effect (F(1,108) 373 

= 0.92, p = 0.337), no day effect (F(3,324) = 0.42, p = 0.739) and no interaction between these two 374 

factors (F(3,324) = 0.68, p = 0.563). These results indicate similar extent of place cell remapping in both 375 

SHAM and ReRh rats.  376 

 377 

Spatial coherence in a novel environment is decreased in ReRh rats. The same analyses of basic and 378 

spatial firing properties were conducted for cells that were recorded in the novel environment for 379 

the first time (Day 1, Session 2; n(SHAM)=78, n(ReRh)=73). Although we found no significant difference for 380 

most of the spatial parameters (i.e., information content, stability within session, field size or firing 381 

rates; see Table 1), spatial coherence was significantly decreased in ReRh rats (0.51 ± 0.02) compared 382 

to SHAM rats (0.59 ± 0.02; t(149) = 2.68; p = 0.008). As spatial coherence measures the extent to which 383 

the firing rate in a pixel is predicted by the rates observed in the neighboring pixels, i.e., the local 384 

orderliness of the spatial firing pattern (Muller and Kubie, 1989), this result suggests noisier spatial 385 

firing patterns in rats exposed to a novel environment for the very first time. Note however that the 386 

effect of ReRh lesions on spatial coherence persisted across successive exposures to the novel 387 

environment, as an ANOVA performed on this data revealed a significant Group effect (F(1, 111) = 388 

15.62, p=0.0001), but no Session effect (F(7, 777) = 0.914, p=0.495) or Group x Session effect (F(7, 777) = 389 

0.607, p = 0.750). None of these effects was observed for the familiar environment (Group: F(1,197) 390 

= 1.36, p=0.245; Session: F(7,1379) = 1.74, p=0.095; Group x Session: F(7,1379) = 0.49, p=0.846). 391 

 392 

Baseline stability of place fields in a familiar environment is altered following ReRh lesions (Day 0 393 

sessions). For this as well as all subsequent analyses, we focused on the 58 place cells from SHAM 394 

animals and the 52 place cells from ReRh animals that were clearly identified and active in the 395 

familiar environment during the 5 successive days of the experiment. We first assessed field stability 396 
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in the familiar arena before the rats were exposed to a novel environment. On Day 0, 4 consecutive 397 

sessions were conducted in the familiar cylinder, thus allowing us to assess both field stability and 398 

the time-course of its evolution in a well-known environment (all A). Between-session spatial 399 

correlations (Pearson’s coefficient correlation, r) were used as an index of spatial similarity (see 400 

Methods). A similarity score (i.e., r) higher than 0.5 is usually considered to reflect good field stability 401 

between two sessions, whereas r < 0.5 indicates poor stability. Using repeated measures ANOVA, we 402 

found an overall deficit in field stability in ReRh animals compared to SHAM animals (F(1,108) = 6.06, p 403 

= 0.015). This analysis also showed a Session effect (F(2,216) = 4.38, p = 0.014), indicating an increase in 404 

field stability across successive pairs of sessions, but no Session × Group interaction (F(2,216) = 1.44, p = 405 

0.240). Post-hoc comparisons (Newman–Keuls test) revealed marginally significant differences in 406 

similarity scores between ReRh and SHAM animals for Sessions 1 and 2 (p = 0.057) as well as for 407 

Sessions 2 and 3 (p = 0.072), but no difference for Sessions 3 and 4 (p = 0.411) (Figure 4 B). We then 408 

looked at the distributions of similarity scores (Figure 4 C-K) and investigated possible differences 409 

between SHAM and ReRh animals in the proportion of cells seen to be unstable (r < 0.5). We found 410 

an increased proportion of unstable place fields in all ReRh rats between Sessions 1 and 2 (X2 (1, n = 110) 411 

= 7.46, p = 0.006) and Sessions 2 and 3 (X2 (1, n = 110) = 5.85, p = 0.016), but no difference between 412 

Sessions 3 and 4 (X2 (1, n = 110) = 1.75, p = 0.19). Together, these findings suggest an initial and overall 413 

impairment of field stability in ReRh animals, which gradually recovers with repeated exposures to 414 

the familiar arena across daily recordings, such that it eventually reach the same level as in SHAM 415 

animals after 4 consecutive sessions.  416 

****************** 417 

Insert Figure 4 here 418 

****************** 419 

Field stability degrades in the familiar environment when ReRh rats are concurrently exposed to a 420 

novel environment over 4 days. We evaluated field stability in the familiar environment after the 421 

rats were also repeatedly exposed to the novel environment (Figure 5A). We found an overall deficit 422 

of field stability (i.e., lower similarity scores) in ReRh animals compared to SHAM animals (F(1,108) = 423 

