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Abstract—Intracranial self-stimulation (ICSS) within the me-
dial forebrain bundle of the lateral hypothalamus (LH) facili-
tates consolidation of implicit and explicit memories for a
variety of learning paradigms in rats. However, the neural and
molecular mechanisms involved in memory facilitation by
ICSS are not known. Here, we investigated the influence of
ICSS treatment on hippocampal gene expression in order to
identify potential signaling pathways and cellular processes
involved in ICSS-mediated cognitive improvements. Immuno-
histochemistry studies demonstrated that ICSS caused a
rapid induction of c-Fos expression in hippocampal cornu
ammonis (CA) 3 and dentatus gyrus areas. Moreover, using
microarray or quantitative real-time polymerase chain reac-
tion (PCR) analysis, we showed that ICSS modulates the
expression of 62 hippocampal genes shortly after training.
Most of the proteins encoded by these genes, such as cal-
modulin-dependent-phosphodiesterase 1 A (Pde1a), are part
of signal transduction machineries or are related to anti-
apoptosis, as heat shock 70 kDa protein 1A (Hspa1la). Impor-
tantly, 10 of the regulated genes have been previously related
with learning and memory or neural plasticity, including the
cocaine and amphetamine-regulated transcript (Cart), ade-
nylate cyclase activating polypeptide 1 (Adcyap1), serum/
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Abbreviations: Bag3, Bcl2-associated athanogene 3; CA, cornu am-
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DGilb, lateral blade of the dentate gyrus; DGmb, medial blade of the
dentate gyrus; Dnajb1, DnaJ-Hsp40-homolog subfamily B member 1;
EST, expressed sequence tag; FDR, false discovery rate; FKbp5,
FK506 binding protein 5; GC, glucocorticoid; Gda, guanine deami-
nase; GDNF, glial-derived neurotrophic factor; Grem1, Gremlin 1 ho-
molog, cysteine knot superfamily; Hprt, hypoxanthine guanine phos-
phoribosyl transferase; HSE, heat shock element; Hspa1a, heat shock
70kDa protein 1 A; Hspe1, heat shock 10 kDa protein 1; ICSS, intra-
cranial self-stimulation; LH, lateral hypothalamus; LTP, long-term po-
tentiation; MFB, medial forebrain bundle; Ol, optimum intensity; PBS,
phosphate-buffered saline; PCR, polymerase chain reaction; Plcl1,
phospholipase C-like 1; Plekhf1, pleckstrin homology domain contain-
ing family F- with FYVE domain-member 1; Ret, Ret proto-oncogene;
ROI, region of interest; rt, room temperature; SD, standard deviation;
Sgk, serum/glucocorticoid regulated kinase; SSPE, saline sodium
phosphate—-EDTA; Tsc22d3, TSC22 domain family 3; Ubqin1, Ubiqui-
lin 1.

glucocorticoid regulated kinase (Sgk), Ret proto-oncogene
(Ret), and Fos. The fact that the Fos gene was differentially
expressed in our microarray experiments validated our find-
ings from our immunohistochemical studies mentioned
above. In addition, using quantitative real-time PCR, we con-
firmed the observed expression changes for several of the
genes identified by our microarray analyses. Our results sug-
gest that ICSS may facilitate learning and memory by regu-
lation of multiple signaling pathways in the hippocampus that
may promote neuroplasticity. © 2009 IBRO. Published by
Elsevier Ltd. All rights reserved.

Key words: c-Fos immunohistochemistry, deep brain stimu-
lation, microarray, neural plasticity, neuroprotection, intra-
cranial self-stimulation.

Intracranial self-stimulation (ICSS) is a form of deep brain
stimulation (DBS) in which experimental animals press con-
tinuously a lever to receive electrical stimulation through elec-
trodes implanted in specific areas belonging to the reward
brain system, such as the lateral hypothalamus (LH). Dif-
ferent experiments have been done to explore the nature
of such a phenomenon and its functional implications.
Many of them investigated whether ICSS could serve to
improve cognitive processes. Particularly, ICCS of the me-
dial forebrain bundle (MFB) of the LH can consistently
facilitate learning and memory in a variety of paradigms of
both implicit (Aldavert-Vera et al., 1996; Huston and Muel-
ler, 1978; Redolar-Ripoll et al., 2002; Ruiz-Medina et al.,
2008b) and explicit hippocampus-dependent tasks in
rats (Ruiz-Medina et al., 2008a; Soriano-Mas et al.,
2005; Yoganarasimha et al., 1998). ICSS at the LH has
been also able to reverse memory deficits caused by
aging (Aldavert-Vera et al., 1997), brain damage (Redolar-
Ripoll et al., 2003; Yoganarasimha and Meti, 1999) or
stress-induced CA3 dendritic atrophy in rats (Ramkumar et
al., 2008).

It has been found that ICSS to the LH-MFB increased
Fos-like immunoreactivity in some areas associated with
memory processes, such as the amygdala (central and
basolateral nuclei) or the medial prefrontal cortex (see
Waraczynski, 2006). However, previous studies have not
reported data showing c-Fos induction by ICSS in the
hippocampal memory system. Interestingly, it has been
shown that ICSS induces long-lasting structural changes in
dendrites and synapses in the hippocampus (Rao et al.,
1993; Shankaranarayana Rao et al., 1999), and that such
structural changes could be associated to the mechanisms
of ICSS memory facilitation (Yoganarasimha et al., 1998).
Thus, it can be expected that ICSS induces changes in
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gene expression in the hippocampus, as well as in the
other brain structures mentioned above.

In the present study we asked the following specific
question: does ICSS regulate hippocampal genes that
have been previously associated to learning and memory
processes? To answer this question we used one session
of ICSS treatment, using parameters that are within the
range of values obtained in our previous studies showing
enhancement of hippocampus-dependent or independent
learning and memory (Aldavert-Vera et al., 1996; Ruiz-
Medina et al., 2008a,b; Segura-Torres et al., 1991; Sori-
ano-Mas et al., 2005). Here, we initially focused on the
induction of c-Fos within different hippocampal regions fol-
lowing ICSS of the LH. Next, in order to begin to understand
what molecular signaling pathways affected by ICSS could
be involved in learning and memory facilitation, we analyzed
hippocampal gene expression by oligonucleotide microar-
rays shortly after ICSS of the LH. The present study consti-
tutes a first approximation to the knowledge of ICSS effects
on genomic mechanisms in the hippocampus.

EXPERIMENTAL PROCEDURES
Subjects

A total of 59 male Wistar rats, obtained from our laboratory breeding
stock, with a mean age of 93.12 days (SD=3.4) at the beginning of
the experiments and a mean weight of 410.21 g (SD=29.3) at the
time of surgery, were used. All rats were singly housed, always kept
under conditions of controlled temperature (21-23 °C) and humidity
(40%—-70%), and subjected to an artificial 12-h light/dark cycle of
(lights on at 08:00 h). Gene expression changes involving c-Fos and
other genes have been observed in the hippocampus due to factors
such as stress, exercise or novelty (Chen et al., 2006; Cotman and
Berchtold, 2002; Lee et al., 2003; Romanelli et al., 2007; Wirtshafter,
2005). Thus, in order to evaluate more specifically the effects of ICSS
treatment we included a Control-sham group identical to the ICSS
treated group but without ICSS stimulation, and also a Naive group.
The sample size was determined taking into account statistical and
ethic criteria. A supervision protocol, approved by the Ethical Com-
mittee of the Autonomous University of Barcelona, was used to
control the animals’ welfare. All experiments were carried out in
compliance with the European Community Council Directive for care
and use of laboratory animals (CEE 86/609) and the Generalitat de
Catalunya decree (Departament de Medi Ambient, Generalitat de
Catalunya, 1995; protocol number 2381).

