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Abstract
The ventral midline thalamus contributes to hippocampo-cortical interactions supporting systems-level consolidation of 
memories. Recent hippocampus-dependent memories rely on hippocampal connectivity remodeling. Remote memories are 
underpinned by neocortical connectivity remodeling. After a ventral midline thalamus lesion, recent spatial memories are 
formed normally but do not last. Why these memories do not endure after the lesion is unknown. We hypothesized that a 
lesion could interfere with hippocampal and/or neocortical connectivity remodeling. To test this hypothesis, in a first experi-
ment male rats were subjected to lesion of the reuniens and rhomboid (ReRh) nuclei, trained in a water maze, and tested in 
a probe trial 5 or 25 days post-acquisition. Dendritic spines were counted in the dorsal hippocampus and medial prefrontal 
cortex. Spatial learning resulted in a significant increase of mushroom spines in region CA1. This modification persisted 
between 5 and 25 days post-acquisition in Sham rats, not in rats with ReRh lesion. Furthermore, 25 days after acquisition, 
the number of mushroom spines in the anterior cingulate cortex (ACC) had undergone a dramatic increase in Sham rats; 
ReRh lesion prevented this gain. In a second experiment, the increase of c-Fos expression in CA1 accompanying memory 
retrieval was not affected by the lesion, be it for recent or remote memory. However, in the ACC, the lesion had reduced 
the retrieval-triggered c-Fos expression observed 25 days post-acquisition. These observations suggest that a ReRh lesion 
might disrupt spatial remote memory formation by preventing persistence of early remodeled hippocampal connectivity, 
and spinogenesis in the ACC.

Keywords  Anterior cingulate cortex · c-Fos imaging · Dendritic spines · Golgi staining · Hippocampus · Medial prefrontal 
cortex · Rat · Spatial memory · Systems-level consolidation

Introduction

Declarative memories in humans and declarative-like ones 
in other animals become enduring over a consolidation 
process known as systems consolidation (e.g., Frankland 

and Bontempi 2005; Squire et al. 2015). Closely after 
encoding, which requires an engagement of prefrontal cor-
tical regions (e.g., Squire et al. 2015), a still labile memory 
trace is stored in and retrieved from hippocampal modules. 
Over time, the hippocampus (Hip) triggers a reorganiza-
tion of this memory within previously tagged neocortical 
modules (Lesburgueres et al. 2011), whereby the memory 
becomes robust, lasting, and possibly independent of the 
Hip (Frankland and Bontempi 2005; Squire et al. 2015). 
Systems consolidation is orchestrated by a functional 
dialog between the Hip and the medial prefrontal cortex 
(mPFC), in which the information can travel monosyn-
aptically from the former to the latter (e.g., Thierry et al. 
2000), but requires a relay on the way back to the Hip. 
Indeed, monosynaptic projections have not been described 
in this direction (e.g., Vertes 2004). One such relay could 
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be constituted by the reuniens (Re) and rhomboid (Rh) 
nuclei. These two ventral midline thalamic nuclei have 
reciprocal connections with the Hip and mPFC (Cassel 
et al. 2013). Some Re neurons even have collaterals pro-
jecting to both structures (Hoover and Vertes 2012; Varela 
et al. 2014). It is also worth mentioning that communica-
tion from the Hip to the mPFC occurs at theta frequency 
via direct projections, whereas communication from the 
mPFC to the Hip occurs at 2–5 Hz frequencies in the delta 
band through a relay in the Re (Roy et al. 2017).

Data in the literature indicate that ReRh nuclei have cru-
cial implications in cognitive processes, especially in tasks 
requiring a coordinated activation of the Hip and mPFC 
(e.g., Cassel et al. 2013). For instance, these nuclei take 
part in the generalization of fear memory attributes (Xu and 
Südhof 2013), in strategy shifting (Cholvin et al. 2013), 
and in spatial working memory tasks (Griffin 2015). Hal-
lock et al. (2016) showed in a T-maze that correct spatial 
working memory performance required a Re-dependent 
modulation of Hip-mPFC synchrony. Regarding systems 
consolidation, Loureiro et al. (2012) found that the ReRh of 
intact rats exhibited a strong increase of c-Fos expression 
when the animals had to retrieve a remote spatial memory, 
not when they retrieved a recent one. Furthermore, following 
fiber-sparing lesion of the ReRh, rats learned a Morris water 
maze task normally, showed intact performance in a probe 
trial taxing recent memory (at 5 days post-acquisition), but 
were dramatically impaired when the probe trial assessed 
remote memory (at 25 days post-acquisition; Loureiro et al. 
2012). Loureiro et al. also found that reversible inactivation 
of the ReRh nuclei altered neither recent nor remote mem-
ory retrieval, suggesting that it is the systems consolidation 
process that the lesion disrupted, not the remote memory 
retrieval process. Interestingly, the region encompassing the 
ReRh could also contribute to remote memory processing in 
humans (Thielen et al. 2015).

Using contextual fear conditioning, hence a task requir-
ing the Hip, Restivo et al. (2009) investigated synaptic rear-
rangements related to systems consolidation in the Hip and 
mPFC of mice. They found that the number of dendritic 
spines was increased in the Hip, but not in the mPFC at a 
short post-conditioning delay (1 day), and that an almost 
opposite picture was observed after a longer delay (30 days). 
From the aforementioned observations, we hypothesized that 
if a ReRh lesion affected systems-level consolidation of spa-
tial memories, we should find (i) differences in spine density 
within the Hip and the mPFC between short (5 days) and 
long (25 days) delays after acquisition of a Morris water 
maze (WM) task, (ii) prevention by ReRh lesion of these 
changes at a remote but not a recent time point, and (iii) an 
absence of retrieval-related modifications of c-Fos expres-
sion in the mPFC during remote memory testing in rats with 
a ReRh lesion.

Materials and methods

In the first experiment, we used Golgi staining to investigate 
the consequences of a ReRh lesion on baseline (no learning) 
and recent vs. remote memory formation-triggered changes 
in dendritic spine densities in the dorsal Hip (dHip, CA1, 
CA3, and dentate gyrus) and mPFC (anterior cingulate, 
infralimbic, and prelimbic cortices). In the second experi-
ment, using c-Fos immunostaining, we checked in intact rats 
if the brain regions in which the dendritic spine densities had 
undergone modifications were activated during recent vs. 
remote memory retrieval, and whether the activation pattern 
was altered by the ReRh lesion.

Subjects

The study conformed to the rules of the European Commu-
nity council directive of 22 September 2010 (2010-63) and 
of the French Department of Agriculture. All approaches 
have been validated by a local ethical committee (CRE-
MEAS—authorization no. AL/32/39/02/13). The first and 
second experiments used 95 and 75 male Long-Evans rats, 
respectively. These animals were 3 months old and weighted 
250–280 g at their arrival in the laboratory. They were 
housed in quiet facilities under a 12 h light/dark cycle (light 
on at 7:00 A.M.) with ad libitum access to food and water, 
controlled temperature (~ 23 °C), and a hygrometry of about 
55%. All rats were kept under these conditions for the whole 
duration of the experiment. Animals were individually han-
dled for 2–3 min each day over 5 consecutive days before 
surgery, and again before maze training. Part of them were 
trained and tested in a water-maze task. The others were kept 
in their home cage (HC) as controls for Golgi-Cox staining 
(Experiment 1) and c-Fos expression (Experiment 2).

Surgical procedure: fiber‑sparing excitotoxic lesion

Surgeries were conducted under aseptic conditions as 
previously described (Cholvin et al. 2013; Loureiro et al. 
2012). Rats were anesthetized with sodium pentobarbital 
(50 mg/kg, i.p.) and secured in a stereotaxic frame (incisor 
bar: − 3 mm). Excitotoxic fiber-sparing lesion targeting 
the ventral midline thalamus (ReRh) was made using slow 
microinfusions of 0.1 M N-methyl-d-aspartate (NMDA: 
0.1 μL/site over 2 min, dissolved in phosphate-buffered 
saline; Sigma- Aldrich) via an infusion needle (0.28 mm in 
diameter) connected to a motorized infusion pump (CMA 
100). After leaving the needle in situ for an additional 
5 min to ensure diffusion of NMDA into the target struc-
ture, it was slowly retracted. The three infusion sites had 
the following coordinates (in mm): AP = − 1.5, − 2.1 and 
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− 2.7 mm (from bregma, respectively), DV = − 7.0, − 7.1 
and − 7.2 mm (from skull, respectively), ML = + 1.8, + 1.8 
and + 1.9 mm (from midline of the sagittal sinus, respec-
tively). All coordinates are given according to Paxinos and 
Watson (2007). We used a ML angle of 15°. The sham-
operated controls (Sham) were infused with an equivalent 
volume of phosphate-buffered saline at exactly the same 
coordinates. After surgery, rats were allowed to recover 
under a warm lamp for 20–30 min before being placed 
back into their home cage, where they were given a two-
week rest before the start of behavioral training.