5.49, p = 0.021), but also an effect of Day (F(3,324) = 3.07, p = 0.028) and a Day × Group interaction 424 

(F(3,324) = 4.11, p = 0.007). Post-hoc comparisons (Newman–Keuls test) showed that field stability in 425 

the familiar environment was high and did not vary in SHAM rats during the course of the experiment 426 

(no significant difference in any comparison). In contrast, field stability in ReRh animals was seen to 427 

decrease over days, such that it was eventually lower on Days 3 and 4 compared to Day 1 (p = 0.001 428 

in both cases). As a result of this decrease, field stability in the familiar environment was significantly 429 

different between SHAM and ReRh animals on Days 3 (p = 0.048) and 4 (p = 0.035), but not on Days 1 430 

and 2 (Figure 5 B). A corollary of these observations is that the proportion of cells with unstable fields 431 
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(r < 0.5) in the familiar arena was greater in ReRh rats than in SHAM rats on Day 3 (X2 (1, n = 110) = 9.93, 432 

p = 0.002) and Day 4 (X2 (1, n = 110) = 9.93, p = 0.002), but not on Day 1 (X2 (1, n = 110) = 0.17, p = 0.680) and 433 

Day 2 (X2 (1, n = 110) = 0.66, p = 0.416) (Figure 5 C-N). These results reveal a progressive loss of field 434 

stability over time in ReRh animals in the familiar environment when they are concurrently exposed 435 

to another (initially novel) environment. In contrast, field similarity in SHAM animals remained 436 

consistently high over the 4 days, indicating a robust and long-lasting representation of the familiar 437 

environment (Figure 5 O-P). 438 

****************** 439 

Insert Figure 5 here 440 

****************** 441 

Field stability is strongly impaired in the novel environment in ReRh animals. Field stability in the 442 

novel environment was assessed the same way as in the familiar environment (Figure 6). We found 443 

an overall deficit of field stability (i.e., similarity scores) in ReRh animals compared to SHAM animals 444 

(F(1,99) = 13.06, p = 0.0005), no Day effect (F(3,297) = 1.35, p = 0.258) and no interaction between Day × 445 

Group (F(3,297) = 0.75, p = 0.522). Post-hoc comparisons (Newman–Keuls test) revealed that field 446 

stability in the novel environment was high and did not vary in SHAM animals during the course of 447 

the experiment (no significant difference in any comparison, with similarity scores consistently close 448 

to 0.75). In contrast, similarity scores in ReRh animals were low from Day 1 (0.47), did not improve 449 

over days (0.60 on Day 2, 0.50 on Day 3 and 0.59 on Day 4, Figure 6 B), and were significantly lower 450 

than in SHAM rats on Days 1 and 3 (p = 0.005 and p = 0.045, respectively). No significant difference 451 

between SHAM and ReRh rats was seen for Days 2 and 4 though ((p = 0.118 and p = 0.328, 452 

respectively; Figure 6 F-H and L-N).  That overall decrease of field stability in ReRh rats in the novel 453 

environment was confirmed by the observation of a greater proportion of cells with unstable fields (r 454 

< 0.5) compared to SHAM rats on most recording days (Figure 6 C-K; Day 1: X2 (1, n = 101) = 15.08, p = 455 

0.0001; Day 3: X2 (1, n = 101) = 7.68, p = 0.006; Day 4 (X2 (1, n = 101) = 4.94, p = 0.026) but not on Day 2 (X2 (1, n 456 

= 101) = 2.86, p = 0.091). Interestingly, Day 2 was the only one to offer two successive exposures to the 457 

novel arena with no interleaved exposure to the familiar arena. Overall, these results indicate that 458 

ReRh lesions induce a severe alteration of field stability in a novel environment (Figure 6 O-P).  459 

****************** 460 

Insert Figure 6 here 461 

****************** 462 

Overdispersion modulation is altered following ReRh lesion. Overdispersion, defined as the excess 463 

variability of cell firing within the place field, is thought to reflect network-wide fluctuations and has 464 

been linked to modulation of cognitive processing in spatial tasks (Jackson and Redish, 2007; Fenton 465 

et al., 2010; Hok et al., 2012, 2013). Here, we assessed the level of overdispersion in SHAM and ReRh 466 
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animals depending on the familiarity of the environment. We considered three major classes of 467 

recording sessions: (i) those made in the highly familiar environment on Day 0, (ii) those performed 468 

in the familiar environment when rats were concurrently exposed to the novel environment (Days 1-469 

