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Posttraining Intracranial Self-Stimulation Ameliorates the Detrimental
Effects of Parafascicular Thalamic Lesions on Active Avoidance
in Young and Aged Rats

Diego Redolar-Ripoll, Carles Soriano-Mas, Gemma Guillazo-Blanch, Laura Aldavert-Vera,

Pilar Segura-Torres, and Ignacio Morgado-Bernal
Universitat Autdnoma de Barcelona

To evaluate whether intracranial self-stimulation (SS) ameliorates conditioning deficits induced by
parafascicular nucleus (PF) damage in young and aged rats, the authors gave rats a daily session of 2-way
active avoidance until a fixed criterion was achieved. Four experimental groups were established in both
young and aged rats: SS treatment after every conditioning session (SS groups), pretraining PF lesions
(lesion groups), PF lesions and SS treatment (L + SS groups), and controls. SS treatment not only
canceled the detrimental effects of PF lesions, but also improved conditioning in lesioned rats (L + SS
groups). This effect was more powerful in aged rats. SS treatment compensated for memory deficits
generated by hypofunctionality of arousal systems such as that involving the PF,

Intralaminar thalamic nuclei (ILn) are thought to play an im-
portant role in learning and memory, and there are important
similarities between the effects of ILn lesions and the pattern of
behavioral impairment associated with human amnesia (Mair,
Burk, & Porter, 1998). Among ILn, the parafascicular nucleus
(PF), located in the posterior region, may constitute a critical
thalamic focus for learning. Even though the specific role of PF on
learning and memory has not yet been elucidated, it has been
shown that lesions of the PF (alone or along with other nuclei)
severely disrupt different kinds of conditioning tasks (e.g.. several
avoidance conditionings, spatial learning in the T or radial maze,
place-delayed nonmatching- and matching-to-sample, and object
recognition; Burk & Mair, 1998; Guillazo-Blanch et al., 1995
Harrison & Mair, 1996; M'Harzi, Jarrard, Willig, Palacios, &
Delacour, 1991; Roberts, 1991; Savage, Sweet, Castillo, & Lang-
lais, 1997; Stokes & Best, 1990; Thompson, 1963, 1981). These
results can be interpreted as suggesting that PF could act on some
component shared by different learning or memory systems. Be-
cause the PF constitutes an important part of the thalamic—cortical
arousal system, and memory can be enhanced by posttraining
electrical stimulation of the PF (Guillazo-Blanch et al., 1995;
Vale-Martinez, Marti-Nicolovius, Guillazo-Blanch, & Morgado-
Bernal, 1998), we suggest that PF could act through the generation
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of an appropriate arousal state during critical periods for informa-
tion processing.

Intracranial self-stimulation (SS) of the lateral hypothalamus
(LH), in the medial forebrain bundle (MFB), facilitates learning
and memory processes in a wide variety of paradigms in both
young and aged rats (Aldavert-Vera, Segura-Torres, Costa-
Miserachs, & Morgado-Bernal, 1996; Aldavert-Vera et al., 1997;
Major & White, 1978; Milner, 1991; Redolar-Ripoll, Aldavert-
Vera, Soriano-Mas, Segura-Torres, & Morgado-Bernal, 2002;
Segura-Torres, Capdevila-Ortfs, Marti-Nicolovius, & Morgado-
Bernal, 1988, Segura-Torres, Portell-Cortés, & Morgado-Bernal,
1991). Some data support the idea that the LH S8 facilitative effect
seems to be related to the arousing properties of the MFB reward
system. Thus, (a) the rewarding component of the SS does not
seem Lo be necessary to enhance memory (Destrade & Jaffard,
1978); (b) the increase of dopamine resulting from SS in the MFB
not only activates the mesolimbic dopaminergic pathways to the
accumbens and prefrontal cortex (Shultz, 2000), but also regulates
the excitability of basal forebrain cholinergic corticopetal neurons
related to different arousal functions (Sarter & Bruno, 2000); (c)
LH SS generates cortical and subcortical electrophysiological
arousal (Newman & Feldman, 1964) and produces neocortical
metabolic activation (Harley, Milway, & Fara-On, 1995); and (d)
LH SS increases levels of several excitatory neurotransmitters in
some cortical regions (Shankaranarayana Rao, Raju, & Meti,
1998), suggesting that the activatory effects of brain reward sys-
tems could affect multiple arousal systems.

Despite the fact that each neurochemical arousal system could
play a specific role in brain activation and information processing
(Robbins, 1997), some findings indicate that the presence of mul-
tiple activating structures may compensate for the loss of certain
components (Steriade, 2000). So, it is plausible that the functional
lack of one of the arousal systems could be compensated for by the
activation of other systems (Kim & Baxter, 2001). Because MFB
activation enhances memory and modulates brain arousal, the LH
SS could be a way to compensate for memory deficits generated by
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the hypofunctzonality of some of the arousal systems, thai is,
induced by PF damage. In fact, some experiments have shown tha
o 8 possible 10 indece a functional recovery of PF lesion-lsdoced
effects after admanistraiion of amphetamine (Carde & Valade,
1965) or ACTH4-%) amalogoes (Myakas. Veldhuis, & De Wied,
19E5). This, the aim af the present siudy was o evalose whether
pasiraineng LH 55 can reverse the impairments in two-way sclive
avosdance comditioning thal follow PF lesions in both young and

aged rats,
Method

Suliects

Umne: Burdred foery-fwo faive maly Wiitar ra, obiained from o lsb-
cralery Breeding slock, weee used, Singy-cipht of thems had & mean age
off 107 dagrs {50 = 316, and the ofher T4 had o mean age of 307.15 days
(50 = 9.55) at the bepmning of the experiment. The mess weiphis 5 he
B of serpery wong 441 85 g (A0 = 40.EX) and 333,81 g (50 = 5599),
pespectively

All the rats werg singly hosand and kept under condisons of controllod
Eermperature (2)-24 *Ch and hﬁﬁu:ﬂ-m;.mn:.uup:-m
cwele (hights on af 08000, Foosd and waser were availuble ad libiess The
rats were desied during the fira balf of the Bght cycle. All e peocodenes
used in fhisn work wome performed in complissce with the European
Community Council deecuive for care and use of laboratory animals
(European Communiry Council, 198&) and with ihe related Diroctive of the
Amionomos Goversment of Caalosda (D000 2073 1077719958 and were
spproved by B¢ celica commifiee of the Univerime Asmonema de
Haroelons.

