Accepted Version
Behavioural Brain Research, 431 (2022) 113962
https://doi.org/10.1016/j.bbr.2022.113962

Rapid decay of spatial memory acquired in rats with ventral hippocampus lesions

Juan M. J. Ramos”

Department of Psychobiology and Mind, Brain and Behavior Research Center (CIMCYC),
University of Granada, Granada 18071, Spain

"Corresponding author: Juan M. J. Ramos, Department of Psychobiology, School of

Psychology, Campus Cartuja, University of Granada, Granada 18071, Spain.

E-mail address: jmjramos@ugr.es (Juan M. J. Ramos)



mailto:jmjramos@ugr.es

Accepted Version - Behavioural Brain Research, 431 (2022) 113962
https://doi.org/10.1016/j.bbr.2022.113962
RAPID DECAY OF SPATIAL MEMORY ACQUIRED IN RATS WITH VENTRAL HIPPOCAMPUS LESIONS

Abstract

Several memory consolidation theories have proposed that following a learning situation the
hippocampus gradually stabilizes labile recent memories into long-lasting remote memories.
Most work in this field has focused on the dorsal hippocampus (DHip), giving little
consideration to a possible contribution by the ventral hippocampus (VHip), particularly when
spatial paradigms are used. However, in recent years a growing number of studies have
suggested the existence of a functional continuum, related to spatial processing and navigation,
along the dorsoventral hippocampal axis. For this reason, in the present study we compare the
effect of DHip vs. VHip lesions on long-term spatial memory retention. Using a four-arm plus-
shaped maze, rats with lesions in the DHip, VHip or sham-lesioned learned to criterion a place
discrimination task based on allothetic cues. During two retraining phases (2 days and 24 days
after learning) retention of the spatial information learned during the acquisition phase was
evaluated. The main findings revealed no deficit 2 days after learning, but 24 days after learning
both lesioned groups showed a profound impairment compared to control animals (expt. 1). In
contrast, when rats learned a cue-guided navigation task in the acquisition phase, both lesioned
groups performed the two retention tests, 2 days and 24 days after learning, at the same level as
the control group (expt. 2). These results suggest not only that the DHip is vital, but also that
normal VHip activity is critical during the post-learning period in order for a recent spatial

memory to become a stable long-term memory.
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1. Introduction

For the memory of an explicit event to persist over time a consolidation process must take
place following the learning episode [1, 2]. This process, which in rodents lasts several weeks,
is supported by interactions between the hippocampus and neocortical modules and therefore is
known as systems consolidation [3, 4]. As a result of systems consolidation a reorganization
takes place in the brain circuitry underlying long-term memory, whereby all or part of the
initially hippocampus-dependent trace is transferred to neocortex [5-7].

Numerous findings support the critical role of the hippocampus-neocortical interactions
during the systems-level consolidation process. First, the type of retrograde amnesia observed in
patients following damage to large medial temporal lobe regions or to the hippocampus is
frequently temporally graded, with the deficit affecting recent memories while remotely
acquired memories are spared [8, 9]. In rodents, a similar form of retrograde amnesia has been
observed following hippocampus lesions using non-spatial tasks, for example, contextual fear
conditioning [10, 11], social transmission of food preference [12, 13] and trace eyeblink
conditioning [14, 15]. Using allocentric spatial tasks the results have been mixed, with some
studies showing a flat retrograde amnesia [16-18] and others a graded retrograde amnesia after
lesions limited to the hippocampus [19-21]. Second, some studies performed in the water maze
have found that lesions to specific regions of the frontal cortex, mainly the anterior cingulate
cortex, impaired remote but not recent spatial memory [22-24]. So, the fact that some studies
have not found a graded retrograde amnesia following hippocampus lesions, as mentioned
above, does not mean that the brain circuits involved in spatial memories are not reorganized
during systems-level consolidation. Third, a series of studies has shown time-dependent changes
in neural activity at different levels of the hippocampal-neocortical system as the consolidation
process progresses. So, results often indicated hippocampal activation during recent but not
remote spatial memory retrieval [19, 25, 26]. Complementarily, during remote memory retrieval
the hippocampus appears to be deactivated while discrete frontal regions, depending on the type