4), and (iii) those realized in the novel environment (Days 1-4). These results are summarized in 470 

Figure 7. Figures 7 A, B and C show the plot of the time series of standardized firing rates for all 471 

passes through the fields of the 58 place cells from SHAM animals and 52 place cells from ReRh 472 

animals that were kept for the whole duration of the experiment. The corresponding distributions of 473 

standardized firing rates are shown in the lower part of the figures (Figures 7 D, E and F).  474 

During baseline (Day 0) recordings (in the familiar environment only, Figures 7 A and 7D), 475 

scores of overdispersion were σ² = 3.83 (Mean (μ) = 0.04, number of passes (n(passes)) = 3291) for 476 

SHAM rats and σ² = 2.38 (μ = 0.01, n(passes) = 2084) for ReRh rats. Using Levene’s test for equality of 477 

variances, standardized firing rates were found to be significantly less dispersed in ReRh than in 478 

SHAM (W = 105.1, p = 0.00001). A similar pattern was observed for sessions in the familiar 479 

environment with concurrent exposure to the novel environment (Days 1-4, Figures 7 B and 7E). 480 

Overdispersion was much reduced in ReRh rats (σ² = 2.76, μ = 0.05, n(passes) = 3758) compared to 481 

SHAM rats (σ² = 4.44, μ = 0.04, n(passes) = 6133), and the Levene’s test again confirmed that individual 482 

scores were much less dispersed in ReRh animals than in SHAM rats (W = 141.8, p = 0.00001). In the 483 

novel environment (Figures 7 C and 7F), overdispersion was again significantly greater in SHAM rats 484 

(σ² = 3.43, μ = 0.03, n(passes) = 4488) than in ReRh rats (σ² = 2.78, μ = -0.05, n(passes) = 2795), a result 485 

confirmed by the comparison of the dispersion of these data (W = 23.8, p = 0.00001). Interestingly, 486 

we noticed that overdispersion in SHAM rats was significantly reduced in the novel environment 487 

compared to the familiar environment for Days 1-4 (W = 47.8, p = 0.00001) whereas overdispersion 488 

in the familiar and in novel environment were similar in ReRh animals over the same period (W = 489 

0.004, p = 0.983). 490 

To further document these findings, we analyzed the changes in overdispersion across the 3 491 

types of recording sessions by calculating the overdispersion scores of each individual animal and 492 

averaging these values within each group (Figure 7 G). This analysis confirmed that overdispersion in 493 

the familiar arena was consistently weaker in ReRh rats than in SHAM rats (Day 0: t(8) = 2.97, p = 494 

0.018; Days 1-4: t(8) = 2.68, p = 0.028) and that it was stable for the two groups (Day 0 vs. Days 1-4, 495 

SHAM: t(4) = 0.47, p = 0.662; ReRh: t(4) = 0.92, p = 0.411). In contrast, there was no visible effect of the 496 

lesion in the novel environment (t(8) = 0.86, p = 0.413), due to a significant reduction of 497 

overdispersion in the novel compared to the familiar environment in SHAM rats only (Days 1-4, t(4) = 498 

3.24, p = 0.031), while it remained stable in ReRh rats (Days 1-4, t(4) = 1.42, p = 0.229).  499 
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To sum up, overdispersion was consistently low in ReRh animals and was not modulated by 500 

novelty. Overdispersion was greater in SHAM rats in the familiar arena, but was reduced in a novel 501 

environment.  502 

****************** 503 

Insert Figure 7 here 504 

****************** 505 

 506 

 507 

IV.  Discussion 508 

The present study shows that ReRh nuclei are instrumental in spatial information processing and 509 

coding of the environment. Thus, although the basic properties of place cells as well as their 510 

remapping ability were preserved following ReRh damage, we found a strong and long-lasting 511 

reduction of hippocampal place field stability. Even though such field instability was particularly 512 

pronounced in a novel environment, it was also observed in a highly familiar environment. 513 