Morris water‑maze task

The water maze consisted of a circular pool (diameter 
160 cm; height 60 cm) filled with water (21 ± 1 °C). Water 
was made opaque by the addition of powdered milk (about 
1.5 g/L). The first day consisted in pretraining based on 
a unique 4-trial session with a visible platform (Fig. 1a). 
The platform had a diameter of 11 cm, was painted black 
and protruded 1 cm above the water surface. It was located 
in the South–East quadrant of the pool. The rats were 
started randomly from four different locations at the edge 
of the pool. During pretraining, a blue curtain surrounded 
the pool to prevent the use of distal cues, and thus inci-
dental encoding of spatial information. This pretraining 
session facilitates subsequent acquisition of the hidden 
platform task, rats having already learned that there was 
an escape platform in the pool. On the next day, the cur-
tain was removed. Rats were then given an 8-day training 
with four successive acquisition trials per day (intertrial 
interval, 10–15 s) of a maximum duration of 60 s to learn 
a new location of the platform, now hidden 1 cm below 
the water surface (in the North–West quadrant, Fig. 1a). 
The sequence of the four different start locations was 
randomized on each day. During acquisition, a video-
tracking system (SMART; PanLab) recorded the distance 
travelled, average swim speed, latency before reaching 
the platform, as well as thigmotactic behavior (i.e., time 
spent swimming along the edge of the pool). For the probe 
trial, the platform was removed. The rats were introduced 
in the pool from a start point never used previously (the 
North–East) and allowed a 60-s swimming time to explore 
the pool. The time spent in the target quadrant (i.e., where 
the platform was located during acquisition), the number 
of crossings above the annulus (corresponding to the sur-
face of the platform enlarged by a 10-cm wide annulus) 
used as an index of memory precision (e.g., Lopez et al. 
2012), as well as the latency to reach the former platform 
location were recorded. Thigmotactic behavior and aver-
age swim speed were also collected.

Experiment 1: Effects of learning and ReRh 
lesion on structural plasticity in the dorsal 
hippocampus and mPFC

NeuN immunohistochemistry to check 
for the placement and extent of the lesion

Brain preparation and sectioning

Immediately after the water-maze probe test, rats were 
deeply anesthetized with an overdose of pentobarbital 
(200 mg/kg i.p.). Home cage rats were killed the same way 
at the same time. The brains were quickly removed and dis-
sected in three parts: a block of tissue containing the reu-
niens and rhomboid nuclei was removed with a razor blader 
and dipped for 4 h in a solution of paraformaldehyde in 
0.1 M PBS (4%, 4 °C). This block was then transferred to 
a 20% sucrose solution (in 0.1 M PBS) for 48 h at 4 °C, 
before being snap-frozen in isopentane (− 40 °C, 1 min) 
and stored at − 80 °C until sectioning. Free-floating coronal 
Sects. (40 μm) were cut serially in a cryostat (Microm, HS 
500) and stored in cryoprotectant at − 20 °C before being 
processed for immunostaining. The two other tissue blocks 
were used for Golgi cox staining. One extending from + 4.00 
to + 2.52 mm from Bregma encompassed the mPFC. The 
other, between − 1.20 mm and − 4.36 mm from Bregma, 
encompassed the dHip (coordinates according to Paxinos 
and Watson 2007).

Immunohistochemistry protocol

NeuN immunochemistry was performed using a mouse 
anti-NeuN antibody (1:2000, ref MAB377; Millipore) as 
the primary antibody, and a biotinylated anti-mouse horse 
antibody (1:500; Vector Laboratories) as the secondary anti-
body. The protocol is described in Loureiro et al. (2012). 
Briefly, sections were rinsed three times during 10 min in 
a PBS merthiolate buffer before being soaked for 1 h in 5% 
normal donkey serum in PBS containing 0.5% Triton X-100. 
The sections were subsequently transferred into the primary 
anti NeuN antibody solution for 18 h at room temperature. 
Then, they were soaked in a buffer solution containing the 
secondary antibody. Staining was performed with the avi-
din–biotin–peroxidase method (Vectastain ABC kit; Vector 
Laboratories) coupled to diaminobenzidine.

Evaluation of lesion placement and extent

Serial sections through the thalamic block stained for NeuN 
were used to visualize the lesion placement and extent 
(Fig. 1b). Lesions were drawn using the relevant plates of the 
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Fig. 1   a Timeline of behavioral testing in Experiment 1. Training 
started with the visible platform 2 weeks after lesion surgery. Recent 
memory was tested 5  days later and remote memory 25  days after 
the end of task acquisition, thus 14 and 34 days after visible platform 
(PF) pretraining, respectively. Experiment 2 used the same timeline. 
Rats were killed closely after the probe trial in both experiments. b 
Lesion size and location. Drawing of the smallest (dark gray) and 
largest (light gray) ReRh lesions on plates corresponding to coro-
nal sections of the rat brain (left, anteroposterior level given in mm 
according to Paxinos and Watson 2007), and photomicrographs 
illustrating some typical small and large lesions (right) on brain sec-
tions immunostained for NeuN in Experiment 1. Scale bar = 1  mm. 
AM Anteromedial thalamic nucleus, CM central medial thalamic 
nucleus; MDC mediodorsal thalamic nucleus, central part, MDM 
mediodorsal thalamic nucleus, medial part, mt mammillothalamic 
tract, PC paracentral thalamic nucleus, pRe perireuniens thalamic 

nucleus, PT paratenial thalamic nucleus, Sub submedius thalamic 
nucleus, VA ventral anterior thalamic nucleus, VL ventrolateral tha-
lamic nucleus, VM ventromedial thalamic nucleus. c Learning and 
memory performance in the water maze (WM) task. Performance of 
sham-operated rats (Sham) and of rats subjected to excitotoxic lesions 
of the reuniens and rhomboid nuclei (ReRh) in the WM task using 
a visible platform (visible), a hidden platform (hidden), and during 
the probe trial assessing recent memory at a post-acquisition delay of 
5 days (5 day: recent) or remote memory at a post-acquisition delay 
of 25 days (25 days: remote). In rats with ReRh lesions, acquisition of 
the hidden platform task was normal, and rats remembered the plat-
form location at the 5-day delay. Contrariwise, at the 25-day delay, 
only sham-operated rats were able to remember the platform location. 
Statistical analyses: significantly above chance level (dotted line): **p  
< 0.01, ***p  < 0.001; significant effect of the lesion: #p  < 0.05
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rat brain atlas (Paxinos and Watson 2007), from where they 
were replicated on electronic copies of the atlas. Automated 
pixel counts of the thalamic nuclei in the target regions 
and of their damaged part were used to estimate the lesion 
extent, including in regions adjacent to the ReRh. Accord-
ing to Groenewegen and Witter (2004), the Re nucleus is 
bordered by the so-called perireuniens (pRe). As the Re, 
the pRe has connections with limbic structures, particu-
larly with the mPFC (Hoover and Vertes 2012). Acceptable 
lesions were defined as having damaged at least 50% of the 
Re nucleus and 25% of the Rh, with limited damage to the 
other adjacent thalamic regions. After the exclusion of ani-
mals (n = 12) displaying misplaced NMDA infusion sites or 
lesions of insufficient extent, the total number of rats in each 
experimental condition was as follow: 10 rats with ReRh 
lesions tested for recent memory, 9 rats with ReRh lesions 
tested for remote memory, 10 sham-operated rats per post-
acquisition delay, 14 HC Sham rats for each delay, 7 HC rats 
with ReRh lesions for the short delay, and 9 other rats for 
the long delay. Half of the HC rats were killed at the same 
time as the rats of the 5-day post-acquisition delay, the other 
half were killed at the same time as the rats of the 25-day 
post-acquisition delay.

Golgi–Cox staining

Tissue preparation

The two tissue blocks including the mPFC and the hip-
pocampus, respectively, were rinsed in bi-distilled water 
and immersed into impregnation solution made by mixing 
equal volumes of commercial solutions A (potassium dichro-
mate and mercuric chloride) and B (potassium chromate) 
and stored for 3 weeks in darkness at room temperature. The 
blocks were then transferred into solution C, in which they 
were kept for 48 h in darkness, at 4 °C. The A, B and C rea-
gents were from FD Neurotechnologies, Inc. Subsequently, 
coronal sections were cut at a thickness of 100 µm, still in 
darkness, using a vibratome, and mounted on gelatinized 
slides in solution C. The slides were dried, rinsed in bi-
distilled water, stained in the staining solution, dehydrated 
in successive baths of ethanol, cleared in xylene, and cover-
slipped with Eukitt.

