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The Ventral Midline Thalamus (Reuniens and Rhomboid
Nuclei) Contributes to the Persistence of Spatial Memory
in Rats
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The formation of enduring declarative-like memories engages a dialog between the hippocampus and the prefrontal cortex (PFC).
Electrophysiological and neuroanatomical evidence for reciprocal connections with both of these structures makes the reuniens and
rhomboid nuclei (ReRh) of the thalamus a major functional link between the PFC and hippocampus. Using immediate early gene imaging
(¢c-Fos), fiber-sparing excitotoxic lesion, and reversible inactivation in rats, we provide evidence demonstrating a contribution of the
ReRh to the persistence of a spatial memory. Intact rats trained in a Morris water maze showed increased c-Fos expression (vs home cage
and visible platform groups: >500%) in the ReRh when tested in a probe trial at a 25 d delay, against no change ata 5 d delay; behavioral
performance was comparable at both delays. In rats subjected to excitotoxic fiber-sparing NMDA lesions circumscribed to the ReRh, we
found normal acquisition of the water-maze task (vs sham-operated controls) and normal probe trial performance at the 5 d delay, but
there was no evidence for memory retrieval at the 25 d delay. In rats having learned the water-maze task, lidocaine-induced inactivation
of the ReRh right before the probe trial did not alter memory retrieval tested at the 5 d or 25 d delay. Together, these data suggest an
implication of the ReRh in the long-term consolidation of a spatial memory at the system level. These nuclei could then be a key structure
contributing to the transformation of a new hippocampal-dependent spatial memory into a remote one also depending on cortical

networks.

Introduction

The debate about memory systems in the brain, the number and
type of neural ensembles which they engage, and the cellular/
subcellular processes underlying memory persistence is still open
(Frankland and Bontempi, 2005; Squire, 2009; Sutherland et al.,
2010; Nadel and Hardt, 2011). One consensual idea is that the
hippocampus is essential for the consolidation of declarative
memories in humans and declarative-like ones in animals
(Winocur et al., 2010). Another one is that the hippocampus is
required for the retrieval of richly contextualized memories, es-
pecially when formed recently (Frankland and Bontempi, 2005;
Sutherland et al., 2010). It is therefore not surprising that dys-
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function of the hippocampal formation is associated with both
anterograde and retrograde amnesia. Diencephalic lesions, as
seen in Korsakoff syndrome (KS) or in thalamic stroke, are an-
other cause of enduring memory dysfunctions, of which some
features resemble those of temporal lobe amnesia (Aggleton and
Brown, 1999; Kopelman, 2002; Aggleton et al., 2011; Carlesimo et
al., 2011). Our understanding of the neuroanatomical bases of
diencephalic amnesia is complicated by the fact that KS or stroke
usually affects a relatively large number of thalamic and some-
times even extrathalamic nuclei (Van der Werf et al., 2000,
2003a,b; Carlesimo et al., 2011). Approaches in animals, which
enable better circumscribed damage, suggest that intralaminar
(ILN) and/or anterior thalamic nuclei lesions could be among the
critical alterations accounting for diencephalic amnesia (Aggle-
ton and Brown, 1999; Gold and Squire, 2006; Lopez et al., 2009).
Thalamic nuclei that received much less attention are the reuni-
ens (Re) and rhomboid (Rh) nuclei. This apparent neglect is
surprising given the connections between the ReRh and brain
structures such as the hippocampus and medial prefrontal cortex
(mPFC), which are both crucial to memory processing over time
(Frankland and Bontempi, 2005; Sutherland et al., 2010; Wino-
cur et al., 2010). Indeed, the ReRh is the major source of excit-
atory thalamic projections to the hippocampus (Wouterlood et
al., 1990; Dolleman-Van der Weel et al., 1997; Bertram and
Zhang, 1999; Cavdar et al., 2008), and has dense bilateral connec-
tions with the PFC (Vertes, 2002; Vertes et al., 2006; Hoover and
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Vertes, 2012). Supported by electrophysiological findings (Di
Prisco and Vertes, 2006), this connectivity makes the ReRh a
major link between the mPFC and the hippocampus (McKenna
and Vertes, 2004; Vertes, 2006), whereby it may participate in the
contribution of these two structures to recent and remote mem-
ory functions. Recent data even showed that a subpopulation of
Re neurons had collateral projections to both the mPFC and
hippocampus (Hoover and Vertes, 2012). In the following exper-
iments, which used immediate early gene expression, fiber-
sparing excitotoxic lesion, and reversible functional inactivation
approaches in rats, we aimed at investigating the contribution of
the ReRh to recent and remote memory retrieval in a Morris
water-maze task. We provide evidence demonstrating a contri-
bution of the ReRh to spatial memory persistence.

Materials and Methods

Animals

The study adhered to the regulations specified by the European Commit-
tee Council Directive of November 24, 1986 (86/609/EEC) and the
French Department of Agriculture (references for personal authorization
licenses are n°67—7 for A.P.d.V. and n°67-215 for J.-C.C.; the other au-
thors are under the formers’ responsibility). All experiments were per-
formed in male Long—Evans rats aged 3 months at their arrival in the
laboratory (250-300 g). Animals were housed individually in quiet facil-
ities, under a 12 h light/dark cycle (light on at 7:00 A.M.) with food and
water ad libitum, controlled temperature, and a hygrometry of about
55%. Before any experiment (surgery or maze training), rats were indi-
vidually handled for 2 min each day over 5 consecutive days.

c-Fos immunohistochemistry
Brain preparation and section processing. Ninety minutes after behavioral
test completion, rats were killed by an overdose of pentobarbital (200
mg/kg, i.p.) and then perfused transcardially with 4% paraformaldehyde
(PFA). Brains were removed, postfixed for 2 h (4% PFA, 4°C), and trans-
ferred to a 20% sucrose solution for 48 h at +4°C before being snap
frozen (isopentane, —40°C) and stored at —80°C. Floating coronal sec-
tions (50 wm) were cut using a cryostat (Reichert-Jung Frigocut 2800
Reichert) in serial sections within a block of tissue extending from —1.4
to —3.0 mm from bregma (Paxinos and Watson, 1998). Starting at a
random position among the first four sections collected, every fourth
section was selected for immunohistochemistry. All selected sections
were processed at the same time with all group conditions equally repre-
sented [i.e., home cage (HC), curtain 5 d, curtain 25 d, and hidden
platform 5 and 25 d] in each of the 24-well boxes used for staining. These
precautions avoided any technical bias. Neuron counting used immuno-
stained sections included in a more narrow caudorostral window (i.e.,
—1.6 to —2.5 mm from bregma), in which both Re and Rh nuclei showed
the largest extent in the dorsoventral (DV) and mediolateral (ML) plans
(Paxinos and Watson, 1998). In most rats our quantifications could be
performed on five sections. In four of them, however, one, or at most,
two sections had to be discarded because of damage during processing
that was sufficient to compromise the legibility of information, reducing
quantifications to four or three sections, at the least. Thus, data consid-
ered for analysis were average values/rat over three, four, or five sections.

Immunohistochemistry protocol. The protocol is that used by Lopez 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 merthiolate containing 0.5% Triton X-100. The sections
were subsequently transferred into the primary anti-Fos rabbit poly-
clonal antibody (1:4000; Santa Cruz Technology) solution for 18 h at
room temperature. Then, the sections were soaked in a buffer solution
containing biotinylated goat anti-rabbit secondary antibody (1:500,
Biotin-SP-conjugated affiniPure; Jackson ImmunoResearch). Staining
was revealed with the avidin-biotin peroxidase method (Vectastain ABC
kit; Vector Laboratories) coupled to diaminobenzidine.