Furthermore, in both environments field instability in ReRh animals was prone to complex changes 514 

across recording sessions, suggesting it was influenced both by time and interference effects. In 515 

addition, we found that the tendency of place cell firing to be highly variable across passes through 516 

the place field ("overdispersion") was strongly reduced in ReRh animals and this deficit was not 517 

modulated by the novelty of the environment as observed in SHAM animals. Taken together, our 518 

results indicate a substantial contribution of the ReRh nuclei to the long-term stability and specificity 519 

of distinct environmental representations at the cellular level. 520 

ReRh are required for the long-term stability of spatial representations encoded by CA1. Evidence 521 

of a ventral midline thalamic contribution to spatial memory in rodents have already been provided 522 

in various behavioral tasks assessing spatial working memory, behavioral flexibility, goal-directed 523 

navigation and memory consolidation (rev. Cassel et al., 2013). In the Morris water maze, ReRh 524 

inactivations did not prevent acquisition of the task but weakened recent memory retrieval in a 525 

delayed (24h) probe trial (Cholvin et al., 2013). When assessing a longer retention delay, ReRh lesions 526 

prevented neither task acquisition nor recent (5 days) memory recall, but impaired remote (25 days) 527 

memory performance in the probe trial (Loureiro et al., 2012; Ali et al., 2017). These results indicate 528 

a role of ReRh nuclei in the formation and/or retention of long-term, and especially remote, spatial 529 

memories. In the present study, in a well-known environment presented alone (Day 0), place field 530 

stability was initially reduced in ReRh animals compared to SHAM but then improved across repeated 531 

exposures to finally reach control levels. This indicates a more labile (and therefore more prone to 532 

forgetting or interference) spatial representation in CA1 following ReRh lesions, but also suggests 533 
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that this representation can be stabilized and reinforced with enough exposures to the learning 534 

situation. As a consequence, place field stability was similar in ReRh and SHAM rats 24h later (Day 1 535 

Fig. 5B). Thereby, impaired memory recall observed weeks (25 days) after learning a spatial task in 536 

ReRh animals could be the result of less stable hippocampal representations that would remain 537 

hidden behaviorally at shorter delays such as 5 days (Loureiro et al., 2012; Ali et al., 2017).  538 

Ventral midline thalamic nuclei are not crucial to hippocampal remapping. Remapping defines the 539 

capacity for the hippocampus to form a specific configuration of place fields for each environment, 540 

allowing the mapping of a virtually infinite number of different environments in distinct neural 541 

representations. Our study did not reveal any effect of ReRh damage on CA1 remapping, contrary to 542 

what is observed after medial EC manipulation. Indeed, medial EC inactivation produces substantial 543 

remapping alterations while sparing place cells spatial firing properties (Miao et al., 2015). Thus, it 544 

appears that inactivating Re or medial EC yield different outcomes on the remapping process, 545 

although the two structures project axons onto the same dendritic compartments of CA1 synapses 546 

(Dolleman-van der Weel et al., 2016). Additionally, previous work found that, following Re lesion or 547 

inactivation, trajectory-dependent CA1 place cell firing was substantially reduced in rats performing a 548 

continuous alternation task (Ito et al., 2015). The authors concluded that Re plays a crucial role in 549 

long-range communication between cortical regions important for spatial navigation and suggested 550 

that EC was involved. Xu and Südhof (2013) also proposed that the cooperative activation of Re and 551 

EC inputs at the level of CA1 may reduce the threshold for synaptic plasticity, thus facilitating 552 

information transfer from EC to Hip. Through this mechanism, Re could promote the EC-Hip dialogue, 553 

and thus incorporation of EC information in hippocampal memory representation. Although we 554 

report no remapping alteration following ReRh lesions, we did find that place cells were less stable. It 555 

is therefore possible that this outcome could be the consequence of ReRh lesion–induced reduction 556 

in the activation of mEC inputs to CA1, making stabilization of hippocampal representations less 557 

likely.  Another possibility is that CA1 place field altered stability directly resulted from the removal of 558 

the spatially responsive cell populations present in ReRh thalamic nuclei (Jankowski et al., 2014, 559 

2015). 560 

Ventral midline thalamic nuclei are crucial to minimize interference and discriminate among 561 

conflicting spatial representations. Pattern separation allows similar representations to be stored in 562 

a distinct, non-overlapping fashion. As stated by Yassa and Stark (2011), “If one were not able to 563 

perform this mnemonic discrimination, encoding new information would overwrite similar previously 564 

stored information leading to catastrophic interference”. In the present study, representation of a 565 

novel environment stabilized quickly in control rats, with place fields seen to be already stable from 566 

the second exposure onwards. Conversely, in ReRh rats, stabilization of the new representation was 567 
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slow and exposure to the novel environment seemingly and unexpectedly interfered with the 568 

representation of the familiar one, leading to decreased stability in both environments. The dynamics 569 

of this phenomenon suggest that interference, rather than novelty per se, was responsible for such 570 

decreased stability. Arguably, concurrent exposure to each environment was the source of 571 

interference since stability of the familiar arena representation significantly declined across days, and 572 

stability of the novel arena consistently stayed at low level both compared to control rats and 573 

compared to the familiar arena (even though stability slightly improved after 4 days of exposure and 574 

reached SHAM level). Noticeably, better field stability was observed when exposures to the novel 575 

environment were run in immediate succession (on Day 2), suggesting that novel CA1 576 

representations in ReRh rats may stabilize in the absence of interference.  577 

Previous work has shown that the mPFC relies on contextual information to minimize interference 578 

and to help discriminate among conflicting spatial representations (Preston and Eichenbaum, 2013). 579 