Quantification of dendritic spines

Spine density was measured on pyramidal neurons located 
in layers II/III of the anterior cingulate (ACC), prelimbic 
(PL) and infralimbic (IL) cortices, and in CA1, CA3, and 
dentate gyrus (DG) subfields of the dorsal hippocampus. 
These structures were defined according to the rat brain atlas 
(Paxinos and Watson 2007). For each hemisphere, three neu-
rons were chosen in the counting window. To-be-analyzed 

neurons were selected under a light-transmission microscope 
(Leica DM550B) using low magnification. A neuron had to 
respond to three criteria to be selected for quantification, as 
in Restivo et al. (2009): (1) the dendrite had to be untrun-
cated, (2) staining and impregnation had to be homogenous 
along the entire extent of the dendrite, and (3) neurons had 
to be easily discernible and relatively well isolated from 
neighboring impregnated cells. Measurements were per-
formed on apical and basal dendrites in each region, at least 
50 µm away from the soma for the apical dendrites, and at 
least 30 µm away for the basal dendrites, on secondary and 
tertiary branches. These distances allowed us to exclude den-
dritic segments near the soma that were essentially devoid 
of spines. For each neuron, six 20-µm long segments were 
randomly selected on apical and basal dendrites within a 
distance of at most 100 µm from the limit of the exclusion 
zone. Counting was performed under a 1000 × magnification 
using an oil immersion objective. Spines were counted blind 
to the experimental conditions. The density of spines was 
calculated for mushroom spines and, separately, for thin and 
stubby spines in a single category (Bourne and Harris 2007). 
The thin spine is identified as a protrusion of the membrane 
consisting in a small bulbous head and a thin and long neck. 
The stubby spine is defined as a relatively massive protru-
sion of the membrane lacking an apparent neck. Finally, the 
mushroom spine, as its name indicates, is a protrusion of the 
membrane made of a large mushroom-shaped (chanterelle-
like) head. In the literature, mushroom spines have been con-
sidered mature, possibly supporting memory, whereas thin 
and stubby spines have been regarded as immature, possibly 
contributing to learning (e.g., Bourne and Harris 2007).

Experiment 2: Effects of ReRh lesion 
on neuronal activation in the hippocampus 
and mPFC after retrieval

NeuN immunohistochemistry to check 
for the placement and extent of the lesion

Brain preparation and section processing

90 min after the probe test in the water maze, rats received 
an overdose of pentobarbital (200 mg/kg i.p.) and were 
perfused transcardially with a 4% phosphate-buffered 
(0.1 M) paraformaldehyde (PFA, 4 °C) solution. Brains 
were removed, post-fixed for 4 h (4% PFA, 4  °C) and 
transferred to a 20% sucrose solution for 48 h at 4 °C 
before being snap-frozen (isopentane, − 40 °C, 1 min) 
and stored at − 80 °C. Free-floating coronal Sects. (40 μm) 
were cut in serial sections using a cryostat (Microm, 
HS 500). These sections were prepared from two tissue 
blocks including the mPFC and ReRh-dHip (the two latter 
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structures being partly overlaping in their antero-posterior 
extent), respectively (same extent as above). Home Cage 
(HC) animals were treated exactly the same way and at 
the same time. Starting at a random position, every sixth 
section was selected for NeuN immunohistochemistry and 
the following one for cresyl violet staining (for verifica-
tion of the location and extent of the lesion). The next 
section was kept for c-Fos immunochemistry. Brain sec-
tions dedicated to cresyl violet staining were mounted onto 
gelatin-coated slides, stained and examined under light 
microscopy. All sections to be stained for c-Fos expres-
sion were collected and stored in cryoprotectant at − 20 °C 
before being processed.

Anti NeuN immunohistochemistry protocol

NeuN immunochemistry was performed exactly as described 
above (Experiment 1).

Evaluation of lesion placement and extent

Lesion verifications were performed exactly as for Experi-
ment 1.

c‑Fos immunohistochemistry protocol

After the exclusion of animals displaying misplaced NMDA 
infusion sites (n  =10), the total number of rats was as fol-
lows: for rats with a ReRh lesion, recent memory (5day-
Learn: n  = 8; remote memory (25days-Learn): n  = 8; 
home cage: n  = 6 and 7 at the recent and remote time points 
(5d-HC and 25day-HC), respectively; for sham-operated 
rats, recent memory (5day-Learn): n  =11; remote memory 
(25day-Learn): n  =10; home cage: n  = 8 and 7 at the recent 
and remote time points (5day-HC and 25day-HC), respec-
tively. Sections dedicated to c-Fos immunochemistry were 
processed at the same time, whatever the group or the delay, 
with a balanced distribution in each of the 24-well boxes 
used for staining (including HC rats). These precautions 
minimized technical bias. The sections were first rinsed three 
times during 10 min in PBS before being soaked for 1 h in 
5% normal donkey serum in PBS, subsequently transferred 
into the primary anti-Fos rabbit polyclonal antibody (1:4000, 
Rabbit anti-Fos polyclonal IgG; Santa Cruz, USA) solution 
for 18 h at room temperature, and then soaked in a buffer 
solution containing the biotinylated goat anti-rabbit second-
ary antibody (1:500, Biotin-SP-conjugated affiniPure Goat 
anti-rabbit IgG, Jackson ImmunoResearch, West Grove, PA, 
USA). Staining was revealed with avidin–biotin–peroxidase 
coupled with diaminobenzidine (Lopez et al. 2012).

Stereological analyses of c‑Fos labelled sections

The quantitative analyses of c-Fos-positive nuclei were 
performed in the three mPFC subregions (ACC, PL, IL), 
as well as in the three dHip areas (CA1, CA3, DG). Quan-
tifications were performed on eight sections per animal. 
A single investigator, blind to the rats’ treatment, stereo-
logically analyzed all specimens. The overall number of c 
Fos-immunoreactive neurons was counted using the optical 
fractionator technique allowing unbiased counting (West 
et al. 1991; West 2013). The image analyses system con-
sisted of a Leica DM5500B light microscope equipped with 
a motorized x–y stage control and coupled with a Microfire 
CCD color camera (Optronics). Stereological analyses were 
performed using the Mercator software (Explora Nova, La 
Rochelle, France) and all cell counts were processed online 
on the video image. The same intensity of light in the micro-
scope as well as the same parameters in the exposure time of 
the digital camera were used for all sections. For each sec-
tion, areas of interest were first outlined using a × 2.5 objec-
tive (Figs. 3c, 4a), and c-Fos-positive neurons counting was 
performed using a ×100 (1.40 NA) oil-immersed objective 
(Figs. 3c, 4a). Randomly positioned grids (120 × 120 μm) 
containing counting frames (40 × 40 μm) equidistant from 
each other were superimposed in the area to be counted. 
For each animal, the estimated total number of c-Fos posi-
tive nuclei was calculated from the total number of nuclei 
counted in all optical dissectors. Parameters of the optical 
fractionator program were as follows: area of counting frame 
of grid = 40 × 40 μm, section interval = 240 μm, dissector 
height = 10 μm and guard zones = 2 μm each (the latter cor-
responding to upper and lower borders exclusions, mean sec-
tion thickness was 14 μm). The coefficients of error reflect 
the variation in sampling within each animal and represent 
the estimated precision of the population size calculated by 
the optical fractionator (Gundersen et al. 1988); they ranged 
from 0.04 to 0.14.

Statistical analysis

Water maze acquisition data were analyzed using a three-
way ANOVA with Lesion (ReRh vs Sham) and Delay (5 days 
vs 25 days) as between-subject factors, and day (1, 2… 8) as 
the repeated measure. Probe trial performance was analyzed 
using a two-way Group X Delay ANOVA. The time spent 
in the target quadrant during the probe trial was also com-
pared to chance (i.e., 15 s) using a one-sample Student’s t 
test. Data of spine densities were analyzed using a three-way 
ANOVA with the following factors: Learning (home cage vs 
learning), Lesion (Sham, ReRh), and Delay (5 vs 25 days) 
for each spine type. c-Fos quantification were analyzed the 
same way as spine density, using a three-way ANOVA for 
each structure (CA1, CA3, and DG for the dHip; IL, PL, and 
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ACC for the mPFC). When appropriate, post hoc analyses 
used a Newman–Keuls test. Occasionally, when a figure 
suggested possible differences, multiple comparisons were 
performed, even in the absence of a significant interaction, 
as advocated by Howell (1992). An effect or a difference was 
considered significant when p  < 0.05.

Results of Experiment 1: Water maze 
learning, ReRh lesion and spine density 
in the dorsal hippocampus and prefrontal 
cortex

Location and extent of ReRh lesions

Figure 1B shows the largest and the smallest ReRh lesion 
along with photographs of tissue stained for NeuN. Quan-
tification of the lesion extent (volume of damaged tissue) 
showed that there was, on average (± SEM), 74.0% (± 3.0) 
damage to the Re, 29.7% (± 3.6) to the left pRe, 35.5% 
(± 4.0) to the right pRe, and 48.7% (± 5.2) to the Rh. Dam-
age to thalamic structures other than the ReRh or pRe 
ranged generally from non detectable to modest: the lesion 
encroached onto 24.1% (± 3.6) of the submedian nucleus, 
and 7.6% (± 1.8) of the anteromedian one. These lesions are 
comparable to those of our former studies (Ali et al. 2017; 
Loureiro et al. 2012). Incidental unilateral damage (due to 
cannula lowering into the brain) to overlying areas of the 
intralaminar and mediodorsal thalamic nuclei, dHip and cor-
tex was of limited incidence.

