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ABSTRACT

Intracranial Self-Stimulation (ICSS) at the medial forebrain bundle consistently
facilitates learning and memory in rats when administered post-training or when
administered non-concurrent to training, but its scope regarding remote memory has not
yet been studied. The present work aims to test whether the combination of these two
forms of ICSS administration can cause a greater persistence of the facilitating effect on
remote retention and affect neurogenesis in the dentate gyrus (DG) of the hippocampus.
Rats were trained in active avoidance conditioning and tested in two retention sessions
(10 and 90 days) and later extinction. Subjects received an ICSS session after each of
the five avoidance acquisition sessions (post-training treatment) and half of them also
received ten additional ICSS sessions during the rest period between retention tests
(non-concurrent treatment). All the stimulated groups showed a higher performance in
acquisition and retention sessions, but only the rats receiving both ICSS treatments
showed greater resistance to extinction. Remarkably, at seven months, rats receiving the
non-concurrent ICSS treatment had a greater number of DCX-positive cells in the DG
as well as a higher amount of new-born cells within the granular layer compared to rats
that did not receive this additional ICSS treatment.

Our present findings significantly extend the temporal window of the facilitating effect
of ICSS on active avoidance and demonstrate a neurogenic effect of rewarding medial

forebrain bundle stimulation.




1. INTRODUCTION

Long-term memory plays a key role in the psychological well-being of
individuals and increases their adaptive possibilities in the future. Memory
consolidation can be affected by multiple variables, including the subject’s motivational
state. Activation of neuroanatomical areas of the reward system through deep brain
stimulation (DBS), not only manages to generate appetitive responses, but it also
modulates memory systems, affecting both their physiology and the behavioural
outcome associated to their function. In fact, activation of the lateral hypothalamus at
the medial forebrain bundle (MFB) via intracranial electrical self-stimulation (ICSS), a
form of rewarding DBS regulated by the subjects themselves, has been proven to
consistently facilitate learning and memory, in both implicit [1],[2] and explicit [3]
tasks, in rats. However, the anatomical structures mediating this memory-improving

action are not yet fully specified.

Effects of MFB-ICSS in two-way active avoidance (TWAA), an emotional
conditioning task that involves an implicit memory, have been extensively studied. It
has been shown that post-training ICSS enhances TWAA memory consolidation and
improves retention evaluated at a few days to a few weeks after the treatment. Thus,
using a distributed TWAA paradigm and five ICSS treatment sessions, the facilitated
memory was maintained for up to 30 days [4]. Data from several post-training ICSS
studies agree with the idea that the temporal extent of the memory facilitating effect
could depend on the amount (number of trains) as well as the distribution (number of
sessions) of the treatment [4],[5],[6].[7],[8],[9]. However, as far as we know, it has not
been possible to demonstrate maintenance of the facilitating effect beyond 30 days. For
instance, a single ICSS session was unable to maintain its memory facilitation effect

after 60 days [10]. Nevertheless, a different study found long-lasting (60 days)
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structural changes in memory-related structures after a longer ICSS treatment [11],
suggesting that longer-term effects on retention could be achieved by adjusting
treatment parameters. In that study, ICSS treatment consisted of 1h daily over a period
of 10 days, which was administered alone, without another learning task. Furthermore,
other studies showed that this form of non-concurrent to training administration of ICSS
also facilitates later learning —after 10 days— in operant and spatial tasks [12],[13], but
their longer-term effects on memory have not yet been determined. Altogether, ICSS at
the MFB seems to be able to facilitate learning and memory whether it is administered
alone, or as a post-training treatment, but the number of rewarding trains must be taken

into account when considering its long-term effects.

The capacity of the MFB-ICSS to modulate different types of tasks and memory
processes is supported with its extensive connective network found therein, which
causes a widespread state of arousal and simultaneous activation of many areas, some of
which are associated with various memory systems [14]. It has been consistently found
that MFB-ICSS leads to increased levels of c-Fos and Arc proteins [15],[16],[17] and
mRNA of some synaptic plasticity-related genes in memory-related regions [18],[19],
as well as morphological changes of the dendritic tree and the spines of hippocampal
pyramidal neurons [20],[21]. Overall, these data argue in favour of the ability of ICSS
to induce neurophysiological and structural changes similar to those underlying learning
and memory. In addition to these mechanisms, some data also go in favour of an effect
of ICSS in neurogenesis, another relevant form of structural change related to learning
and memory. In a previous study, we have shown that an acute ICSS treatment induces
expression of neurogenesis and neuroprotection related genes [18]. Similarly, Takahashi
et al. (2009) observed that the activation of the reward pathway via ICSS at the MFB

(1h/day for 3 days) appears to enhance cell proliferation in the hippocampal DG of mice



and rats. Moreover, these authors showed that, even if low, a percentage of newly
generated cells mature to become functional after a spatial learning experience [22].
However, DBS to other brain targets, when also being used as a treatment for cognitive
and behavioural disorders, does not always have an effect on neurogenesis. Thus, while
DBS in regions such as the anterior nuclei of the thalamus, ventromedial prefrontal
cortex or the entorhinal cortex promotes neurogenesis [23],[24],[25], in others such as
the fornix there are completely contradictory results [26],[27]. Moreover, no effects on
neurogenesis were observed after DBS in reward system regions other than MFB [28].
These data show that a deeper knowledge of the neurogenic capabilities of the diverse

DBS treatments for improving memory, and of MFB-ICSS in particular, is needed.

The present study aims to test whether a new form of ICSS treatment
administration can promote remote retention in a TWAA task, as well as to verify if this
treatment affects neurogenesis in the dentate gyrus of the hippocampus (DG). In order
to do so, we have tested the combined action of ICSS administered at two different
times of the procedure: post-training —immediately after each acquisition session of the
task — and alone — in the rest period between retention sessions (non-concurrent to
training). We examined the persistence of a memory facilitated by the post-training
ICSS to a remote retention test at 90 days; and on the other hand, we explored whether
additional sessions of ICSS during the rest period before the remote retention test can
favour the maintenance of the previously facilitated memory, and protect against
forgetting. Moreover, DG hippocampal neurogenesis was analysed 19 days after the
start of the non-concurrent ICSS treatment by means of doblecourtin (DCX) -as a
marker of young neurons- and 5-bromodeoxyuridine (BrdU) —as mitotic marker of cell
proliferation and a possible index of survival effect of the non-concurrent ICSS along

the differentiation process.