Imaging and quantification. The quantitative analyses of c-Fos-positive
nuclei were performed in the ventral midline nuclei (Re, Rh) (—1.6 to
—2.5 mm from bregma; see Fig. 2) (Paxinos and Watson, 1998) by an
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experimenter blind to the experimental conditions. In addition, at the
same bregma levels, c-Fos-positive neurons in two additional control
regions not known to be directly involved in spatial memory functions
were also evaluated at the same bregma levels as Re and Rh nuclei: the
primary somatosensory cortex, barrel field (S1BF), and the ventromedial
hypothalamus (VMH). Stained sections were observed under a Leica
DMS5500B light microscope (X20 objective lens) and digitalized online
using a video camera (Optronics Microfire) with an image analyzer (Ex-
plora Nova). The same intensity of light in the microscope as well as the
same parameters in the exposure time of the digital camera were used for
all sections. Using the Mercator software (Explora Nova), the regions of
interest were delimited and c-Fos-positive neuron counting was per-
formed by selecting a threshold value that keeps all labeled immune-
positive elements but no background. On each selected section, counting
was performed in a rectangular frame (465 X 437 umand 437 X 304 um,
for the Re and Rh, respectively) of which the center was positioned on the
center of the area of interest. Depending on the anteriority of the section
and according to Paxinos and Watson (1998), this frame covered 29—
64% of the structure arena, representing over all selected sections a mean
of 39 and 49% of the Re and Rh surface, respectively. This procedure
allowed us to standardize our counting zones between animals, groups,
and section levels, and to take into consideration the variation of the size
of each nucleus along the anteroposterior (AP) axis. The same principle
was applied to counting in the SIBF and VMH, except that the rectangles
were 1164 X 636 um and 310 X 174 wm, respectively.

Statistical analyses. Imaging data were analyzed using a two-way
ANOVA, considering Group (HC, Curtain 5 d, Curtain 25 d, 5 d, and
25 d) and Region (Re, Rh, S1BF, and VMH) as factors. Post hoc compar-
isons used the Newman—Keuls multiple range test. The functional con-
nectivity between the individual brain regions was characterized by
regression analyses (Spearman correlations). All analyses considered a
value of p < 0.05 significant.

Stereotactic surgery

For permanent fiber-sparing excitotoxic lesions of the ReRh, subjects
were anesthetized with sodium pentobarbital (50 mg/kg, i.p.) and
secured in a stereotactic frame (incisor bar:—3 mm). Neurotoxic le-
sions targeting the ventral midline thalamus (ReRh) were made using
slow microinfusions (over 5 min) of 0.12 M NMDA (0.1 ul/site;
Sigma), dissolved in saline phosphate buffer, via an infusion needle
(0.28 mm in diameter) connected to a motorized infusion pump.
After leaving the needle in situ for an additional 5 min to ensure
diffusion of NMDA into the target structure, it was slowly retracted.
Infusion sites were as follows (in mm): AP = —1.6 and —2.3 (from
bregma), DV = —7.0 (from skull), ML = *=2.0 (from midline of the
sagittal sinus) at an ML angle of 15°and AP = —3.0, DV = —7.0, and
ML = *1.4 at an ML angle of 10° (Paxinos and Watson, 1998). The
sham-operated controls (Sham) were infused with saline phosphate
buffer instead of NMDA at the same coordinates.

For cannula implantation, subjects were anesthetized with a ketamine
(6.38 mg/kg)-xylazine (0.85 mg/kg) mixture (intraperitoneally). A stain-
less steel guide cannula (0.4 mm in diameter) was implanted unilaterally
in the ReRh (AP: —2.3, ML: =1.7, DV: —6.2 from skull, with a medio-
lateral angle of 15°; coordinates according to Paxinos and Watson, 1998).
Each guide cannula was secured to the skull by acrylic dental cement and
stainless steel screws. At the end of surgery, a sterile stainless steel man-
drel (0.28 mm in diameter) was inserted into the guide cannula.

All rats that underwent surgery were allowed to recover under a warm
lamp for 20—30 min before being placed back into their HC. They were
given a 1 (cannula implanted) or 2 week (permanent lesion) rest period
before the start of behavioral testing.

Spatial testing in the Morris water maze

General behavioral apparatus and procedures. The specifications of the
water maze and the testing procedures have been described previously
(Lopez et al.,, 2012). In brief, the first pretraining day consisted of one
four-trial session using a visible platform (diameter 11 cm, painted black,
1 cm above the water surface) located in the southeast quadrant of the
pool, starting randomly from each of the four cardinal points at the edge



Loureiro et al. @ Ventral Midline Thalamus and Memory Persistence

of the pool. The rats were then given four successive acquisition trials per
day (intertrial interval, 10-15 s) of a maximum duration of 60 s, starting
randomly from each of the four cardinal points from the edge of the pool,
to learn the location of a platform (diameter 11 cm) hidden 1 cm below
the water surface in the northwest quadrant. The distance traveled before
reaching the platform as well as the thigmotactic behavior were recorded
and subsequently computed by a video-tracking system (Smart; Pan-
Lab). At the end of the acquisition, rats were randomly allocated to a
recent or a remote memory group to be tested in a probe trial 5d or 25 d
later, respectively. For this probe trial, no platform was placed in the pool.
The rats were released from the northeast start point and allowed a 60 s
swim time to explore the pool. The time spent in the four virtual quad-
rants (Target quadrant = northwest quadrant; Opposite quadrant
(Opp.) = southeast; Adjacent to the target quadrant = northeast (Adj.
L.) and southwest (Adj. R.) quadrants), as well as the number of crossings
in the target area (i.e., size of the platform surface enlarged by a 10 cm
wide annulus) were recorded: the second parameter was used as an index
of memory precision (Lopez et al., 2012). Likewise, swim speed and
thigmotaxis were also recorded during the probe trial. In addition, a
recent report suggests that rats with Re lesions, despite spending less time
than controls in the target quadrant, were able to swim to the correct
quadrant as rapidly as the controls (Dolleman-van der Weel et al., 2009).
This result was interpreted as a PFC-associated deficit and not as reflect-
ing genuine memory impairment. Therefore, in our rats subjected to
lesions, we completed our analysis of the probe trial data by considering
the distance and the latency to the first entrance in the target area, as well
as the time spent in the so-called “Whishaw error” path (i.e., during the
first swim to the target area, the percentage time spent in an 18 cm wide
path linking the release point of the rat with the former location of the
platform) (Whishaw, 1985).

Specific experimental protocols

The c-Fos imaging experiment used 31 intact rats. Fifteen of them were
given 6 consecutive days of acquisition with the hidden platform at a
fixed location and were tested in a probe trial either at a 5 d postacquisi-
tion delay (n5 4 = 8) or ata 25 d postacquisition delay (1,5 4 = 7). In an
additional group, control rats (# = 11, including six rats tested at the 5d
delay and five rats tested at the 25 d delay) were trained with a plain
shower curtain drawn all around the pool to prevent any access to distal
cues. After the pretraining day with a visible platform, these rats were
given four successive trials per day over 6 consecutive days, in which they
had to swim to a visible platform. The location of this platform was
changed after each trial. This condition prevented, or at least minimized,
incidental encoding of spatial information and was used as the control
condition for hidden platform groups (Lopez et al., 2012). Finally, in an
additional control group, rats kept in their HC (13 = 5) were handled
regularly, including the day preceding euthanasia. Three of them were
killed at the same time as the rats from the recent memory group (5 d),
and 2 HC rats at the same time as the rats from the remote memory
group (25 d).

The permanent lesion experiment used 54 rats (22 sham-operated
and 32 ReRh lesioned). Rats were trained with the hidden platform
over 8 consecutive days and tested in a probe trial assessing either
recent memory (5 d postacquisition delay) or remote memory (25 d
delay). After elimination of the rats in which the lesion was inappro-
priate (see Results), the final numbers of rats included in the lesion
study were as follows: 5 d delay, np g, = 13, fgp., = 115 25 d delay,
fre/rh = 12, Hgpam = 11.