After water maze learning, recent memory 
was operational but failed to persist in rats 
with ReRh lesion

Water maze performance is illustrated in Fig. 1c. When 
rats had to swim to a visible platform, we found no signifi-
cant difference among groups on distances, latencies, thig-
motaxis, and swimming speed; only a significant overall 
Trial effect was noticed on distances and latencies, both of 
which became shorter over trials (F3,105 = 85.6, p  < 0.001). 
The ANOVA of the distances to reach the hidden platform 
during the acquisition phase of the task only showed a sig-
nificant day effect (F7,245 = 25.3, p  < 0.001), reflecting learn-
ing. The absence of significant Lesion (F1,35 = 0.5, NS) and 
Delay (F1,35 = 2.8, NS) effects, and the fact that none of the 
interactions was significant indicated that the learning curves 
were not different among experimental groups. Thus, perfor-
mance during task acquisition was not affected by the ReRh 
lesion. The ANOVA of the latencies confirmed all observa-
tions made on distances, and both thigmotaxis and swim-
ming speeds were similar among groups (data not shown). 
On probe trial performance (i.e., time in the target quadrant), 

the ANOVA showed a significant Lesion (F1,35 = 9.002, p  
< 0.01) and a significant delay (F1,35 = 21,451, p  < 0.001) 
effect, but no significant interaction between the two factors. 
It is noteworthy, however, that when the time in the target 
quadrant was compared to chance (i.e., 15 s) within each 
group, Sham rats performed significanlty above chance at 
both delays (p  < 0.01); at the 25-day delay, performance 
of ReRh rats did not differ from chance (p = 0.664). Thus, 
25 days after learning, ReRh rats had forgotten the location 
of the platform, confirming our former study (Loureiro et al. 
2012). In contrast with our previous studies (e.g., Ali et al. 
2017; Loureiro et al. 2012), we found that ReRh exhibited a 
weak but significant deficit after five post-acquisition days. 
It is to note, however, that, at this delay, these rats performed 
significantly above chance (p < 0.01), indicating that they 
remembered the platform location. Multiple comparisons 
also showed a significant difference between ReRh rats 
tested 5 days after acquisition compared to rats tested after 
25 days (p  < 0.01).

Spine density in the dorsal hippocampus

Typical examples of spines are shown in Fig. 2a. The most 
significant quantitative data are illustrated in Fig. 2c. All 
other data are presented in Tables 1 and 2. Intra-subject 
variability of spine density was observed, whether on mush-
room or thin or stubby spines, sometimes following group 
mean fluctuations, sometimes not. For mushroom spines, 
the overall average intra-subject SEM reached between 16 
(CA1) and 25% (CA3) of the mean value in each subregion 
of the hippocampus. For thin and stubby spines, the overall 
average SEM reached between 4.5 (DG) and 7.4% (CA3) 
of the mean value. There was no evidence for a consistent 
lesion-mediated, learning-mediated or delay-mediated effect 
on variability, or of any of the interactions.

In CA3 and the dentate gyrus of the dorsal 
hippocampus, the number of thin and stubby 
spines was not modified by water maze learning 
or post‑learning delay, but moderately altered 
by ReRh lesion

Data are shown in Table 1. The ANOVA of the number of 
thin and stubby spines counted on apical dendrites of region 
CA3 showed no significant effects of Learning (F1,39 = 1.3, 
NS), Lesion (F1,39 = 0.7, NS), or Delay (F1,39 = 1.66, NS). 
None of the interactions was significant. The same was 
found on basal dendrites (Learning: F1,39 = 0.1, NS; Lesion 
F1,39 = 1.3, NS; Delay: F1,39 = 0.2, NS). On apical dendrites 
of the dentate gyrus, we found a significant Lesion effect 
(F1,39 = 7.9, p  < 0.01), due to a slightly larger overall num-
ber of spines in HC rats with an ReRh lesion. None of the 
interactions was significant.
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Fig. 2   a Dendritic spines in the dorsal hippocampus in Experiment 1. 
Photomicrographs showing typical examples of dendritic spines on 
apical dendrites in CA1 of control rats (HC for home cage) and rats 
that were trained (Learn) in the water maze and subsequently tested 
in a probe trial 5 or 25 days post-acquisition after a sham-operation 
(Sham) or a lesion of the reuniens and rhomboid (ReRh) nuclei. In 
the photograph labelled ‘Learn, Sham, 25 days’, the white arrow head 
shows a thin spine, the black arrow head shows a mushroom spine, 
and the regular black arrow points to a stubby spine. b Dendritic 
spines in the medial prefrontal cortex. Photomicrographs showing 
typical examples of dendritic spines on apical dendrites in the ACC 
of control rats (HC) and rats trained and tested in the water maze 
(Learn) after a sham-operation (Sham) or a lesion of the reuniens 
and rhomboid (ReRh) nuclei. Scale bar in A and B = 2 µm. c Spine 
density in the dorsal hippocampus. Average spine densities on apical 
dendrites in regions CA1 and CA3 of the dorsal hippocampus of rats 
that were trained (Learn) or not (HC) in a water maze task and sub-
sequently tested in a probe trial 5 days (5 days) or 25 days (25 days) 
after the end of learning. Before training, rats had either been sham-
operated (Sham) or subjected to an excitotoxic lesion of the reuniens 
and rhomboid nuclei (ReRh). In CA3, there were no significant modi-
fications related to learning, lesion, or delay, whatever the type of 
spines considered (thin, stubby, or mushroom). On CA1 apical den-

drites, after the 5-day delay, learning triggered an increase of thin 
and stubby spine density in both Sham and ReRh animals, a modifi-
cation no longer observed after 25 days. On CA1 apical dendrites of 
Sham rats, learning triggered an increase in mushroom spine density 
after both post-acquisition delays. Rats with ReRh lesions showed a 
comparable change after the shortest delay (5  days); however, after 
25 days, the spine density in ReRh animals returned to the baseline 
(i.e., HC controls) level, indicating that the plasticity triggered by 
learning did not last following ReRh lesions. Statistical analyses: sig-
nificant effect of Learning: ##p  < 0.01, ###p  < 0.001; significant effect 
of Lesion: *p  < 0.05, ***p  < 0.001. d Spine density in the medial 
prefrontal cortex. Average spine densities on apical dendrites in the 
anterior cingulate cortex (ACC) and infralimbic cortex (IL) cortices 
in the same rats as in c. In the IL, there were no significant modifica-
tions related to learning, lesion, or delay. On ACC apical dendrites of 
Sham rats, there was no effect of learning, lesion, or delay on thin and 
stubby spine density. However, learning triggered a marked increase 
in mushroom spine density at the 25 days post-acquisition delay. In 
ReRh rats, this modification was not detected, a difference that could 
account for impaired remote memory in ReRh rats. Statistical anal-
yses: significant effect of Learning: ##p  < 0.01; significant effect of 
Lesion: **p  < 0.001
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In CA3 and the dentate gyrus of the dorsal 
hippocampus, the number of mushroom spines 
was not modified by water maze learning 
or post‑learning delay, but there was a moderate 
ReRh lesion effect

For CA3, the data are illustrated in Fig. 2c. For the dentate 
gyrus, they are presented in Table 2. The ANOVA of the num-
ber of mushroom spines counted on apical dendrites of region 
CA3 showed no significant effects of Learning (F1,34 = 2.2, 
NS), Lesion (F1,34 = 0.3, NS) or Delay (F1,34 = 3.4, NS). None 
of the interactions was significant, indicating that the spine 
density was affected by none of the three variables. The same 
was true for apical spine density in the dentate gyrus, except 
that there was a significant overall Learning effect (F1,39 = 15.8, 
p  < 0.0005), which was due to higher spine density in learners 
vs. baseline (home cage) rats. On basal dendrites of CA3 (see 
Table 2), none of the main effects and none of the interactions 
was significant.

In CA1 of the dorsal hippocampus, the number 
of thin and stubby spines was increased by water 
maze learning, but ReRh lesion and post‑learning 
delay had no effects

The data are illustrated in Fig.  2c and Table  1. The 
ANOVA of the number of thin and stubby spines counted 
on apical dendrites of region CA1 showed significant 
effects of Learning (F1,40 = 40.9, p  < 0.001) and Lesion 
(F1,40 = 24.0, p  < 0.001), but not of Delay (F1,40 < 1.0, 
NS). The Learning × Delay interaction was also signifi-
cant (F1,40 = 11.9, p  < 0.005). All other interactions were 
not significant. Globally, learning increased spine density, 
but only at the shortest delay. ANOVA of thin and stubby 
spine density on the basal dendrites of region CA1 yielded 
similar main effects, interactions, and post hoc differences.