2. MATERIAL AND METHODS

2.1. Subjects

A total of twenty-seven Wistar male rats from the laboratory of Psychobiology breeding
stock (Universitat Autonoma de Barcelona; registered number B99-00021), aged
between 13-14 weeks and weighted 363.94 g (SD=39.66) were used. Three days before
the stereotaxic surgery they were singly housed in individual cages (50 x 22 x 14 cm).
The animals were maintained on a 12hr light/dark cycle, and food and water were
available ad libitum throughout the whole experiment. All procedures were approved by

the Ethics Committee at the Autonomous University of Barcelona (protocol 2022).

2.2. Stereotactic surgery

Under general anaesthesia induced by 110 mg/Kg Ketolar® Ketamine chlorhydrate
(Parke-Davis S.L. Pfiezer, Madrid, Spain) and 0.08 ml/100 g Rompun® Xylazin 23
mg/ml; i.p. (Bayer, Barcelona, Spain), all rats were implanted with a monopolar
stainless steel electrode (150 pm in diameter, PlasticsOne, Roanoke, Va, USA, ref.
008inSW) aimed at the lateral hypothalamus, into the fibers of the MFB according to
coordinates from the stereotaxic atlas [29]: AP = —2.3 mm; L = 1.8 mm (right
hemisphere) and P = —8.8 mm. ICSS electrodes were anchored to the skull with three
jeweller’s screws and dental cement (vertex self-curing, Dentimex, Netherland). The
animals were weighed and handled daily in the post-surgery recovery period (7 days).
Rats were assigned to three independent groups according the ICSS treatment they
would receive: T1 (n=9, post-training ICSS only), T1+T2 (n=8, post-training and non-

concurrent ICSS) and Sham (n=10, without ICSS).



2.3. Establishment of ICSS behaviour

Rats in the experimental groups that would at some point receive ICSS treatment (T1
and T1+T2 groups) were taught to self-stimulate by pressing a lever in a conventional
Skinner box (24 x 27 x 30 cm; LE 850, Letica Scientific Instruments, Panlab,
Barcelona, Spain). Electrical brain stimulation consisted of 0.3 s trains of 50 Hz
sinusoidal waves at intensities ranging from 30 to 300 pA (CS2-10 Cibertec, Madrid,
Spain). The ICSS behaviour was shaped for each subject to establish the range of
current intensities that would support responses on a continuous reinforcement
schedule. The optimum intensity (OI), or the mean of the two current intensities that
gave rise to the highest response rate (responses/min), was obtained during two

consecutive days of training and applied in treatments (ranging from 50 to 140 pA).

2.4. TWAA acquisition, retention and extinction

TWAA was conducted in two 50 x 24 x 23 cm identical automated two-way shuttle-box
(AccuScan Intruments Inc. Columbus, Oshio, USA), enclosed in two separate sound-
attenuating boxes ventilated by an extractor fan and controlled by Fusion software, in a
no-door version. The conditioned stimulus (CS) was 80 dB and 1 kHz tone of 3 s
duration. The unconditioned stimulus (US) was a 0.6 mA electrical foot shock,
presented for 10 s at maximum. The inter-trial interval varied randomly from 50 to 70 s.
TWAA conditioning consisted of the CS introduction followed by the US, according to
a delay procedure. Crossing into the opposite compartment during the first 3 s of the
trial, i.e. before the onset of the US, was registered as an avoidance response; otherwise,
both stimuli terminated simultaneously when the rat crossed (escape response), or after

13 s in the case that the rat did not respond (no response).

Fig. 1 depicts timeline of experimental design to better follow the procedure.
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Habituation. Three days before the first acquisition session, each rat was allowed 10
min of free ambulation in the shuttle box to be familiarized with the learning
environment. Crossing responses were recorded as a measure of control of locomotor

activity.

Acquisition. This phase consisted of one daily 10-trial session for 5 consecutive days.
Number of avoidance responses was considered as level of conditioning, and inter-trial

crossing responses as a measure locomotor activity.

Retention. Two TWAA retention sessions, RT10 and RT90, were performed 10d and
90d after the last acquisition session, respectively. These sessions were identical to the
acquisition ones, except they consisted of 20 trials. No group received post-training
ICSS treatment (T1) immediately after retention sessions. With the aim of being able to
differentiate between the process of memory recovery, which is more evident in the first
trials of the retention session, and relearning due to the additional trials, the subjects
performance was analysed separately for the first half (1 to 10 trial) and the second half

(11 to 20 trial) of each of the retention sessions.

Extinction. The day after the RT90 session, rats were tested in a 30-trial extinction
session (EXT). Extinction is a progressive decrease in the frequency of a conditioned
response that is no longer followed by the US. It has been used as a measure of the
strength of learning and memory, since resistance to extinction is stronger when the
learning experience is also stronger [30]. The procedure was the same as in the retention
sessions but, independently of the subject response, the CS never was followed by the
presentation of the US. In addition to the number of avoidance responses, number of

escape responses, non-responses and the response latency were also registered, for the 3
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blocks of 10 trials and for the full session.

2.5. ICSS treatments administration

Post-training ICSS (T1). The rats in the T1 and T1+T2 groups were allowed to self-
administer 2500 trains at the OI of each subject immediately after each acquisition
session. The rats in the Sham group were also placed in the ICSS box for 45 min, but
they did not receive any stimulation (sham treatment). Then, all rats were returned to
their home cages. Treatment duration (min) and total number of lever pressings (total

responses) were recorded for each T1-ICSS session.

Non-concurrent to training ICSS (T2). On day 90, nine weeks (63 days) after the RT10,
rats in the T1+T2 group were allowed to one daily hour of ICSS set at the IO of each
animal, for a total of 10 sessions. The sessions were distributed in two blocks of 5
consecutive days, separated by 2 days of rest. Rats in T1 and Sham groups received a
sham treatment of 45 min. Total number of lever pressings (total responses) and

stimulation trains were recorded for each T2-ICSS session.