Functional reversible inactivation of the ReRh. As previously described
(Lopezetal., 2012), 58 implanted rats were habituated to be handled and
maintained for drug infusions over 5 consecutive days before water-maze
testing. For infusions, needles were slowly inserted into the guide cannula
with the tip of the needle protruding 1.0 mm beyond the tip of the guide
cannula. Lidocaine hydrochloride (LIDO, 20 ug in 0.3 ul PBS; Sigma)
was infused over 60 s; the needle was then left in place for an additional
30 s before its retraction. The choice of LIDO over other possible drugs
targeting cell bodies (e.g., muscimol or 6-cyano-7-nitroquinoxaline-2,3-
dione) but not the fibers en passage was based on our quite extensive
experience with this drug infused in various brain areas such as the dorsal
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and ventral hippocampus and mPFC (Pereira de Vasconcelos et al., 2006;
Klur et al., 2009; Lopez et al., 2012; Loureiro et al., 2012). In these exper-
iments, using the 2-deoxyglucose method to map cerebral glucose me-
tabolism (and behavioral evaluations in parallel), we showed that the
LIDO diffusion area was mostly confined around the infusion site with-
outany major changes in surrounding or in some distant brain structures
(Pereira de Vasconcelos et al., 2006; Lopez et al., 2012). In addition, the
use of a drug that does not target a specific neurotransmission system
appeared more appropriate to us, because an imbalance between inhibi-
tion/excitation in some thalamic nuclei might have side effects other than
only inhibition including triggering seizures (Steriade, 2006).

Thus, in the present study, after drug-free training over 8 consecutive
days, rats received an intra-ReRh infusion of either LIDO (#; ;o = 30) or
PBS as a control (same volume, 11,55 = 28). Rats were returned to their HC
until the start of the probe trial, 15 min later. The total number of rats, after
elimination of rats in which histological examinations showed evidence of
cannula misplacement (seven rats were discarded) was as follows: 5 d delay,
Npo = 12, tipgs = 135 25 d delay, 1y 1o = 12, nppg = 14

Additional behavioral tests

One week after water-maze testing, rats with permanent excitotoxic le-
sions of the ReRh were subjected to additional behavioral tests to assess
potential side effects of the lesions that could bias performance in the
Morris water-maze task. Thus, these tests aimed at ruling out any non-
mnemonic effects of the thalamic lesions on water maze performance. All
rats were first subjected to an evaluation of locomotor activity over 24 h
in their HC. Then, half of the rats were tested in a plus-maze test and the
other half in an open field.

Baseline locomotor activity. As previously described (Lecourtier et al.,
2010), locomotor activity was recorded over 24 h. Thus, rats (rg),,,, = 22,
Hpern = 25) were brought with their HC to an unfamiliar experimental
room. Each cage (eight cages per shelf; 2 X 4 shelves in the room) was
traversed by two infrared light beams perpendicularly to its width, each
4.5 cm above floor level and 28 cm apart along the length of the cage. The
number of longitudinal cage crossings (successive beam interruptions)
was monitored continuously by a computer, saved in 10 min intervals,
and subsequently analyzed in 1 h bins. A cage crossing was scored each
time a rat interrupted the two light beams consecutively (and thus went
from one extremity of the cage to the other).

Anxiety testing in an elevated plus maze. As previously described (Lecourt-
ier et al., 2010; Loureiro et al., 2012), the elevated plus maze was made of
black Plexiglas and consisted of four arms (50 cm long X 10 cm wide) fixed
to a central platform (10 X 10 cm): two with 40 cm high walls (closed arms)
and two with 1.5 cm high borders (open arms). Light adjustments were
made to have the same intensity on both open arms (i.e., 10 lux). For testing,
rats (Mgpam = 11, figepn = 12) were placed individually in the center of the
maze, their head facing a closed arm (the same for all rats). The movements
of the rats were followed by a computer-based video camera fixed on the
ceiling 180 cm above the floor level. The measures were taken over 5 min. An
entry in a given arm was counted when the rat had all four paws in the arm.
The total number of entries as well as the total time spent in open versus
closed arms were recorded and analyzed.

Open-field test. Rats (ng, ., = 11, igerp, = 13) were tested over a 10 min
free exploration period in an open field. The device consisted of a
wooden square arena with 43.5 cm high walls and a 65 X 65 cm floor
divided into 25 equal squares (Loureiro et al., 2012). The number of
squares crossed and the number of rearings were recorded by an experi-
menter blind to the treatment conditions.

Histology and NeuN immunohistochemistry for verification of
permanent lesion placement/extent, placement of infusion devices,
and intraparenchymal LIDO diffusion
Euthanasia and brain processing. All rats were killed and perfused as for
c-Fos immunohistochemistry. Their brains were snap frozen in isopen-
tane at —40°C, and kept at —80°C until sectioning (30 um thick for
lesion and reversible inactivation experiments) using a cryostat
(Reichert-Jung Frigocut 2800 Reichert).

Cresyl violet staining. Sections from the region including the ventral
midline thalamus were stained with cresyl violet for verification of per-
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manent lesion placement and extent or for identification of guide can-
nula placements and thus infusion site locations.

NeuN immunostaining. To complete the histological characterization
of the ReRh lesions, a labeling of the NeuN protein was performed on
every other section, and the remaining ones were stained with cresyl
violet. The protocol was similar to the one used for c-Fos immunohisto-
chemistry using a mouse NeuN antibody (1:2000, ref MAB377; Milli-
pore) as primary antibody, and a biotinylated anti-mouse horse antibody
(1:500; Vector Laboratories) as secondary antibody.

Evans blue infusion. As previously described (Loureiro etal., 2012), the
area of diffusion of LIDO was estimated in all rats implanted with a
cannula. To this end, an indirect method used the intraparenchymal
infusion of an Evans blue-containing LIDO solution 15 min before eu-
thanasia. Briefly, Evans blue powder (Merck) was incorporated into a
solution of 20 ug/0.3 ul of LIDO to obtain a final dye dilution of 0.5%.
Rats received the mixture of LIDO + Evans blue in the ReRh using the
same volume and rate of diffusion as for the behavioral experiments (i.e.,
0.3 wlover 60 s plus needle in place 30 s before slow removal). Evans blue
produces a red color when excited at 355 nm under a fluorescence mi-
croscope, allowing the detection of the dye and its spread around the
infusion site (see Fig. 7c) (Loureiro et al., 2012).

Statistical analyses for behavioral tests

For the c-Fos experiment, water-maze training performances were eval-
uated using a two-way ANOVA with Delay (5 d, 25 d) as the between-
subject factor and Day (1, 2,...6) as the repeated measure. Probe trial
performances were analyzed using a one-way ANOVA considering the
Delay (5 d, 25 d) as the factor. We also performed Spearman correlation
computations between c-Fos expression in the different brain areas and
the time spent in the target quadrant during the probe trial.

For the experiments using permanent lesion or reversible functional
inactivation of the ReRh, water-maze training performances were evalu-
ated using a three-way ANOVA with Group (Lesion vs Sham or PBS vs
LIDO to be administered, depending on the experiment), Delay (5 d,
25 d) as the between-subject factors, and Day (1, 2,...8) as the repeated
measure. Probe trial performances were analyzed using a two-way
ANOVA with Group and Delay as factors. For the Lesion experiment, we
also analyzed the data of the pretraining day in the Morris water maze
with a visible platform. To this end, we used a three-way ANOVA with
Group (Lesion, Sham) and Delay (5 d, 25 d) as the between-subject
factors and Trial (1, 2, 3, 4) as the repeated measure. Open-field and
plus-maze data were analyzed using a one-way ANOVA considering
Group (Lesion, Sham) as the factor. HC locomotor activity over 24 h was
analyzed using a two-way ANOVA with Group (Lesion, Sham) as the
between-subject factor and Hour (1, 2,...24) as the repeated measure.