Table 1   Average (± SEM) 
number of thin and stubby 
dendritic spines/20 µm segment 
counted in the three subregions 
of the medial prefrontal cortex 
(mPFC) and of the dorsal 
hippocampus (dHIP) on apical 
or basal dendrites of rats 
subjected to sham operations 
(Sham) or ReRh lesions

The rats were kept in their home cage (HC) or trained in a water maze task and subsequently tested for 
retention either 5 or 25 days following the end of acquisition (Learn). Statistics: *significant Lesion effect 
(vs. Sham at the same delay), p < 0.05; #significant Learning effect (vs. HC at the same delay), p < 0.05

Region Dendrite Surgery HC 5 days HC 25 days Learn 5 days Learn 25 days

mPFC
IL

Apical Sham 41.7 ± 0.4 40.9 ± 2.1 40.5 ± 1.0 41.9 ± 1.4
ReRh 42.3 ± 1.7 42.0 ± 1.6 41.7 ± 1.8 42.1 ± 1.8

Basal Sham 39.6 ± 0.5 39.1 ± 0.7 38.3 ± 1.3 39.8 ± 1.3
ReRh 42.8 ± 1.9 40.6 ± 2.4 40.2 ± 1.7 39.3 ± 0.9

PL Apical Sham 47.8 ± 0.9 48.6 ± 1.4 48.7 ± 1.5 48.8 ± 1.7
ReRh 36.9 ± 1.3* 45.8 ± 0.6 50.1 ± 2.5# 49.8 ± 2.1

Basal Sham 47.5 ± 1.2 46.5 ± 2.1 48.3 ± 1.1 48.6 ± 1.1
ReRh 38.2 ± 1.5* 44.6 ± 1.3 47.6 ± 1.8# 50.0 ± 2.0

ACC​ Apical Sham 48.6 ± 3.8 39.2 ± 4.1 47.7 ± 1.7 37.3 ± 2.5
ReRh 38.7 ± 2.5 41.7 ± 1.6 42.8 ± 0.8 33.4 ± 1.3

Basal Sham 45.0 ± 3.7 37.6 ± 4.8 44.9 ± 2.8 36.2 ± 2.4
ReRh 37.4 ± 2.2 40.1 ± 1.2 37.4 ± 0.6 29.3 ± 1.3

dHIP
CA3

Apical Sham 36.5 ± 1.3 38.0 ± 1.6 40.8 ± 1.8 36.9 ± 1.1
ReRh 36.8 ± 4.1 35.4 ± 1.8 39.4 ± 1.8 36.1 ± 1.7

Basal Sham 33.4 ± 1.3 36.9 ± 2.2 36.1 ± 2.4 34.2 ± 1.3
ReRh 33.4 ± 2.8 35.0 ± 1.3 33.8 ± 1.2 32.8 ± 0.9

DG Apical Sham 32.7 ± 1.8 34.1 ± 1.2 34.7 ± 1.5 33.7 ± 0.9
ReRh 38.3 ± 1.8 39.0 ± 1.3 35.3 ± 2.2 35.2 ± 1.4

CA1 Apical Sham 41.7 ± 2.1 43.3 ± 1.3 50.2 ± 0.9# 47.3 ± 1.1
ReRh 34.4 ± 1.8* 39.3 ± 1.9 46.6 ± 0.8# 41.5 ± 1.5

Basal Sham 39.7 ± 2.1 39.5 ± 1.2 45.1 ± 1.2 42.7 ± 1.5
ReRh 32.1 ± 1.7* 35.4 ± 1.9 42.4 ± 1.2# 38.1 ± 1.1
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In CA1 of the dorsal hippocampus, the number 
of mushroom spines was dramatically 
modified by water maze learning, ReRh lesion 
and post‑learning delay

The data are illustrated in Fig.  2c and Table  2. The 
ANOVA of the number of mushroom spines counted on 
apical dendrites of region CA1 showed significant effects 
of Learning (F1,40 = 63.0, p  < 0.001), Lesion (F1,40 = 24.0, 
p  < 0.001), and Delay (F1,40 = 7.0, p  < 0.05). The follow-
ing interactions were also significant: Learning x Lesion 
(F1,40 = 10.0, p  < 0.005), Lesion x Delay (F1,40 = 5.3, p  < 
0.05), and Learning × Lesion × Delay (F1,40 = 25.5, p  < 
0.001). Post-hoc comparisons showed that, globally, learn-
ing increased spine density, while the lesion decreased it, 
as did the delay. In fact, compared to baseline, the num-
ber of spines was increased in Sham rats at both delays 
(5 days: p  < 0.01; 25 days: p  < 0.001) and in ReRh rats 
only at the shortest delay (p < 0.01); at the 25-day delay, 
the number of spines was no longer different from baseline 
(home cage condition) in ReRh rats. ANOVA of mush-
room spine density on the basal dendrites of region CA1 
yielded similar main effects, interactions, and post hoc 
differences.

Spine density in the medial prefrontal cortex

Typical examples of spines are shown in Fig. 2b. The most 
significant quantitative data are illustrated in Fig. 2d. All 
other data are presented in Tables 1 and 2. As for the hip-
pocampus, an intra-subject variability was noticed. For 
mushroom spines, the average intra-subject SEM reached 
between 18% (CCA) and 22% (PL) of the mean value in 
each subregion of the mPFC. For thin and stubby spines, 
the average SEM reached between 4.1% (CCA, 5-days), and 
5.1% (CCA, but 25 days) percent of the mean value. There 
was no evidence for a consistent lesion-mediated, learning-
mediated or delay-mediated effect on variability, or of any 
of the interactions.

In the infralimbic cortex, the number of thin 
and stubby spines was not modified by water maze 
learning, ReRh lesion, or post‑learning delay

The data are illustrated in Fig. 2d. The ANOVA of the num-
ber of thin and stubby spines counted on apical dendrites 
showed no significant effects of Learning (F1,34 = 0.0, NS), 
Lesion (F1,34 = 0.4, NS), or Delay (F1,34 = 0.0, NS). None 
of the interactions was significant. On basal dendrites, 

Table 2   Average (± SEM) 
number of mushroom dendritic 
spines/20 µm segment counted 
in the three subregions of 
the medial prefrontal cortex 
(mPFC) and of the dorsal 
hippocampus (dHIP) on apical 
or basal dendrites of rats 
subjected to sham operations 
(Sham) or ReRh lesions. The 
rats were kept in their home 
cage (HC) or trained in a water 
maze task and subsequently 
tested for retention either 5 or 
25 days following the end of 
acquisition (Learn)

*Significant Lesion effect (vs. Sham at the same delay), p < 0.05; #significant Learning effect (vs. HC at the 
same delay), p < 0.05

Region Dendrite Surgery HC 5 days HC 25 days Learn 5 days Learn 25 days

mPFC
IL

Apical Sham 0.96 ± 0.12 1.03 ± 0.13 1.11 ± 0.14 1.11 ± 0.07
ReRh 0.70 ± 0.05 0.94 ± 0.04 1.05 ± 0.10 1.13 ± 0.12

Basal Sham 1.22 ± 0.15 1.00 ± 0.22 0.93 ± 0.04 1.10 ± 0.07
ReRh 0.73 ± 0.14 0.72 ± 0.12 1.03 ± 0.11 1.17 ± 0.11

PL Apical Sham 1.35 ± 0.13 0.85 ± 0.11 1.27 ± 0.13 1.10 ± 0.12
ReRh 0.74 ± 0.06* 0.84 ± 0.10 1.41 ± 0.15# 1.14 ± 0.19

Basal Sham 1.45 ± 0.11 0.96 ± 0.11 1.64 ± 0.19 0.88 ± 0.12
ReRh 0.85 ± 0.16* 1.04 ± 0.06 1.35 ± 0.13 0.96 ± 0.08

ACC​ Apical Sham 1.14 ± 0.17 1.04 ± 0.18 1.26 ± 0.08 2.55 ± 0.11#

ReRh 0.84 ± 0.08 0.90 ± 0.07 1.24 ± 0.12 1.27 ± 0.15*
Basal Sham 1.05 ± 0.12 0.86 ± 0.15 1.08 ± 0.09 2.08 ± 0.21#

ReRh 0.78 ± 0.07 0.77 ± 0.14 1.01 ± 0.06 1.08 ± 0.21*
dHIP
CA3

Apical Sham 0.77 ± 0.09 0.86 ± 0.09 0.78 ± 0.07 0.89 ± 0.08
ReRh 0.66 ± 0.09 0.87 ± 0.13 0.89 ± 0.07 1.03 ± 0.17

Basal Sham 0.83 ± 0.08 0.81 ± 0.08 0.63 ± 0.04 1.00 ± 0.18
ReRh 0.60 ± 0.04 0.89 ± 0.13 0.91 ± 0.10 1.00 ± 0.09

DG Apical Sham 0.86 ± 0.16 0.57 ± 0.11 1.04 ± 0.15 1.22 ± 0.29
ReRh 0.63 ± 0.06 0.74 ± 0.06 1.09 ± 0.11 1.21 ± 0.15

CA1 Apical Sham 1.09 ± 0.20 0.71 ± 0.08 1.83 ± 0.10# 2.14 ± 0.20#

ReRh 0.65 ± 0.13 0.81 ± 0.07 1.76 ± 0.11# 0.63 ± 0.15*
Basal Sham 0.58 ± 0.09 0.59 ± 0.08 1.26 ± 0.07# 1.32 ± 0.22#

ReRh 0.50 ± 0.07 0.57 ± 0.06 1.07 ± 0.10# 0.48 ± 0.10*
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none of the main effects and none of the interactions were 
significant.