ICSS

Stereotaxic surgery. Under general anesthesia induced by
110 mg/kg Ketolar® ketamine chlorhydrate (Parke-Davis S.L.
Pfizer, Madrid, Spain) and 0.08 ml/100 g Rompun® xylazine 23
mg/ml; i.p. (Bayer, Barcelona, Spain), rats in the ICSS and Con-
trol-sham groups were implanted with a monopolar stainless steel
electrode (150 wm in diameter) aimed at the LH, into the fibers of
the MFB, with the incisor bar set at —2.7 mm below the interaural
line and according to coordinates from the stereotaxic atlas of
Paxinos and Watson (1998): AP=-2.56 mm; L=1.8 mm (right
hemisphere) and P=—8.5 mm, with the cranium surface as dorsal
reference. ICSS electrodes were anchored to the skull with jew-
eler’'s screws and dental cement. In the post-surgery recovery
period (7 days), the animals were weighed and handled daily.
Rats in the Naive group were not submitted to the surgery
procedure.

ICSS behavior establishment.  Rats in the ICSS group were
taught to self-stimulate by pressing a lever in a conventional
Skinner box (25Xx20x20 cm) constructed of Plexiglas. Electrical
brain stimulation consisted of 0.3-s trains of 50 Hz sinusoidal
waves at intensities ranging from 10 and 400 upA. The ICSS
behavior was shaped for each subject to establish the range of
current intensities that would support responding on a continuous
reinforcement schedule. On two consecutive days, the animals
were trained in ICSS to establish the individual optimum current
intensity of ICSS (as described in Segura-Torres et al., 1991). The
mean of the two current intensities that gave rise to the highest
response rate (responses/min) was considered as the optimum
intensity (Ol) of ICSS for each rat. Rats in the Control-sham group
were handled and allowed to explore the ICSS box for 20 min on
two consecutive days, but without ICSS. Rats in the Naive group
were not manipulated.

ICSS treatment. Twenty-four hours after the last ICSS es-
tablishment session, animals in the ICSS group were allowed to
self-administer 2500 trains of electrical stimulation at the 100% of
their Ol (ICSS treatment). Animals in the Control-sham group
were equally placed in the ICSS-box for 40 min but did not receive
stimulation (sham session). Immediately after the ICSS-treatment
session or the sham session, rats were returned to their home
cages. These procedures were conducted during the first half of
the light cycle. Treatment duration (min) and total number of lever
pressings in the treatment session (total responses) were also
recorded.

c-Fos immunolocalization

Immunohistochemistry.  For c-Fos immunolocalization, 70
min after the end of the ICSS-treatment or the sham session, rats
in the ICSS (n=>5) and Control-sham (n=4) groups were sacrificed
with a guillotine. Naive rats (n=4) remained in their home cages
until they were sacrificed. Brains were hand dissected and stored
in at —80 °C until used for cryosectioning. Fresh frozen coronal
sections (20 um) were obtained in a cryostat at —20 °C, mounted
onto SuperFrost/Plus slides (Menzek-Glaser, Braunschweig, Ger-
many) and dried at room temperature (rt). The sections were fixed
for 20 min in freshly prepared 2% formaldehyde in 0.01 m phos-
phate-buffered saline (PBS), pH 7.4, permeabilized with 0.1%
Triton X-100 plus 0.1% sodium citrate in PBS for 5 min, incubated
in 0.3% H,0, in PBS for 20 min to block endogenous peroxidase
activity and then in 5% goat serum in PBS for 30 min. To deter-
mine the immunohistochemical localization of c-Fos in the rat
brain, we used a specific rabbit anti-c-Fos sc-52 polyclonal anti-
body (Santa Cruz Biotechnology, Santa Cruz, CA, USA). Incuba-
tion with 1:900 diluted rabbit anti-c-Fos antibody plus 1:900 goat
serum (Sigma) in PBS was performed for 4 h at rt and overnight
at4 °C. Next, the sections were incubated with goat anti-rabbit IgG
1:200 plus 1:200 horse serum in PBS for 3 h and 30 min at rt and
then incubated for 50 min with avidin—biotin—peroxidase complex,
prepared according to manufacture and diluted 1:3 in PBS just
before application (Immunopure Ultra-sensitive ABC Rabbit IgG
Staining Kit, Pierce, Rockford, IL, USA), Sections were incubated
for 3 min with ImmunoPure metal enhanced DAB substrate kit
(Pierce) prepared according to manufacturer and then diluted 1:2
with PBS. Sections were washed with 0.01 M phosphate buffer,
pH 7.4, and air dried before mounting with Vectamount (Vector
Laboratories Inc., Burlingame, CA, USA). No staining was de-
tected when the primary antibody was omitted.

Image acquisition and analysis. Images were obtained with
a BX-41 Olympus microscope coupled to a DP-70 Olympus digital
camera with 10X magpnifications and numerical aperture 0.25 from
different hippocampal subfields such as cornu ammonis (CA) 1,
CA3 and the medial and lateral blade of the dentate gyrus (DGmb
and DGIb, respectively). Quantification of c-Fos immunopositive
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nuclei was performed using the freeware ImagedJ software (http://
rsb.info.nih.govi/ij/). Briefly, for each brain area, a region of interest
(ROI) was drawn and stored. Each ROl was composed by some
circular areas (three or five), depending on the hippocampal field
to analyze. For every section, each component of the ROl was
individually situated in order to have the complete set of equidis-
tant circular areas adjusted to the standard showed in Fig. 1A for
each hippocampal field. The mean of the quantification in two sec-
tions of each hemisphere into each hippocampal subfield, for each
rat was used for the statistical analyses. To remove noise and to
avoid differences between immunostaining batches, each image was
digitally smoothed and subtracted from the original one. Appropriate
gray threshold and particle size were set for each area and main-
tained for all subjects. All brain regions were bilaterally counted in two
sections for each rat between bregma —2.80 and —3.80 (Paxinos
and Watson, 2007). Cell counts per mm:2 were analyzed for each
HPC subfield using a MANOVA analysis with one between-group
factor, the treatment condition (ICSS, Control-sham or Naive) and
one within-group factor, the hemisphere (ipsi- or contralateral to
electrode placement). The estimation of the effect size of the ICSS
treatment was determined on the basis of the Glass A statistic
[A:(Meanre'erence gmup_Meancomparison group)/SDreference group] (Glass’
1976), taking the standard deviation of the ICSS group to be the
standardizer. The interpretation of this measurement (A) was made
in accordance with the criteria defined by Cohen (1988); which is that
a value of 0.2 indicates a small effect, 0.5 a medium effect and 0.8 a
large effect.

Brain dissection and RNA extraction for gene
expression studies

For gene expression studies, 90 min after the end of the ICSS-
treatment or the sham session, ICSS (n=20) and Control-sham
(n=20) rats were sacrificed by decapitation as above. Brains were
hand dissected and sliced with a brain matrix (Stoelting, Wood
Dale, IL, USA). Slices between bregma —2.30 and —3.56 (antero-
posterior) were used to dissect the ipsilateral hippocampi respect
to the electrode. The tissue used as a reference in the first
microarray experiment consisted of pooled hippocampal, amyg-
dalar and cortical brain tissue of Naive (n=1), Control-sham (n=2)
and ICSS (n=1) rats. This tissue combination was chosen as
reference to ensure that genes expressed in Control-sham or
ICSS samples were also expressed in some degree in the refer-
ence tissue, allowing us to better identify fold changes in expres-
sion. All tissues were conserved in RNA later (Ambion, Austin, TX,
USA) for 48 h at 4 °C. Total RNAs were prepared with an RNeasy
Lipid Tissue Mini kit according to manufacturer’s protocol (Qiagen,
Valencia, CA, USA). RNA was quantified by using the NanoDrop
ND-1000 spectrophotometer (NanoDrop Technologies, Wilming-
ton, DE, USA) and quality was assessed with a 2100 Bioanalyzer
(Agilent, Palo Alto, CA, USA).