of task being used, are recruited [15, 19, 22, 24-26].
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The present study is yet another attempt to explore the contribution of the hippocampus to
long-term spatial memory formation. Based mainly on differences in anatomical connectivity
and lesions studies, dorsal and ventral subregions have traditionally been considered to be
involved in functionally distinct processes, with DHip supporting spatial/contextual memory
and VHip being primarily involved in emotion-related behavior [27-29]. For this reason, most
studies to date have focused on the dorsal hippocampus [30, 31] and, to the best of our
knowledge, no study has yet demonstrated the relevance of the ventral hippocampus in long-
term spatial memory retention. In support of this possibility, various studies have shown
recently that under certain training conditions the two subregions of the hippocampal
dorsoventral axis can act synergically in spatial processing and navigation [32-34]. Furthermore,
there are prominent unidirectional and monosynaptic projections, primarily ipsilateral, from the
VHip to the prefrontal cortex in rats that could support the necessary interaction between these
two regions during the systems consolidation process [35, 36]. Therefore, the primary aim of the
two experiments in the present series is to compare the effect of dorsal vs. ventral hippocampal
lesions on long-term spatial memory retention. In the two experiments of this study, excitotoxic
lesions were made to the DHip or VHip prior to learning and the lesioned animals then learned
either a place discrimination task (expt. 1) or a non-allocentric task (expt. 2) until reaching a
performance level similar to that of control animals. Since during the post-learning period
interaction between the hippocampus and the neocortex is a necessary condition for the normal
consolidation of the information, we hypothesize that in hippocampus-damaged animals the
retrieval of remote memory should be affected, but not that of recent memory. The main results
confirmed these predictions, showing that the ventral hippocampus is significantly involved in
long-term allocentric retention, although to a lesser degree than the dorsal region.

2. Material and methods

2.1. Experiment 1: Differential decay over time of allocentric spatial memory acquired in rats

with dorsal vs. ventral hippocampus lesions.
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Since recent data have suggested a certain cooperation along the dorsoventral hippocampal
axis in allocentric learning and memory [34, 37, 38] the main aim of expt. 1 was to compare the
effect of DHip vs. VHip damage on the formation of long-term spatial memory, in order to
dissociate the contribution of each subregion. Previously, in our lab we have observed that rats
with DHip can acquire a place discrimination task in the radial maze if a special training
procedure is used that favors behavioral flexibility [30, 31] or when overtraining [39] is
employed. In both cases, however, 24 days after acquisition a profound deficit in retention was
observed. As far as we know, there is still no data indicating whether the VHip is also necessary
for long-term spatial memory retention using an anterograde design. For this reason, in this
experiment DHip or VHip-lesioned rats learned a place discrimination task to criterion and two
retention tests were administered 2 days and 24 days after learning. Since in the present
experiment post-learning interactions between the hippocampus and the neocortex have been
disrupted by permanent lesions, we hypothesized that memory formed in VHip lesioned rats

would experience an accelerated decay across time if VHip really contributes to long-term

stable memory formation during systems consolidation.

2.1.1. Subjects

The subjects were 25 male Wistar rats from Charles River Laboratories (France), randomly
assigned to one of the following three groups: DHip-lesioned (n = 8), VHip-lesioned (n = 9) and
sham-lesioned (n = 8). Two animals from the DHip-lesioned group did not reach learning
criterion during the acquisition period and were eliminated, leaving a total of 6 rats in this
group. The animals, initially weighing between 270-290 g, were individually housed in single
polycarbonate cages (480 x 265 x 210 mm, Tecniplast, Italy), maintained at a constant
temperature of 22 + 1° C and under controlled lighting conditions (light on from 8:00 a.m. to
8:00 p.m.). All experimental procedures were performed during the light phase of the cycle and
in conformity with the relevant European directive (2010/63 EEC) and Spanish legislation

(BOE RD 53/2013). The protocol was approved by the Ethics Committee for animal research of
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the University of Granada (protocol number: 01-CEEA-OH-2013) and by the competent

authority of the Regional Government of Andalusia (record number: 31/03/2014/57).
2.1.2. Surgery

An analgesic opioid (buprenorphine, 0.1 mg/kg, i.p., Bupaq®, Richter Pharma AG, Austria)
was administered at least 30 min before the anesthesia (sodium pentobarbital, 65 mg/kg, i.p.,
Sigma Chemical, St. Louis, Missouri). The rats were placed in a David Kopf stereotaxic
apparatus (mod. 900, David Kopf Instruments, Tujunga, California) with the incisor bar
adjusted so that lambda and bregma were level. When necessary the animals were reinjected
with a small amount of pentobarbital to maintain the anesthesia until the end of surgery. The
lesioned subjects received bilateral injections of N-methyl-D-aspartic acid (NMDA, Sigma
Chemical, PBS, pH 7.4, 0.07 M) through the insertion of a 30-gauge stainless steel cannula in
eight sites of the DHip and the VHip in relation to the interaural zero point [40]. Table 1 shows
the stereotaxic coordinates used to lesion DHip and VHip. The neurotoxin was administered in a
0.25 pl volume at each site through the cannula attached to a 5 pl Hamilton microsyringe
(Teknokroma, Barcelona, Spain). The solution was delivered by a Harvard Apparatus pump set
(model 22, Panlab-Harvard Apparatus, Barcelona, Spain), at an infusion rate of 0.1 pl/min. The
cannula was left in situ for an additional 5 min before being withdrawn. The control group
underwent identical surgical procedures, the one exception being that equivalent volumes of
phosphate-buffered saline (PBS) were infused into the dorsal or ventral hippocampus. Four
hours after surgery each rat was injected with buprenorphine to reduce post-operative pain (0.2