2.6. BrdU administration

On the day 90, in order to analyse survival of a concrete pool of new generated cells all
rats received a single dose of BrdU (200 mg//Kg, i.p.) 2 hours before to the first session
of T2 (or sham) treatment. The brain samples were obtained 19 days after the BrdU

marker infusion.

2.7. Tissue collection

24 hours after EXT session, rats were anesthetized with a lethal dose of pentobarbital

(200 mg/kg body weight, i.p.) and perfused transcardially with a solution of 0.1M
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phosphate buffer saline (PBS), pH 7.4, followed by a solution of 4% paraformaldehyde
in PBS. Brains were post-fixed in 4% paraformaldehyde in PBS solution for 4 hours and
then placed in 15% sucrose in PBS for 3 days and 30% sucrose in PBS at 4°C until they
sank. 30 um coronal frozen sections were cut serially in a cryostat (Cryocut 1800, with
2020 JUNG microtome) at -25°C, from the coordinates -2.56 to -4.80 anteroposterior to

Bregma, and stored at -80°C until immunohistochemistry staining.

2.8. Immunohistochemistry

For DCX detection, after 0.3% H,O, in TBS incubation, sections were transferred to the
blocking solution 0,1% BSA, 0.1% Triton-X diluted in TBS (TBS-T) for 30 min at RT.
Sections were then incubated with sc 8066 anti-DCX (1:300, Santa Cruz) in 0.1% BSA
TBS-T, the first 1 hour at RT and ON at 4°C. The next day the secondary antibody
donkey anti-goat biotin (1:500, Jackson Immunosearch) was applied lhour at RT
followed of incubation with SA-HRP (1:1800, Perkin Elmer) for 2 hours at the RT and
visualized with diaminobenzidine (DAB) using a DAB substrate kit (Vector,
Burlingame, USA). Finally, sections were mounted onto slides, dehydrated and

coverslips were placed with Pertex mounting medium (Sigma, Alddrich).

For BrdU detection, sections were incubated in 0.3% H,0O, in TBS for 30 min. DNA
was denatured by incubating the sections in 2X saline sodium citrate (SSC) containing
50% Formamide for 2h a 65°C and in 2N HCI for 30 min at 37 °C and 0,1M Borate
Buffer (pH 8.5) for 10 min at room temperature (RT) to neutralize acidic effect. Tissues
were transferred to 0.1% BSA in TBS-T for 30 min. Sections were incubated overnight
with sc-56258 rat Anti-BrdU, (1:75, Santa Cruz Biotech, Santa Cruz, USA) in 0.1%
BSA TBS-T for 1 hour at RT and then placed ON at 4°C on a constant shaker. The

secondary antibody, Alexa Fluor-488 anti-rat (1:500; Thermo Fisher Scientific,
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Rockford, USA), was applied for 1 hour at RT. Finally, sections were mounted onto
slides and coverslips were placed with fluorescence mounting medium (Dako, Glostrup,

Denmark).

2.9. Image acquisition and analysis

Images were obtained with a digital camera (OlympusXC-50) coupled to an epi-
fluorescence microscope OlympusVanox-T. For DCX analysis, images were obtained
with a 4X objective and DCX positive cells were recorded in the crest, suprapyramidal
blade (SP) or infrapyramidal blade (IP) of the DG, both in the ipsi and contralateral
hemispheres. A 20X objective was used to analyse cell details. DCX labelling was
measured as number of labelled cells/mm along the corresponding DG layers. The
number of BrdU labelled cells was recorded in the granular and subgranular layers of
the DG with a 40X objective. Cells incorporating BrdU were counted along the entire
SP blade or IP blade of the DG, both in the ipsi and contralateral hemispheres to the
electrode. The number of cell counting from BrdU or DCX labelling was averaged from

5 or 6 sections between -3.15 and -4.30 anteroposterior to Bregma from each rat.

2.10. Design and Data analyses

Analysis of the conditioning in TWAA task was conducted with general linear model
(GLM) for mixed design: GROUP x SESSION for the acquisition phase and GROUP %
BLOCK for RT-10, RT-90 and EXT sessions. When the effect of the SESSION factor
was statistically significant, polynomial contrasts explored the presence of linear and/or
quadratic trends in the performance. A survival Kaplan-Meyer analysis was also done
for the EXT session, where the time event was defined as the trial in which rats showed
a “significant behavioural change” in relation to their individual performance in the

RT90 session (defined in the results section). As we had no assumption about the shape
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of hazard function, the Kaplan-Meier nonparametric procedure was used. Pairwise
comparisons between groups were computed with a Log rank (Mantel Cox) test, by

weighting all time points equally.

Quantitative analyses of BrdU and DCX immunopositive cells were also performed
with GLM, considering the variable GROUP and the intra-group HEMISPHERE,
BLADE or LAYER variables, as specified in the results section. Additionally,
Spearman’s correlation coefficient Rho (rs) was used to explore possible specific
relationships between the parameters of ICSS behavior, the TWAA performance and
neurogenesis values. The o level for all tests was set at .05. Statistical analysis was

carried out with SPSS 23 (SPSS Inc., Chicago, IL, USA; SPSS Inc., 2006).

3. RESULTS

3.1. ICSS parameters

All rats receiving ICSS treatment rapidly learned to press the lever. The mean values
(£SD) of ICSS parameters are summarized in Table 1 (see Table S1 for more detail).
There was no difference between T1 and T1+T2 groups regarding the common ICSS

parameters.

3.2. Effects of post-training ICSS on TWAA acquisition

Results showed that post-training ICSS facilitated TWAA acquisition when
considering the number of avoidance responses (Fig. 2A). Longitudinal analyses

throughout sessions showed that performance of groups was adjusted to an ascendant

linear function (SESSION: F(,4=184.919, p< 0.001) but with different slopes
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(GROUP x SESSION, polynomial contrast: F(;,4= 5.387, p= 0.012); in particular,
both the T1 and the TI+T2 groups, which had received exactly the same ICSS
treatment at this experimental phase, showed a similar and more accentuated slope
(between the first and the last acquisition sessions) than the Sham group (difference
contrast, p=0.046). Differences between groups in the number of avoidance responses
increased progressively over the training sessions, reaching a peak on the fifth
acquisition session (p= 0.027), where both ICSS-treated groups showed a significant
higher number of avoidance responses compared to Sham group (T1: p= 0.038;
T1+T2: p= 0.013). There were not statistical differences between groups neither in

weight nor in average number of inter-trial crossings in any TWAA session.