Microarray procedures

Three samples of ICSS hippocampi and three samples of Control-
sham hippocampi were used for gene expression comparisons
using oligonucleotide microarray analysis. In order to obtain
enough mRNA for these studies, every sample consisted of four
pooled ipsilateral hippocampi. Pooling has the additional advan-
tage of improving accuracy and reducing biological variability
allowing a reduction in the number of arrays required, even when
fewer than three samples are used, as demonstrated by Kendzi-
orski et al. (2005). Two microarray experiments were performed
with the same samples, one with a common reference design, and
the other with a direct comparison design. A diagram of the
comparisons performed in the two microarrays experiments is
depicted in Fig. S1 of the supplementary material. In the first
microarray experiment, each cRNA sample (three from ICSS and
three from Control-sham), was labeled with Cy5 and hybridized

against the reference cRNA labeled with Cy3. In the second
microarray analysis, three direct comparisons (biological repli-
cates), each of an ICSS sample against a Control-sham sample in
two-color hybridizations were performed and two additional tech-
nical replicates were also carried out using dye reversal. Thus, a
total of 11 rat oligonucleotide microarrays from Agilent (G4130B),
containing 22,000 probes, were hybridized: six in the first design
and five in the second design. Briefly, 500 ng of total RNA from
each sample were amplified by oligo-dT-T7 reverse transcription
and labeled by in vitro transcription with T7 RNA polymerase in the
presence of Cy5-CTP or Cy3-CTP using the Low Input RNA
labeling kit (Agilent) and purified using RNAeasy columns (Qia-
gen). After fragmentation, 750 ng of labeled cRNA from each of
the two samples were co-hybridized in in situ hybridization buffer
(Agilent) for 17 h at 65 °C and washed at rt 1 min in 6X SSPE
(saline sodium phosphate—EDTA) pH 7.4+0.005% sarcosine, 1
min at rt in 0.06X SSPE+0.005% sarcosine, 1 min in acetonitrile
and 30 s in Dye Stabilization and Drying solution (Agilent).

The images were generated on a confocal microarray scan-
ner (G2565BA, Agilent) at 10 wm resolution and quantified using
GenePix 6.0 (Molecular Dynamics). Spots with signal intensities
twice above the local background, not saturated and not flagged
by GenePix were considered reliable and with a weight of 1 for
normalization purposes, whereas the rest were given weights of
0.01. Extracted intensities were subtracted from the local back-
ground and the log, ratios were normalized in an intensity-depen-
dent fashion by the global lowess method with a span parameter
of 0.3. Normalized log, ratios were scaled between arrays to make
all data comparable. Raw data were processed using MMARGE,
a web implementation of limma (Smyth, 2005), a microarray anal-
ysis library developed within the Bioconductor project in the R
statistical environment (Gentleman et al., 2004).

From the first experiment, where each sample was hybridized
against a common reference, direct comparisons between ICSS
hippocampi and control hippocampi were retrieved by subtracting
the corresponding log, ratio values. Such ICSS versus control log,
ratios were calculated for the same pairs of samples as were
hybridized together in the second experiment. Hence, the com-
bined data set used for statistical analyses consisted of three
ICSS versus control log, ratio samples from the first experiment
and the same three comparisons plus two additional technical
replicates from the second experiment. These data are given in
the supplementary Table S2.

A linear mixed model was applied to analyze differential ex-
pression in the combined data set using the limma package
(Smyth, 2005). Differences in expression between ICSS hip-
pocampi and control hippocampi were assessed by testing the
intercept of the linear model for a deviation from zero. An effect-
coded covariate indicating in which experiment each sample was
processed was included in the model in order to adjust for a
possible batch effect of the two different experiments. Further-
more, the mixed model approach allows (using the limma function
duplicateCorrelation) accounting for the fact that technical repli-
cates are supposed to be more similar than biological replicates.
The repeated use of the same biological samples in the second
experiment as well as the dye-swap hybridizations were consid-
ered as technical replication. P-values were adjusted for multiple
testing using the false discovery rate (FDR) method (Benjamini
and Hochberg, 1995). A fold change cutoff of 1.2 and a g-value of
0.05, setting an FDR of 5%, were used to choose relevant genes.
The R code used for the differential expression analysis described
above and log, ratio data used in this analysis are given in the
supplementary file S3 and S4 respectively.

Quantitative real time—polymerase chain reaction
(PCR) analysis

Quantitative RT-PCRs were carried out comparing the ICSS ver-
sus Control-sham conditions using independent samples from the
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Bregma -3.72mm

Fig. 1. c-Fos immunolocalization. (A) Defined ROIs, composed of several circular areas, for each hippocampal subfield studied, in the ipsilateral
hemisphere to the ICSS electrode location. The standard placement is superposed to a coronal section adapted from Paxinos and Watson’s atlas
(2007), corresponding to coordinate AP —3.72 mm to bregma. (B) Representative photomicrographs (with the corresponding adapted ROIs) of c-Fos
immunohistochemistry from one subject from the ICSS group and one from the Control-sham group in hippocampal subfields (scale bar=200 pm;
stereotaxic coordinates AP between —2.80 and —3.80 to bregma). (C) High magnification of a CA1 region photomicrograph corresponding to an ICSS
subject (scale bar=20 um). Black arrows indicate some high c-Fos immunoreactive neurons, counted as positive cells. White arrows indicate some
low c-Fos immunoreactive neurons, counted as non-positive cells. CA1: field CA1, Ammon’s horn; CA1so: stratum oriens; CA1spd: pyramidal layer,
deep; CA1-sr: stratum radiatum; CA3: field CA3, Ammon’s horn; DGIb-mo: DGIb-molecular layer; DGIb-sg: DGIb-granule cell layer; DGmb-mo:
DGmb-molecular layer; DGmb-sg: DGmb-granule cell layer.

microarray experiments. The number of samples used for these variability of the expression of each specific gene. Every sample
experiments varied from an n=3 to an n=8, depending on the consisted of two to four pooled ipsilateral hippocampi. For cocaine
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Table 1. Primer sequences used for quantitative real time-PCR assays

Gene 5'-3" Primer sequence GenBank ID

name

Hspala f: GAGGAGGTGGATTAGAGGCTTTTC NM_031971
r: TTGATAAGAATCGTGCACCAGC

Fos f: CCAAGCGGAGACAGATCAACTT NM_022197
r: TCTTTCAGTAGATTGGCAATCTCG

Pgst2 f: ATCAAATTACCGCTGAAGCCC NM_017232
r: ATGTTCCAGACTCCCTTGAAGTG

Ret f: ATTGGGTGTTGCCCTTGCT NM_012643
r: GTTCTGGTCTGCGGGTAGGT

Cart f: GCCAAGTCCCCATGTGTGAC NM_017110
r: CACCCCTTCACAAGCACTTCA

Dnajp1  f: GCCGAATGTTTTCCACAGAAT NM_001108441
r: TTCCCACCGCCTGCCTAT

Sgk f: TCGGGGCTGTCTTGTATGAG NM_019232
r: GTGCCTTGCTGAGTTGGTGA

FKbp5 f: GAGCCGTTTGTCTTTAGCCTTG NM_001012174
r: GCCAGCAGAGCCGTAAGC

Adcyap1 f: CCTACGCCTTTACTACCCAGC NM_016989
r: TTTGCGTAGGCTTCGTTAAG

Pde1a f: CATGGTTGGTTTGACATATCCTG NM_030871
r: TATGCTCCCCGCTTGCTT

Hprt f: AAAGGACCTCTCGAAGTGTTGG NM_012583
r: AAGTGCTCATTATAGTCAAGGGCA

(f) Forward primer; (r) reverse primer. GenBank identification avail-
able at http://www.ncbi.nlm.nih.gov/.

and amphetamine-regulated transcript (Cart) gene the primers
previously reported by Marie-Claire et al. (2003) were used and for
the other genes, specific primers were designed with Primer Ex-
press 2.0 (Applied Biosystems, Foster City, CA, USA) (Table 1).
We used hypoxanthine guanine phosphoribosyl transferase (Hprt)
gene as our control housekeeping (reference) as this had not
changed in expression level in the study. Total RNA was treated
with the DNA free kit (Ambion) and cDNA was synthesized from
100 ng of total RNA using Superscript Il (Invitrogen) reverse
transcriptase, random 15mers primers and RNase out inhibitor
(Invitrogen, Carlsbad, CA, USA) according to the manufacturer’s
instructions. PCR reaction cocktails (25 wl) contained cDNA,
Power SYBR Green PCR master mix (Applied Biosystems) water
and custom primers (Invitrogen). The PCR reactions were per-
formed in an ABI PRISM 7300 Sequence Detector System (Ap-
plied Biosystems). Each reaction was performed in triplicate. The
mRNA abundances for each candidate gene were calculated
using the following formula: Relative Transcript Abundance=
(E target)ACt target(control—sample)/(E reference)ACt reference(control-sample)
(Pfaffl, 2001), where E is real-time PCR efficiency calculated as
Efficiency=10""5lP®) and control is the mean of Ct of Control
samples. Data were analyzed using one side t-test of log,, ratio,
and differences were considered significant at P<0.05.