In addition, mPFC may resolve interference by modulating the relative activation of distinct 580 

memories during retrieval (Depue, 2012), as shown by impaired performance of a hippocampus-581 

dependent spatial task and reduced separation of rule representations in the hippocampus at cellular 582 

level following mPFC inactivation (Guise and Shapiro, 2017). Thus, mPFC would prevent interference 583 

by helping the hippocampus distinguish between contexts that share similar attributes. Further 584 

support for this assertion is provided by the observation that place cell stability is impaired following 585 

mPFC lesions, suggesting that mPFC normally modulates spatial responses (Kyd and Bilkey, 2003, 586 

2005). Additionally, ReRh nuclei are reciprocally connected with mPFC and Hip, and some Reuniens 587 

neurons receiving inputs from the mPFC also directly project to CA1 (Vertes et al., 2007). Given these 588 

neuroanatomical characteristics, it is therefore possible that interrupting the information flow from 589 

the mPFC to CA1 through ReRh may have resulted in enhanced sensitivity to interferential 590 

circumstances, such as those induced by being exposed to different arenas in the same room with 591 

the same distal cues. 592 

The ventral midline thalamus and the regulation of attention/awareness: a central issue to 593 

understand its implication in a wide range of cognitive functions? Historically, the ventral midline 594 

thalamic nuclei have long been thought to be part of a non-specific arousing system exerting a global 595 

influence on cortical functioning (rev. Van Der Werf et al., 2002). This view has amply been 596 

challenged in the last two decades, leading to the proposal that ReRh is involved in a wide range of 597 

cognitive functions (rev. Cassel et al., 2013). Surprisingly enough, during the same period, the role of 598 

these nuclei in attention has barely been investigated, even though a link between attention and 599 

place field stability has been documented in mice (Kentros et al., 2004; Muzzio et al., 2009a). This 600 

role has been suggested to rely on the nucleus reuniens as a crucial component of the fronto-601 
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hippocampal network (Muzzio et al., 2009b). At a behavioral level, in a 5-choice reaction time task 602 

for instance, Re lesioned rats made fewer perseverative responses and less omissions, and collected 603 

reward quicker (Prasad et al., 2013). In a combined attention-memory task, Re rats outperformed 604 

control rats in the attention phase of the task (Prasad et al., 2016), leading the authors to suggest 605 

that visuospatial attention is enhanced following Re lesion and that Re contributes to cognitive-606 

executive behavior through a modulation of mPFC activity. On another hand, Linley et al. (2016) 607 

recently found that ReRh lesion produced impairments on attention and behavioral flexibility using 608 

the attentional set shifting task. Similarly, ReRh inactivation induced deficits in a strategy 609 

shifting/spatial memory retrieval task (Cholvin et al., 2013). Overall, the data concerning the role of 610 

ventral midline thalamic nuclei in regulating attentional state during spatial tasks remain sparse.  611 

Here, we assessed overdispersion (i.e., firing hyper-variability) of CA1 place cells. Overdispersion has 612 

been shown to result from discharge fluctuations as spatial attention alternates between distal cues 613 

and local/self-motion cues (Fenton et al., 2010). The corollary to this hypothesis is that preferential 614 

use of one class of cues should decrease overdispersion. Indeed, training rats to rely solely on distal 615 

cues to find their way to a food reward significantly reduced overdispersion (Fenton et al., 2010). 616 

Thus, overdispersion could be seen as a physiological correlate of the dynamics of attentional 617 

processes. Interestingly, exposure to a novel environment induced a reduction of overdispersion in 618 

SHAM animals, thus suggesting that novelty is associated with increased attentional focus on one 619 

class of environmental cues. Here, we showed that overdispersion was reduced in ReRh rats in both 620 

familiar and novel environments. In other words, the place cell system in ReRh rats appeared to be 621 

stuck in an attentional state associated with encoding novel information, in which one cue subset is 622 

more attended than the other. Unfortunately, the present study does not allow us to determine if 623 

reduced overdispersion in ReRh rats resulted from an enhanced ability to focus attention or from an 624 

inability to shift attention, nor does it allow to determine which cue subset was specifically attended. 625 