3.3. Effects of post-training ICSS on long-term retention (RT10)

As stated in methods section and attempting to appraise any proactive effects of the
ICSS treatment on memory or on the possible relearning caused by the retention session
itself, performance in both retention sessions was studied separately for each of the two

10-trial blocks in which they were divided.

The GROUP factor was statistically significant in the RT10 session (F(;24= 4.77, p=
0.018). As it can be observed in Fig. 2B, the two groups that until then had received the
T1 treatment showed significantly greater number of avoidance responses in each of the
two blocks of the RT10 session, compared to Sham group (first block/retrieval, T1: p=
0.028; T1+T2: p= 0.011) (second block/relearning, T1: p=0.020; T1+T2: p= 0.036).
Instead, all the experimental groups increased performance between the first and the
second block of trials (Fj 24= 7.467, p= 0.012) and with similar evolutions (GROUP x

BLOCK: F(3.247=0.716, p=0.687).

Comparison between the last acquisition session and the first block of trials in RT10
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showed that all groups maintained their respective levels of avoidance response
(SESSION: F(124=0.268, p= 0.609; GROUP x SESSION: Fq24= 0.077, p= 0.926).
Otherwise, the facilitating effect of post-training ICSS treatment remained 10 days after

the last acquisition session.

3.4. Effects of ICSS on remote retention (RT90)

After 60 days of rest since RT10, half of the rats previously treated with post-training
ICSS received 10 additional ICSS sessions alone, non-concurrent to any training
(T1+T2 group), while the remaining half (T1 group) and the Sham group were placed

into the ICSS box without being allowed to self-stimulate (sham treatment).

In the RT90 (Fig. 2C), differences among groups were detected depending on the block
of trials (GROUP x BLOCK: F;24= 11.316, p= 0.001). Differences were observed in
the second block of trials (p= 0.039), but not in the first (p= 0.626). The T1+T2 group
showed a significantly higher number of avoidance responses than the Sham group (p=
0.017), while T1 group only showed a tendency (p= 0.056). Moreover, the analysis of
the simple intra-group effects pointed out that both the T1 (p= 0.002) and the T1+T2
(p< 0.001) groups increased the number of avoidance responses between blocks. The

Sham group did not vary their performance between blocks (p= 0.694).

Looking at the first block of the RT90 in relation to the last block of the RT10 session,
the GROUP x BLOCK factor was significant (F 4= 7.344, p= 0.016), revealing that
the Sham group was the only one that maintained their performance level (p= 0.718),
while both T1 and T1+T2 groups showed significant decreases in the number of
avoidance responses (p= 0.005, p= 0.002, respectively). Thus, we could state that
retention levels of the three groups are equalized in the first block of trials in the RT90

session (p= 0.626).
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3.5. Effects of non-contingent ICSS on Extinction

The following day after the RT90, all rats were tested in an extinction session of thirty
trials. In order to study extinction with greater detail, avoidances, escape responses, and
non-responses were analysed for the 3 blocks of 10 trials and for the total session. As
expected, the number of avoidance responses (Fig. 3A and Fig. 3D) declines sharply
between the last block of trials in the RT90 and the first block of the EXT session
(Sham: from 50% to 20%; T1: from 80% to 33%, and T1+T2: from 90% to 46%), and
no significant differences between groups were observed in any block of trials
(GROUP: Fpa4= 1.653, p= 0.213; GROUP x BLOCK: Fo4= 1.009, p= 0.412). In
contrast, there were significant differences among groups in escape responses (Fig. 3B
and Fig. 3D) regardless of the block, specifically when considering the total session
(GROUP: Fp04= 3.516, p= 0.046; GROUP x BLOCK: F ;4= 0.927, p= 0.456). There
were also differences between groups in the number of no-responses (Fig. 3C and Fig.
3D) (GROUP: F524= 3.402, p= 0.05). As the interaction factor GROUP x BLOCK
tended to significance (F, 4= 2.288, p= 0.073), the study of simple effects was carried
out and showed differences between groups specifically in blocks 1 and 3 of the
extinction session (F(26= 3.543, p= 0.045; F(226= 3.515, p= 0.046). Contrast analyzes
were performed based on the assumption that group T1+T2 would have greater
difficulty to extinguish the previous conditioning, which would result in a greater
number of conditioned responses -avoidance and escape- and therefore fewer non-
responses (one sided post-hoc test of Dunnet). Indeed, T1+T2 rats showed higher
number of escape responses in the total session compared to both the T1 (p=0.031) and
the Sham (p= 0.019) groups. They also had a fewer number of no responses than Sham
ones in each of the 10-trial blocks (block 1: p= 0.013; block 2: p= 0.042; block 3: p=

0.014), as well as in the total extinction session (p= 0.016). No differences were
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observed between the T1 and the Sham groups.

A survival analysis was also carried out to compare the number of trials that each group
of treatment would need to show a significant change in their response to the CS, as a
sign that they had acquired the contingencies of the new conditioning (CS signals no-
US) (Fig. 3E). The time event was defined for each subject as the first trial in which it
showed, during 3 consecutive trials, a latency of response to the CS greater than the
average latency in the RT90, plus one standard deviation. According to a Kaplan-
Meier analysis, the T1+T2 group presented an inferior and slower process of extinction
of the conditioned response than the T1 (y*= 3.910; p= 0.048) and the Sham (y*= 4.467,
p=0.035) groups, which had not received the additional T2 treatment. No differences

were observed between T1 and Sham groups.

3.6. Correlations between TWAA performance and ICSS parameters

Correlation analyses into each treatment group showed a strong and positive
relationship between latencies in the RT10 and RT90 in all of them: T1 (rs= 0.929,
p=0.001), T1+T2 (rs= 0.929, p= 0.001) and Control (rs = 0.915, p< 0.001). The only
group in which there was a relationship between the performance in the extinction
session and in RT90 was group T1. Specifically, positive and significant correlations
were observed between latencies in RT90 and latencies and total number of non-
responses in the extinction session (rs= 0.750, p= 0.02; rs= 0.783, p= 0.013,

respectively).