RESULTS
ICSS behavior

All rats in the ICSS groups rapidly learned to press the
lever, indicating the rewarding effects of the brain stimula-
tion. The mean values (=SD) of ICSS variables for the rats
used in the immunohistochemistry experiment (n=>5) were
Ol (343.33+72.34 pA), highest response rate (70.66=*
21.07 responses/min), treatment duration (66.00+36.29
min) and total responses (2917.42+116.44 lever press-

ings). The mean values (+SD) of the same ICSS variables
for the rats used in the gene profiling studies (n=21) were
Ol (173.33+120.97 pA), highest response rate (76.43=*
18.36 responses/min), treatment duration (50.76+12.71
min), and total responses (3174.44+430.10 lever press-
ings). Some of the rats used in these studies underwent
small seizures and were thus, not included in the overall
statistical analysis described next and are not part of the
specified number of animals used in these experiments.
Correlation analyses showed no relationship between the
ICSS variables and number of positive c-Fos cells in any
hippocampal subfield (see Table S5 in the Supplementary
Material). These results imply that neither the motor activ-
ity during ICSS treatment (measured as the highest re-
sponse rate and the total number of lever pressings in the
treatment session) nor the intensity of stimulation (Ol)
seems to determine the level of c-Fos expression in the
hippocampus. Importantly, the parameters of the ICSS
treatment (100% O, frequency and number of trains of the
electrical stimulation, the animal’s rate of response and
mean time spent to self-administer the treatment) used
here are within the range of values obtained in our previ-
ous studies showing enhancement of both hippocampus-
dependent or independent learning and memory (Aldavert-
Vera et al.,, 1996; Ruiz-Medina et al., 2008a,b; Segura-
Torres et al., 1991; Soriano-Mas et al., 2005).

c-Fos immunohistochemistry

We analyzed c-Fos immunolabeling in the hippocampal
subfields CA1 (pyramidal layer), CA3 (pyramidal layer),
DGmb (granule cell layer), and DGIb (granule cell layer), in
the ipsilateral and contralateral hemispheres to the elec-
trode placement. Immunoreactive cells exhibited a dark
brown nucleus clearly detectable from the surrounding
background tissue. We compared the number of immu-
nopositive nuclei among hippocampus of ICSS, Control-
sham and Naive groups of rats by using the ImagedJ pro-
cessing program.

The quantitative results of c-Fos immunolabeling (neu-
rons/mm?) in the CA1, CA3, DGmb and DGIb subfields for
ICSS, Control-sham and Naive groups are summarized in
Fig. 2 (see also Table S6 in the Supplementary Material).
In our analyses, we aimed to determine if there was a
difference in the number of c-Fos immunopositive nuclei in
the various hippocampal subfields among the three exper-
imental groups, also considering the expression in ipsilat-
eral versus contralateral areas. In the MANOVA analysis,
one between-group factor, the treatment condition (ICSS,
Control-sham or Naive), and one within-group factor, the
hemisphere (ipsilateral or contralateral to electrode place-
ment), were used. First of all, the MANOVA analyses
showed a statistically significant higher number of c-Fos
immunopositive cells in ICSS rats compared with the Con-
trol-sham and Naive rats in CA3 [F(1,10)=8.71; P=0.014;
F(1,10)=16.16; P=0.002 respectively], DGmb [F(1,10)=
6,37; P=0.03; F(1,10)=7.25; P=0.023 respectively] and
DGIb [F(1,10)=14,37; P=0.004; F(1,10)=19.69; P=0.001
respectively]. Although, the plotted data suggested similar
tendencies for c-Fos induction within the CA1 hippocampal
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Fig. 2. Effects of ICSS on the c-Fos expression in hippocampus. Bar graph depicting the mean number of c-Fos immunopositive cells (neurons/
mm?=SD) in CA1, CA3, DGmb and DGIb hippocampal subfields, in the ipsilateral and the contralateral hemispheres respect to the electrode
placement (numerical values are expressed in Table S6 of Supplementary Material). MANOVA analyses showed that ICSS treatment increased the
number of c-Fos positive cells in all the hippocampal subfields with respect to the Naive subjects, and in CA3 and DG (medial and lateral blades) with
respect to the Control-sham subjects. Table shows the Glass A statistic of standardized differences between ICSS and both non-stimulated groups

(Control-sham and Naive).

subfield, this effect was only significant between ICSS and
Naive rats [F(1,10)=10.76; P=0.008], but did not reach
statistical significance between ICSS and Control-sham
groups [F(1,10)=3.67; P=0.085]. No differences were ob-
served between the nonstimulated groups (Control-sham
and Naive). Fig. 2 also shows the values of the Glass A
statistic of standardized differences between ICSS and
Control-sham and Naive groups. In general, Glass A val-
ues were very high (between 0.93 and 2.17) suggesting
that, based on the criteria defined by Cohen (Cohen,
1988), the effect of ICSS treatment on c-Fos expression in
the hippocampus was of a large magnitude.

Second, our quantitative analyses confirmed our qual-
itative assessments that ICSS caused similar levels of
c-Fos induction ipsilaterally and contralaterally in all three
hippocampal subfields. No statistically significant differ-

ences were observed between the hemispheres ipsilateral
and contralateral to the electrode location in any hip-
pocampal region for any group. Moreover, differences be-
tween groups were observed independently of the hemi-
sphere (interaction group by hemisphere factor was not
significant) thus, it can be concluded that the activating
effect of ICSS treatment on c-Fos induction was bilateral.

Fig. 1B shows differences of c-Fos hippocampal ex-
pression between ICCS rats and Control-sham animals.
Interestingly, not all cells in every one of the analyzed
hippocampal regions had the same intensity of c-Fos la-
beling and only a proportion of them showed detectable
ICSS-induced increases of c-Fos immunoreactivity (see
Fig. 1C), suggesting that not all cells contribute in the same
level to the hippocampal ICSS gene regulation response.
In contrast, for the group of rats that experienced seizure
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activity (see above) during ICSS treatment we found that
most of CA1, CA3, and dentate gyrus (DG) hippocampal
neurons displayed similar c-Fos immunoreactivity (data
not shown). Overall, these findings suggest that ICSS
leads to the activation of gene transcription in discrete cells
of the hippocampal formation.

Gene profiling in the hippocampus after the ICSS
treatment

To understand what molecular signaling pathways affected
by ICSS could be involved in learning and memory facili-
tation, we analyzed hippocampal gene expression. In these
studies we used a more delayed time point than in the
c-Fos immunohistochemistry analyses in order to identify
not only immediate-early genes, but also slightly delayed
early genes.