Srerectatic Surgeny

Heforg surgery. bath young and aged rats were mndomly disimibmed st
the fellwing sxporimenial groups: lecion (s o recel ve & bilaneral hedon
in the PFL 85 (o o receive & 55 wremiment afier cach conditioning
soaioenl, L # 55 (rais o recsive & PF lesbon sad 55 sestssenn, and control,

Sarrecaanic smpery (Model 1304, David Kepl Inatrumens, Tujmga,
CAjwas performed under penersl ancobecss wilh sstraporitoncal ketaming

(Keoolar, 110 mgfcp: Parke-Davie, Aloebendas, Madrid,
Spain) and xylazine (Rompun. § mgfp Hayer, Quimica Farmacdstica,
Bapcelons, Spain). Rus in the bsdened groups. (lesion and L = 55 yomg
wnd aped groeps) were submenied wr Biksteral clectrolytic besioes (using a
carrent of 2 mA for 10 5; Cibenes OL-2) with 3 bipolar insulaied stainkess
el et (250 pm i diamector) aimed ai PE. The inciaor bar wa w1
# =17 m= holow the inicraural line. and the followisg ciereotaike
oondingies werg wapd: AF = =43 mm from bregma, ML = =12 mm and
D = =i mm. wiih ihe craniem surisce as domal reference (Paxiros &
‘Wation. 1998, Although eleotmlytic lesions are considersd & ponpecilc
iecinigec. they can be resincied in simple regaons with minimal infesge-
[ e T snsmires {Nader, Majidshad, Amecapans, &
LeDosm, 2001) More specifically, in previous eagerimenss from our
WILGIMHH:'I&IL 1995, Marassdi-Robger, Akbavon-Yera,
Seguen-Tores, Mani-Nicolovies, & Morgado-Bernal, 1995), electrolytic
PF lesions perfiomaed with the sssse cumment and Hming parameion: wsed in
ithe present experimenl bave boon shown o scrwicly damage the PP
region and by prescrer the maim ael of (ibers crossing over e P, e
Tascioulas. potroflenes (). Thas, clectrofytic kesions could e o uselul ool
i developing animal madels of beain damage | Vale-Mamines ¢ al, 2002
Rats in the 55 and L + 55 proops were implanied with a monopolar
ammmle el elecwods (130w in Sameler) aimed sl the LH, nio e
fibers of the MFH (AF = =13 mm from brepma. ML = 1.5 mm righ
Bemsisphcre, and DV = =88 mm, with ibe coanfem serface 25 dorsal
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Panis & Warsos, 7980 Theer wimulation checirodes. were anchored
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Procedire
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optimum intensity (00 of 55 for each i
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(30 erialsd of & two-way active avoidanon sk usil they resched & press.
tablished bearming critonion. The learsing oricerion cossisied of perfeem-
ing I3 o mor aveidancd reypomes in & single condtisaing seasion. 17 2
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bre, which was ventilated by an exmscion fes. The conditioming bon was
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Hisralogy
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{wt/val) sucrose solution before being cut into 40-pm sections on a
freezing stage microtome (Cryocut 1800 with Microtome 2020, JUNG).
The tissue sections were stained with Cresyl violet. Lesions were assessed
neuroanatomically by examining sections for areas of marked gliosis and
neuronal loss. The damaged areas and electrode tip locations were repre-
sented by drawing them onte standardized sections of the brain from the
atlas of Paxinos and Watson (1998).

Data Analyses

To process the data. the statistical computer package program SPSS 10.0
was used (SPSS, Chicago. IL). The main analyses were performed con-
sidering the independent variables as categorical (reatment: four levels,
and age: two levels) and the dependent variables as continuous (number of
avoidance responses and number of sessions to reach the fixed learning
criterion). Thus, one-way analyses of variance (ANOVAs) were per-
formed, followed by their corresponding contrast analyses. In order to
compare resulis in young and aged rats, we performed another analysis
considering the eight experimental groups as divided into three categorical
factors (lesion. SS treatment, and age). A survival analysis was also done
to analyze the cumulative proportion of rats in each conditioning session
that did not reach the criterion.

Results
Histology

The histological analyses were done according to a blind strat-
egy: three observers who were not aware of the behavioral data
independently examined the brain sections. All SS electrodes were
implanted into brain sites corresponding to the LH, between AP
—1.40 mm and —2.56 mm AP with reference to bregma. Rats with
lesions affecting approximately less than 75% of the PF and/or
with damage to adjacent structures were not included in the main
analyses (n = 8). Figure 1 illustrates the reconstructions of the
smallest and largest extent of PF lesions in young and aged rats.
Figure 2 shows a photomicrograph of one representative subject in
the lesion-aged group. Only 5 rats showed unilateral fr damage in
addition to a PF lesion. Because an ANOVA did not detect
significant differences in the number of avoidance responses be-
tween the lesioned subjects with damage to the fr and lesioned
subjects with an intact fr, all 5 of those rats were also included in
the experiment.