Finally, for all water-maze experiments, probe trial performance anal-
yses were completed by one-sample Student’s ¢ test to compare the aver-
age time spent in the target quadrant in each group to chance level (i.e.,
15 s in the target quadrant). For all behavioral experiments, when re-
quired, post hoc comparisons were done using the Newman—Keuls mul-
tiple range test. All analyses considered a value of p < 0.05 significant.

Results

Ventral midline thalamus (ReRh) activation coincides with
the retrieval of a remote spatial memory, but not with that of
arecent one

To evidence a possible role of the ventral midline thalamus in
spatial memory, we first assessed expression of the activity-
regulated gene c-Fos 90 min after the completion of a probe trial
in a water-maze task. Indeed, the expression of this immediate
early gene is correlated with the level of neuronal activity and can
be used to track changes in the organization of memories at dif-
ferent times after learning (Frankland et al., 2004; Maviel et al.,
2004; Teixeira et al., 2006). Therefore, we first used c-Fos immu-
nohistochemistry to evaluate whether the Re and Rh were acti-
vated during retrieval of a recent versus remote spatial memory.
Rats were trained to find a hidden platform at a fixed location in
the pool and memory was assessed in probe trials either 5 d (re-
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Figure 1. Spatial memory performance during acquisition and retrieval in the water-maze
task with a hidden platform. a, Average distance (+ SEM) to reach the platform during water-
maze training in rats subsequently tested for recent (5 d, ng 4 = 8) orremote (25d, n,5 4 = 7)
memory retrieval. All rats were subjected to four daily trials over 6 consecutive days. There were
no significant differences between the two delay groups. b, ¢, Mean performance (+ SEM)
during probe trials performed 5 d (recent memory) or 25 d (remote memory) after the end of
training. Probe trial performance is expressed as the time (in seconds) spent in the four virtual
quadrants of the pool (b) and the number (+SEM) of crossings over the target area (c). The
dashed line in b represents chance level. Statistics: *Significantly different from chance (i.e.,
155), p << 0.05. All rats remembered the platform location and concentrated their searches in
the target quadrant where the platform was located during task acquisition. 5 d, 5 d postacqui-
sition delay; 25 d, 25 d postacquisition delay; Adj. L., quadrant at the left of the target quadrant;
Opp., quadrant opposite the target quadrant; Adj. R., quadrant at the right of the target quad-
rant; Target, quadrant where the platform was located during training.

cent memory) or 25 d (remote memory) later. Over the 6 consec-
utive days of training in the water maze, the distance to reach the
platform decreased progressively over days (Fs ¢5) = 16.33, p <
0.0001; Fig. 1a), as well as the time spent swimming near the wall
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Figure 2.  a, Coronal sections through the ventral midline thalamus and schematic delimi-
tation of several nuclei therein according to Paxinos and Watson (1998) at two AP levels (top).
Typical examples of c-Fos expression patterns in the Re and Rh are shown in the photographs
(bottom; their location corresponding to the rectangles shown in the top) for the two control
conditions (5d, n,c = 3,n = 6;25d,nyc = 2,n; = 5) and at the two postacquisition delays
for rats trained with the hidden platform in the water maze (5d, ng y = 8;25d,n,5 4 = 7). (M,
central medial thalamic nucleus; CT, curtain; HC, home cage; IAM, interanteromedial thalamic
nucleus; mt, mammillothalamic tract; Re, reuniens nucleus; Rh, rhomboid nucleus; Sub, sub-
medius nucleus; pRe, perireuniens; 5 d, 5-day postacquisition delay; 25 d, 25 d postacquisition
delay. b, Quantification of c-Fos-positive nuclei in the two ventral midline thalamic nuclei (Re
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(thigmotaxis) (F5 ey = 17.06, p < 0.0001, data not shown), re-
flecting significant learning of the platform’s location. There was
no significant difference in the distance swum to the platform
between recent and remote delay groups and no significant
Day X Delay interaction (F(, ;3 = 0.07; F5¢s5) = 0.21, respec-
tively; ns for both). This training schedule produced a stable and
long-lasting spatial memory: rats showed a strong bias for the
area of the pool where the platform was previously located during
training in both recent and remote memory tests. We quantified
this spatial bias by measuring the time spent in each of the four
quadrants (Fig. 1b). The ANOVA showed no significant Group
effects whatever the quadrant (Adj. L., F(, ;5, = 0.01; Opp.,
F,,13) = 0.63; Target quadrant, F(, ;5, = 0.08; Adj. R, F; ;5, =
0.01). The time spent in the target quadrant was significantly
above chance level at both delays (p < 0.05 vs chance level),
indicating that rats spent more time in the target quadrant, as
compared to the three other quadrants, and thus showing a good
recall of the platform’s location. The time spent in the southeast
quadrant (Opp.) in both delay groups as well as the time spent in
the quadrant right to the target quadrant (Adj. R.) in the 5 d delay
group were significantly below chance level. Analysis of the num-
ber of annulus crossings, an index of memory precision, also
showed no significant difference between the two delay groups
(F1,13) = 0.06; ns) (Fig. 1c). Swim speed and thigmotaxis during
the probe trial were not significantly different between groups
tested at each delay (F, 5, = 0.78 for swim speed; F, ;5, = 0.12 for
thigmotaxis; ns for both (data not shown). Thus, these behav-
ioral data pointed to an absence of difference between the 5
and 25 d delay during both acquisition and retention of plat-
form location.

Although performance was similar in the recent and remote
memory tests, we found that c-Fos expression in the Re and Rh
thalamic nuclei was significantly higher after the remote probe
trial than after the recent one (Fig. 2). The Group X Region
ANOVA showed significant Group (F(; o4y = 19.74, p <
0.0001) and Region (F, ;04y = 16.22, p < 0.0001) effects, and a
significant interaction between the two factors (F(, ;04) = 5.10,
p < 0.0001). The Group effect was due to a much higher number
of c-Fos-positive neurons in the 25 d group, as compared to the four
other groups (HC, Curtain 5 d, Curtain 25 d, and 5 d). The Region
effect can be explained by a much higher overall number of c-Fos-
positive neurons in the S1BF than in any of the three other regions
(p <0.0005 for all) and alower number of c-Fos-positive neurons in
the VMH as compared to Rh (p < 0.05) and Re (p = 0.058) as
revealed by the Newman—Keuls multiple range test. The significant
interaction between Group and Region was due to a higher number
of c-Fos-positive neurons in the Re, Rh, and S1BF at the 25 d delay,
but also in S1BF of the Curtain 5 d group, as compared to all other
groups, whatever the region (Newman—Keuls test: p < 0.05 for all
comparisons). Most interestingly, the only significant interdelay dif-
ference was observed in the Re and Rh; the number of c-Fos-positive
neurons was much higher at the 25 d than at the 5 d delay (Newman—
Keuls test: p < 0.0005; Fig. 2b). Regression analyses among c-Fos
expression values in the different structures showed no significant
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and Rh) and in two control structures, the VMH, and the primary somatosensory cortex (S1BF),
under different control conditions (HC, CT5, and CT25) and after recent (5 d) or remote (25 d)
memory retrieval in the rats trained with a hidden platform. Data are shown as the mean +
SEM. Statistics: *p << 0.001 versus all other groups. A marked increase in c-Fos expression was
noticed only in the Re and Rh and after retrieval of a remote spatial memory in the rats trained
with the hidden platform as compared to all other groups (HC, CT at both delays, and recent
memory). No such increase occurred in the two control structures, i.e., the VMH and S1BF.
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correlation, except between Re and Rh (r =
0.95, p < 0.05). We found no significant
correlation between c-Fos expression in Re
and Rh and behavioral performance during
the probe test, whatever the delay (p > 0.1
in all cases; ns). Altogether, these results in-
dicate an implication of the ventral midline
thalamus in the processing of remote but
not recent spatial memory.