We performed an ICSS regulation gene profiling study
using oligonucleotide microarrays. Three samples of Con-
trol-sham and three of ICSS hippocampal mMRNA were
compared by dual color-hybridization using a total of 11 rat
oligonucleotide (22,000 probes) microarrays as detailed in
the Experimental Procedures. Rats were sacrificed 90 min
after ICSS or sham treatments. Data of relative expression
ratios between ICSS and Control-sham samples of all the
11 hybridizations were analyzed as described above and a
maximum stringency of a P-value of 0.05, was used to
choose relevant genes. As suggested by our c-Fos immu-
nohistochemistry labeling results, not all cells are stimu-
lated in the same way by ICSS and do not contribute in the
same dosage to the total changes in hippocampal gene
expression. Moreover, very low increments of signaling
proteins may exert significant effects (Roberto et al,
2001). For these reasons, we decided to set a criterion that
would select as genes of interest those that showed a fold
change starting from a 1.2 threshold-intensity ratio, which
represents an increment of 20% labeling intensity in the
total hippocampal cell population. Data of the microarray
analysis is provided in the Supplementary Material (Table
S2). With this criterion, a total of 60 expressed sequence
tags (ESTs) from the microarrays were found to be differ-
entially expressed, representing 59 different genes, as
some genes are spotted in a duplicate fashion within the
array. Thus, 0.27% of the 22,000 genes examined were
determined to show differential hippocampal expression
associated to ICSS. Forty-five genes were upregulated in
the hippocampus of ICSS-treated rats, compared to con-
trols, and 14 were downregulated. For our subsequent
analyses, we focused exclusively on the 35 ESTs repre-
senting defined or predicted genes that encoded proteins
for which a function is known or inferred (see Table 2A).
The complete list of differentially expressed genes identi-
fied in our studies, including those of unknown function, is
shown in Table S2 of the Supplementary Material.

Interestingly, we found numerous genes encoding pro-
teins related to signal transduction machinery, some of
which have been associated with learning and memory or
neuroplasticity. Among such genes we report those encod-
ing different neuropeptides (Cart) or intercellular signaling
molecules (Gremlin 1 homolog, cysteine knot superfamily,

Grem1), receptors (Ret proto-oncogene, Ret), transcrip-
tion factors (c-Fos), molecules of the signal transduction
machinery (serum/glucocorticoid regulated kinase, Sgk;
phospholipase C-like 1, Plc/1; and pleckstrin homology
domain containing family F with FYVE domain-member 1,
Plekhf1), and other enzymes that may strongly contribute
to signal transduction (guanine deaminase, Gda). The
ICSS-induced Fos mRNA overexpression is in accordance
with the c-Fos protein overexpression observed in several
hippocampal areas in our immunohistochemistry experi-
ments. In addition, other genes identified as modulated by
ICSS in the hippocampus may be associated to cell stress
responses that might be associated to neuroprotective
mechanisms. These genes encode protein chaperones
and co-chaperones (heat shock 70 kDa protein 1 A,
Hspa1a; DnaJ-Hsp40-homolog subfamily B member 1,
Dnajb1; crystallin, alpha B, Cryab; heat shock 10 kDa
protein 1, Hspe1; Bcl2-associated athanogene 3, Bag3;
and FK506 binding protein 5, Fkbp5), antiapoptotic pro-
teins (the transcription factor TSC22 domain family 3,
Tsc22d3), and a regulatory protein of proteasomal degra-
dation (Ubiquilin 1, Ubqin1).

For further validation of the gene expression changes
caused by ICSS with quantitative real time-PCR we only
focused our attention in those genes that could influence
learning and memory, lead to the neural plasticity changes
required for long-term memory, or collaborate in the mem-
ory restoring capacities of ICSS. We tested seven repre-
sentative genes that showed significant differential expres-
sion in our arrays, Hspala, Fos, Ret, Cart, Dnajb1, Sgk,
FKbp5. We also tested three genes, encoding signaling
proteins relevant in learning and memory, that appeared
among the differentially expressed genes only in the sec-
ond microarray experiment, but not in the combined anal-
ysis: prostaglandin-endoperoxide synthase 2, Ptgs2, which
has a significant role in hippocampal-dependent tasks (Rall
et al., 2003; Teather et al., 2002; Sharifzadeh et al., 2006),
adenylate cyclase activating polypeptide 1, Adcyap?, which
facilitates the extinction of active avoidance response (Ad-
amik and Telegdy, 2005), and calmodulin-dependent-
phosphodiesterase 1 A, Pde1a, which belongs to the fam-
ily of phosphodiesterases, reported to regulate memory
tasks (Blokland et al., 2006).

To confirm the microarray results, we performed quan-
titative real time-PCRs with new hippocampal samples
from the same brain area as in the microarrays experi-
ments (biological replicates). The results of this quantita-
tive real time-PCR study corroborated the observed differ-
ential expression for the seven genes arising from our
microarray analysis, validating the results obtained from
our microarray experiments and data analyses. Ptgs2,
Adcyap1 and Pde1a, when analyzed with a higher number
of samples with quantitative real-time PCR (see Fig. 3),
where validated as differentially regulated, and thus we do
consider these three candidate genes to be among those
that are influenced by ICSS to the LH in the hippocampus
(Table 2B). Fig. 3 illustrates the relative hippocampal
mRNA levels for these genes between the ICSS versus
Control-sham conditions as determined by the quantitative
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Table 2A. Genes differentially expressed in the rat hippocampus 90 min after ICSS demonstrated by microarray analysis, and for which a protein of known or predicted function has been defined <

Gene Gene name (*) genes  Aliases GenBank ID FC Learning LTP Other Neurite Neurogenesis Neuroprotection Apoptosis HSE GC
symbol confirmed by real and forms of outgrowth
time-PCR memory synaptic
plasticity
Hspala  *Heat shock 70 kD HSP70-1A NM_031971 5.02 UP ind (1) +(2) anti (3) +(4)
protein 1 A
Bag3 Bcl2-associated CAIR-1 NM_001011936 191 UP +(5) anti (6)
athanogene 3
Gpd1 Glycerol-3-phosphate GPDH NM_022215 1.76 UP
dehydrogenase 1
(soluble)
Cryab Crystallin, alpha B HSPB5 NM_012935 1.65 UP +(7) anti (7) +(8) ind (9)
Fos *FBJ murine NM_022197 164 UP  +(10,11) +(11) +(12) ®
osteosarcoma viral I
oncogene homolog g
Tsc22d3 TSC22 domain GILZ, Dsipi NM_031345 157 UP anti (13) ind (13) S
family 3 ng
Cart *Cocaine- and NM_017110 155 UP +(14) +(15) anti (15) ind (16) g‘
amphetamine- =
regulated transcript E
Sgk *SERUM/glucocorticoid ~ Sgk1 NM_019232 150 UP +(17) +(18)  +(18) +(19) anti (19) ind (19) o
regulated kinase 3
Ret *Ret proto-oncogene NM_012643 1.48 UP +(20) +(21) +(4,22) anti (4) 8
Upp1 Uridine NM_001030025 145 UP g
phosphorylase 1 @
Fkbp5 *FK506 binding FKBP51 NM_001012174 145 UP anti (23) ind (24) >
protein 5 ~
Per2 Period homolog 2 NM_031678 142 UP >
(Drosophila) 3
Errfi1 ERBB receptor MIGS, NM_001014071 1.39 UP ind (25) o
feedback inhibitor 1 GENE 33 3
Cnksr3 Cnksr family member 3 MAGI1 NM_001012061 1.37 UP A,
$100a9  S100 calcium binding CAGB NM_053587 134 UP ind (26) N
protein A9
(calgranulin B)
Cacybp  Calcyclin binding SIP NM_001004208 132 UP
protein
KIf15 Kruppel-like factor 15 NM_053536 1.30 UP ind (27)
Hspe1 Heat shock 10 kDa HSP10 NM_012966 1.30 UP anti (28) +(4)
protein 1
(chaperonin 10)
Grem1 Gremlin 1 homolog, NM_019282 1.30 UP +(29)
cysteine knot
superfamily
(Xenopus laevis)
Dnajb1 *DnaJ (Hsp40) HSP40 XM_341663 129 UP +(2) anti (2) +(4)

homolog, subfamily
B, member 1




Table 2A. continued

Gene Gene name (*) genes  Aliases GenBank ID FC Learning LTP Other Neurite Neurogenesis Neuroprotection Apoptosis HSE GC
symbol confirmed by real and forms of outgrowth
time-PCR memory synaptic
plasticity
Usp54 Ubiquitin-specific BC097982 1.28 UP
protease 54
Plcl1 Phospholipase C-like 1 PRIP-1 NM_053456 126 UP +(30)
Nid67 Putative small AF313411 1.26 UP
membrane protein
NID67
Plekhf1  Pleckstrin homology LAPF NM_001013148 1.26 UP ind (31) pro (32)
domain containing,
family F member 1
Jmjd1a Jumoniji domain NM_175764 1.24 UP
containing 1 A
Ubqln1 Ubiquilin 1 NM_053747 121 UP +(33) anti (33)
Bnip1 BCL2/adenovirus E1B NM_080897 -1.22 DW pro (34)
19 kDa-interacting
protein 1
Slc22a8  Solute carrier family 22 NM_031332 -1.22 DW
(organic anion
transporter),
member 8
Ca4 Carbonic anhydrase 4 NM_019174 -1.24 DW
Gda Guanine deaminase Cypin, NM_031776 -1.28 DW —(35)
cytoplasmic
PSD95
interactor
Slco1a4  Solute carrier organic NM_131906 —-1.35 DW
anion transporter
family, memb 1a4
Ly6h- Lymphocyte antigen 6 XM_235426 -1.36 DW
predicted complex, locus H
(predicted)
Ddc Dopa decarboxylase NM_012545 -1.44 DW
Trt Transthyretin NM_012681 -3.91 DW