The final sample consisted of 134 rats. For each age condition,
they were distributed into the four groups described in the Proce-
dure section: 64 young rats (SS, n = 15; L + SS, n = 17; lesion,
n = 17; and control, n = 15) and 70 aged rats (SS,n = 18; L +
SS, n = 18; lesion, n = 14; and control, n = 20).

Two-Way Active Avoidance Conditioning

Young subjects. The present results revealed that PF lesions
clearly impaired two-way active avoidance conditioning in young
subjects. First, as can be observed in Figure 3A, the lesioned
groups (lesion and L + SS) showed a significantly lower number
of avoidance responses than the nonlesioned groups (control and
S8) on the first conditioning session (when SS treatment had not
yet been administered), F(3, 60) = 4.64, p<< .04. Second, the
lesion group required a higher number of sessions
(M = 7.47 = 2.35) to reach the learning criterion compared with
the control group (5.07 % 1.67 sessions), F(1, 60) = 5.76, p = .01

(see Figure 3B). Third, the proportion of subjects that finally were
able to reach the criterion in the lesion group (64.7%) was statis-
tically lower than that in control group (93.3%), x*(1, N =
32) = 3.82, p = .05. Furthermore, these results were confirmed by
a survival amalysis, which pointed out significant differences be-
tween lesion and control groups: Breslow, y*(1, N = 32) = 9.76,
p = .01. As shown in Figure 3C, the control group achieved the
learning criterion faster than the lesion group, as shown by the fact
that 60% of control rats reached the criterion in a mean of five
sessions, whereas the lesioned rats needed nine sessions.

The present results also showed a facilitative effect of SS
treatment on the retention of two-way active avoidance condition-
ing. As observed in Figure 3A, in the second conditioning session
(after only one SS treatment session), the SS group performed a
significantly higher number of avoidance responses (24.40 = 5.24)
than the control group (16.13 = 4.52), F(1, 60) = 16.01, p < .01.
Also, the SS group took significantly fewer sessions (2.27 + 0.59)
to reach the learning criterion compared with the control and lesion
groups, F(1, 60) = 3745, p < .01; F(1, 60) = 77.79, p < .01,
respectively (see Figure 3B). Furthermore, the survival analysis
verified that rats in the SS group achieved the learning criterion
faster than rats in the control and lesion groups: Breslow, y*(1,
N = 30) = 2457, p < .01; ¥X(1, N = 32) = 31.76, p < .01,
respectively (see Figure 3C). In fact, all the subjects in the SS
group reached the criterion before the fifth conditioning session
(80% rats in the second one, after only one SS treatment session),
whereas only 33.3% subjects in the control group did so before this
session (none in the second session).

The S§ treatment was also capable of facilitating conditioning in
lesioned rats. Thus, the L + SS group showed a mean number of
avoidance responses in the second conditioning session
(20.88 £ 5.21) that was significantly higher than the one observed
in the control (16.13 %= 4.52) and lesion (11.18 + 7.10) groups,
F(1, 60) = 5.61, p < .03; F(1, 69) = 25.10, p < .01, respectively
(see Figure 3A). The L + SS group also needed fewer sessions
(3.06 = 1.09) to reach the criterion than the control (5.07 = 1.67
sessions) and lesion (7.47 = 2.35 sessions) groups, F(1,
60) = 15.76, p = .01; F(1, 60) = 49.28, p < .01, respectively (see
Figure 3B). These results were also verified by survival analyses:
L + SS versus control, Breslow, x*(1, N = 32) = 10.55, p < .01;
L + SS versus lesion, Breslow, x*(1, N = 34) = 23.89, p < .01
(see Figure 3C).

Even though the SS and L + SS groups did not differ in the
number of avoidance responses in any conditioning session after
the SS treatment was administered, as can be observed in Figures
3B and 3C, the L + SS group needed a higher number of condi-
tioning sessions to achieve the established criterion than the SS
group, F(1, 60) = 6.25, p < .02. The survival analysis verified that
acquisition was faster in the SS group than in the L + SS group:
Breslow, x*(1, N = 32) = 6.46, p = .01.

Aged subjects. Lesions in the PF also impaired conditioning in
aged subjects. Figure 4A shows that the lesioned groups performed
significantly fewer avoidance responses than the nonlesioned
groups on the first conditioning session, F(3, 66) = 17.64, p <.01.
The lesion group also required a higher number of sessions
(11.71 = 3.71) to reach the learning criterion compared with the
control group (6.55 + 3.80), F(1, 66) = 38.02, p < .01 (see Figure
4B). In the same sense, after the complete training (15 sessions),
the number of subjects that were able to reach the criterion in the
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Figure 2. Microphotographs of Cresyl-violet stained brain sections
showing the extent of parafascicular thalamic nucleus damage in | exper-
imental subject (lesion-aged group) along consecutive anteroposterior co-
ordinates with reference to bregma.

lesion group (61.11%) was statistically lower than the one in the
control group (90%), x*(1, N = 34) = 4,94, p = .02. Furthermore,
these results were confirmed by a survival analysis, which pointed
out the existence of significant differences between the lesion and
control groups: Breslow, y*(1, N = 34) = 10.99, p < .01. As
shown in Figure 4C, the control group achieved the learning
criterion faster than the lesion group, as shown by the fact that 60%
of control rats reached the criterion in a mean of 6 sessions,
whereas the lesioned rats needed 13 sessions.