ReRh lesion disrupted expression of a
remote spatial memory placement and
extent of the lesion

Serial sections throughout the thalamus
were stained with NeuN to visualize the
lesion placement and extent. Lesions were
drawn using the relevant plates of the rat
brain atlas (Paxinos and Watson, 1998)
and replicated on electronic copies of the
atlas so that automated pixel counts of the
thalamic nuclei in the target regions could
be used to estimate lesion extent. Accept-
able lesions were defined as having >50%
damage to the Re area and >25% damage
to the perireuniens (pRe) and Rh, but no
more than 10% damage to the adjacent
thalamic region. According to Groenewe-
gen and Witter (2004), the main mass of
the Re is bordered by the so-called pRe. As
for the Re, the pRe has connections with
limbic structures, particularly the mPFC

(Hoover and Vertes, 2012). Figure 3a Figure3.
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Evaluation of the placement and extent of ReRh lesions. a, Schematic representation of the smallest (black, including

shows the largest and smallest ReRh le-
sions observed in the rats that were in-
cluded in the behavioral analyses. Seven
ReRh rats (three from the 5 d group, four
from the 25 d group) had insufficient
damage to the Re area (<<50%) and were
discarded from the analyses. Final sample
sizes were as follows: 5 d group, np.p, =
13, fgpam = 115 25 d group, tgern, = 12,
fgham — 11. No significant differences in

the visible part of the cannula track) and largest (gray) lesion of the ventral midline thalamic nuclei (Re and Rh) in the rats tested
for probe trial performance 5 d (recent memory) or 25 d (remote memory) after the end of acquisition (Fig. 4, behavioral data). The
numbers indicate the distance in millimeters from bregma according to Paxinos and Watson (1998). CL, centrolateral thalamic
nucleus; CM, central medial thalamic nucleus; IAM, interanteromedial thalamic nucleus; IMD, intermediodorsal thalamic nucleus;
MDC, central mediodorsal thalamic nucleus; MDL, lateral mediodorsal thalamic nucleus; MDM, medial mediodorsal thalamic
nucleus; P, paracentral thalamic nucleus; pRe, perireuniens thalamic nucleus; PV, paraventricular thalamic nucleus; PVA, anterior
paraventricular thalamic nucleus; PVP, posterior paraventricular thalamic nucleus; Sub, submedius thalamic nucleus; VA, ventral
anterior thalamic nucleus; VL, ventrolateral thalamic nucleus; VM, ventromedial thalamic nucleus. b— d, Photomicrographs show-
ing typical examples of NeuN immunostained brain sections, from a rat of the Sham group (b), from a rat showing a small ReRh
lesion (c), and from a rat with a large ReRh lesion (d). Scale bar, 1 mm. Photomicrographs (b"—d’) represent a larger magnification
of the region including the Re and Rh as shown in b—d, respectively. Scale bar, 500 .m. Black arrows point to the lesion site. One

the extent of the ReRh lesion were found
between the 5 and 25 d delay groups
(F1,23) = 2.28 for Re; F(, 53, = 2.41 for Rh; ns for both). In the
selected 13 ReRh rats of the 5 d delay group, there was a median of
69.68% damage to the Re (range, 52.23—89.38%), 37.7% to the
left pRe (range, 31.46—45.29%), 42.2% to the right pRe (range,
29.85-57.56%), and 34.53% damage to the Rh region (range,
25.12-43.94%). In the selected 12 ReRh rats of the 25 d delay
group, there was a median of 68.55% damage to the Re (range,
60.19-92.5%), 39.32% to the left pRe (range, 28.28—-54.66%),
38.81% to the right pRe (range, 29.80-57.63%), and 35.03%
damage to the Rh (range, 27.86—47.67%). Damage to thalamic
structures other than ReRh, including midline nuclei, was gener-
ally minimal to modest. The median damage was always <5.0%
in both groups for each of the following regions: submedius nu-
cleus, centromedial nucleus, interanteromedial thalamic nu-
cleus, and mediodorsal nucleus (with a maximum value of 9.36
and 9.98% for the submedius nucleus in the 5 d and 25 d delay
groups, respectively). So, our lesions were highly specific to the
ReRh region, with minimal damage to other adjacent thalamic
nuclei and produced through the AP extent, about two-thirds

can notice the well delimited lesion circumscribed to the ReRh area with no evident damage to surrounding thalamic nuclei.

and one-third damage of Re and Rh nucleus, respectively. More-
over, incidental unilateral damage—one cannula lowered at an
angle—to overlying areas of the ILN and mediodorsal thalamic
nuclei, hippocampus, and cortex was also very limited. There-
fore, the significant spatial memory impairment in the lesioned
rats could be attributed to damage restricted to the ReRh (Fig.
3a-d).

ReRh lesion disrupted remote spatial memory performance

To further investigate the role of the ventral midline thalamus
in spatial memory processing, we next tested whether a pre-
acquisition excitotoxic lesion of the ReRh disrupted the forma-
tion and/or expression of a spatial memory. In this experiment,
lesioned rats were trained over 8 consecutive days to locate a
hidden platform, and then tested in a probe trial either 5d or 25d
later. Because a ReRh lesion might impact some non-mnemonic
aspects of the water-maze task, we first analyzed the performance
during the habituation phase (pretraining day), which consisted
of four consecutive trials with a visible platform. The distance to
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Figure 4.  Effects of a pre-acquisition ReRh lesion in spatial memory performance during
acquisition and retrieval in the hidden version of the water-maze task. a, Average distance
(+SEM) to reach the platform during water-maze acquisition in the rats subsequently tested
for recent (5 d) or remote (25 d) memory in ReRh and Sham groups. All rats were subjected to
four daily training trials over 8 consecutive days. There were no significant differences between
the four groups. b—d, Mean performance (+SEM) during recent and remote memory probe
trials, expressed as the time (in seconds) spentin the four virtual quadrants of the pool (b, ¢) and
the number (+SEM) of crossings over the target area (d) at the 5 day (left) and 25 day (right)
postacquisition delays. The dashed line represents chance level (i.e., 155). Statistics: #p << 0.05,
versus Sham; *significantly different from chance, p << 0.05. Sham rats remembered the plat-
form location and concentrated their searches in the target quadrant where the platform was
located over training. In contrast, ReRh lesion rats, but only at the 25 day delay, were impaired
in spatial exploration. The number of rats was as follows: 5 day delay, nge /e = 13, Ngya = 11;

25d delay, ngg /gy = 12, ngyp = 11.5d, 5 d postacquisition delay; 25 d, 25 d postacquisition
delay; Adj. L., quadrant at the left of the target quadrant; Opp., quadrant opposite to the