Hok et al. (2013) showed that mPFC inactivation decreases overdispersion in a goal-oriented 626 

navigation task using the same familiar environment as in the present study. The present results 627 

therefore suggest that ReRh lesions affect mPFC contribution to hippocampal activity, thus producing 628 

effects similar to mPFC manipulation. Overall, our findings highlight the crucial importance of ventral 629 

midline thalamic nuclei in cognitive functions requiring the interplay between mPFC and Hip. 630 

631 
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Figure legends 750 

Figure 1. A, Timeline of the experiments. Following ReRh lesion, all animals were allowed at least 10 751 

days to recover. Animals were then implanted with a bundle of 8 tetrodes aiming at the CA1 layer of 752 

the dorsal hippocampus. After full recovery, animals were screened for place cells up to two times 753 

per day while they were searching for pellets scattered throughout the familiar environment (B). 754 

Once several place cells were recorded simultaneously, the rats were subjected to the experimental 755 

protocol per se, which consisted of a first day of 4 consecutive presentations of the familiar 756 

environment (day 0) followed by 4 days of pseudo-randomized exposures to the familiar and a novel 757 

environment (days 1 to 4, two presentations of each environment per day, D). Up to 3 different novel 758 

environments were used in order to replicate the experiment several times for each animal (C).  759 

Figure 2. A-D’’, Evaluation of the location and extent of ReRh lesions. A-A’’, schematic representation 760 

of three coronal sections encompassing the rostral, median and caudal parts of ReRh nuclei. 761 

Coordinates are given in mm from bregma, according to Paxinos and Watson, 2007. Abbreviations: 762 

CL, centrolateral thalamic nucleus; CM, central medial thalamic nucleus; IAM, interanteromedial 763 

thalamic nucleus; ic, internal capsule; IMD, intermediodorsal thalamic nucleus; MDC, central 764 

mediodorsal thalamic nucleus; MDL, lateral mediodorsal thalamic nucleus; MDM, medial 765 

mediodorsal thalamic nucleus; mt, mammillothalamic tract; PC, paracentral thalamic nucleus; Po, 766 

posterior thalamic nuclear group; VRe, ventral reuniens thalamic nucleus; PV, paraventricular 767 

thalamic nucleus; PVA, anterior paraventricular thalamic nucleus; PVP, posterior paraventricular 768 

thalamic nucleus; Re, reuniens nucleus; Rh, rhomboid nucleus; Rt, reticular thalamic nucleus; Sub, 769 

submedius thalamic nucleus; VA, ventral anterior thalamic nucleus; VL, ventrolateral thalamic 770 

nucleus; VM, ventromedial thalamic nucleus; VPL, ventral posterolateral thalamic nucleus. B-B’’, on 771 

the same sections as in A-A’’, schematic representation of the smallest (dark grey) and largest (light 772 

gray) lesions of the ventral midline thalamic nuclei (Re and Rh). C-C’’, typical examples of NeuN 773 

immunostained brain sections of a SHAM animal. D-D’’, typical examples of NeuN immunostained 774 

brain sections of ReRh animals. The three presented sections were selected to illustrate the smallest 775 

(D), the largest (D’) and an average (D’’) extents of the ReRh lesions. E-G, electrode locations in dorsal 776 

hippocampal area CA1 in three representative animals. Recording sites were identified by following 777 

the electrode tracks (arrowheads) through serial NeuN immunostained sections.  778 

Figure 3. Typical examples of place fields recorded in SHAM (A) and ReRh (B) animals. Place fields 779 

were chosen based on their spatial coherence (from best to poor through average). Left column: 780 

mean ± SD spike waveforms on each of the four tetrode channels. Middle column: maps representing 781 

the trajectory of the rat (black line) with superimposed spike locations (red). Right column: color-782 
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coded rate maps. Dark red indicates highest rate, intermediate rates are shown as orange, yellow, 783 

green, and cyan pixels from high to low, and dark blue indicates the absence of activity. Indicated 784 

rate is the grand rate within the field in hertz. One can note the absence of any clear difference in 785 

spatial selectivity between the place cells recorded in SHAM animals and in ReRh animals, as shown 786 

by the data presented in Table 1. 787 

Figure 4. Effect of ReRh lesions on place field stability during day 0 sessions (familiar environment 788 

only). A, Schematic representation of the full protocol of exposure to the familiar and novel 789 

environments. The grey area indicates the sessions taken into consideration in the present figure, 790 

and arrows show the comparisons considered (i.e. S1 vs S2, S2 vs S3, and S3 vs S4). B, Mean correlation 791 

scores (r, Pearson’s coefficient) indicating firing location stability between the successive D0 sessions 792 

in SHAM and ReRh animals. Statistics: #p = 0.015, overall group effect (ReRh vs Sham); (*) tendency 793 

to differ from SHAM counterparts: p = 0.057 (S1 vs S2) and p = 0.072 (S2 vs S3). C, E, F, H, I and K, 794 