In the present study, SS treatment also facilitated two-way
active avoidance conditioning in aged rats. Thus, in the second
conditioning session, the SS group performed a significantly
higher number of avoidance responses (24.44 = 3.48) than the
control group (10.45 = 8.12), F(1, 66) = 16.08, p < .01 (see
Figure 4A). The SS group also required significantly fewer ses-
sions (2.28 + 0.57) to reach the learning criterion compared with
the control (6.55 = 3.80) and lesion (11.71 = 3.71) groups, F(1,
66) = 24.60, p < .01; F(1, 66) = 88.92, p < .01, respectively (see

Figure 4B). Furthermore, the survival analysis verified that SS-
treated rats achieved the learning criterion faster than control and
lesion groups: Breslow, x*(1, N = 38) = 24.36, p < .01; x*(1, N =
32) = 35.25, p < .01, respectively (see Figure 4C). Thus, all the
subjects in the SS group reached the criterion before the fifth
conditioning session, whereas only 45% subjects in the control
group achieved it.

In lesioned aged rats, SS treatment was also capable of facili-
tating conditioning. The L + SS group showed a significantly
higher number of avoidance responses in the second conditioning
session (22.06 * 3.64) compared with the control (10.45 * 8.12)
and lesion (7.79 = 3.53) groups, F(1, 66) = 33.29, p < .01; F(1,
66) = 176.89, p < .01, respectively (see Figure 4A). The L + SS
group also needed fewer sessions (3.17 % 1.34) to reach the
criterion than the control and lesion groups, F(1, 66) = 13.83, p <
01; F(1, 66) = 88.92, p < .01, respectively (see Figure 4B). These
results were also verified by survival analyses: L + SS versus
control, Breslow, y*(1, N = 38) = 12.71, p < .01; L + SS versus
lesion, Breslow, x*(1, N = 32) = 32.41, p < .01 (sce Figure 4C).
As we observed in young rats, even though SS and L + SS groups
did not differ in the number of avoidance responses in the condi-
tioning session after the SS treatment, the L + SS group needed a
higher number of conditioning sessions to achieve the learning
criterion than the 88 group, F(1, 66) = 6.25, p = .015 (see Figure
4B). This result was verified by a survival analysis, showing that
all the rats in both groups reached the learning criterion, but SS rats
without lesion reached it faster than L + SS aged rats: Breslow,
X(1, N = 36) = 581, p < .02.

Comparison between young and aged subjects. Variance and
survival analyses did not detect significant differences between the
performance of young and aged rats in two-way active condition-
ing under control conditions (the control groups). However, the
control-aged rats showed a tendency to acquire conditioning more
slowly than young rats: In the sixth session, the proportion of
young rats that had already achieved the criterion (93.3%) was
significantly higher than the corresponding proportion of aged rats
(65%): Breslow, x*(1, N = 35) = 3.9, p = .05. Moreover, as can
be observed in Figure 5, the control-aged group showed a higher
within-group variance than the control-young group: Levene,
dfy = 1, df, = 33; p = .008. So, even though the control-aged
group did not differ from the control-young group, it also did not
differ from the lesion—young group. Finally, in a qualitative sense,
we can also observe in Figure 5 that there was a considerable
subpopulation of control-aged rats that performed as poorly as the
lesioned ones, whereas none of the young rats showed such a
performance.

Lesions of the PF affected the aged rats more than the young
ones. Thus, the lesion—aged group required more conditioning
sessions to reach the criterion than the lesion—-young group, F(1,
134) = 13.69, p < .0l. This result was also confirmed with a
survival analysis: Breslow, y*(1, N = 31) = 4.20, p = .04. The
lesion—young group achieved the learning criterion faster (and in a
higher proportion of subjects) than the lesion-aged group (see
Figures 3C and 4C), as shown by the fact that 50% of young rats
reached the criterion in a mean of 7 sessions, whereas aged rats
needed 12 sessions.

With reference to the SS treatment, and taking into account the
number of sessions to criterion, an ANOVA performed consider-
ing three between-groups factors (lesion, SS treatment, and age)
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Figure 5. Box-plot of the distribution of the subjects in each experimental
group (in both young and aged rats) according to the number of sessions to
the learning criterion. The bold horizontal lines indicate the median. The
boxes extend to the 25th and 75th percentiles, and the whisker caps indicate
the minimum and maximum values of each group included into its normal
distribution. Outlier subjects are represented with an open circle. SS =
electrical self-stimulation to lateral hypothalamus; L = parafiscicular tha-
lamic nucleus lesion.

showed a statistically significant interaction between age and SS
treatment, F(1, 131) = 10.59, p < .0l. That is, the SS treatment
was actually more powerful in aged than in young rats, both in
lesioned and in nonlesioned rats. However, no differences were
observed between young and aged rats in the SS-treated and L +
SS groups. Both SS and L + SS groups of aged rats required fewer
sessions to reach the learning criterion compared with the control—
young group, F(1, 134) = 7.78, p < .01; F(1, 134) = 3.64, p =
.03, respectively.

Finally, the analyses of response latencies confirmed all the
results obtained with avoidance responses in both young and aged
subjects. No significant differences were observed between groups
in escape latencies.

Table 1
Mean (*+ SD) Values of SS Variables

8S Behavior and Shuttle Box Locomotor Activity

The mean values and standard deviations of SS variables are
summarized in Table 1. The lesion of the PF did not affect SS
behavior, as no differences were found between SS and L + SS
groups in any SS variable (O, rate, or treatment duration), in both
young and aged rats. Aging did not affect the response rate or the
treatment duration, but aged rats showed higher Ols than young
rats, F(1,66) = 13.52, p <<.01. Moreover, none of the SS variables
correlated with the level of conditioning in any experimental
session or with the number of training sessions needed to achieve
the learning criterion.

No statistical differences were observed among experimental
groups in shuttle box activity levels during the habituation periods
or in the number of intertrial crossings made in each conditioning
session.