mg/kg, i.p., Bupaq®, Richter Pharma AG, Austria).
2.1.3. Apparatus

The apparatus used was a black Plexiglas four-arm plus-shaped maze built by the University
of Granada Technical Services Department. Each arm of the maze measured 60 cm in length x
10 cm in width and was connected to an octagonal central platform 35 cm in diameter. The

walls of the central platform were 15 cm in height and the walls of each arm measured 5 cm in
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height. The maze was 80 cm from the floor and was located in the middle of an experimental
room measuring 3 x 2.8 m. The distance between the various extramaze cues and the maze itself
was therefore quite small. Posters on the wall, a window covered in black adhesive plastic,
metal shelves and a cabinet were the main extramaze cues used by the rats to learn the task. A
schematic diagram of the maze and cues in the testing room has been presented elsewhere [41].
The maze and the cues in the experimental room were illuminated by two tubes, of 100-W each,

placed symmetrically on the ceiling and also by one 200-W light bulb hanging from the ceiling

1.2 m above the center of the maze. This provided a high level of illumination (459.8 lux).

2.1.4. Behavioral procedure

The rats were given 10-12 days to recover from the surgery. Following this period, all subjects
were put on a food schedule to maintain them at 85-90% of their free-feeding body weight.
Beginning on the same day as the food scheduling, all rats were handled on 7 successive days
for 10 min each. On the following day behavioral training in the four-arm plus-shaped maze
began. Rats were given eight trials per session and one session per day. An animal’s training
period ended when it reached a learning criterion of at least 14 correct trials over two
consecutive days. At the beginning of a trial, the rat was placed at the end of one of the arms
used for starting (S, N and E), with its back to the central platform. The order in which the
different arms were used for starting was randomized in each daily session. In addition, the
frequency with which each animal started from each arm during the training period was the
same, and therefore turning left, turning right or going straight was not predictive of reaching
the goal arm. During each training trial, two 45-mg food pellets (P.J Noyes Lancaster, NH,
USA) were placed in the food cup at the end of the west arm. Identification of the goal arm by
smell was prevented by the presence of five inaccessible 45-mg food pellets under each of the
four arms. The pellets were placed at the end of each arm, under the food cup, using adhesive
tape and they were replaced by fresh ones every 2 days. After a choice was made and the rat

passed the mid-way point of the chosen arm with all four of its limbs, the experimenter placed a
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wooden cube measuring 10 cm x 10 cm x 10 cm just behind the rat. This way the animal was
made to stay at the end of the chosen arm for 8-10 s. Then the rat was picked up and confined in
a box for an intertrial interval of 30 s. Between trials the maze was rotated 90° in a clockwise
direction in order to prevent the animals from using olfactory signals to reach the goal arm. The

floor of the testing room was marked to assure that the position of the maze remained constant

in relation to the room cues.

As the animals reached the learning criterion they were put in their respective cages for 2 days
and were not tested in any way. Starting on day 2 post-training each animal received retraining
on the allocentric spatial task learned during the initial training phase. When the animal again
reached the training criterion (at least 14 correct trials over two consecutive days) it was left in
its cage until day 24 post-training. Starting on day 24 the animals received a second retraining in
the allocentric task learned during the initial training phase, until reaching criterion (14 correct/2
consecutive days). The procedure used during each memory recall test (retention on days 2 and
24 post-learning) was identical to that of training (acquisition). During the 7 days preceding the
24-days remote memory recall test the animals were deprived of food to achieve a weight of 85-

90% of their ad libitum body weight.
2.1.5. Histology

When the behavioral testing was complete, the rats were given an analgesic opioid
(buprenorphine, 0.1 mg/kg, i.p., Bupaq®, Richter Pharma AG, Austria) and 30 min later were
injected with a lethal dose of a euthanasia solution (sodium pentobarbital, 180 mg/kg, i.p.,
Euthoxin®, Fatro Ibérica, S. L., Spain). Animals were perfused intercardially with 0.9% saline,
followed by 10% formalin. After extraction from the skull, the brains were post-fixed in 10%
formalin for several days and subsequently in 10% formalin-30% sucrose until sectioning.
Coronal sections (40 um) were cut on a cryostat (Leica CM 1850, Leica Microsystems,

Germany) and stained with cresyl violet, a Nissl stain.
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In order to quantify the extension of the damage in each lesioned rat, regions of cell loss and
gliosis identified microscopically were plotted on drawings of coronal sections from the Paxinos
and Watson atlas [40]. For each DHip-lesioned rat, the reconstruction of the lesion was based on
five coronal sections (anteroposterior levels from interaural zero point: +6.4, +5.7, +4.8, +3.8
and +2.9 mm). Each coronal section was digitized and the lesioned area was calculated by a
computer program (ImageJ, http://imagej.nih.gov/ij/). The volume of damage was expressed as
a percentage, reflecting the amount of lesioned tissue in proportion to the total volume of the
hippocampus measured in 3 normal non-lesioned rats. Similarly, for each VHip-lesioned rat, the

reconstruction of the lesion was made based on five coronal sections (anteroposterior levels

from interaural zero point: +4.7, +4.2, +3.7, +3.2 and +2.7 mm).