In the prelimbic cortex, the number of thin 
and stubby spines was modified by water maze 
learning, ReRh lesion, and post‑learning delay

The data are shown in Table 1. The ANOVA of the num-
ber of thin and stubby spines counted on apical dendrites 
showed significant effects of Learning (F1,40 = 16.2, p  < 
0.001), Lesion (F1,40 = 6.1, p  < 0.05), and Delay (F1,40 = 4.4, 
p  < 0.05). Furthermore, the Lesion x Learning (F1,40 = 12.5, 
p  < 0.01) and Learning × Delay (F1,40 = 4.7, p  < 0.05) inter-
actions were significant. These interactions can be explained 
by the decrease in the number of spines in Home cage rats 
with ReRh lesions at the short but not at the long delay, and 
this decrease was compensated for by water maze training. 
On basal dendrites, there were significant effects of Learning 
(F1,40 = 15.8, p  < 0.001) and Lesion (F1,40 = 5.6, p  < 0.05), 
and of the Learning × Lesion interaction (F1,40 = 7.0, p  < 
0.05). The interaction can be interpreted in the same way as 
for the apical dendrites.

In the anterior cingulate cortex, the number of thin 
and stubby spines was moderately modified 
by ReRh lesion and post‑learning delay

The data are illustrated in Fig. 2d The ANOVA of the num-
ber of thin and stubby spines counted on apical dendrites 
showed significant effects of Lesion (F1,40 = 5.1, p  < 0.05) 
and Delay (F1.40 = 13.5, p  < 0.001). These effects were due 
to a smaller number of spines in rats with a ReRh lesion and 
to an overall decrease of these spines over time. None of the 
interactions was significant. On basal dendrites, there were 
also significant effects of Lesion (F1,40 = 6.5, p  < 0.05) and 
Delay (F1,40 = 7.9, p  < 0.01), but none of the interactions 
was significant. The main effects can be interpreted in the 
same way as for the apical dendrites.

In the infralimbic cortex, the number of mushroom 
spines was moderately modified by water maze 
learning

The data are illustrated in Fig. 2d. The ANOVA of the num-
ber of mushroom spines counted on apical dendrites only 
showed a significant effect of Learning (F1,34 = 6.1, p  < 
0.05), which, overall, reflected a slightly larger number of 
spines in trained rats. None of the interactions was signifi-
cant. On basal dendrites, there was only a significant Learn-
ing × Lesion interaction (F1,34 = 7.4, p  < 0.05). The interac-
tion was due to a non significant lesion-induced decrease 
of the number of spines, which the learning compensated 

for. None of the main effects and no other interaction were 
significant.

In the prelimbic cortex, the number of mushroom 
spines was moderately modified by water maze 
learning, post‑learning delay, and ReRh lesion

The data are shown in Table 2. The ANOVA of the number 
of mushroom spines counted on apical dendrites showed 
significant effects of Learning (F1,40 = 10.0, p  < 0.01), Delay 
(F1,40 = 5.4, p  < 0.05), and of the Learnning × Lesion inter-
action (F1,40 = 4.4, p  < 0.05). The Learning effect reflected a 
higher number of spines in trained rats, and the Delay effect 
a reduced number after the long delay. The interaction is due 
to a lesion-induced reduction of the spine number in Home 
cage rats at the shortest delay, which learning had compen-
sated for. On basal dendrites, there were significant effects 
of Lesion (F1,40 = 4.3, p  < 0.05) and Delay (F1,40 = 16.1, p  
< 0.001). The Learning × Delay (F1,40 = 5.4, p  < 0.05) and 
the Lesion × Delay interactions (F1,40 = 8.4, p  < 0.01) were 
significant and can be interpreted in the same way as for the 
apical dendrites.

In the anterior cingulate cortex, the number 
of mushroom spines was dramatically modified 
by water maze learning, post‑learning delay, 
and ReRh lesion

The data are illustrated in Fig. 2d. The ANOVA of the num-
ber of mushroom spines counted on apical dendrites showed 
significant effects of Learning (F1,40 = 45.1, p  < 0.001), 
Lesion (F1,40 = 23.6, p  < 0.001), and Delay (F1,40 = 12.8, 
p  <0.001). Furthermore, all interactions among main fac-
tors were significant (e.g., Learning × Lesion × Delay: 
F1,40 = 15.9, p  < 0.001). The main effects and the interac-
tions were essentially due to the fact that learning resulted 
in a huge increase of the number of spines in Sham rats 
at the long delay when compared with the shortest one (p  
<0.01), a modification that was not observed in rats with a 
ReRh lesion. On basal dendrites, statistical analyses led to 
comparable conclusions: all main effects were significant, 
and when the interactions were not, they tended towards 
significance (Learning × Lesion: F1,40 = 3.1, p = 0.08; 
Lesion × Delay: F1,40 = 3.4, p  = 0.07).

Results of Experiment 2: ReRh lesion 
and c‑Fos expression

Location and extent of ReRh lesions

Figure 3a shows the largest and the smallest ReRh lesion 
along with photographs of tissue stained for NeuN. 
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Quantification of the lesion extent (volume of damaged 
tissue) showed that there was, on average (± SEM), 71.9% 
(± 2.4) damage to the Re, 45.1% (± 4.8) to the left pRe, 

40.4% (± 3.6) to the right pRe, and 46,5% (± 4.5) to the 
Rh. Damage to thalamic structures other than ReRh or pRe 
globally ranged from non detectable to modest: the lesion 



1671Brain Structure and Function (2019) 224:1659–1676	

1 3

encroached onto 13.6% (± 2.0) of the submedius nucleus, 
and 6.0% (± 1.9) of the anteromedial nucleus. These lesions 
are comparable with those of our former studies (Ali et al. 
2017; Loureiro et al. 2012) and of our first experiment. Inci-
dental unilateral damage (due to cannula lowering into the 
brain) to overlying areas of the intralaminar and mediodorsal 
thalamic nuclei, hippocampus, and cortex, was very limited.

Water maze learning and recent memory were 
normal, but memory did not persist in rats 
with ReRh lesion

Water maze performance is illustrated in Fig. 3b. When 
rats had to swim to a visible platform, we found no sig-
nificant difference among groups on distances, latencies, 
thigmotaxis, and swimming speed. A significant overall 
Trial effect was noticed on distances (and on the other 
variables), which became shorter over trials (F3,99 = 45.5, 
p  < 0.001). The ANOVA of the distances to reach the hid-
den platform during the acquisition phase of the task only 
showed a significant Day effect (F7,231 = 58.5, p  < 0.001), 
which reflected learning. The absence of significant Lesion 

(F1,33 = 0.1, NS) and Delay (F1,33 = 0.0, NS) effects, and 
the fact that none of the interactions was significant indi-
cated that the learning curves were not different among 
experimental groups. Thus, task acquisition was not 
affected by the ReRh lesion. The ANOVA of the latencies 
confirmed all observations made on distances; thigmot-
axis, as well as swimming speeds, did not diverge among 
groups. On probe trial performance (i.e., time in the tar-
get quadrant), the ANOVA showed no significant overall 
Lesion effect (F1,33 = 2.8, NS). The Delay effect, however, 
was significant (F1,33 = 15.2, p  < 0.001) as was the Lesion 
x Delay interaction (F1,33 = 7.9, p  < 0.01). When the time 
in the target quadrant was compared to chance (i.e., 15 s) 
in each group, Sham rats performed significanlty above 
chance at both delays (p  < 0.01), as did ReRh rats, but 
only at the 5-day delay (p  < 0.01); at the 25-day delay, 
ReRh rats performed at chance level (p  = 0.582). In other 
words, 25 days after learning, ReRh rats had forgotten 
the location of the platform, confirming our former study 
(Loureiro et al. 2012) and, herein, the findings of our first 
experiment.

Effects of ReRh lesion on c‑Fos expression patterns 
after recent vs. remote memory retrieval

C‑Fos expression was increased by learning in the dorsal 
hippocampus, and ReRh lesions slightly reduced it in CA3 
and DG subfields

Typical c-Fos expression patterns are shown in Fig. 3c. The 
quantitative data are shown in Fig. 3d. The ANOVA of the 
number of c-Fos-positive neurons counted in the CA1 region 
only showed a significant effect of Learning (F1,57 = 56.6, p  
< 0.001). All other main effects and all interactions were 
not significant. Trained rats showed c-Fos expression lev-
els that were dramatically increased (vs. their home cage 
controls). In the CA3 region, there was no significant effect 
of Lesion (F1,57 = 0.7, NS) or Delay (F1,57 = 1.66, NS), but 
the Learning effect was significant (F1,57 = 56.9, p  < 0.001), 
reflecting increased numbers of c-Fos-positive neurons in 
trained rats. There was also a significant Lesion x Learn-
ing interaction (F1,57 = 4.7, p  < 0.05). This interaction was 
due to the fact that following the ReRh lesion, the Learning 
effect was attenuated. All other interactions were not signifi-
cant. Finally, in the dentate gyrus, there were no significant 
Lesion (F1,57 = 2.6, NS) or Delay (F1,57 = 0.3, NS) effects, 
but the Learning effect was significant (F1,57 = 40.0, p  < 
0.001); trained rats showed more c-Fos-positive neurons. 
There was also a significant Lesion × Learing interaction 
(F1,57 = 5.1, p  < 0.05), which was due to a reduced effect of 
learning on the overall c-Fos expression level in ReRh rats 
as compared to their home-cage controls (p  < 0.01).