Discussion
Effects of SS Treatment

In the present study, SS treatment clearly facilitated two-way
active avoidance conditioning in both young and aged rats, con-
firming the high power of the posttraining SS at the LH to improve
learning and memory in a variety of tasks (Aldavert-Vera et al.,
1996, 1997; Coulombe & White, 1980, 1982a, 1982b; Huston &
Mueller, 1978; Huston, Mueller, & Mondadori, 1977; Major &
White, 1978; Segura-Torres et al., 1988, 1991). How did posttrain-
ing SS treatment act on conditioning in the present experiment?
Two main effects can be considered. First, SS-treated rats achieved
the learning criterion faster than nontreated subjects, supporting
the hypothesis that the facilitative effect of posttraining SS lies in
an acceleration of memory consolidation processes (Aldavert-Vera
et al., 1996; Huston, Mondadori, & Waser, 1974; Landauer, 1969;
Major & White, 1978, McGaugh, 2000). Second, the treatment
increased the proportion of aged subjects that reach the learning
criterion. This result is specially remarkable given that there was a
subpopulation of control-aged rats that never reached the learning
criterion. Therefore, it can be suggested that SS treatment also
seems capable of enhancing memory of the subjects with cognitive
impairment caused by aging.

The present results show that SS treatment is even more effec-
tive in aged than in young rats. This difference is probably due to
the lower conditioning level shown by the nontreated aged rats
(specially the lesioned ones), and not to the level of conditioning

Experimental group OI (pA) 8§ rate (R/min) Treatment duration
Young rats
S8 114.60 + 46.42 168.67 = 30.39 43.88 + 3.88
L + S8 130.40 + 40.62 165.12: 21.35 46.58 + 6.19
Aged rats
SS 177.70 = 70.76 15172 = 19.56 47.07 £ 11.50
L + SS 168.30 = 68.10 158.22 = 26.42 43.74 * 6.44

Note.  Rate of SS (electrical self-stimulation to the lateral hypothalamus) is the maximum achieved §during the
session to establish individual OI (optimum intensity of current), R = repetitions; L = lesion.
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achieved by the treated rats. In fact, a ceiling effect can explain the
lack of differences between SS-aged and SS—young groups. Both
groups reached the learning criterion after only one or two SS
treatment sessions, indicating the effectiveness of this treatment.
This idea agrees with our previous results showing that the SS
treatment was more powerful in rats with low basic conditioning
ability (Aldavert-Vera et al., 1996, 1997). Thus, we suggest that
posttraining SS could provide learning- and memory-impaired rats
with something that unimpaired rats are already endowed with,
probably acting through the modulation of one or several brain
arousal systems (Destrade & Jaffard, 1978; Massanés-Rotger et al.,
1998, Segura-Torres et al., 1991).

Effects of PF Lesions

The deficits found in the acquisition and performance of two-
way active avoidance conditioning in bilateral electrolytic PF-
lesioned groups agree with the results of previous experiments
(Guillazo-Blanch et al., 1995; Massanés-Rotger et al., 1998). Spe-
cifically, PF lesions caused both an increase in the number of
sessions required by the subjects to reach the established learning
criterion, and a decrease in the number of subjects that reached this
criterion. The latter effect was specially evident in aged subjects,
probably because of an additive effect of the lesion with the
aging-related decline shown by some rats. In summary, the present
results suggest that PF lesions slow conditioning in such a way
that, in some cases, lesioned subjects never reach the criterion.
Because we do not know how they would perform with additional
training, a more persistent or unrecoverable detrimental lesion
effect cannot be ruled out. However, the present results point out
that the impairment caused by PF damage can be counteracted by
increasing training, suggesting a possible modulatory role of PF on
learning and/or memory processes. This idea agrees with the
results of other experiments showing that the decrease in perfor-
mance as a result of brain damage (Yoganarasimha & Meti, 1999)
can also be reduced by experience (repetitive testing).

The PF has been related not only to learning and memory, but
also to other cognitive processes such as motivation or motor and
sensory functions (Burk & Mair, 2001; Dupouy & Zajac, 1997;
Vale-Martinez et al., 1998). We suggest that the observed behav-
ioral effects of PF lesions are due to an impairment of learning and
memory processes, mainly because (a) posttraining PF lesions also
impair the retention of a conditioned response (Thompson, 1963);
(b) posttraining PF electrical stimulation improves retention
(Guillazo-Blanch et al., 1999; Sos-Hinojosa et al., 2000; Vale-
Martinez et al., 1998); (c) in the present experiment, we did not
observe any effect of PF lesions on SS behavior, suggesting that
such lesions did not affect motivational or motor processes, and (d)
PF lesion did not affect the escape response latency, indicating that
shock sensitivity also was not affected. However, we cannot reject
the possibility suggested by Burk and Mair (2001) that ILn lesions,
including PF, could impair motor intention, thus affecting the
ability to make a voluntary movement in response to an external
stimulus, without producing a general hypokinesia. In any case, PF
seems to constitute an important modulatory system that directly
or indirectly affects the learning and memory processes.

Effects of SS Treatment in Subjects With Damage
to the PF

Surprisingly, the present results show not only that the condi-
tioning deficit induced by PF lesions can be totally reversed by the
SS treatment, but also that SS improves conditioning in PF-
damaged rats (L + SS groups). These results agree with those of
previous experiments showing that the behavioral impairment
caused by PF lesions can be reversed by different treatments (see
van Rijzingen, Gispen, & Spruijt, 1996), and with reports showing
that S8 is capable of ameliorating the learning deficits caused by
the lesion of other brain structures such as the fornix (Yoga-
narasimha & Meti, 1999).