2.1.6. Data analysis

In both the acquisition phase and the retraining phases, the dependent variable was the number
of errors before reaching criterion. To compare the performance of the different groups one-way
ANOVAs were used. Additionally, a 2-way mixed ANOVA, with group as the between-subject
variable and retraining interval as the within-subject variable, was used to analyze the
performance during the two retraining periods, on days 2 and 24. Post-hoc Tukey tests for the
analysis of simple main effects and interaction were used where appropriate. All analyses were

conducted with the Statistica software 8.0 (StatSoft, Tulsa, Oklahoma).

2.2. Experiment 2: Long-term retention of non-allocentric spatial memory acquired in rats with

dorsal or ventral hippocampus lesions.

In this experiment the goal was to investigate whether DHip or VHip are necessary for long-
term retention of spatial information when the spatial knowledge is acquired in a simple
associative manner, i.e. based on a single cue (guidance strategy) and not on complex
relationships among allocentric/allothetic cues. This experiment also served as a control
experiment in which the locomotion behavior and underlying motivation to learn the task was

the same as in the previous experiment. Based on numerous studies that have suggested the
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hippocampal memory system is necessary for the performance of allocentric tasks but not of

simple associative tasks [42-44], we hypothesized that no retention deficit would be observed in

this experiment following dorsal or ventral hippocampal lesions.

2.2.1. Subjects

The subjects were 22 male Wistar rats from Charles River Laboratories (France), randomly
assigned to one of the following three groups: DHip-lesioned (n = 7), VHip-lesioned (n = 8) and

sham-lesioned (n = 7). The rest of the characteristics were as described in experiment 1.

2.2.2. Surgery, apparatus and histology

As described in experiment 1.

2.2.3. Behavioral procedure

Unlike the preceding experiment, here the animals had to learn to navigate to the goal arm
using as a guide an intramaze cue whose spatial position changed from trial to trial. Therefore,
to solve the task successfully the rats had to make use of an S-R association between the
intramaze cue and the approach response [45, 46]. In its general aspects the procedure was the
same as in expt. 1, except that throughout the initial training phase a piece of sandpaper
measuring 10 x 60 cm (roughness reference P50) was on the floor of the variable goal arm. In
two of the eight daily training trials the goal arm was positioned in the west, in two trials it was
in the east, in two it was in the south and in two it was in the north. At the beginning of each
trial the animal was placed in one of the three arms that did not contain the sandpaper. The order
in which the different goal arms were used was randomized and it was the same for all animals.
Also, the relation between the starting arm and the goal arm was controlled to ensure that at the
end of the training period the number of trials in which the goal arm was located to the right,
left or opposite the starting arm was the same. This created a situation in which the extramaze

information was not relevant and the animal needed to use a ‘guidance’ strategy instead of an
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allocentric strategy to effectively solve the spatial problem [42, 45, 46]. Training ended when

each animal reached a learning criterion of at least 14 correct trials over two consecutive days.

Once the animals reached the learning criterion two retention tests were applied, 2 days and
24 days after acquisition, in order to evaluate recent and remote memory of the non-allocentric
information learned during the acquisition phase. The procedure used during the retraining

phases of the experiment was identical to that of the acquisition phase.

2.2.4. Data analyses

As described in experiment 1.

3. Results

3.1. Histological findings

Dorsal hippocampal lesions. The extent of DHip damage was similar in the lesioned groups of

expt. 1 and expt. 2. The lesion began at the rostral pole of the DHip with the dentate gyrus and
all CA fields were affected at this level (Figure 1). At intermediate levels, specifically at the
level of the ventromedial nucleus of the hypothalamus and the mammillary nuclei, the lesion
had a similar configuration, with extensive zones showing necrosis or missing tissue in the
hippocampal fields CA1-CA3. The most lateral zone of the CA3 field, however, appeared intact
in all rats. At this level, in most cases the dentate gyrus was affected but its most medial region
appeared intact to varying degrees in most rats. Lesions ended between +3.3 mm and +3.0 mm
anterior to the interaural zero point [40], at the beginning of the Sylvius aqueduct. At this level
the dorsal hippocampal fields CA1 and CA3 and the dentate gyrus were affected to varying
degrees in all the animals. In all the rats the intermediate and ventral regions of the
hippocampus remained completely intact. The amount of lesioned tissue, starting from the
dorsal pole, in relation to the total volume of the hippocampus, was 42.7 + 1.2 % (mean + SEM)