(A) Genes differentially expressed demonstrated by microarray analysis. Genes with differential gene expression that had been verified with real-time PCR are indicated with (+) in the Gene Name
column. In (A) FC represents the fold change between gene expressions of ICSS and Control groups from microarray analysis and in we also include information indicating if particular genes had
been previously reported to promote or inhibit memory and learning, different forms of neuroplasticity and neuroprotective functions. Identification of the HSE within the gene promoter is indicated
(+) and reported GC gene induction or inhibition are also indicated (ind). (+) gene induction promotes this function or gene downregulation inhibits it; (—) gene induction inhibits this function or gene
downregulation promotes it; (ind) induces the gene expression; (inh) inhibits the gene expression; (anti) antiapoptotic; (pro) proapoptotic. References: (1) Pizarro et al. (2003); (2) Takeuchi et al.
(2002); (3) Giffard et al. (2004); (4) Myers and Mulligan (2004); (5) Carra et al. (2008); (6) Doong et al. (2002); (7) Ousman et al. (2007); (8) Somasundaram and Bhat (2004); (9) Scheier et al. (1996);
(10) (Countryman et al., 2005b); (11) Fleischmann et al. (2003); (12) Gil et al. (2004); (13) Yachi et al. (2007); (14) Wu et al. (2006); (15) Mao et al. (2007); (16) Koylu et al. (2006); (17) von Hertzen
and Giese (2005); (18) Ma et al. (2006); (19) Humbert and Saudou (2005); (20) Zhang et al. (2006); (21) Barlow et al. (2003); (22) Bakshi et al. (2006); (23) Giraudier et al. (2002); (24) Park et al.
(2007); (25) Xu et al. (2006); (26) Hsu et al. (2005); (27) Teshigawara et al. (2005); (28) Lin et al. (2004); (29) Katoh and Katoh (2005); (30) Mizokami et al. (2007); (31) Park et al. (2006); (32) Chen

et al. (2005); (33) Wang and Monteiro (2007); (34) Zhang et al. (2003); (35) Charych et al. (2006).
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Table 2B. Genes differentially expressed in the rat hippocampus 90 min after ICSS demonstrated by quantitative analysis

HSE GC

Apoptosis

Neuroprotection

Neurogenesis

Other Neurite

LTP

Learning
and

GenBank ID FC

Aliases

Gene name

Gene

outgrowth

forms of

symbol

synaptic
plasticity

memory

+(9)

+(8)

+(36,37)  +(7)

up

2.63

NM_017232

Prostaglandin- COX-2

Ptgs2

endoperoxide

synthase 2
Adenylate cyclase

anti (43) ind (44)

+(43)

+(42) +(42)

+(39) +(40)  +(41)

up

55

1.

NM_016989

PACAP

Adcyap1

activating

polypeptide 1
Phosphodiesterase

DW  —(47)

-1.23

NM_030871

HCAM1

Pde1a

1 A, calmodulin-

dependent

(B) Genes differentially expressed in the rat hippocampus 90 min after ICSS demonstrated by quantitative real-time PCR analysis. In (B) FC corresponds to fold change gene expression from
real-time PCR analysis. We also include information indicating if particular genes had been previously reported to promote or inhibit memory and learning, different forms of neuroplasticity and

neuroprotective functions. Identification of the HSE within the gene promoter is indicated (+) and reported GC gene induction or inhibition are also indicated (ind). (+) gene induction promotes this

function or gene downregulation inhibits it; (—) gene induction inhibits this function or gene downregulation promotes it; (ind) induces the gene expression; (inh) inhibits the gene expression; (anti)
antiapoptotic; (pro): proapoptotic. References: (7) Ousman et al. (2007); (8) Somasundaram and Bhat (2004); (9) Scheier et al. (1996); (36) Teather et al. (2002); (37) Sharifzadeh et al. (2006); (38)

Albrecht (2007); (39) Kadoyama et al.

(2001); (40) Sasaki et al. (2003); (41) Adamik and Telegdy (2005); (42) Matsuyama et al. (2003); (43) Roberto et al. (2001); (44) Falluel-Morel et al. (2007);

(20086).

(45) Brenneman (2007); (46) Yang et al. (2007); (47) Blokland et al.
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Fig. 3. Validation of microarray data by quantitative reverse transcrip-
tase-PCR (real time-PCR). For several genes that had been identified
as being differentially expressed in the hippocampus after ICSS by
using the microarray analysis, the changes in transcript levels were
verified by quantitative PCR. Tree genes arising from a less stringent
microarray analysis were also validated: Ptgs2, Adcyap1 and Pde1a.
Shown is the bar graph depicting the relative hippocampal mRNA
expression levels between the ICSS versus Control conditions for the
genes in the microarray study (spotted areas) and the same genes
determined by quantitative PCRs (black areas). Data are presented as
log 10 of mean fold change and standard deviations are indicated with
the error bars. The number of samples used for each gene in real-time
PCR assay was n=3 (Hspala), n=>5 (Ptgs2, Ret, Dnajb1), n=6 (Fos,
Cart, Adcyap1), n=7 (Sgk, FKbp5) and n=8 (Pde1a). * P=<0.05 versus
control group.

PCRs and the microarrays studies (see also Table S7 in
Supplementary Material). The results demonstrated the
significant upregulation of Hspa1la, Fos, Ptgs2, Ret, Cart,
Dnajb1, Sgk, FKbp5 and Adcyap1 (Student's t-test,
P<0.05 each). In addition, we showed that the mRNA
encoding Pde1a is downregulated in the hippocampus
following ICSS (Student’s f-test, P<<0.05). Thus, all the
genes tested were confirmed including genes with low a
fold difference threshold in the microarray, such as Dnajb1
(X1.28). Overall, these results demonstrate that we were
able to confirm the changes in expression seen in our
microarray studies with the levels of stringency and thresh-
old chosen, since all the genes tested were validated using
a technique other than microarray analyses to assess
changes in gene expression at the level of mRNA (real-
time PCR).

DISCUSSION

Our studies presented here are the first to demonstrate
that ICSS to the LH can induce a plurality of changes in
hippocampal gene expression. Specifically, here we report
that one ICSS session (2500 trains) (i) induces an early
increase in c-Fos expression in several areas of the hip-
pocampus (CA3, DGmb and DGIb) and (ii) modulates the
expression of a set of 62 early genes in the hippocampus.

The nature of ICSS behavior, in which animals have to
perform an operant response to obtain electrical stimula-
tion in rewarding brain areas, involves several behavioral
components and brain systems. This complexity makes it
difficult to dissociate which component of ICSS is the main
factor responsible for the neuronal activation in the hip-
pocampus. In any case, our aim was to determine which
changes in gene expression occur in hippocampus due to
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the ICSS treatment as a whole. The parameters and con-
ditions used for the ICSS treatment (electrode location,
electrical current parameters, number of trains self-admin-
istered and number of sessions) are the same that we
have previously demonstrated that enhance active avoid-
ance memory, which takes place immediately after the
training session (Aldavert-Vera et al., 1996; Redolar-Ripoll
et al., 2002). Similar ICSS parameters also enhance hip-
pocampus-dependent learning and memory (Ruiz-Medina
et al., 2008a).