In addition, Because T1 affected RT10 and T2 affected RT90 and extinction
performance, correlation studies between the treatments parameters and TWAA
performance were conducted. No significant correlations were found between any

parameter of T1 and execution in RT10. On the other hand, a positive correlation was
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observed between the total number of stimulation trains self-administered in the T2
treatment and number of avoidance responses in RT90 (rs= 0.975, p= 0.005). It is
important to note that T2 favoured a wide range of stimulation (between 2162 and 4026
trains), whereas T1 was set at 2500 trains of stimulation. We also observed a correlation
between the number of trains received in some specific T2 sessions (from 2th to 7th)
and the avoidance responses in the third block of extinction (rs= 0.894, p= 0.0041, for

all).

3.7. Effects of ICSS on number of DCX positive cells in the DG

Immunodetection showed DCX labelled young neurons in DG in rats sacrificed one
week after the last session of T2 treatment and 13 weeks after T1 treatment (Fig. 4A).
ICSS effects into each hemisphere and blade were analysed (GROUP x HEMISPHERE
X BLADE (F(3,19) = 2.475, p=0.065) (Fig. 4B). In the ipsilateral side to the electrode,
increased number of DCX positive cells were observed in T1+T2 compared to the T1
group in both the SP and IP blades (Dunnet, p= 0.03 and p= 0.036, respectively). No
significant differences were observed between T1 and Sham groups, pointing to no
prospective long-term effects of the treatment on T1. No differences were observed in

the ipsilateral crest in either region in the contralateral hemisphere.

The correlation study did not show any significant relationship between the number of
DCX labeled cells and T2 treatment parameters, TWAA performance in RT90 or

extinction.

3.8. Effects of ICSS on number of BrdU positive cells in the DG

New-born BrdU labelled cells were observed 19 days post BrdU injection, which was

administrated prior to the first T2 session. Comparison between T1 and T1+T2 groups,
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which had received the same treatment until BrdU injection, can show the effects of
non-concurrent ICSS administration on the survival of the pool of new generated cells.
Moreover, the comparison between T1 and Sham groups would assess if the previous
ICSS treatment, administered concurrently to the TWAA acquisition, had a long-term
influence on neurogenesis. The GLM tests do not revealed statistically significant
differences in the number of BrdU positive cells of the DG (granular plus subgranular
cells), regardless of hemisphere, blade or treatment. Even so, the T1+T2 group
exhibited great variance, statistically significant in the IP blade, as demonstrated by the
Levene test (F=3.850, p=0.045). Subsequently, cells incorporating BrdU in the DG were

analysed separately for the granular and subgranular layers (Fig. 5A).

In the granular layer (Fig 5B), the hemisphere does not seem to be a decisive factor for
the expression of BrdU, as no differences between hemispheres were detected (F(;,19)=
0.531, p= 0.475), nor was there any statistically significant interaction between
HEMISPHERE and the other factors (X GROUP: F(; 19/~ 0.531, p= 0.475; x BLADE:
Fa,19= 0.038; p= 0.233; x GROUP x BLADE: F 195= 0.007; p= 0.764). Thus, we
proceeded to adjust the model by removing this factor. Data from hippocampal
sections with unknown hemisphere from SP and IP were included in the analysis. For
this adjusted model, neither differences were observed depending on the blade
(BLADE: F(j19= 0.008, p= 0.930; GROUP x BLADE: Fp 9= 0.457, p= 0.640).
Instead, the GROUP factor was significant (F 95~ 5.638, p= 0.012), and the Dunnett
post-hoc test of showed that the T1+T2 group had a higher number of BrdU positive
granular cells compared to T1 (p=0.004) and Sham groups (p= 0.032). No statistically
significant difference was observed between T1 and Sham groups (p=0.406). By
contrast, no statistically significant effects were observed in the number of BrdU

positive cells in the subgranular layer of the DG, neither due to the treatment
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(GROUP: F(,19/= 0.018, p= 0.982), nor to its interaction with other variables (X

HEMISPHERE: F 3, 10/= 2.285; p=0.129; x BLADE: F (5 10/= 0.347; p=0.711).

Spearman correlation analysis showed a positive correlation between the total number
of trains received during T2 sessions and the number of BrdU labeled cells that reached
the granular layer in the IP DG (rs = 0.90, p = 0.037). Moreover, the total number of DG
granular BrdU labeled cells correlated with the total number of avoidance responses in

the RT90 (rs = 0.72p=0,043). No other consistent correlations were observed.

4. DISCUSSION

The present study tested the combined action of two procedures of MFB-ICSS
administration — post-training and non-concurrent to TWAA conditioning — on memory
facilitation and its long-term persistence. Results show that additional non-concurrent
ICSS sessions in the rest period between retention tests can enhance the long-term
maintenance of a previously ICSS facilitated conditioned response. In addition, the

additional ICSS sessions have a positive effect on neurogenesis in the DG.

4.1. Effects of post-training ICSS on TWAA acquisition, long-term memory and

remote maintenance

Our results are consistent with our previous findings showing that post-training ICSS,
administered immediately after each acquisition session, facilitates active avoidance
conditioning in a distributed paradigm and that this facilitated performance is
maintained in a retention test after 10 days [31],[32],[33]. These results confirm once
again the enhancing effect of ICSS on the consolidation of emotional memory as seen in

other learning paradigms [1],[20].
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Remarkably, this is the first study revealing that the enhancing effects of the ICSS on an
active avoidance task can last for up to 3 months. Although both T1 and Control groups
showed similar retention level in the first trials of the retention test at 90 days, the T1
group achieved a marked improvement throughout the session compared to the Control
group, matching the high levels of conditioning presented in previous sessions. Thus,
present result suggests that ICSS could have facilitated late relearning rather than long-
term memory facilitation maintenance. As of the moment, the longest ICSS had
maintained its effects on retention was 30 days [4]. In fact, in the only known study
looking at the effects of post-training ICSS on a TWAA task beyond 30 days — 60 days
—, the treatment ceased to have enhancing effects on memory [10]. Nevertheless, this
apparent disagreement could be explained by the use of a massed training paradigm
which allowed for only one ICSS session. Thus, while massed training paradigms are
very effective at 24h [8][10] or at 48h [9][15] - regardless of the number of trials -, they
become less efficient in longer periods of retention [10]. Contrarily, distributed
paradigms seem to allow for greater maintenance of the memory over time. Since the
number of post-training ICSS treatment sessions varies according to the number of
conditioning sessions, it can be suggested that the binomial “number of ICSS sessions-
quantity and distribution of training” seem to be relevant variables for the maintenance

of memory potentiation by stimulation of the MFB.