Frequency histograms depicting the distribution of the correlation scores of place cells recorded in 795 

SHAM (C, F, I) and ReRh animals (E, H, K) for the three comparisons considered here: S1 vs S2 (C, E), S2 796 

vs S3 (F, H), and S3 vs S4 (I, K). A similarity score falling under a cutoff of r = 0.5, indicated by the 797 

vertical dotted line, was considered to reflect an unstable field. D, G, J, Proportions of unstable place 798 

fields in SHAM (top) and ReRh (bottom) animals, obtained by pooling the adjacent data (based on the 799 

cutoff of r = 0.5). D is illustrating the data presented in C and E, G is based on F and H, and J on I and 800 

K. One can notice the low proportion of unstable fields in SHAM animals compared to ReRh animals, 801 

and the progressive decrease of this category of cells in ReRh animals with repeated exposure to the 802 

familiar environment. Statistics: *p = 0.016, **p = 0.006 compared to SHAM counterparts. L, M, 803 

Typical examples of place cells firing activity during day 0 sessions in SHAM (L) and ReRh (M) animals. 804 

These examples are classified according to their stability, i.e., from the most stable one (cell 1) to the 805 

less stable one (cell 12) for both groups, and have been selected to reflect the variability observed in 806 

the recorded population of cells.  807 

Figure 5. Effect of ReRh lesions on place field stability in the familiar environment during days 1 to 4 808 

(while the animals are also alternatively exposed to the novel environment). A, Schematic 809 

representation of the full experimental protocol. The grey area indicates the days taken into 810 

consideration and arrows show the comparisons considered in the present figure. B, Mean 811 

correlation scores (r, Pearson’s coefficient) indicating firing location stability between the two 812 

sessions of a given day recorded in the familiar environment in SHAM (blue) and ReRh (orange) 813 

animals. Statistics: #p = 0.021, overall group effect (ReRh vs Sham); *p = 0.048 (Day 3) and p = 0.035 814 

(Day 4) compared to SHAM counterparts. C, E, F, H, I, K, L and N, Frequency histograms depicting the 815 

distribution of the correlation scores of place cells recorded in SHAM (C, F, I, L) and ReRh animals (E, 816 
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H, K, N) for the four days. A similarity score falling under a cutoff of r = 0.5, indicated by the vertical 817 

dotted line, was considered to reflect an unstable field. D, G, J and M, Proportions of unstable place 818 

fields in SHAM (top) and ReRh (bottom) animals, obtained by pooling the adjacent data (based on the 819 

cutoff of r = 0.5). D is illustrating the data presented in C and E, G is based on F and H, J on I and K, 820 

and M on the data presented in L and N. One can notice the higher proportion of unstable fields in 821 

ReRh compared to SHAM animals at days 3 and 4. Statistics: **p = 0.002 (in both cases) compared to 822 

SHAM counterparts. O, P, Typical examples of place cells firing activity during the 8 sessions recorded 823 

in the familiar environment from days 1 to 4 (2 sessions per day) in SHAM (O) and ReRh (P) animals. 824 

These examples are classified according to their stability, i.e., from the most stable one (cell 1) to the 825 

less stable one (cell 7) for both groups, and have been selected to reflect the variability observed in 826 

the recorded population of cells.  827 

Figure 6. Effect of ReRh lesions on place field stability in the novel environment. A, Schematic 828 

representation of the full experimental protocol. The grey area indicates the days taken into 829 

consideration (days 1 to 4) and arrows show the comparisons considered in the present figure. B, 830 

Mean correlation scores (r, Pearson’s coefficient) indicating firing location stability between the two 831 

sessions of a given day recorded in the novel environment in SHAM (blue) and ReRh (orange) 832 

animals. Statistics: #p = 0.0005, overall group effect (ReRh vs Sham); *p = 0.005 (Day 1) and p = 0.044 833 

(Day 3) compared to SHAM counterparts. C, E, F, H, I, K, L and N, Frequency histograms depicting the 834 

distribution of the correlation scores of place cells recorded in SHAM (C, F, I, L) and ReRh animals (E, 835 