Fig. 3   a Lesion size and location (Experiment 2). Drawing of the 
smallest (dark gray) and largest (light gray) ReRh lesions (left) on 
coronal sections of the rat brain (anteroposterior level according to 
Paxinos and Watson 2007), and photomicrographs (right) illustrat-
ing some typical example of small and large lesions on brain sec-
tions immunostained for NeuN. Scale bar = 1  mm. Abbreviations: 
see caption of Fig.  1b. b Learning and memory performance in the 
water maze (WM) task. Performance of Sham and ReRh rats in the 
WM task with a visible platform (visible), with a hidden platform 
(hidden), and during the probe trial assessing recent memory at a 
post-acquisition delay of 5 days (5 days: recent), or remote memory 
after 25 days (25 days: remote). Confirming results of experiment 1 
(Fig.  1c), the acquisition of the hidden platform location was simi-
lar in Sham and ReRh animals, and both groups remembered it at the 
5-day delay, while at the 25-day delay, only sham-operated rats still 
remembered the platform location. Statistical analyses: significantly 
above chance level (dotted line): **p  < 0.01, ***p  < 0.001; signifi-
cant effect of the lesion: #p  < 0.05. c Illustration of c-Fos immunohis-
tochemistry in the dorsal hippocampus. Microphotographs illustrating 
typical c-Fos immunostaining in the hippocampus of Sham or ReRh 
rats tested in a probe trial either 5 days (5 days) or 25 days (25 days) 
after the end of the water maze task acquisition. For each micropho-
tograph shown, a higher magnification of the region delimited by the 
stippled line is provided. Scale bar: small magnification  =  500  µm; 
high magnification = 20 µm. d Stereological quantification of c-Fos-
positive neurons in the dorsal hippocampus. Quantitative analysis 
of c-Fos-positive nuclei in CA1, CA3 and DG of the dorsal hip-
pocampus after recent (5 days) or remote (25 days) memory retrieval 
(Learn) as compared to home cage (HC) control rats subjected to a 
sham-operation (Sham) or an excitotoxic lesion of the reuniens and 
rhomboid nuclei (ReRh). In rats with ReRh lesions, c-Fos expression 
was attenuated in the DG at both delays (recent and remote mem-
ory). In the two other areas, CA1 and CA3, no effect of the lesion 
was observed. Statistical analyses: significant effect of learning: ##p  < 
0.01, ###p  < 0.001; significant effect of the lesion: *p  < 0.05, ***p  < 
0.001 (Newman–Keuls test)

◂
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C‑Fos expression was increased by learning in the medial 
prefrontal cortex; the large potentiation of this effect 
by the post‑learning delay was substantially reduced 
by the lesion

The data are illustrated in Fig. 4b. The ANOVA of the 
number of c-Fos-positive neurons counted in the infral-
imbic (IL) cortex showed significant effects of Learning 
(F1,57 = 93.8, p  < 0.001) and Delay (F1,57 = 11.1, p  < 0.01), 

not of Lesion (F1,57 = 2.0, NS). Overall, c-Fos expression 
levels were larger in trained (vs. home-cage) rats, and larger 
following remote (vs. recent) memory retrieval. There was 
also a significant Learning × Delay interaction (F1,57 = 17.1, 
p  < 0.001), which was due to a number of c-Fos positive 
neurons that was larger after 25 days (vs. 5 days) in trained 
rats. In the prelimbic cortex (PL), the ANOVA showed sig-
nificant effects of Learning (F1,57 = 98.2, p  < 0.001) and 
Delay (F1,57 = 14.5, p  < 0.001), not of Lesion (F1,57 = 3.3, 

Fig. 4   a Illustration of c-Fos immunohistochemistry in the medial 
prefrontal cortex. Regions in which the quantifications were made 
are shown in the left panel according to Paxinos and Watson (2007), 
at Bregma + 3  mm (ACC​ anterior cingulate cortex, PL prelimbic 
cortex, IL infralimbic cortex). The other panels present micropho-
tographs illustrating typical c-Fos immunostaining in the ACC of 
Sham or ReRh-lesioned rats which were tested in a probe trial either 
5 days (5 d) or 25 days (25 d) after the end of the acquisition in the 
water maze task. The bottom band shows higher magnifications of 
the region delimited by a rectangle located in the ACC. Scale bar: 
smaller magnification =500 µm; higher magnification = 50 µm. The 
increase in the number of c-Fos positive neurons observed in Sham 

rats at the 25-day delay was not observed in rats with ReRh lesions. 
b Stereological quantification of c-Fos-positive neurons in the medial 
prefrontal cortex. Quantitative analysis of c-Fos-positive nuclei in IL, 
PL and ACC of the mPFC after recent (5 days) or remote (25 days) 
memory retrieval (Learn) as compared to home cage (HC) control 
rats subjected to a sham-operation (Sham) or an excitotoxic lesion of 
the reuniens and rhomboid nuclei (ReRh). After a ReRh lesion, c-Fos 
expression was attenuated in PL and ACC at the longer delay (remote 
memory). Statistical analyses: significant effect of learning: ##p  < 
0.01, ###p  < 0.001; significant effect of the lesion: *p  < 0.05, ***p  < 
0.001 (Newman–Keuls test)
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p  = 0.07). Overall, c-Fos expression levels were larger in 
trained (vs. home-cage) rats, and larger following remote (vs. 
recent) memory retrieval. The Lesion × Learning (F1,57 = 4.3, 
p  < 0.05) and Delay × Learning (F1,57 = 16,5, p  < 0.001) 
interactions were the only significant interactions. They 
mainly reflected a reduced Learning effect in rats with ReRh 
lesion and a larger Learning effect at the 25 days (vs. 5 days) 
delay. Finally, in the ACC, the ANOVA showed significant 
Lesion (F1,57 = 6,7, p  < 0.01), Learning (F1,57 = 145.6, p  
< 0.001) and Delay (F1,57 = 17.3, p  < 0.001) effects. The 
main effects were due to c-Fos expression which was lower 
after the lesion (vs. Sham), higher after Learning (vs. home 
cage), and larger for remote (vs. recent) memory retrieval. 
There also were significant Lesion × Learning (F1,57 = 5.9, 
p  < 0.05), Delay × Learning (F1,57 = 19.0, p  < 0.001), and 
Lesion × Learning × Delay (F1,57 = 5.0, p  < 0.05) inter-
actions. The latter interaction was mainly due to a much 
reduced Learning effect in the rats with ReRh after the 
25 days delay (vs. Sham at the same delay).

Discussion

After a ReRh lesion, rats acquired the water maze task, 
remembered it for at least 5  days (although exhibiting 
impaired performance when compared to their delay-
matched controls), but performed at chance after 25 days 
(Loureiro et al. 2012). Because ReRh reversible inactiva-
tion did not hinder remote memory retrieval in a previous 
study of ours (Loureiro et al. 2012), we hypothesized that the 
ReRh lesion may have interfered with plasticity mechanisms 
underlying systems consolidation. Spatial learning resulted 
in an increased number of mushroom spines in the CA1 
of Sham and ReRh rats. This increase persisted between 5 
and 25 days post-acquistion in Sham rats, not in ReRh rats. 
In the ACC, learning increased the density of mushroom 
spines after 25 post-acquisition days in Sham rats, not in 
ReRh rats. Thus, ReRh lesions prevented the persistence 
of the increase of mushroom spines in CA1, and prevented 
subsequent learning-related spinogenesis in the ACC. We, 
therefore, hypothesized that if these lesion-induced effects 
underlined the absence of systems consolidation, rats with 
ReRh lesions, as opposed to their Sham-operated counter-
parts, should exhibit evidence for weaker activation in CA1 
and/or ACC during remote memory retrieval. The c-Fos 
expression in the CA1 of ReRh rats was normal, for both 
recent and remote memory. However, in the ACC and PL, 
c-Fos expression was significantly reduced in rats with a 
ReRh lesion at the 25-day post-acquisition test.

This is the first of our ReRh studies in which, despite 
a significant recall of the platform position (time in target 
quadrant was significantly above chance level), we observed 
a reduction of performance at the 5-day post-acquisition 

delay in ReRh as compared to Sham rats. This reduc-
tion could reflect non-mnemonic effects of the lesions, as 
described earlier and discussed in terms of deficits in strat-
egy shifting/behavioral flexibility. Indeed, in a water maze 
probe trial, rats with ReRh lesions were found to abandon 
searching for the platform earlier than their intact controls 
(Cholvin et al. 2013; Dolleman-van der Weel et al. 2009). 
This strategy shifting deficit could be due to a loss of excita-
tory inputs to mPFC (Dolleman-van der Weel et al. 2009), 
whereby inhibitory response control mechanisms could 
have been affected. However, we have no direct experimen-
tal evidence in favor of this possibility. Alternatively, an 
abnormally high performance level in our Sham rats was 
observed at the 5-day delay. Indeed, in our former experi-
ment (Loureiro et al. 2012), the time Sham rats had spent 
in the target quadrant during the probe trial taxing recent 
memory was of 23 s in average, and thus reached 38% of 
the probe trial duration, as in the ReRh rats of the current 
study tested 5 days post-acquisition. At the same delay after 
exactly the same training protocol, Sham rats of the current 
experiment spent slightly more than 30 s (> 50%) in the tar-
get quadrant. Finally, it may be noteworthy that probe-trial 
performance were found to significantly exceed chance level 
in Sham rats at both delays and in ReRh rats at the 5-day 
delay. Thus, in these three groups, traces of the platform 
location appear operational as they permitted a targeted 
research of the platform during the probe trial. This was not 
the case in ReRh rats after 25 post-acquistion days.