Furthermore, we believe that these differences between groups can be attributable to the
ICSS treatment, given that the different performances of the groups could not be
explained neither by differences in weight of the rats nor by their motor activity.
Therefore, we can suggest that the post-training ICSS treatment facilitates memory
consolidation and long-term (10 d) retention, and that its facilitative effect is maintained

in a remote retention test (90 d), manifesting itself especially in the improved ability of
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stimulated subjects to relearn the conditioned response.

4.2. Effects of non-concurrent to training ICSS treatment on TWAA remote

retention and extinction

Contrary to our expectations, no differences between both ICSS stimulated groups were
observed in the first trials of the retention test at 90 days. Thus, it can be suggested that
ICSS administered during the rest period between both retention tests does not seem to
affect long-term memory persistence. In fact, neither T1+T2 nor T1 groups differ from
control animals, suggesting that some trials are necessary to prime the conditioned
response in a remote test of memory, even in animals that receive ICSS. Even though no
direct differences were observed between both stimulated groups in the last trials of the
test at 90 days, some results lead us to suggest that the additional ICSS treatment could
have had a positive effect on the retention test. On the one hand, only the animals in the
T1+T2 group reached a statistically better performance than the non-stimulated animals
at the end of the retention test. On the other hand, there is a very significant relationship
between the total amount of stimulation received during T2 and performance in terms of
total conditioned responses in the remote retention test. The lack of differences between
both stimulated groups may be due to a ceiling effect; i.e. the high number of correct
responses shown by the T1 subjects (82%) could not leave enough room for
improvement as a result of adding the effects of T2 treatment. Even though it has been
demonstrated that non-concurrent ICSS predisposes subjects for a better acquisition of
future learnings [34],[35], this is the first time that its effectiveness is proposed to affect

the recall of a previously facilitated conditioned response 90 days later.

Moreover, the resistance to extinction shown by the T1+T2 group is consistent with this

idea. Extinction after fear conditioning is considered a new learning experience as a
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result of replacing the previously acquired CS—US association to a CS—no US pairing
and not only a simple process of progressive erasure or attenuation of the initial
learning, even though these mechanisms are not mutually exclusive [36],[37]. In
TWAA, extinction also affects the instrumental response and results in a CR reduction.
These new associations would coexist with the previous ones and compete with the
initial conditioning when there is a new encounter, or expectation of encounter
(according to the cognitive model) with the CS [38]. This means that a stronger
conditioning could result in a change in the contingencies between stimuli, or perhaps it
could prevent the inhibition of the conditioned voluntary response, which could in turn
increase the interference between the first and second learning. Thus, the greater
difficulty in extinction shown by the subjects who were subjected to the additional non-
concurrent ICSS treatment could be interpreted as a sign of strengthened conditioning
90 days after its acquisition. In support of this idea, other memory-enhancing treatments
—such as Rolipram— also slowed down extinction of conditioned fear [39]. It is
noteworthy that molecular changes related to neural plasticity caused by this drug, such
as the expression of Arc protein in the hippocampus, are also induced by ICSS

[40],[41].

4.3 Effects of ICSS on neurogenesis and cell survival

Here, we provide evidence for MFB-ICSS treatment in regulating adult rat hippocampal
neurogenesis in 7 months old rats. The detection of young neurons by DCX
immunolabelling shows that the non-concurrent ICSS treatment, initiated 19 days
before tissue collection, increased neurogenesis in the DG neurons of the stimulated
hemisphere, but not in the contralateral hemisphere. The hemispheric specificity of the
neurogenic effect reinforces the idea that the stimulation is primarily responsible for the

increase in neurogenesis, and not any other elements that could potentially affect brain
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activity, such as motor or arousal factors. Instead, the initial post-training ICSS
treatment did not exert any long-term effects on forthcoming neurogenesis three months

after its administration.

Despite self-stimulation and DBS treatments to different targets applied for memory
enhancement having increased neurogenesis in 2-3 months old rats [22],[23],[24],[42]),
this is the first report showing that brain stimulation could potentiate neurogenesis at
more advanced age, at 7 months old, and therefore ameliorate neurogenic decline. A
decline of neurogenesis and maturation ratio of granule cells has been reported in
humans and rodents as they grow old [43] and it has been associated to aging-related
cognitive deficits [44] or AD [45]. There is evidence from a post-mortem study of
Parkinson disease patients which reveals that DBS leads to increased neuronal precursor
cell proliferation [46]. In addition, MRI scans have shown that DBS managed to reduce
hippocampal volume loss associated to AD [47]. No neurogenic effects have been
reported in AD patients so far, and there is growing interest in the metabolic and cellular
effects of DBS in clinical trials for AD [48],[49],[50]. In this context, the present study
demonstrates that structural plasticity in cognitive brain regions adversely affected by
age or AD, such as the hippocampus, could be enhanced by MFB-ICSS in middle-aged,

7 month old rats.

Considering that granule cells born in the adult brain are mostly positioned in the
subgranular layer [51], it is interesting to note that MFB-ICSS treatment applied after a
BrdU injection increased the number of new-born DG cells that were located within the
granular cell layer. Hence, in addition to enhancing neurogenesis, ICSS treatment seems
to have altered the distribution of BrdU positive cells in favour of the granular layer.
Moreover, this increase of cells in the granular layer correlates with the number or

stimulating reinforcements received. Since this increased migration was observed
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bilaterally, we could not rule out that it may be due to learning experience in the TWAA
task, rather than a specific ICSS effect. Although delayed TWAA is considered to be a
hippocampus-independent task and experimental data suggest that only hippocampus-
dependent learning tasks stimulate neurogenesis [52],[53], TWAA learning is capable of
affecting the hippocampal formation by increasing postsynaptic plasticity [54] and,
therefore, it could have also affected neurogenesis in this region. However, even though
the T1+T2 group (with more BrdU positive granular cells at the end of the process) was
the group with better retention of the TWAA task, the T1 group also improved TWAA
retention performance relative to Sham. Notwithstanding, the latter group did not have
an increased number of new-born cells positioned in the middle-upper granular layer. It
has been previously reported that neither proliferation nor survival is affected by the
TWAA learning task [55]. Overall, our data seem to indicate that any effects on the
new-born cells were due to the ICSS treatment and not directly related to the acquisition
of the task. This is supported by the absence of correlation between acquisition or
retention and any of the neurogenic measures at ten days. On the other hand, since we
also observed that the increase of BrdU positive cells within the granular layer
positively correlated with performance of long-term retention and negatively correlated
with extinction, a relationship between amounts of stimulation, neuronal differentiation
and improved retention could be assumed. More research is necessary to unravel the
degree of causality of the effects of stimulation or/and enhanced neurogenesis on

reinforcement of long-term memory.