J. Neurosci., July 18,2012 - 32(29):9947-9959 + 9953

reach the visible platform decreased progressively showing a sig-
nificant effect of Trial (F(; 3, = 62.50, p < 0.0001). No effects of
the Group (Lesion, Sham) or of the Delay (5 d, 25 d) were ob-
served (Group: F(, 43, = 1.64; Delay: F, ,3, = 0.27; ns for both)
(data not shown). Thus, this cued test, assumed to reflect the
occurrence of any gross sensorimotor and/or motivation defi-
ciencies, showed no effect of the ReRh lesion, as previously shown
(Dollemann-van der Weel et al., 2009). During training, the dis-
tance to reach the platform progressively declined over days
(F(7 301y = 62,50, p < 0.0001) showing progressive learning of the
hidden platform location (Fig. 4a). The statistical analysis of the
distance traveled by each rat during the acquisition phase also
revealed no effect of the Group (Lesion, Sham), the Delay (5d,
25 d), or the Group X Delay interaction (Group: F; 45y = 1.64;
Delay: F, 43, = 0.27, interaction: F(, 43, = 0.45; ns for all). All rats
showed a decrease in thigmotactic behavior over days (F; 50,y =
37.54, p < 0.0001), with no effect of Group or Delay (F, 43, =
1.87and F(, 43, = 0.066, respectively; ns). Thus, a ReRh lesion had
no impact on the acquisition of the platform location in the water
maze. According to the probe trial performance, for the time
spent in the target quadrant (Fig. 4b), there was no significant
effect of the Group (F(; 43, = 1.915ns), of the Delay (F(, 43, = 3.34;
ns), but we found a significant interaction between Delay and
Group (F(, 43, = 7.04; p < 0.05). The interaction effect was due to
a significant difference between the two groups (Sham vs Lesion)
at the 25 d delay (p < 0.05) as revealed by the Newman—Keuls
multiple range test. Indeed, at the 25 d delay, rats with a ReRh lesion
did not remember the platform location (p > 0.1 vs chance level)
whereas Sham rats did (p < 0.001 vs chance level) (Figs. 4, 5d). On
the opposite, for recent memory, both groups (Sham, Lesion)
showed a strong bias for the area of the pool where the platform was
previously located during training as shown by the time spent in the
Target quadrant (p < 0.001 vs chance level for both groups) (Figs.
4b, 5). The statistical analyses for the three other quadrants showed:
for the Adj. L. quadrant, a significant effect of the Delay (F, 43, =
3.34, p < 0.05), no effect of the Group (F, 45y = 0.3; ns), and no
interaction between Delay and Group (F, 43y = 0.00; ns); for the
Adj. R. quadrant, no significant effect of the Group, Delay, or inter-
action between the two factors (F, 45y = 0.00, F(, 43, = 0.49, and
F| 43 = 1.14, respectively; ns); and for the Opposite quadrant, no
significant effect of the Delay (F, 45y = 2.14; ns), but a significant
Group effect (F(, 43y = 6.84, p < 0.5) and a significant Group X
Delay interaction (F(, 45y = 8.85, p < 0.5). The Group and interac-
tion effects in the Opposite quadrant (southeast quadrant) were due
to the fact that in the ReRh group at the 25 d delay, performance was
not different from chance level (ns). Analysis of the number of an-
nulus crossings confirmed the performance deficits in the ReRh
group at the 25 d delay (Fig. 4¢). Indeed, the number of crossings
showed a significant effect of Delay (F, 43, = 6.74, p < 0.05) but no
significant effect of the Group nor of the interaction between Group
and Delay (F(, 43, = 3.18; F(; 43y = 5.89; ns for both, respectively).
The analysis of the percentage of time spent by the rats inside the
corridor corresponding to the Whishaw error before the first target
area entrance (Fig. 5a) showed a significant effect of the Group
(F(1,43) = 4.23, p < 0.05), no significant effect of the Delay (F, 45, =
1.32; ns), and a significant interaction between Group and Delay
(F(1,43) = 4.60, p < 0.05). These differences were due to a signifi-
cantlylonger time spent by the 25 d delay group in the corridor of the
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target quadrant; Adj. R., quadrant at the right of the target quadrant; Target, quadrant where
the platform was located during training.
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Whishaw error (p < 0.05). The statistical a 5d
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analyses of the distance traveled for the first
target area entrance (Fig. 5b) showed a sig-
nificant effect of the Group (F, 43, = 4.64,
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the two factors (F, 43y = 4.76, p < 0.05).
The Newman—Keuls post hoc comparisons
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revealed that these differences were due to a
significantly larger distance traveled in the b
25 d delay group for the first target zone en-
trance (p < 0.05). Concerning the la-
tency to the first target area entrance (Fig.
5¢), there were no significant Group, Delay,
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factors (F, 43y = 0.63, ns; F(; 43) = 0.72, ns;
F 43 = 1.66, ns, respectively). Finally,
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swim speed and thigmotaxis during the
probe trial were not significantly different 40

between groups (F(, 45, = 0.69 for swim w
speed; F,; 43) = 0.23 for thigmotaxis; ns for g 30
both) and delays (F, 45y = 0.55 for swim &
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both; data not shown) (Fig. 54, illustration
of swim paths showing no evident thig-
motactic behavior in ReRh lesioned 25 d
delay group). These data suggest no in-
fluence on water-maze performance of
non-mnemonic factors such as gross senso-
rimotor, motivation, or anxiety alterations.
Thus, all of these behavioral data might
point to a specific effect of the ReRh lesions
on remote memory, with no effect of such
lesions on task acquisition or retrieval of re-
cent memory.

Figure 5.

the platform location.

Effects of a ReRh lesion on spatial memory formation were
not related to any alteration in anxiety level or locomotor
activity

To confirm that the ReRh lesion had no impact on some non-
mnemonic effect that could explain the deficits observed at the
25 d delay in the lesioned group, we used more specific and
thus more direct behavioral tests targeting anxiety and loco-
motor activity levels. Thus, in an elevated plus maze, ReRh-
lesioned rats did not show any alteration in anxiety-related
behavior, as compared to Sham rats. Indeed, no difference
between these two groups could be evidenced in the number of
entries in open arms and closed arms (F; 5, = 1.80; F(; 55, =
0.64, respectively; ns), as well as in the time spent in open arms
and closed arms (F, 5,y = 3.40; F(, ,,, = 0.55, respectively; ns)
(Fig. 6a). Likewise, in the plus maze, locomotor activity, esti-
mated by the total number of arm entries, showed no signifi-
cant difference between Sham and Lesion rats (F, ,,, = 0.078,
ns; data not shown). Moreover, in an open-field arena, the
number of square crossings and rearings showed no signifi-
cant effect of the Group (Lesion, Sham) (square crossings:
F( 5y = 0.55; rearings: F(, ,,, = 0.54; ns for both) (Fig. 6b).
Finally, locomotor activity assessed in HC over 24 h, also
showed no significant effects of the Group (F, 45, = 0.007;
ns), a significant effect of Hour (F 53 ;935 = 12.86, p < 0.001),

Sham ReRh

Sham ReRh

Effects of a pre-acquisition ReRh lesion on spatial memory in the hidden version of the water-maze task. a—¢,
Analyses of the path initially taken by the rats during the probe trial at the 5 d (left) and 25 d (right) postacquisition delays. a, Time
inthe Whishaw error path corresponds to the percentage time (+SEM) spent by the rat inside a corridor (width: 18 cm, from the
start point to the former location of the platform) before its first entry in the target area. b, Average distance (+ SEM) for the first
entry in the target area. ¢, Latency to the first target area crossing. #p << 0.05. d, Examples of detailed swim paths during each
probe trial from a rat showing the best performance, i.e., highest percentage of time spent in the target quadrant (left) and from
a rat showing performance close to the mean (right) for each group at each delay (5 d, recent memory; 25 d, remote memory).
Paths initially taken by rats are in bold. Note that, except for the 25 d delay ReRh lesion “close to mean” group, all swim paths
showed that rats were spending significantly more time in the target quadrant versus the three other ones and thus, remembered

but no significant interaction between the two factors (F,3 1035 =
0.35; ns). Hour effect was due to an increased activity during the
nocturnal period in both groups (Fig. 6¢). These latter data showing
no effects of the ReRh lesion on locomotor activity are in accordance
with Prasad et al. (2012).