Several explanations of the beneficial effects of SS treatment on
functional recovery can be considered. One possibility is that SS
treatment would accelerate some spontaneous recovery processes
of the damaged system (i.e., collateral or axonal sprouting, reactive
synaptogenesis), as has been observed with some hormonal treat-
ments (Nyakas et al., 1985). However, the fact that our treatment
was administered 2 weeks postlesion and not immediately after,
and the large size of the present bilateral lesions, led us to consider
that SS does not act on the preserved neurons of the damaged area,
and therefore other compensatory mechanisms may be required.

We consider that SS treatment may stimulate, on a short-term
basis, other undamaged anatomical systems that may counteract
the behavioral deficits induced by the lesion. As a matter of fact,
cognitive functions such as learning and memory should be un-
derstood as systems with multiple neuroanatomical components
that could interact independently, synergistically, or competitively
(Kim & Baxter, 2001). Synergistic interactions between memory
components would permit compensatory mechanisms when a sin-
gle structure is lesioned. In the present conditions, both the neu-
romodulatory systems activated by the LH SS and the thalamo—
cortical pathways could be synergistic. Given that SS seems to
accelerate memory consolidation and PF lesions seem to slow
conditioning, it is possible that the combined effects of both would
result in normal performance. In any case, SS treatment seems to
have a powerful ability to modulate conditioning, as this treatment
was able to improve conditioning even in lesioned rats. The fact
that LH S8 increases cortical levels of several excitatory neuro-
transmitters (Shankaranarayana Rao et al., 1998) also supports this
hypothesis. SS could functionally compensate for the damage in
some PF neurochemical projections, restoring the performance of
the rats in tasks such as avoidance, in which those transmitters play
an important role. We propose that LH stimulation could improve
some cognitive functions, compensating in a synergistic manner
for the hypoactivity of the thalamo—cortical system caused by
bilateral PF lesions.

The efficacy of this proposed compensatory mechanism could
depend on the time elapsed since the lesion was made. In a
previous study, we observed that when the SS treatment was
administered only 1 week after the lesion, it failed to ameliorate
the memory deficits caused by PF lesion (Massanés et al., 1998).
This discrepancy with the present results could be explained by the
fact that, after brain damage, there are some plastic changes (such
as synaptogenesis, increases in the number of postsynaptic recep-
tors, enhanced sensitivity in the projection areas) that start after the
injury and reach maximal levels 2 or more weeks later (Cramer &
Chopp, 2000; Neve, Koslowski, & Marshall, 1982; Skelton, 1998;
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IV. DISCUSION GENERAL Y CONCLUSIONES

L osresultados obtenidos en estatesi sdoctoral noshan permitido verificar, unavez mas, el potente
efecto facilitador de la AEIC post-entrenamiento sobre laretencion del condicionamiento de EV 2, tanto
en ratas jévenes como en vigjas. Ademés, este trabajo contribuye a avanzar de forma significativaen el
conocimiento del efecto modulador delaAEIC sobrelamemoria, tanto desde un punto devistadescriptivo
como explicativo, proporcionando nuevos datos empiricos en €l contexto de nuestra hipotesis general .
SegUnestahipotesislaAElIC del HL ,administrada post-entrenamiento, acel erael proceso de consolidacion
en curso induciendo un estado de activaciongeneralizado del sistema nervioso central durante el periodo
critico del procesamiento delainformacion. Seguin nuestros resultados, podriahablarse de unainteraccion
entre sistemas moduladores de la memoria, dado que €l tratamiento de AEIC es capaz de revertir €l
deterioro mnésico causado por lalesion bilateral del PF compensandode formasinérgicala hipoactividad

del sistema de arousal tdlamo-cortical.

¢Qué estadios de la memoria podrian facilitarse mediante la AEI C?

Partiendo del hecho de quela AEICdel HPM administradapost-entrenamiento parece activar los
sistemas de arousal que favorecen de forma generalizada el procesamiento de la informacion, y
considerando que la eficacia del tratamiento depende de su continuidad temporal con el entrenamiento,
suponemos que la AEIC puede afectar a varios estadios de la memoria en funcién de su momento de
administracion. No obstante, |os presentes resultados sug eren que la AEIC facilitala consolidacion dela
memoria, pero no la recuperacién de una informacién previamente fijada. Condderando que este
tratamientotampoco deteriord lagjecucion delossujetos en lasesi6n de retencidn, no podemos pensar que
lafalta de efectos de la AEIC pre-retencién sobre la recuperacion se deba a un efecto dedependenciade
estado.

Un explicacion aesta falta de efecto podria ser que la AEIC tuviera la capacidad de facilitar la
recuperacion de la informacion solo cuando la memoria estd activada. De acuerdo conla hipétesisde la
reconsolidacion de lamemoria (vease, por g emplo, Kiday cd., 2002; Nadel y Land, 2000; Nader y cal.,
2000a; Sara, 2000a), solamente |as memorias reactivadas pueden verse facilitadas por tratamientos que
potencian la consolidacion de lamemoria (Rodriguez y col., 1999). De hecho, existen diversos trabajos
gue describen una marcada fadlitacion del recuerdo cuando éste tiene lugar en un estado elevado de
arousal, pero solo si previamerte sereactivalatrazade memoria(Dekeyney col., 1987; Sara, 2000a). En

las condiciones de | os experimentos que configuranestatesis doctoral, podria esperarse tambiénquesi la
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memoriafuera previamente reactivada por un estimulo adecuado, €l tratamiento de AEIC pre-retencion
seria capaz de facilitar el recuerdo. Es por ello que se estan llevando acabo en nuestro laboratorio otros
experimentos que intentan analizar los efectos de la AEIC sobre las memorias reactivadas y sobre el
proceso subyacente de reconsolidacion de lainformacion.