Learning and time‑dependent spine growth 
in the dorsal hippocampus and the mPFC

It is sometimes considered that thin or short spines are 
immature and unstable, whereas large spines are mature 
and stable, therefore, necessary for memory persistence 
(e.g., Bourne and Harris 2007; Kasai et al. 2010). Changes 
in hippocampal spine density after spatial learning have 
been described previously (e.g., Hongpaisan and Alkon 
2007; Moser et al. 1994; O’Malley et al. 2000), although 
not always in terms of a learning-triggered increase (e.g., 
Ryan et al. 2015; Sanders et al. 2012). After spatial working 
memory training in a radial maze, Mahmmoud et al. (2015) 
found an increased spine density in the hippocampus of 
trained as compared to untrained cage controls rats. Restivo 
et al. (2009) documented time-dependent spine formation 
dynamics in the dHip and the ACC. 1 day after contextual 
fear conditioning, the number of spines in stratum radia-
tum (apical dendrites) and stratum oriens (basal dendrites) 
had increased in CA1. In layers II and III of the ACC, it 
was unchanged. Later (i.e., 30 days), the number of spines 
had decreased in CA1, but had increased in the ACC; such 
increase may extend over about 14 post-conditioning days 
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(Aceti et al. 2015). Similar results were reported by Abate 
et al. (2018), who showed an implication of Ephrin B2, a cell 
adhesion factor, in the dHip and mPFC plasticity underly-
ing fear memory persistence in mice. Evidence that such 
cortical spinogenesis supports remote fear memory has also 
been provided (Cole et al. 2012; Vetere et al. 2011). As hip-
pocampal lesions disrupted remote memory formation and 
spinogenesis in the mPFC, cortical plasticity underlying 
remote memory formation might be hippocampus-driven 
(Restivo et al. 2009).

At the time when remote contextual fear memory requires 
the mPFC, it no longer depends on the hippocampus (Frank-
land and Bontempi 2005). This is at variance with memo-
ries for locations. Indeed, recent spatial memory (assessed 
5 days post-acquisition) depends on the dHip, not on the 
mPFC (Lopez et al. 2012), whereas remote spatial memory 
(assessed 25 days post-acquisition) is altered by reversible 
inactivation of either the ACC or the dHip, suggesting a sys-
tems consolidation process in which the memory is depend-
ent on both structures. This finding is compatible with our 
following results: (i) water maze learning increased the num-
ber of mushroom spines in CA1 after five post-acquisition 
days, and this number did not decrease after 20 additional 
days; (ii) in CA1, there was an increased expression of c-Fos 
at both post-acquisition delays suggesting the contribution of 
the dHip to remote spatial memory recall; (iii) in the ACC, 
the number of mushroom spines had increased dramatically 
at the time of remote (not recent) memory testing, and (iv) 
c-Fos expression was more important for remote as com-
pared to recent memory in the ACC (and the PL) of sham-
operated rats. These data evidence show, for the first time, 
that spatial learning triggers a time- and region-dependent 
rearrangement of dendritic mushroom spines, which consists 
in a relatively rapid and persistent increase of spine density 
in region CA1 of the dHip, and a delayed increase in the 
ACC of the mPFC.

Thin and stubby spines also responded to learning, 
although more weakly than mushroom spines. Their den-
sity was significantly increased by learning, but only at the 
5-day post-acquisition delay and only in the dHip. This 
indicates that thin and stubby spine density changes after 
recent memory formation and then, over time, returns to 
baseline. Thin and stubby spines are sometimes considered 
learning spines (e.g., Bourne and Harris 2007), and there 
is evidence in the literature indicating that thin spines can 
actually be increased after acquisition of a spatial task (e.g., 
González-Ramírez et al. 2014), or that their density may 
correlate with spatial memory performance (Harland et al. 
2014; Pereira et al. 2014; Xu et al. 2017). In one study, thin 
and even stubby spines increased once water maze training 
was completed (Beltrán-Campos et al. 2011). Finally, it is 
noteworthy that treatments (aging, lesions…) that affect the 
density of mushroom spines also affect that of thin spines 

(e.g., González-Ramírez et al. 2014; Harland et al. 2014). 
Altogether, in line with previous findings (Lopez et al. 
2012), our results in sham-operated rats indicate that recent 
spatial memory could be supported by connectivity changes 
in the CA1 regions of the dorsal hippocampus, which seem-
ingly still contribute to remote memory when connectivity 
changes have also occured in the mPFC.

Effects of ReRh lesions on spine growth 
and spine persistence

ReRh lesions affect several cognitive processes engaging 
simultaneously the prefrontal cortex and the hippocam-
pus. These processes include strategy shifting in a spatial 
navigation task (Cholvin et al. 2013), generalization of fear 
memory attributes (Xu and Südhof 2013), flexible adapta-
tion of goal-directed behavior (Linley et al. 2016), and spa-
tial working memory (Griffin 2015; Hembrook et al. 2012; 
Layfield et al. 2015; Maisson et al. 2018). ReRh lesions also 
interfere with systems consolidation by preventing the for-
mation of a remote spatial memory while leaving acquisition 
and recent memory retrieval relatively undisturbed (Loureiro 
et al. 2012). Our present results provide new insight into 
the neurobiological causes of the non persistence of this 
memory. They combine at least two events: (i) the learning-
triggered remodeling of hippocampal connections which 
did not persist between 5 and 25 post-acquisition days, and 
(ii) the time-dependent remodeling of cortical connections 
which did not occur in the mPFC (ACC) following ReRh 
lesions. That these alterations are causal to memory fading 
is not indisputable. It is noteworthy, however, that the rats in 
which remodeling of cortical connections was hindered by 
a ReRh lesion also exhibited a reduced c-Fos expression in 
the ACC and PL cortices after remote memory assessment, 
suggesting a reduced engagement of the mPFC during the 
probe trial. Conversely, c-Fos expression measured during 
recent memory retrieval in ReRh rats did not significantly 
differ from Sham control rats. The relationship between 
unchanged spine density in the mPFC after ReRh lesions 
and the remote memory deficit is further supported by data 
from the literature, although in a different task/species: 
because the transcription factor MEF2 (myocyte enhancer 
factor) negatively regulates spinogenesis, Vetere et al. (2011) 
increased its function in the ACC of mice by viral transfec-
tion shortly after contextual fear conditioning. When tested 
7 days after the transfection, the mice exhibited evidence 
not only for reduced freezing towards context but also for 
disrupted spine growth, clearly indicating that the alteration 
of spinogenesis in the ACC hindered systems consolidation 
of memory. Our present results do not permit to attribute the 
absence of remote memory solely to the lack of spinogenesis 
in the ACC and PL. It is well possible that the combination 
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of this lack with the non persistant increase of spinogenesis 
in CA1 was in fact the determining reason. Indeed, revers-
ible inactivation of one or the other of these two structures 
at a remote time point disrupted recall in a water maze probe 
trial (Lopez et al. 2012). Nevertheless, the fact that follow-
ing a ReRh lesion a severe reduction of c-Fos expression 
was observed in the ACC of the mPFC after the probe trial 
is compatible with a higher incidence of the lesion-induced 
consequences on the reorganization of mPFC connectivity 
than on that of hippocampal connectivity. The fact that, dur-
ing the remote probe trial, c-Fos expression was not reduced 
in the hippocampus of rats with ReRh lesions could be due 
to a new processing of the forgotten spatial context.

Conclusions

Our findings further support a role for the ReRh nuclei in 
systems consolidation and memory persistence. We have 
shown, for the first time in a very classical spatial memory 
task, that lesion of the ReRh disrupts two learning-triggered 
phenomena: persistence of remodeled hippocampal connec-
tions in CA1, and delayed spinogenesis in the mPFC. These 
alterations could explain the absence of systems-level con-
solidation of a spatial memory after ReRh lesions. Based 
on this, future studies could try to achieve a precise mecha-
nistic idea of what the ReRh nuclei do for memory persis-
tence. Relevant objectives encompass (i) the identification 
of the cell types (and their projection pattern) which, in the 
ReRh, are crucial to this consolidation, (ii) the understand-
ing of how, at a molecular level, ReRh neurons regulate 
spine persistence and spinogenesis in the Hip and mPFC, 
respectively, and (iii) the characterization of the timing of 
the changes mediated by the ReRh nuclei during and after 
spatial learning.
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