Surprisingly, while the overall increase in neurogenesis took place only in the
stimulated hemisphere, the facilitation of migration of new-born cells was found to be
bilateral. However, this apparent disagreement would be in accordance with our

previous studies reporting either ipsilateral or bilateral effects of ICSS depending on the
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neural plasticity marker analysed and the brain zone considered [15],[17]. For instance,
ICSS has been found to increase c-Fos expression in the DG and CA1/CA3 of the
hippocampus in both hemispheres; however, while Nurrl expression was also increased
bilaterally in CA1/CA3, it was only increased ipsilaterally in the DG [15]. Thus, present
and previous data suggest that ICSS may have either bilateral or lateralized effects over

pathways of signal transduction activating different plasticity events.

Although it could be argued that the increase in migration observed in subjects treated
with non-contingent ICSS could be related to an increment in maturation ratio, the
functional consequences of these anatomical differences are currently unclear and may
not depend on the specific layering but instead on the integration into existing circuits
[51]. In this sense, it has been reported that the functional integration into hippocampal
circuits of the newly generated cells is not increased in mice subjected to entorhinal
cortex DBS applied for memory facilitation, despite the evident surge of DG
proliferation in the ipsilateral stimulated hemisphere [55]. Moreover, it has been
reported that some altered patterns of brain activity, such as seizures, could induce
changes in migration guidance of granule cells producing abnormal layering [56].
Therefore, further research is needed to unravel the functional consequences of

increased migration of new-born granular cells due to MFB-ICSS.

In order to evaluate the potential effect of ICSS over cell survival, a population of new-
born cells was labelled with BrdU just before the first session of T2 treatment or sham
treatments. It is important to note that we do not report the total surviving cells
generated on day 90, since a single BrdU injection only labels a portion of the
population of new-born cells, and BrdU could also incorporate onto cells undergoing
DNA repair or could induce side effects on cell proliferation and differentiation [57];

[58]. Despite these limitations, the dose of BrdU used in this study could offer an
26



advantage, especially considering that lower doses did not detect DNA repair [59] and
that BrdU toxicity is dose-dependent [60]. In this sense, a short pulse of 200 mg/Kg
BrdU did not appear to affect cell proliferation on the rat hippocampus [61]. No
effective pro-survival effects of the ICSS treatment was observed on the developing DG
cells in 7-months-old rats, since the final total number of surviving BrdU labelled cells
remained unaltered. However, in our model, non-concurrent ICSS treatment seems to
have affected the subjects differentially, since there is a high and significant variability
among subjects of the T1+T2 group. This, together with the fact that we observed that
ICSS induced gene expression of neuroprotective genes in a previous study [18], does
not allow us to rule out that a chronic ICSS with different parameters could be
neuroprotective. In this regard, clinical and preclinical studies indicate that different
protocols regarding DBS targeting or age of administration may exhibit different
neuroprotective properties [62],[63],[64],[65],[66]. Nevertheless, clinical evidence of
neuroprotective long-term effect of DBS is controverted [67],[68], which denotes the

importance on further elucidate these putative neuroprotective outcome.

4.3. Conclusions

Taken together, our findings allow us to confirm that ICSS administered immediately
after the acquisition sessions of TWAA conditioning facilitates acquisition and long-
term retention (10 days later) and provide the first evidence of maintenance of some
facilitating effect of ICSS on a remote retention test. Furthermore, we can also conclude
that the administration of some additional ICSS sessions in the rest period between
retention tests clearly contributes to the strengthening of the conditioned response, as
revealed by in its increase in the remote retention test as well as by a greater resistance

to being extinguished. Finally, our results show that this additional ICSS treatment
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administered non-concurrently to training is also able to increase neurogenesis and
boost migration of newly generated cells over to the granular layer of the DG in 7-

month-old rats.
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FIGURE and TABLE CAPTIONS

Figure 1. Timeline of experimental design. T1: post-training ICSS treatment (5
sessions of 2500 trains each). T2: non-concurrent ICSS treatment (10 sessions of 60
minutes each). The days not specified in the figure correspond to rest periods of the rats

under normal housing conditions.

Figure 2. Effects of post-training (T1) and non-concurrent (T2) ICSS treatments
on TWAA task. Mean number of avoidance responses in (A) acquisition, (B) 10-day
long-term retention (RT10), and (C) 90-day remote retention (RT90) of two-way active

avoidance (* p< 0.05).

Figure 3. Effects of post-training (T1) and non-concurrent (T2) ICSS treatments
on extinction of conditioned response. Mean number of avoidance responses (A),
escape (B) and no-responses (C) in the first 10 trials and total extinction session. (D)
Cumulative representation of the above results for the whole extinction session. It can
be observed how the group T1+T2 shows a high proportion of conditioned responses
(escape and avoidance) in comparison with the two other groups. (E) Survival function
represents, for each experimental group, the cumulative number of rats that reached the
established extinction criterion in each extinction trial. It is noteworthy that, by the end
of the session, 37.5% of the subjects in group T1+T2, but none in T1 and only 10% in

the Sham group, had failed to show any signs of extinction (* p< 0.05).