Por otro lado, teniendo en cuenta que la activacion cerebral inducida por laAEIC parece persistir
duranteun periodo detiempo prolongado despuésde laadministracion del tratamiento,y considerando que
cada sesion adicional de entrenamiento implica un proceso de reconsolidacion (Sara, 2000a), otra
posibilidad seria que el tratamiento de AEIC preretencion gjerza un efecto anterdgrado sobre aquellos
procesos de la memoria que estan activos después de la sesién deretencion facilitando la consolidacion
(o reconsolidacion) de la informacion, de manera similar a cuando es administrado después del
entrenamiento inicial. Si este fuera el caso, se podria esperar que €l tratamiento de AEIC no mostrara
efectosinmediatos sobre la sesion de retencion en curso pero tuvieraunefecto sobre laretencidn en otras
sesiones posteriores, tal como se mostré en un experimento previo de nuegro laboratorio donde €l
tratamientode AEIC se administrabai nmedi atamente antes de cadaunadelas 5 sesionesde entrenamiento
(Segura-Torresy col., 1988).

Endefinitiva, losresultadosmostradosenel primer experimento deestatesisdoctoral nospermiten
sugerir que el efecto modulador de la AEIC tiene lugar sobre la consolidacion, o incluso sobre la
reconsolidacion, delamemoria, pero no parece afectar a proceso de recuperaci 6n delatraza previamerte
adquirida.

¢Como afecta la AEI C post-entrenamiento a la consolidacion de la memoria?

Algunos trabajos previos de nuestro laboratorio han sugerido que la AEIC acelera el procen
natural de consolidacién de lamemoria, permitiendo a los sujetos tratados al canzar mucho antes quelos
sujetos control es nivel esasi ntoti cos deegj ecucion en el aprendizaje. L os resultadosde estatesi s han puego
de manifiesto que las ratas tratadas con AEIC tardan un nimero muy inferior de ensayos (primer
experimento) o de sesiones (segundo experimento) de condicionamiento en alcanzar un criterio de
aprend zaj e previamerte establecido, en comparad 6n con 10s su etos controles. Estos resultados no sélo
corroboran el efecto acelerador dela AEIC sobre la consolidacion, sino que ademés han demastrado que
laAEIC estambién capaz de potenciar lamemoriaen sujetos con bajo nivel de entrenamientoinicial y en
sujetos con deterioro cognitivo asociado alaedad y/o alesiones cerebrales. De esta forma, en el primer
experimento de estartesislos sujetos tratados con AEIC en lacondicion de 30 ensayos maostraron un nivel
de gjecucion durante toda la sesién de retencion superior al mostrado por |os sujetos controles, mientras
gue en la condicién de 50 ensayos |os sujetos controles, a pesar de haber mostrado una respuesta global
deaprendizaje muy inferior, igualaron el nivel mostrado por lostratados con AEIC, en los Ultimos ensayos

de dicha sesion. Estos datos confirman que el tratamiento de AEIC es mas efectivo en |os sujetos conun
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bajonivel de entrenamientoinicial. Ademas, |os sujetos de lacondicion de 30 ensayostratados con AEIC
mostraronun nivel de retencion superior alos sujetos no tratados de lacondi cién de 50 ensayos, sugiriendo
gue e tratamiento de AEIC post-entrenamiento tiene un efecto més potente sobrela consolidacion de la
memoriaque la adicion de entrenamiento. Es decir, a pesar de que la AEIC parece actuar en e mismo
sentido que larepeticion de laexperiencia, probablemente reproduciendo de forma artificial 1os cambios
neurobi ol 6gi cosque suceden como consecuenciadel propio entrenamiento (Coulombey White, 1980), sus
efectos son mucho més potentes.

También afavor deun efecto potenciador, |os resultados del segundo experimento han puesto de
manifiestoqued tratamiento de AEIC es capaz deincrementar |a proporcion de ratas viegjas que alcanzan
el criterio de aprendizaje. Este resultado es especial mente remarcabl e teniendo en cuentalaexistendade
una sub-pobl acién de ratas viejas controles que durante todo el procedimiento experimental nunca
alcanzaron dicho criterio. De estaforma, el tratamientode AEIC parecetambién potenciar lamemoriade
los sujetos con deterioro cognitivo asociado al envejecimiento.

Considerando que la AEIC es capaz de facilitar unaamplia variedad de tareas de aprendizaje
(vease planteamiento), es probable que este tratamiento més que actuar modul ando aspectos particul ares
de untipo detarea, |0 haga de un modo mas general, por ejemploincrementando la activacion del sistema
nervioso durante el periodo critico del procesamiento delainformacion Estahipotesis estarefrendada por
diferentes estudios que demuestran la activacién de ampliasregiones tanto corticales como subcorticades
durante €l tratamiento de AEIC (Ackermam y col., 2001; Arvanitogiannisy col., 1996a; 1997; Floresy
col., 1997; Harley y col., 1995; Hunt y McGregor, 1998; Ne&ahara y col., 2001; Newman y Feldman,
1964). Por tanto, laAEIC podriaacel erar |a consolidaci énde lamemoria en condicionesnormalesy tener
efectos potenciadores en condiciones deficitarias, facilitando los mecanismos fisioldgicos naturales
subyacentes al propio proceso de consolidacion através dela activacion de uno o varios de |ossistemas

de arousal cerebrales.