H, K, N) for the four days. A similarity score falling under a cutoff of r = 0.5, indicated by the vertical 836 

dotted line, was considered to reflect an unstable field. D, G, J and M, Proportions of unstable place 837 

fields in SHAM (top) and ReRh (bottom) animals, obtained by pooling the adjacent data (based on the 838 

cutoff of r = 0.5). D is illustrating the data presented in C and E, G is based on F and H, J on I and K, 839 

and M on the data presented in L and N. One can notice the higher proportion of unstable fields in 840 

ReRh compared to SHAM animals at days 1, 3 and 4. Statistics: *p = 0.026, **p = 0.006 and ***p = 841 

0.0001 compared to SHAM counterparts. O, P, typical examples of place cells firing activity during the 842 

8 sessions recorded in the novel environment from days 1 to 4 (2 sessions per day) in SHAM (O) and 843 

ReRh (P) animals. These examples are classified according to their stability, i.e., from the most stable 844 

one (cell 1) to the less stable one (cell 7) for both groups, and have been selected to reflect the 845 

variability observed in the recorded population of cells.  846 

Figure 7. Dynamics of cell firing variability depending on the recording conditions: in the familiar 847 

environment only (day 0), in the familiar environment while the rats are also alternatively exposed to 848 

the novel environment (days 1 to 4), and in the novel environment (days 1 to 4). A, Plot of the time 849 

series of standardized firing rates (left ordinate) for the observed firing on all passes through the 850 
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center of the field of 58 (SHAM) and 52 (ReRh) place cells recorded for 10 min. The red dotted lines 851 

indicate the 0.05 probability tails of the normal distribution (Z = -1.96 and Z = 1.96). The histograms 852 

in blue (SHAM) and orange (ReRh) shows the instantaneous measure of variance (bin width = 30 s; 853 

right ordinate). B and C, similar to A, but concerning the spike firing variability observed from days 1 854 

to 4 in the familiar environment (B) and in the novel environment (C). D, Histogram showing the 855 

distribution of the standardized firing rates presented in A for SHAM (number of passes through 856 

firing fields = 3291) and ReRh animals (N(passes) = 2084). E and F, similar to D, but relative to B (familiar 857 

environment, SHAM(passes) = 6133 and ReRh(passes) = 3758) and C (novel environment, SHAM(passes) = 858 

4488 and ReRh(passes) = 2795). G, Overdispersion was also assessed by analyzing the firing variance in 859 

the set of passes through the firing fields of place cells for each animal. *p = 0.018 (Day 0) and p = 860 

0.028 (Days 1 to 4) compared with SHAM, #p = 0.031 compared with the familiar environment. 861 
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 1 

 
Environment Familiar Novel 

Group SHAM ReRh SHAM ReRh 
    

       - Locomotor activity -     

Distance (m) travelled in 10 min:    
       1st session 101.37 ± 5.88 104.31 ± 4.93   81.94 ± 4.92   86.96 ± 5.44 
       All other sessions   88.62 ± 1.79   91.28 ± 1.79   84.55 ± 2.39   83.14 ± 2.01 
     

- Place cells characteristics -    

       Sample size  268 211 78 73 

Waveform characteristics      

       Spike amplitude (μV)  157.96 ± 4.21 151.51 ± 7.66 153.41 ± 6.55   150.03 ± 16.53 
       Spike height (μV) 109.40 ± 3.70 116.78 ± 7.52 101.07 ± 5.99   114.14 ± 16.85 
       Spike half-width (μs) 300.49 ± 4.86 288.96 ± 5.47 317.29 ± 9.54 300.30 ± 8.11 

Firing rate (Hz)     

       Overall     1.79 ± 0.09    1.85 ± 0.10     1.95 ± 0.17     2.00 ± 0.18 
       Infield, GR     5.89 ± 0.15    6.03 ± 0.19     6.91 ± 0.39     6.02 ± 0.34 
       Infield, CR   13.94 ± 0.46  14.31 ± 0.58   13.82 ± 1.08   15.73 ± 1.07 

Spatial characteristics     

       IC (bits/spike)     1.98 ± 0.06     1.85 ± 0.06     1.93 ± 0.09     1.69 ± 0.10 
       Spatial coherence     0.67 ± 0.01     0.66 ± 0.01     0.59 ± 0.02         0.51 ± 0.02** 
       Stability within session      0.87 ± 0.01     0.86 ± 0.01     0.82 ± 0.02     0.78 ± 0.02 
       Field size (pixels) 158.41 ± 7.15 160.58 ± 7.74   159.96 ± 12.63   164.60 ± 14.40 

    
