ICSS to the LH induces hippocampal increases in
c-Fos expression

The ICSS treatment caused an increment of immunoposi-
tive nuclei for c-Fos immunochemistry in CA3 and DG
(medial and lateral blades) compared with the two non-
stimulated control groups (Control-sham and Naive). The
changes in c-Fos expression in the CA1 subfield were also
higher in the ICSS compared with the Naive condition, but
only a tendency was observed compared with the Control-
sham group.

Since no differences were observed between Naive
and Control-sham groups in any hippocampal subfield, we
can suggest that the amount of handling administered, the
stereotaxic intervention or the ICSS-box exposure did not
significantly affect hippocampal activation at the time it was
evaluated. Moreover, because the Control-sham rats in the
present study have been implanted, handled and allowed
to explore the ICSS-box in a way similar to that of the ICSS
rats, we can rule out factors, as exploratory behavior,
exposure to novel context or contextual learning, as the
main causes of the observed effects. Likewise, we also
can rule out the possibility that increases in c-Fos expres-
sion were caused by the operant response because task-
dependent increases in c-Fos-labeled nuclei only have
been observed after initial ICSS training and not following
complete acquisition (Bertaina-Anglade et al., 2000). Since
in the present study the ICSS-related operant response is
acquired very fast (only about 25 trains of stimulation are
enough for the establishment of a stable operant re-
sponse), and since rats had learned the ICSS behavior two
days before the ICSS treatment, it can be assumed that at
the time of sacrifice ICSS rats have a complete acquisition
of the operant response and no hippocampal c-Fos ex-
pression would be expected due to this variable. The
phase for gene analyses in the hippocampus was that of
expression of the acquired operant response. On the other
hand, the observed increment in c-Fos expression in hip-
pocampal subfields does not seem attributable to motor
activity inherent to the ICSS treatment, since no correlation
between c-Fos expression and any motor measure of the
rats’ ICSS behavior (as response-rates or total number of
responses performed in the treatment session) was ob-
served. It is important to mention that motor activity related
to bar pressing is probably not involved in the observed
hippocampal changes in gene expression. Previous stud-
ies involving electrical stimulation of other brain regions,
such as the central thalamus, that does not imply motor
activity (since stimulation is administered by the experi-

menter), also enhances cognitive performance and acti-
vates specific regulation of gene expression in the hip-
pocampus (Shirvalkar et al., 2006). Thus, motor activity
does not seem to be associated with the changes in hip-
pocampal gene expression of our present studies. In any
case, since ICSS implies both, reward and motor activity,
we cannot rule out that hippocampus modulation could be
due to possible additive effects of both.

The present findings suggest that different hippocam-
pal areas seem to respond with differential sensibility to
our ICSS-LH paradigm (no differences were found be-
tween ICSS and Control-sham group in CA1). We should
note that no differential connections between LH and the
any of the hippocampal subfields have been shown. How-
ever, LH lesions produced extensive cellular loss specifi-
cally in CA3 (Leach et al., 1980), and ICSS-LH induces
neuronal plasticity (such as promoting increase in dendritic
length and in the numerical density of synapses) also in
CA3 field (Rao et al., 1994, 1999).

Moreover, the pattern of ICSS-induced c-Fos expres-
sion, with discrete cells responding to ICSS stimulation in
every one of the analyzed hippocampal subfields, may
indicate a cellular specific ICSS response. This is in con-
trast to what occurred in the rats that experienced sei-
zures, which displayed a massive unspecific response, in
terms of c-Fos induction. Thus, specific networks associ-
ated to learning and memory may be activated by ICSS in
the absence of seizure activity. There are several ways by
which ICSS-LH could modulate hippocampal activity. First,
the hippocampus receives inputs from the dopaminergic
mesolimbic pathway, originated into the ventral tegmental
area and activated by ICSS-LH (Schultz, 2000). Moreover,
the hippocampus could be activated indirectly by projec-
tions from other arousal-related systems, also activated by
LH rewarding stimulation (Arvanitogiannis et al., 1997;
Sarter and Bruno, 2000). Finally, recent data suggest that
the HPC could be also directly activated by the LH stimu-
lation through the fornix (Saunders and Aggleton, 2007).

Although we do not know of previous studies about the
same kind of induction in the hippocampus, c-Fos has
been induced by rewarding brain stimulation in other brain
areas, such as the amygdala and the medial prefrontal
cortex (see Waraczynski, 2006). Increases in c-Fos ex-
pression in the DG subfield have been also observed after
thalamic brain stimulation capable of remediating cognitive
disability (Shirvalkar et al., 2006).

ICSS affects early expression of genes related to
learning and memory, neural plasticity, and
neuroprotection

In the reported gene expression studies we identified a
total of 62 ICSS-regulated genes in the hippocampus, 59
of them arising from the microarray analysis and three from
independent quantitative real-time analysis. More specifi-
cally, results from our gene expression studies showed
that 51% of the 37 genes that encode proteins of known or
predicted function expressed by the ICSS memory-facili-
tative treatment may promote directly or indirectly learning
and memory or neuroprotection (see Table 2, Fig. 4). As
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Fig. 4. Diagram showing a functional distribution of the ICSS-regu-
lated genes related to neural plasticity and cell survival functions
(apoptosis), and their interactions. The regulated set promoting neural
plasticity includes upregulated genes reported to enhance neural plas-
ticity and downregulated genes described as inhibitors. The regulated
set promoting cell survival includes upregulated antiapoptotic genes
and a downregulated apoptotic genes. Downregulated genes are rep-
resented in cursive. Numbers represent the number of genes included
in each condition. (pro) proapoptotic; (anti) antiapoptotic.

expected, since we examined gene expression 90 min
after the ICSS treatment, we found numerous genes en-
coding proteins of the signal transduction machinery and,
more surprisingly, another set of early expressed genes
related to neuroprotection. We discuss the identified genes
according to their known or possible relation with such
processes, focusing on behavioral and neural plasticity,
including possible roles on neurogenesis and on neuropro-
tection. Both neurogenesis and neuroprotection are mech-
anisms that could be related to the memory facilitation and
restorative effects of the ICSS.

Genes related to learning and memory. Some of the
ICSS-upregulated genes observed in the present study
(see Table 2) have been directly related to explicit or
relational learning and memory in rats. In general, induc-
tion of these genes is observed in the hippocampus after
training in hippocampal-dependent tasks, and impairment
of these tasks is observed after specific gene-inhibition.
For example, Fos, expressed in both the present microar-
ray and immunolabeling studies, is required in hippocam-
pus-dependent spatial and associative learning tasks
(Countryman et al.,, 2005a; Fleischmann et al., 2003).
Ptgs2, also known as Cox 2, has a significant role in
acquisition (Rall et al., 2003), consolidation (Teather et al.,
2002) and retrieval of spatial memory (Sharifzadeh et al.,
2006). Similarly, the Sgk protein kinase was shown to play
an important role in both consolidation and reconsolidation
of contextual fear conditioning (von Hertzen and Giese,
2005). Interestingly, Hspala, the gene encoding heat
shock protein 70, was identified as an ICSS-induced gene
in our studies and has been shown to be upregulated in the
hippocampus after spatial learning in the Morris water
maze (Pizarro et al., 2003).

Other upregulated genes in our work have been ob-
served in other brain regions related to implicit learning
and memory. For example, the neuropeptide Adcyap1
(also known as PACAP) facilitated the extinction of an
active avoidance response (Adamik and Telegdy, 2005),
whereas the signal transduction adaptor protein, Plekhf1,
was induced in the cerebellum after training in classic
eye-blink conditioning (Park et al., 2006). Finally, from the
observed downregulated genes, the implication of the
Pde1a in learning and memory has not been studied but
the inhibition of other phosphodiesterases has been re-
ported to improve memory as well (Blokland et al., 2006).