in expt. 1 and 47.6 + 1.3 % in expt. 2.
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Ventral hippocampal lesions. In most animals, the lesions began +4.8/+4.6 mm anterior to the

interaural zero point and ended +2.5/+2.2 mm anterior to this point [40]. In the rostral region of
the lesion, coinciding with the most posterior area of the mammillary bodies of the
hypothalamus, extensive cell loss and intense gliosis were observed in CA1-CA3 subfields of
the VHip in all the animals, with little variation in the extent of the damage (Figure 1). The most
ventral area of the dentate gyrus, however, was spared in most animals. This configuration was
maintained throughout all the anteroposterior extension of the lesions. The amount of lesioned
tissue, starting from the ventral pole and in relation to the total volume of the hippocampus, was
33.1 +1 % (mean + SEM) in expt. 1 and 36.7 + 1.1 % in expt. 2. No differences were observed

in the extension of the lesion between experiments (F<1).

Given that some studies using a genomic-neuroanatomic approach have divided fields CA1
and CA3 into three distinct domains along the longitudinal axis (dorsal, intermediate and
ventral), we tried to determine the degree to which the ventral lesions had affected the
intermediate hippocampus [47, 48]. To determine the extension of the lesion in the intermediate
hippocampus, we selected plates +4.2, +3.7 and +3.2 of the Paxinos and Watson atlas [40], in
which the anteroposterior extension of the intermediate hippocampus is represented. At these
levels the intermediate-ventral border is approximately level with the dorsal edge of the rhinal
fissure [47, 48; see also 28]. It should be noted that, although the genetic-anatomic analyses
done by Thompson et al. [47] and by Dong et al. [48] were performed on C57BL/6J mice, the
three domains correspond approximately to the septal (dorsal), caudal (intermediate) and
temporal (ventral) poles defined in the rat based on connectivity data [49]. Histological results
indicated that in our two experiments the ventral region of the intermediate hippocampus was
affected in all rats. The mean volume of damaged tissue in the intermediate hippocampus, in
relation to its total extension as measured in 3 normal non-lesioned rats, was 23.2 + 2.1 %
(mean + SEM) in expt. 1 and 28.5 + 2.3 % in expt. 2. In one animal from expt. 1 and in another
from expt. 2, unilateral damage was seen to affect 59% and 63%, respectively, of the total

extension of the intermediate hippocampus. In these rats, however, ventral hippocampus
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damage presented practically the same extension as in the rest of the animals. Finally, no rat was
seen to have sustained damage in the adjacent perirhinal or entorhinal cortices, or in the piriform
cortex, in either expt. 1 or expt. 2. Likewise, no damage was apparent in the caudal part of the
basolateral and central nuclei of the amygdala. In all the rats of both experiments the septal

region of the hippocampus remained completely intact.

3.2. Behavioral findings
3.2.1. Experiment 1

Figure 2A depicts the performance of the DHip, VHip and control groups during the
acquisition phase. A one-way ANOVA revealed significant differences in relation to the number
of incorrect trials effected before reaching criterion (F20 = 14.54, p<0.0001, n°, = 0.59). Post-
hoc Tukey tests showed that VHip-lesioned rats learned the task similarly to the controls (p =
0.99), while DHip-lesioned rats showed a profound deficit in acquisition, making significantly
more errors before reaching criterion than the controls (p<<0.0004) and also more than the VHip-

lesioned rats (p<<0.0004).

The data obtained during the two retraining periods are depicted in Figure 2B. The main
results indicated that the three groups of rats performed the spatial task perfectly 2 days (recent
memory) after the end of the acquisition phase, but at 24 days (remote memory) a profound
impairment was observed in both lesioned groups, although it was of greater magnitude in
DHip-lesioned subjects. These impressions were confirmed by a 2-way mixed ANOVA, with
group as the between-subject variable and retraining interval as the within-subject variable, that
analyzed the number of errors before reaching criterion during the retraining phases of testing.
The results of the ANOVA revealed a significant effect in the factor group (F220 = 16.68,
p<0.0001, n?, = 0.65), retraining interval (F1 2 = 28.16, p<0.0001, n*, = 0.58) and interaction
(F220 = 9.23, p<0.001, 0%, = 0.48). To analyze the interaction Tukey tests were conducted.
During the 2-days recent memory test no significant differences were found in the number of

errors before reaching the criterion, in either the DHip (DHip vs. sham, p = 0.97) or the VHip-
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lesioned group (VHip vs. sham, p = 1.0). Neither were any differences found upon comparing
the two lesioned groups (DHip vs. VHip, p = 0.97). In contrast, during the 24-days remote
memory test Tukey tests did reveal a profound deficit to criterion in the DHip (DHip vs. sham,
p<0.0001) and in the VHip group (VHip vs. sham, p<0.01). Also, DHip-lesioned animals made

significantly more errors before reaching criterion than VHip-lesioned rats (DHip vs. VHip-

lesioned, p<0.002).