Reversible inactivation of the ReRh had no impact on
retrieval of a recent or remote spatial memory in rats having
acquired the task with an intact thalamus

During the probe trial performed at the 25 d delay, we found
memory deficits in the rats subjected to ReRh lesions. These def-
icits could be the consequence of alterations of long-term consol-
idation and/or of retrieval of remote memory. Therefore, we next
asked whether functional reversible inactivation during the
probe trial would impair performance in rats having learned the
location of a hidden platform without any prior treatment. To
this end, we infused LIDO or PBS (control) 15 min before the
probe trial, which occurred either 5 d or 25 d after the end of
acquisition. For indications on cannula placement and drug dif-
fusion, see Figure 7. Our behavioral data showed that during
acquisition, the four groups improved over days (Fig. 84; F; 3,9y =
55.98, p < 0.0001) and no significant between-Group and Delay
differences in the distance to reach the platform were observed
(Group: F(, 47) = 1.89; Delay: F(, ,,, = 0.00; ns for both); there was
no Delay X Group X Day interaction (F; 3,9, = 0.65; ns). Thigmot-
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Figure6. Effectsofa ReRh lesion on anxiety and locomotor activity. a, In the plus maze,
the total number of open- and closed-arm entries (left), as well as the total time spentin
open- and closed-arms (right) did not differ among the two groups. Thus, the thalamic
lesion did not affect anxiety-related behavior (ngypy = 11, Mge/pn = 12). b, In the open-
field test, the ReRh lesion did not affect locomotor activity (number of square crossings,
left) or number of rearings (right) (ngyam = 11, Nge/n = 13). ¢, HClocomotor activity over
a 24 h period also failed to detect lesion effects on the total number of longitudinal cage
crossings during both the light and dark periods. The black horizontal line above the x-axis
indicates the duration of the dark period (ngyay = 22, Npe/pn = 25).

actic behavior decreased in all rats over days (F(; ;) = 33.28,
P < 0.0001), with no effect of the Group or Delay (F, ,,, = 0.50,
F(.47) = 0.55, respectively; ns) (data not shown). According to the
probe trial performance, for the time spent in the target quadrant
(Fig. 8b), there was no significant effect of Group (F, 4, = 0.43; ns).
We found a significant effect of Delay (F, ;) = 6.63, p < 0.05) but
no interaction between Delay and Group (F(, 4,y = 0.53; ns). The
Delay effect was due to a significant decrease in performance at the
25 d delay in both LIDO and PBS rats as compared to the 5 d delay
(p < 0.05). At both delays and for both groups, however, perfor-
mances were significantly above chance level (p < 0.05 for all), and
the significant bias for the area of the pool where the platform was
previously located during training attested for memory of the plat-
form location in all treatment groups. The statistical analyses of the
three other quadrants showed the following: for the Adj. L. quadrant,
a significant effect of the Delay (F, ,,, = 4.75, p < 0.5) but no effect
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Figure7. a, Schematic representation of the infusion sites on coronal sections through the
midline thalamus in rats subjected to PBS or LIDO infusions before the probe trial. Behavioral
performances are shown in Figure 8. Coordinates are given in millimeters from bregma accord-
ing to Paxinos and Watson (1998). Each infusion site is represented by open circles (PBS) or gray
triangles (LIDO), the center of which corresponds to the location of the tip of the infusion needle.
b, Photomicrograph showing a representative location of the infusion site on a brain section
stained with cresyl violet. Scale bar, 1 mm. ¢, Distribution of Evans blue 10 min after the infusion
of a LIDO solution containing 0.5% of the dye into the ReRh. Scale bar, 500 um. The diffusion
area appears in red under a fluorescence microscope (excitation 355 nm). Dashed lines delin-
eate the limits of the reuniens nucleus (Re), submedius nucleus (Sub), and perireuniens (pRe).
Rh, rhomboid nucleus.

of the Group (F(, 47y = 0.19; ns) and no Group X Delay interaction
(F(1,47) = 1.14; ns); for the Adj. R. quadrant, no significant effect of
the Treatment, Delay, or the interaction between the two factors
(Fa7) = 0.52, F(| 47) = 1.20, F; 4, = 1.20, respectively; ns); for the
Opposite quadrant, no significant effect of the Delay (F, ,,, = 3.27;
ns), Group (F, 47 = 0.75, p < 0.1; ns), or the Group X Delay
interaction (F, 47, = 0.56, p < 0.1; ns). The significant preference for
the target quadrant was confirmed by the analysis of the number of
annulus crossings, which showed a significant effect of the Delay
(F(1.47) = 11.32, p < 0.05) but no significant Group effect (F, .,y =
2.01; ns) and no interaction between Delay and Group (F, 47 =
0.53; ns) (Fig. 8¢). As for the time spent in the target quadrant, the
delay effect was due to a decrease in performance for both LIDO and
PBS rats at the 25 d delay, as compared to the performance found at
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Figure8.  Effects of ReRh-reversible LIDO inactivation on spatial memory in the hidden ver-
sion of the water-maze task. a, Drug-free acquisition expressed as average distance to reach the
platform (+SEM) in the rats that were subsequently tested for recent (5 d) or remote (25 d)
memory after bilateral LIDO or vehicle (PBS) infusions into the ReRh. All rats were subjected to
four daily trials over 8 consecutive days. There were no significant differences among the four
groups. b—d, Mean performance (+ SEM) during recent and remote memory probe trials in PBS
and LIDO groups, expressed as the time (in seconds) spent in the four quadrants of the pool (b,
¢) and the number of crossings in the target area (d), at the 5 (left) and 25 day (right) postac-
quisition delays. The dashed line represents chance level (i.e., 15 s). Statistics: *Significantly
different from chance, p < 0.05. All rats (LIDO and PBS) remembered the platform location and
concentrated their searches in the target quadrant where the platform was located during
acquisition. At the 25 d delay, searches for the platform were less precise than at the 5 day delay,
but there was no difference between PBS and LIDO rats. The number of rats was as follows: 5 day
delay (npgs = 13, o = 12) and 25 d delay (npgs = 14, nype = 12). LIDO, lidocaine; PBS,
phosphate buffer saline; 5 d, 5-d postacquisition delay; 25 d, 25 d postacquisition delay; Adj. L.,
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the 5 d delay. However, post hoc comparisons revealed that those
differences were not significant. Swim speed and thigmotaxis were
not significantly affected by ReRh inactivation (F, ,,, = 0.01 for
swim speed; F, ,, = 0.81 for thigmotaxis; ns for both), by Delay
(F(1.47) = 1.29 for swim speed; F; ,,, = 0.27 for thigmotaxis; ns for
both), or by the interaction between these two factors, Group X
Delay (F; 47, = 0.01 for swim speed; F; 4,y = 0.11 for thigmotaxis;
ns for both) (data not shown). Thus, these behavioral data showed
an absence of effect of ReRh functional inactivation during the probe
trial, whatever the postacquisition delay. This points to a nonessen-
tial role of those nuclei for spatial memory retrieval per se, although,
based on our imaging data, ReRh nuclei appeared to be activated
during the retrieval of a remote memory.

Discussion

The present study shows, for the first time and in a water maze, a
specific implication of the ReRh thalamic nuclei in memory per-
sistence. c-Fos expression was increased in the ReRh during re-
mote but not recent memory retrieval. Excitotoxic ReRh lesions,
which prevented neither task acquisition nor recent memory re-
call, impaired remote memory performance in the probe trial.
Behaviors such as locomotor activity or those related to anxiety
were not altered by the lesion. Finally, after drug-free acquisition,
reversible ReRh inactivation had no impact on retrieval perfor-
mance, whatever the delay. The discordance between the effects
of pre-acquisition thalamic lesion and of reversible inactivation
at the 25 d postacquisition delay points to a contribution of the
ventral midline thalamus in the establishment of a remote spatial
memory. In addition, the increase in c-Fos expression in ReRh at
the 25 d delay, contrasting with the absence of inactivation effects
during retrieval, reinforces the idea of a possible role of these
thalamic nuclei in remote memory consolidation, most probably
via a functional participation in a neuronal network that includes
at least the hippocampus and the mPFC (Lopez et al., 2012).