As we discuss below, these and other genes ex-
pressed in our gene expression studies promote molecular
and/or neural changes, such as synaptic potentiation or
depression, dendritic branching, neurogenesis or neuro-
protection, that could be directly or indirectly related to
learning and memory improvement by ICSS.

Genes related to neural plasticity. Some upregulated
genes of the present work could participate in several
forms of neural plasticity required for learning and/or short-
and long-term memory consolidation and extinction (Wang
et al., 2006). Genes such as Adcyap1, Fos, Ptgs2 and Sgk
(see Table 2) have been implicated in long-term potentia-
tion (LTP) in the hippocampus and amygdala. Plcl1, which
expresses a phospholipase homologous to PLC-delta, but
with no catalytic activity, Adcyap1 and Sgk have been
related to other synaptic changes in the hippocampus (see
Table 2).

Of relevance to structural neural plasticity is the fact
that several of the overexpressed genes in the hippocam-
pus after ICSS have been shown to promote neurite out-
growth (Adcyap1, Cart, Ret, Ptgs2 and Fos), see Table 2.
The downregulated Gda, a post-synaptic density 95 inter-
actor, can also be involved in regulation of dendritic
branching (Charych et al., 2006). Then, it is possible to
suggest that these and other genes could mediate the
observed dendritic changes induced by ICSS reported by
Shankaranarayana Rao et al. (1999).

Genes related to neurogenesis. Adult neurogenesis
in the hippocampus may also play an important role in
hippocampus-dependent learning and memory (Aimone et
al., 2006; Leuner et al., 2006). Curiously, some recent data
showed increased hippocampal neurogenesis with place
learning in poor, but not good, learner rats. It is suggested
that increased hippocampal neurogenesis in poor place
learners may act to improve the efficiency of a poorly
functioning hippocampus (Epp et al., 2007). Interestingly,
our previous work has also showed a higher capacity of
post-training ICSS to facilitate learning and memory in
poor versus good learner rats (Aldavert-Vera et al., 1996).
In agreement with these experimental observations, the
present microarray study has also found ICSS upregulated
genes that may be involved in neurogenesis and then,
indirectly, could be related to the learning and memory
improvements seen with ICSS. Thus, Adcyap1 (Falluel-
Morel et al., 2007), Grem1 (Katoh and Katoh, 2005), Ret
(Barlow et al., 2003), and Ptgs2 (Sasaki et al., 2003) have
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been shown, using gene targeting or over-expression ap-
proaches, to promote neurogenesis and play important
roles in neural cell fate determination.

Genes related to neuroprotection. Neuroprotective-
related genes configure another important group among
the ICSS-upregulated genes of our microarray work (see
Table 2). These genes could contribute to the survival of
newly generated neurons after neurogenesis that seems to
be directly related to the level of successful hippocampal-
dependent learning (Dalla et al., 2007). Another possible
significance is that such genes might be important for
neuroprotection of preexistent neurons. Both forms of neu-
roprotection could serve to maintain neuronal integrity in
order to prevent or ameliorate some forms of cognitive
impairment. Among the genes in this group, are those
related to protein folding function, that is the chaperones
Hspa1a, Dnajb1, Cryab, Hspe1, and the co-chaperones,
Bag3, Fkbpb5, all of which have been demonstrated to have
antiapoptotic properties, and some of them (Hspaia,
Dnajb1, Cryab, and Bag 3) have also been proven to exert
neuroprotective functions (see Table 2). Signaling through
the upregulated gene Ret, the glial-derived neurotrophic
factor (GDNF) receptor, may favor protein folding by acti-
vating the gene promoter region HSE (heat shock element)
(Myers and Mulligan, 2004), present in the five chaperones
upregulated in our array study (Table 2). Ret has been
related to antiapoptotic and neuroprotective responses
(Myers and Mulligan, 2004; Bakshi et al., 2006) and
GDNF-Ret signaling has been correlated with cognitive
enhancement in rats following traumatic brain injury (Bak-
shi et al., 2006). We also report upregulation of a gene
related to regulation of protein degradation that may be
neuroprotective, UbqIn1, that may reduce protein aggre-
gates and toxicity of expanded polyglutamine proteins
(Wang and Monteiro, 2007). As protein aggregation is
considered to be part of the etiology of chronic neurode-
generative diseases, such as Alzheimer's, or stroke
(Giffard et al., 2004), proteins promoting protein folding or
preventing aggregation appear to be important for confer-
ring neuroprotection, being proposed as possible ap-
proaches to prevent or treat neurodegenerative diseases
(Fujikake et al., 2008) and could be implicated in the
therapeutic benefits reported for DBS (Hamani et al.,
2007). Concerning ICSS’s learning and memory enhanc-
ing properties, protein folding related mechanisms may be
a relevant since protein synthesis is a pivotal aspect allow-
ing the consolidation of long-term memories. Thus, we
cannot rule out that some of the mentioned chaperones
could collaborate in this function, as was suggested for
Hspala in spatial learning consolidation (Pizarro et al.,
2003). Overall, the numerous set of genes encoding pro-
teins that may be neuroprotective could be involved in the
mechanisms underlying the potential of ICSS for restoring
learning and memory capacities observed in aging and
brain-damaged rats (Aldavert-Vera et al., 1997; Redolar-
Ripoll et al., 2003).

Future studies may determine the mechanisms by
which ICSS to the LH induces hippocampal changes in

gene expression. The c-Fos immunolabeling study show-
ing discrete cells responding to ICSS stimulation suggests
that specific networks are activated by ICSS. Other candi-
dates to participate in the facilitating effect of ICSS on
learning and memory could be the glucocorticoids (GCs),
since many of the present regulated genes by ICSS that
may promote either neural plasticity or neuroprotection
have been previously shown to be regulated by GCs (see
Table 2). In fact, it has been reported that ICSS activates
the hypothalamus—pituitary—adrenal axis leading to ele-
vated levels of circulating GCs (Nakahara et al., 2000) and
moderate increases in GCs facilitate performance on hip-
pocampal dependent memory tasks (Roozendaal et al.,
2006).

The present work provides results that contribute to
studies examining gene expression changes induced by
DBS techniques. There is little knowledge about the mo-
lecular mechanisms of DBS techniques currently used for
treatment of Parkinson’s disease, chronic pain and various
affective disorders (Shirvalkar et al., 2006; Henning et al.,
2007; Salin et al., 2002). Only one previous study using
gene expression profiling in response to intracranial stim-
ulation has been reported, but the electrical stimulation
was given to the subthalamic nucleus and was not a self-
stimulation paradigm (Henning et al., 2007). Moreover, this
previous study limited the gene expression analyses to the
stimulation area, contrasting with our study where we were
interested in determining the effects of LH ICSS in a re-
mote brain area involved in cognitive processes, the hip-
pocampus. The ICSS-induced gene expression changes
observed by us, involving specific signaling pathways re-
lated with neuroplasticity and neuroprotection, points to the
hippocampus as being an interesting area of study for
establishing neural and molecular mechanisms activated
by DBS techniques applied to neurodegenerative or cog-
nitive diseases.

CONCLUSION

The present work showed that ICSS in the LH modulates
the hippocampus activity, a well-known component of the
brain memory systems. ICSS regulated genes in the hip-
pocampus encoding components of the signal transduc-
tion machinery involved in learning and memory, neural
plasticity, neurogenesis and neuroprotection. Moreover,
among the learning- and memory-related genes, we
showed that c-Fos, an immediate-early transcription factor,
is upregulated in specific hippocampal regions as a result
of ICSS in the LH. These findings led us to suggest that
ICSS may promote cognitive improvement by enhancing
cellular and molecular mechanisms related to neural plas-
ticity, and neurogenesis and neuroprotection appear as
other possible candidate mechanisms in this facilitation.
The present study represents, therefore, a new approach
to investigate the neural and cognitive effects of reward-
ing intracranial stimulation, and other DBS therapies.
New experiments are now necessary to test the hypoth-
eses discussed here and clarify the mechanisms by
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which electrical stimulation can improve learning and
memory.
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