Overall, these results suggest that although rats with DHip and VHip lesions can learn a place
discrimination task to the same level of mastery as the sham group and they can retain it 2 days
after acquisition, long-term spatial retention is profoundly disrupted in both lesioned groups.

These findings also indicate that the deficit is greater in the DHip group than in the VHip group.
3.2.2. Experiment 2

Figure 3A shows the performance during acquisition of the three groups used in this
experiment. A one-way ANOVA found no significant differences between the groups in the

number of errors before reaching acquisition criterion (F2,10 = 1.43, p = 0.26).

In Figure 3B the performance of the three groups during the two memory retention tests is
shown. A 2-way mixed ANOVA (3 group, between-subject variable x 2 retraining interval,
within-subject variable) revealed that lesioned and control groups did not differ significantly in
the number of errors to again reach criterion, either 2 days or 24 days after acquisition. The
analysis indicated that only the retraining interval factor was significant (group, F210 =1.03,p =
0.37; retraining interval Fy 19 = 36.90, p<0.0001, n?, = 0.66; interaction F219 = 0.51, p = 0.51).
Thus, taken together, in clear contrast with the data of expt. 1, the results of expt. 2 indicate that
neither the absence of the DHip nor the absence of the VHip prevent spatial memory acquired

using a guidance strategy, from becoming a stable, long-term memory.

4. Discussion
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To determine how the DHip vs. VHip contributes to long-term spatial memory retention,
lesioned rats learned a spatial task based on allothetic cues in a four-arm plus-shaped maze and
then, 2 days and 24 days after learning, retention tests were applied (expt. 1). With respect to
initial acquisition, the DHip-lesioned animals exhibited impairment when learning the task,
although with overtraining they were able to overcome the deficit and most animals attained a
performance level indistinguishable from that of the control group. As for the VHip-lesioned
animals, they learned the task at the same rate as the control subjects, with no deficit in
acquisition being detected. The most interesting findings of this experiment were obtained
during the two post-learning retention tests. While no retention deficit was detected 2 days after
the learning, in the remote memory test 24 days after the learning both lesioned groups showed
a profound deficit relative to controls. In contrast, in expt. 2, in which the spatial task learned
during the acquisition phase was based on a guidance strategy, both lesioned groups performed
the two retention tests, 2 days and 24 days after learning, just as well as control animals, with no
deficit in retention being found. These results suggest that both DHip and VHip play a critical
role in the long-term retention of spatial memories when the spatial information is learned based
on allocentric/allothetic cues. However, our data indicate that the deficit in long-term retention

is greater in DHip-lesioned than in VHip-lesioned rats.

An initial question raised by this data is what structures have mediated in the acquisition of
the allocentric task in the hippocampus-lesioned groups of expt. 1. Given that the rats have
partial lesions to the hippocampal dorsoventral axis, one possibility is that each group of rats
learned the task with the hippocampal region that remained unlesioned, that is, the DHip-
lesioned animals with at least the intact ventral region and the VHip-lesioned animals with at
least the dorsal subregion. There is considerable data supporting the idea that both the dorsal
and the ventral hippocampus are involved in allocentric processing and navigation. Firstly,
some studies have shown that the dorsal and ventral hippocampus can act synergically during
spatial navigation. For example, using the reference memory version of the water maze, one

study found that small, separate lesions limited to the dorsal or the ventral subregions in mice
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(affecting, respectively, 18.9% and 28.5% of the total hippocampal volume) did not result in
any deficit in acquisition of the task. However, in a third group of mice, the combination of the
two subtotal lesions (dorsal plus ventral) did significantly impair acquisition [50]. Similarly,
another recent study in the water maze showed that rats with crossed inactivation (of the DHip
in one hemisphere and the VHip in the contralateral hemisphere) performed the task
significantly worse than ipsilateral lesioned or sham-operated animals [51]. Thus, both
hippocampal subregions normally contribute to allocentric learning. Secondly, studies using
single-unit recording techniques have found place cells in both the dorsal and the ventral
hippocampus, with both sets of neurons being sensitive to manipulations in the environment’s
characteristics [52-54]. A critical difference between the two populations of cells is that dorsal
place cells present fields that are small in size and have more stable and spatially selective firing
fields than ventral place cells [52-54]. Yet, despite the superiority of DHip place cells in spatial
processing, a recent study showed that it is possible to extract high resolution spatial
information from population activity in the VHip, which suggests that this subregion, in and of
itself, is sufficient for generating an accurate representation of the environment [55]. Thirdly,
several studies involving rats have observed a high expression of immediate early genes in
DHip and VHip, in goal-directed navigation or simply in spatial sampling tasks [56-58].
Although in these studies dorsal expression was higher than ventral, which concords with the
acquisition impairment found after DHip lesions in our expt. 1, it is important to note that
ventral pyramidal cells did show behaviorally-induced Arc mRNA expression above that of
control rats, suggesting an active role of the ventral subregion in spatial navigation [56].
Fourthly and finally, some studies have shown that excitotoxic lesions to the dorsal or ventral
hippocampus after acquisition of an allocentric task produced a deficit in retrieval in both
lesioned groups [37, 59, 60]. Additionally, using the reference memory version of the water
maze task, a study found that lidocaine infusion before a probe trial, in dorsal or ventral
hippocampus, disrupted retrieval performance in a similar manner [61]. This data suggests that