Efectos del tratamiento de AEI C en sujetos con lesion del PF

Losresultadosdel segundo experimento de estatesisdoctoral han mostrado quelalesionbilateral
del PF generaun déficit importante tanto en la adquisicién como en lagecucion del condicionamiento de
EV 2, concordando con evidencias previasde nuestrolaboratorio (Guillazo-Blanch y col ., 1995; M assanés-
Rotger y col., 1998). Ademas, este déficit se ha mostrado de forma maés evidente en |os sujetos vigjos,
debido, probablemente, a un efecto aditivo delos efectos de lalesién y el deterioro mnésico asociado al
envejecimiento. Tal como comentamos enel planteamiento, el PF parececonstituir un sistemamodul ador
importante, de afectacion directa o indirecta, de los procesos de aprendizaje y memoria. Dado que este
nicleo constituye un componente principal del sistema de activacion talamo-cortical, y puesto que su

lesion afectaaun amplio conjunto de tareas de aprendizaje y menoria, sugerimos que el PFpodriagjercer
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estos efectos moduladores contribuyendo a generar 10s niveles de arousal apropiados para andizar y
procesar lainformacion.

En cualquier caso, el efecto mas sorprendente quederivadel presentetrabgo esqueel tratamiento
de AEIC post-entrenamiento no sol oreviertetotal mente el deterioro mnésico inducido por lalesion del PF,
sino que incluso potencia la capacidad de memoria en los sujetos lesionados. Es derto que cabria la
posibilidad de que la AEIC pudiera acelerar algin proceso de recuperaci én epontanea de laestructura
lesionada, reactivando, por ejemplo, la sinaptogénesis y/o d brote de colaterales axdnicos, tal como se
observa con algunos tratamientos hormonales (Nyakas, 1985). No dostante, es posible desechar esta
posibilidad teniendo en cuenta que el tratamiento de AEIC seadministré 2 semanas después de lalesién
y que las lesiones fueron bilaterales y de una gran extension (>75% del nlcleo). Partiendo del hecho de
gue diferentes componentes de | os sistemas de memoria podrian interactuar independiente sinérgicay/o
competitivamente(Kimy Baxter, 2001), esléd co plantearselaposibilidad deinteracciones detipoactivo
y concertado entre éstos, de tal modo que cuando uno resulte anatémica o fisiol 6gicamente debilitado
pudieraser compensado funcional mente por la activaci 6n de otro. De este modo, € tratamiento de AEIC
podriaestimular otros sistemasanatomicosfuncional menteintactosque contrarrestarian el déficit mnésico
inducido por lalesion del PF. Ademas, teniendo en cuenta que la AEIC del HL incrementa los niveles
corticales de diversos neurotransmisores excitatarios (Shankaranarayana Rao y col., 1998c), este
tratamiento podria compensar funciona mentelalesion de algunasde |as proyecciones neuroquimicas del
PF, restaurando, eincluso potenciando, la gjecucion de los animalesen tareas como laevitacion activa, en
|as cual es estos neurotransmisores desempefian un papel importante.

Endefinitiva, laAEIC del HL podriaser unprocedimiento Util pararecuperar funcionescognitivas
compensando de una forma sinérgica la hipoactividad de algiin sistema de arousal , como por ejemplo la
causadapor lalesion bilateral del PF. De ese modo, seabre una perspectivade estudio muy esperanzadora
sobre la posible recuperacion funcional mediante d tratamiento de AEIC de capacidades mnésicas, o
incluso atencionales, mermadas como consecuencia de dafios cerebral es especificos o de procesos més

globales de senilidad y deterioro cognitivo.

PRINCIPALES RESULTADOS Y CONCLUSIONES:
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La tesis doctoral presente supone una continuidad en la linea de investigacién de nuestro
laboratorio Potenciacion y Recuperacion de la Memaria en ratas normales y con dafio cerebral. Los
resultados obteni dos confirman el poderosoefectofacilitativo delaautoestimul aciénel éctricaintracraneal
(AEIC) sobre el aprendizaje y la memoria y amplian de manera muy relevante el conocimiento
previamente establecido. Los principdes resultadosy conclusiones de los experimentos que integran la
presente tesis son |os siguientes:

La AEIC del HL, administrada post-entrenamiento, facilita la retencién a las 24 horas del
condicionamiento de EV 2 (Evitecion activa de dos sentidos), pero no muestra facilitacién del recuerdo
cuando es administrada inmediatamente antes de la sesidn de retencion. Estos resultados indican que €l

tratamiento de AEIC facilita espedficamente €l proceso de consolidacion de lamemoria.

El tratamiento de AEIC post-entrenamiento fue mas efectivo quelarepeticidn delaexperiencia(adicion

de 20 ensayos de entrenamiento) parafacilitar lamemoria.

Las ratas con lesiones en e PF (nucleo pardascicular del tdlamo) necesitan mas sesiones de

condicionamiento que las normales(control) para alcanzar un determinado criterio de aprendizaje.

El tratamiento de AEIC post-entrenamiento no solo anul6 el efecto disruptor sobre el aprendizajey la
memoriade las lesiones del PF, sino que incluso mejord el condicionamiento en las ratas lesionadas,

jovenes o vigas.

En contraste conlos animal eslesionados, muchosde | os cualesno alcanzaron el criterio de aprendizaje,
todos los suj etos lesionados que reci bieron el tratami ento de AEIC post-entrenamiento alcanzaron el

criterio. Este efecto facilitativo fue mas poderoso en las ratas vigjas.

Todos estos resultados apoyan nuestra hipotesis de que la AEIC es capaz de acelerar €l proceso
de consolidaci6n de lamemoriaactivando sistemas neurales de arousal. Permiten ademas sugerir que esa
facilitacion puede beneficiar especialmente a los sujetos con poco entrenamiento inicial o con baja
capacidad de aprendizaje debida a factores genéticos, a envej ecimiento o alesi ones cerebrales. LaAEIC
podriaactivar, o sobreactivar, sistemasneural esdearousal capaces de compersar funcional menteel déficit

en € aprendizaje y/o la memoria debido a causas naturales o patol 6gicas
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