The ventral midline thalamus and memory

Evidence of a thalamic contribution to memory functions exists
in patients with diencephalic damage (Van der Werf et al.,
2003a,b). Although some neuropsychological symptoms of dien-
cephalic amnesia are akin to those of temporal lobe damage, and
others resemble deficits characteristic of PFC dysfunctions (Van
der Werf et al., 2000, 2003a; Aggleton, 2008), the contribution of
the thalamic subregions to memory awaits further clarification.
Thalamic nuclei best known to participate in memory are the
anterior thalamus and the medial thalamus, including ILN and
mediodorsal nuclei. Interestingly, the former is highly connected
with the hippocampus, while the latter has major connections
with the PFC (Van der Werf et al., 2003a,b). Considering the key
position of the ReRh nuclei at the interface between the hip-
pocampus and the mPFC (Hoover and Vertes, 2012), the rela-
tively small number of studies that paid attention to their
functional implications remains surprising. Dolleman-van der
Weel et al. (2009) showed in rats that Re lesions did not prevent
water-maze acquisition, but impaired performance in a delayed
(24 h) probe trial. This impairment was attributed to a too rapid
shift of strategy after an initial search oriented toward the correct
quadrant, possibly as a consequence of maladaptations to envi-

<«

quadrant at the left of the target quadrant; Opp., quadrant opposite to the target quadrant; Adj.
R., quadrant at the right of the target quadrant; Target, quadrant where the platform was
located during training.
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ronmental constraints or of mPFC dysfunction. Our results
showing no effect of the ReRh lesion on recent memory retention
appear contradictory. However, the results of Dolleman-van der
Weel et al. (2009) show that the rats with ReRh lesions performed
above chance level, and thus remembered the platform location.
Another study assessed reference and working memory perfor-
mance in a water maze after ReRh inactivation, but conclusions
were unclear as controls did not remember the platform location
(Davoodi et al., 2009). Hembrook et al. (2012) reported that
lesions or functional inactivation of the ReRh altered perfor-
mance in spatial working memory tasks requiring an interaction
between the hippocampus and the mPFC, while memory perfor-
mance in tasks requiring only one of these structures was normal
(Hembrook and Mair, 2011). Likewise, high-frequency stimula-
tion of the Re in mice impaired normal acquisition of trace eye-
blink conditioning and object recognition, which both involve
the hippocampus and mPFC (Eleore etal., 2011). Thus, our pres-
ent data showing a specific effect of the ReRh lesion on remote
spatial memory (Figs. 4, 5), which, at the system level, depends on
coordinated interactions between the hippocampus and mPFC
(Frankland and Bontempi, 2005; Winocur etal., 2010), are in line
with a potential role of these thalamic nuclei in the formation of
remote memories.

The ventral midline thalamus: a key relay for
hippocampocortical interactions?

The memory impairment found in the present study might be
explained by a disconnection of the hippocampus from the
mPFC. There are no direct projections from the mPFC to the
hippocampus (Vertes, 2004). On the contrary, there is a direct
unilateral pathway connecting the hippocampus to the mPFC
via CA1 and the subiculum and terminating in the prelimbic
cortex (Thierry et al., 2000). Anatomical and electrophysio-
logical data support the idea of a major role of the ReRh in the
information flow between the hippocampus and the mPFC
(Vertes, 2006; Vertes et al., 2007; Hoover and Vertes, 2012).
Indeed, the Re densely projects to the mPFC, ventral CA1, and
subiculum. The Rh also innervates these areas and addition-
ally has connections with other cortices (e.g., sensorimotor),
the ventral striatum, and the amygdala (Su and Bentivoglio,
1990; Dolleman-Van Der Weel and Witter, 1996; Vertes et al.,
2006). Recently, Hoover and Vertes (2012) showed that a sig-
nificant proportion of Re neurons project to both structures
via axon collaterals, placing the Re at a critical position to
influence the hippocampus and mPFC. Interestingly, stimula-
tions of ReRh excite neurons in CA1l but also hippocampal
projections to the mPFC (Dolleman-Van der Weel et al., 1997;
Bertram and Zhang, 1999; di Prisco and Vertes, 2006), dem-
onstrating that ReRh nuclei may functionally influence hip-
pocampal projections to mPFC (Vertes, 2006; Vertes et al.,
2007). The present study extends the findings reported by
Hembrook et al.(Hembrook and Mair, 2011; Hembrook et al.,
2012) about the specific role of the ReRh in behavioral tasks
depending upon hippocampo-mPFC interactions to the con-
solidation of a spatial memory at the system level. Indeed, we,
as other authors, previously showed that remote spatial mem-
ory retrieval in a water maze required the hippocampus and
the mPFC, while recent memory retrieval was possible with
only the hippocampus (Clark et al., 2005; Broadbent et al.,
2006; Teixeira et al., 2006; Wiltgen et al., 2010; Lopez et al.,
2012). According to the main system consolidation theories
(i.e., standard and multiple trace), a memory trace is initially
encoded within hippocampal-neocortical networks and, over
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time, is progressively consolidated in cortical networks. This
process requires repeated and coordinated reactivation of hip-
pocampocortical networks to increase the strength and stabil-
ity of corticocortical connections (Frankland and Bontempi,
2005; Winocur et al., 2010). The mPFC appears to play a
prominent role in these processes (Frankland and Bontempi,
2005). Thus, considering (1) our c-Fos data indicating an
ReRh activation for the retrieval of a remote memory, (2)
normal recent and remote memory performance despite the
inactivation of the ReRh, and (3) ReRh lesion-induced altera-
tion of only remote memory performance, the hypothesis of a
specific role of the ReRh nuclei in the consolidation of a spatial
memory at the system level appears highly plausible. Given the
neuroanatomical evidence, these nuclei are in a key position to
influence the hippocampocortical interactions leading to the
reorganization of a memory trace from its initial stage of hip-
pocampo dependency to its final stage involving (also) neo-
cortical modules. The high c-Fos expression in the ReRh after
retrieval of a remote memory suggests that those thalamic
nuclei may participate in the reactivation of hippocampo-
neocortical interactions required for remote memory re-
trieval. The absence of inactivation effects on this retrieval,
however, indicates that this participation is not crucial, or it
could alternatively be the result of less complete activity sup-
pression in the ReRh than after the lesions.

Toward a role of the “nonspecific” thalamus in memory
consolidation at the system level

The results of the present study may be compared to those ob-
tained after lesions of the ILN/lateral thalamic (LT) nuclei (Lopez
et al., 2009). Indeed, in a similar water-maze task, the pre-
acquisition lesion of the ILN/LT had no impact on either acqui-
sition or retrieval of a spatial memory tested at a 5 d delay, but
prevented retrieval at 25 d. This suggests a key role of the ILN/LT
and the ventral midline thalamus (the present study) within an
extrahippocampal network critically involved in the time-
dependent reorganization of a spatial memory. These two sets of
thalamic nuclei, which belong to the nonspecific thalamus, (1)
send relatively diffuse projections to superficial cortical areas, (2)
are involved in cortical synchronous activity via thalamocortical
and corticothalamic relay cells, and thus, (3) are able to activate
one or more cortical neural assemblies (Miller, 1996; Jones, 2001;
Llinas and Steriade, 2006). In the context of memory formation,
cortical neuronal assemblies have been proposed as the substrate
for the consolidated memories resulting from hippocampocorti-
cal as well as corticocortical reactivation/replay sequences, tem-
porally linked and mostly occurring during sleep (Hebb, 1949;
Sirota et al., 2003; Battaglia et al., 2011). Our data clearly and for
the first time demonstrate that the “nonspecific thalamus,” which
plays a key role in cortical arousal, awareness, and motivation,
particularly via its strong projections to the mPFC and anterior
cingulate cortex (Van der Werf et al., 2002; Llinds and Steriade,
2006), actively participates in processes underlying the long-term
consolidation of a memory. This most probably occurs via its
involvement in the hippocampocortical and corticocortical dia-
log necessary to the progressive reorganization of a memory trace
at the system level.
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