allocentric learning in an intact brain occurs over a distributed hippocampal network involving
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dorsal and ventral subregions and, in consequence, both areas normally contribute to spatial
navigation. Overall, the above data suggest that in the lesioned rats of our expt. 1, the
functionally intact area of the hippocampus (dorsal in VHip-lesioned rats and ventral in DHip-
lesioned rats) can overcome any possible deficit in acquisition. In addition, our data suggest that
lesioned animals in expt. 1 probably acquire the task using complex relationships among
allothetic cues and not using a simple associative strategy. If they had used a single cue of the
experimental room for learning, the lesioned rats of expt. 1 would not have exhibited any deficit

in retaining the task 24 days after learning (as in our expt. 2), yet the retention deficit in dorsal

and ventral-lesioned rats was profound.

The central finding of this study is the absence of a retention deficit in dorsal and ventral
lesioned rats 2 days after learning but a significant deficit 24 days after learning. In DHip-
lesioned rats, previous studies have shown a similar deficit in long-term retention using spatial
[30, 31, 39] and non-spatial paradigms [62, 63]. However, to the best of our knowledge, the
present study is the first to demonstrate intact recent spatial memory but impaired long-term
spatial memory in rats with specific damage to the VHip. Yet the deficit in long-term retention
was greater in DHip than in VHip-damaged rats. Taken together, our results suggest that
although lesioned animals have probably learned the allocentric task with only one subregion of
the hippocampus, the persistence of the memory formed requires that both subregions, dorsal
and ventral, function normally during a post-learning period. Thus, dorsal and ventral
hippocampus does play a critical role in the transformation of this recent memory to a more
stable remote state. This interpretation fits with various systems consolidation theories that
defend the necessity in rodents of hippocampus-neocortical interactions for days or weeks after
learning [3, 4]. In the lesioned animals of expt. 1 this interaction probably occurred in a
defective manner due to the pre-training hippocampal damage, resulting in impaired long-term
retention. Our data, therefore, show not only that the DHip is vital for the transformation of
spatial memory from recent to a more stable remote state but also that the VHip contributes

significantly to this process.
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The fact that the same rats have been probed twice, 2 days and 24 days after learning, raises
an alternative interpretation of our results, different from the one suggested above. It could be
that hippocampal lesions disrupted not the systems consolidation process but the spatial
memory reconsolidation process that may, presumably, have been triggered by the reactivation
of the memory trace at the recent time point (2 days). If so, performance at the remote time
point (24 days) would be disrupted as well. However, some studies have demonstrated that there
are boundary conditions for the reconsolidation phenomenon [64, 65]. In this regard, first, it has
been proposed that one main function of reconsolidation is memory updating [66]. However, in
the absence of new information updating is not necessary and some studies, using spatial and
non-spatial paradigms, have observed that memory does not undergo reconsolidation if the task
was well-learned, as was the case in our first experiment [67-69]. Second, reconsolidation
requires new protein synthesis [67, 70]. In relation to this, one study found that the
administration of anisomycin in the DHip following reactivation of recent spatial memory did
not affect reconsolidation nor did it impair memory performance when a distributed or double
massed acquisition procedure was used (strongly acquired memory). For anisomycin to disrupt
reconsolidation and affect the performance the reactivation trial would have had to take place 1
week or 1 month after the initial acquisition [71]. Therefore, based on the aforementioned
studies and taking into account that our first experiment used a learning procedure leading to an
asymptotic level of performance and a well-learned task, it is most likely that the recent memory
test 2 days after learning did not trigger a reconsolidation period. So, our results are better

interpreted in terms of a disruption of the consolidation and not of the reconsolidation process.