Figure 4. Effects of ICSS on DCX positive cells in DG. (A) Representative
photomicrographs of DCX immunopositive-cells for ipsilateral hemisphere (coronal

coordinates between -3,15 and -4,30 to bregma) from one subject in each experimental
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group: Sham (a, d and g), T1 (b, e and h) and T1+T2 (c, f and 1). SP detail in d, e and f;
and IP detail in g, h and i. Scale barr, 50pm (a-c) or 20 pm (d-i). SP: suprapyramidal
DG blade, IP: infrapyramidal DG blade. (B) Quantification of DCX labelled cells in
DG. Box plots show the effect of ICSS treatments on the number of DCX positive
cellsy/mm (= SE) in the crest, SP blade or IP blade of the DG, on the ipsilateral or
contralateral hemisphere respect to the electrode implantation. The number of DCX
positive cells in the ipsilateral hemisphere is higher for group T1+T2 than group T1, in
both the SP and IP blades; no changes were observed in the contralateral hemisphere (*

p<0.05).

Figure 5. Effects of ICSS on BrdU positive cells in DG. (A) Representative
photomicrographs of BrdU immunopositive-cells for ipsilateral hemisphere from one
subject in each experimental group: a) Sham, b) T1 and ¢) T1+T2. Scale barr, 50um. In
the expanded top box, arrow indicates a granular cell, while arrowhead indicates a
subgranular cell. (B) Quantification of BrdU positive granular and subgranular cells in
DG. Box plots show the effect of ICSS treatments on the number of BrdU granular and
subgranular cells (= SE) in the suprapyramidal or infrapyramidal DG blades of total
(both hemispheres, SP and IP), ipsilateral (SP ipsi, IP ipsi) or contralateral (SP contra,
IP contra) hemispheres respect the electrode placement. Comparison of total SP and IP
showed that the number of BrdU positive cells is higher in the granular zone of subjects
in T1+T2 group compared to the two other groups; no changes were observed in the

subgranular zone (* p< 0.05).

Table 1: Mean values (and SD) of ICSS parameters in the T1 and T1+T2 treated
groups. Intensity, responses and reward (number of trains received) in T1 and T2

sessions correspond to the average value of the 5 sessions (T1) or the 10 sessions (T2)
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of each treatment. Intensity in the ICSS training session corresponds to the mean
optimum intensity of ICSS individually determined to apply the ICSS treatments; Time:
mean duration of the T1 treatment session. The p values corresponding to the T-test

comparison are also indicated in the bottom row.

Table S1: Mean values (and SD) of the ICSS parameters in all the ICSS training,
T1 treatment and T2 treatment sessions, in the T1 and T1+T2 groups. A. Current
intensity. B. Number of responses (lever presses). C. Reward: number of stimulation
trains received. D. Time: mean duration of the T1 treatment session. The p values
corresponding to the T-test comparison are also indicated in the bottom row (p

underlined values indicate when variance homogeneity is not assumed).
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ICSS parameters

Intensity (pA) Responses Reward (Trains) Time (min)
ICSS training 71 T? Highest rate (RR/min) 71 T? ICSS training T? T1 sessions
sessions sessions sessions sessions sessions
78.3 717 67.3 2906.8 ' 430.0 50.9
| M (7.5) (8.1) 9.9) (517) | 2200fed | 436 (18.2)
-]
2
O | T1+T2 76.2 66.1 79.01 69.3 2923.6 3679.9 430.2 3236.1 45.1
(8.3) (7.9) (19.2) (11.1) (136.8) (763,1) (110.7) (529.6) (8.6)
Sig (T-Test) 0.596 0.169 0.703 0.815 0.997 0.431




A. ICSS current intensity (nA)
GROUPS ICSS training T1 sessions T2 sessions
1 2 1 2 3 4 5 1 2 3 4 5 6 7 8 9 10
1 84.4 72.2 755 | 70.0 71.6 711 70.5
(11.3) | (66) | (76) | (82 | (86) | (92 | (88
T14T2 85.0 67.5 71.2 66.2 64.3 63.7 65.0 62.0 66.0 71.0 74.0 78.0 82.0 88.0 88.0 90.0 91.0
(11.9) | (103) | ©5) | (106) | 72 | (74 | 75 | (83 | 96 | (143 | (147 | (192 | 228) | (30.3) | (30.3) | (324) | (33.2)
Sig (T-Test) | 0923 | 0275 | 0319 | 0427 | 0082 | 0.094 | 0.186
B. ICSS responses (lever presses)
highest rate . .
) T1 sessions T2 sessions
GROUPS | (responses/min) I I
ICSS training 1 2 3 4 5 1 2 3 4 5 6 7 8 9 10
1 67.3 3018.7 | 2900.4 | 2926.3 | 2814.3 | 2874.6
(9.9) (258.3) | (221.8) | (180.3) | (166.2) | (139.7)
T14T2 69.3 3018.6 | 2818.9 | 2902.8 | 29659 | 2912.1 | 4105.0 | 3522.6 | 3821.6 | 3442.0 | 3822.4 | 3595.6 | 3911.6 | 3544.4 | 3676.6 | 3358.0
(11.2) (242.3) | (125.2) | (144.2) | (261.8) | (271.4) | (877.4) | (1209) | (723.2) | (842.0) | (766.5) | (772.9) | (785.6) | (820.3) | (776.5) | (845.4)
Sig (T-Test) 0.703 1.0 0.374 0.772 0.186 0.732




C. Reward (number of trains of stimulation)

GROUPS ICSS training | T1 sessions (fixed) T2 sessions
1 2 1to5 1 2 3 4 5 6 7 8 9 10
71 3995 | 460.4 2500
(176.4) | (145.9)
T14T2 469.8 390.6 2500 3413.8 | 3009.4 | 3315.4 | 3081.0 | 3394.0 | 3248.2 | 3375.2 | 3174.4 | 3327.0 | 3023.2
(83.3) | (180.6) (465.4) | (949.1) | (427.7) | (687.4) | (502.2) | (578.6) | (470.4) | (630.7) | (615.1) | (666.3)
Sig (T-Test) | 0.307 | 0.392
D. Time (duration of the ICSS treatment in min)
GROUPS T1 sessions T2 sessions (fixed)
1 2 3 4 5 1t0 10
T1 59.1 52.8 47.6 499 45.2
(289) | (195) | (18.0) | (179 | @17
47.9 46.8 48.6 419 40.8
T1+72 (73) | (105) | (128 | (10.0) | (9.0)
Sig (T-Test) 0.290 0.449 0.891 0.283 0.399