Previous findings have also suggested the necessity of an intact hippocampus after learning in
order for spatial memory consolidation to occur normally. First, in one representative study,
reversible inactivation of the AMPA/kainate receptors of the dorsal hippocampus was
maintained chronically for 7 consecutive days, beginning either 1 or 5 days after learning [72].
A memory retention test was applied 16 days after learning, with the hippocampus once again

functionally intact. The results revealed a profound deficit in retention, regardless of the day that
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inactivation began. In the study by Riedel et al. [72], however, it is unclear if the
pharmacological inactivation affected only hippocampus-neocortical interaction or if it might
also have affected the very engrams initially stored in the hippocampus [73]. In expt. 1 of our
study, though, memory traces are formed in lesioned brains, which are used optimally 2 days
later for recent memory retrieval. Thus, the deficit in remote memory observed in our study
might be better explained by a deterioration in the process of systems consolidation itself, and
not by the lesions affecting the memory traces formed during initial learning, since the memory
traces were formed in rats that were already lesioned. Second, in a study by Remondes and
Schuman [74] the temporoammonic pathway in rats was damaged from the entorhinal cortex to
the CA1 hippocampal area. Lesioned and sham rats were both able to learn the reference spatial
memory version of the water maze and exhibited perfect retention 24-h after learning. However,
spatial memory formed in lesioned rats decayed over time more rapidly than in controls, as
confirmed by a probe test performed 28 days after learning. So, ongoing cortical input conveyed
by the temporoammonic pathway is required to maintain a normal hippocampus-neocortex
dialogue and consolidate long-term spatial memory. Third, a recent study using a contextual
fear conditioning paradigm observed that after optogenetically inhibiting the interaction
between dorsal hippocampus and medial prefrontal cortex during training, there was selective
disruption in long-term memory retrieval (test days 15 and 22) but no disruption in recent

memory (test days 2 and 8 post-training) [75].

Little is known about how the consolidation mechanisms are modulated by post-training
hippocampal activity so that remote memory engrams can develop normally. A few recent
studies have shed light on this question, suggesting that the nature of memory traces is quite
dynamic [6, 76, 77]. In agreement with the foregoing, some studies have shown that during
contextual fear conditioning two memory traces are generated, one in the hippocampus and one
in specific regions of the cortex, mainly the medial prefrontal cortex [78, 79]. However,
although two memory traces are formed quickly during the learning, the neocortical engram is

generated in a silent way and cannot be activated by natural recall cues until systems
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consolidation occurs [75, 78, 79]. Other studies have shown that silent engram cells in the
medial prefrontal cortex, critical for long-term memory, gradually mature in the period of
systems consolidation [13, 75, 77]. Furthermore, importantly, this gradual maturation depends
directly on post-learning hippocampus activity. Thus, post-training chronic inhibition of the
projections from the dentate gyrus engram cells to the medial prefrontal cortex engram cells 1
day after contextual fear conditioning blocked the increase in the dendritic spine density of the
silent neocortical engram and, consequently, impaired remote memory retrieval [75, see also 13,
77]. Future studies, however, should directly explore the dynamics of neocortical remote

engrams in rats with a defective hippocampus/neocortex interaction during the post-learning

period.

In conclusion, our data indicate that although the brain of DHip or VHip-lesioned rats can
form memory traces that support recent memory 2 days after learning, remote memory retrieval
24 days after learning was severely affected in these groups. Thus, long-term spatial memory
formation requires that both the dorsal and ventral hippocampus function normally during the
systems consolidation period. Finally, the present results are among a growing number of
studies published in recent years that give the VHip a significant role in spatial cognition. Thus,
our findings agree with the recent idea of a progressive gradient from the dorsal to the ventral

hippocampus, rather than a strict functional division along the longitudinal hippocampal axis.
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FIGURE 1

Figure 1. Photomicrographs showing representative lesions and serial reconstruction of the
smallest (central white area) and largest (gray) excitotoxic lesions of the dorsal and ventral

hippocampus. Anteroposterior coordinates are shown in relation to the interaural zero point
[40].
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FIGURE 2
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Figure 2. Experiment 1. A) Acquisition of a spatial reference memory task in a four-arm plus-
shaped maze: Mean (+SEM) number of errors before criterion for the DHip, VHip and control
groups during the training (acquisition) phase of testing. B) Retraining: Mean (+SEM) number
of errors before criterion for the DHip, VHip and control groups during the 2-days and the 24-
days memory recall tests. *** p<0.0001, ** from p<0.01 to p<0.001; * from p<0.05 to p<0.01.
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Figure 3. Experiment 2. A) Acquisition of a cue-guided navigation task in a four-arm plus-
shaped maze: Mean (+SEM) number of errors before criterion for the DHip, VHip and control
groups during the training phase (acquisition) of testing. B) Retraining: Mean (+SEM) number
of errors before criterion for the DHip, VHip and control groups during the 2-days and the 24-
days memory recall tests.
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