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Prior electrical stimulation of dorsal periaqueductal grey
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to anxiety-like behaviors in the elevated T-maze test
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bstract

Electrical stimulation of the dorsal periaqueductal grey matter (DPAG) and deep layers of the superior colliculus (DLSC) of the rat elicits
nxiety-like reactions such as freezing and flight. The temporal course of the effects of the aversive electrical stimulation of the DPAG (5, 15 and
0 min afterward) and DLSC (5, 10 and 15 min afterward) on the defensive response of rats exposed to elevated T-maze were determined. The
levated T-maze generates two defensive behaviors, inhibitory avoidance and one-way escape, which have been related, respectively, to generalized
nxiety and panic disorders. Prior electrical stimulation of the DPAG (15 min) and DLSC (5 min) enhanced inhibitory avoidance when compared
o no-operated and sham animals, although not affecting escape. Therefore, stimulation of the DPAG and DLSC causes a heightened responsivity
o anxiogenic stimulus, but not to panicogenic stimulus, inherent to elevated T-maze. These findings support the participation of the DPAG and
LSC in the elaboration of adaptive responses to stressful situations. Besides, the data supports the view that prior electrical stimulation of DPAG

nd DLSC is selective in sensitizing rats to anxiety-like behaviors, but not to panic-like behaviors in the elevated T-maze test.
2006 Elsevier B.V. All rights reserved.
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. Introduction

Several results indicate that prior experience with an aver-
ive stimulus might enhance emotional reactions to a novel
nd stressful situation. For example, rats exposed to a sin-
le aversive stimulus, such as a cat, increased anxiety-like
esponses in the elevated plus-maze [3,6]. These same patterns of
esults have been also observed in numerous other experiments.
ccordingly, rodents submitted to restraint [22,31] can increase

nxiety-like behavior in the elevated plus-maze. In the same
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way, social defeat in rodents may induce a nonspecific exagger-
ation of defensive behavior in social situations (for review see
[28]).

It has been proposed that the sensitization effect of prior
experience with an aversive stimulus on subsequent stressful
situations might be employed as an useful animal model of anx-
iety disorder [2,4,6,9,44]. According to this view, exposure to
aversive stimuli with sufficient duration, intensity or frequency
may cause a breakdown in integrity of neural circuitry respon-
sible for adaptive defense behaviors [27,50].

An analogous and more localized sensitization effect has
been demonstrated in the rodent after direct stimulation of
the neural substrates of defensive behavior. Prior exposure
to an aversive electrical stimulation of the inferior colliculus
produces a consistent increment of anxiety-like behavior in rats
tested in the elevated plus-maze [38]. It has been also reported
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a sensitization effect in defensive responses after aversive
electrical stimulation of the superior colliculus [26] and the
amygdaloid complex [1,23,24]. These results are in agreement
with the suggestion that the aversive stimulation of brain struc-
tures involved in defensive reactions can become more sensitive
to further deal with subsequent processing of emotional
information.

It is well established that electrical or chemical stimulation of
the dorsal periaqueductal grey matter (DPAG) and deep layers
of the superior colliculus (DLSC) of the rat elicits anxiety-like
reactions such as freezing and flight responses and concomitant
autonomic changes [8,12,13,14,17,18,42,45,47]. In fact, elec-
trical stimulation of these structures in humans can also induce
feelings of fear, terror and impending death, accompanied by
marked neurovegetative changes [7,35,36]. However it is still
unclear whether previous stimulation of these midbrain struc-
tures might increase different patterns of defensive behaviors in
a subsequent stressful situation.

The present study investigated whether aversive electrical
stimulation of the DPAG and DLSC could result in alteration
of the animal’s defensive responses to subsequent exposition to
elevated T-maze. This test generates, in the same rat, inhibitory
avoidance and one-way escape behaviors. So far, reported drug
effects on these tasks have largely supported the proposed animal
model of anxiety associates inhibitory avoidance with general-
ized anxiety disorder and escape response with panic disorder
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2.3. Apparatus

A box of 25 cm × 20 cm × 20 cm was placed inside an insulating chest pro-
vide with a fan and indirect illumination by means of a 25-W red lamp. The
grid floor consisted of stainless steel rods spaced 1.2 cm apart. Brain stimuli
were generated by a sine-wave stimulator [30]. The stimulation current (peak
to peak) was monitored on the screen of an oscilloscope (Minipa, Brazil). The
brain electrode was connected to the stimulator by means of an electromechani-
cal swivel and a flexible cable, allowing ample movement of the animal inside the
box.

The elevated T-maze was made of wood, and had three arms of equal
dimensions (50 cm × 12 cm). One arm, enclosed by walls 40 cm high, was
perpendicular to two opposed open arms. To avoid falls, the open arms were
surrounded by a 1 cm high Plexigas rim. The whole apparatus was elevated
50 cm above the floor.

The arena was a wooden square box (60 cm × 60 cm), with walls 60 cm high
and the floor divided into nine squares of 20 cm × 20 cm.

2.4. Procedure

Started at the third and fourth days after the surgery, animals were gently
handled for 5 min. In the fifth day, each animal was placed in the box and its
aversive threshold was determined. For that, an electrical stimulus (ac, 60 Hz,
15 s) was presented through the implanted electrode. The interstimuli interval
was 15 s. The current intensify started at the level of 20 �A and was increased by
steps of 8 �A until the rat started to run or jump. Aversive threshold was defined
as the lowest current intensity that produced one of these defensive behaviors in
three successive trials of electrical stimulation. The procedure to determine the
aversive electrical stimulation threshold took nearly 5 min.

After the occurrence of escape behavior, animals were divided into groups
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19,20,40,48,52,56]. The elevated T-maze test occurred at 5, 15
nd 30 min (DPAG) and at 5, 10 and 15 min (DLSC) after a single
versive electrical stimulation of these brain regions. Finally, to
nsure that any differences in behavior between stimulated and
onstimulated animal could not simply be attributed to differ-
nces in activity and exploratory tendency, animal were also
ested in the arena.

. Materials and methods

.1. Animals

Male Wistar rats, weighing 200–300 g, were housed in individual Plexiglas-
alled cages under 12:12 dark/light cycle (lights on at 07:00 h) at 23 ± 1 ◦C, and
iven free access to food and water throughout the experiment. All procedures
ere conducted in conformity with the Brazilian Society of Neuroscience and
ehavior Guidelines for care and use of laboratory animals, which comply with
rinciples of Laboratory Animal Care (NIH, No. 85-23, 1985). All efforts were
ade to minimize animal suffering.

.2. Surgery

The animals were anaesthetized with tribromoethanol (250 mg/kg, i.p.)
nd fixed in a stereotaxic frame (David Kopf, USA). A unipolar electrode
as implanted in the midbrain, aimed at the DPAG or DLSC. The electrode
ire was connected to a male pin, parallel to the outer end of the other pin.
ogether, they could be plugged into an amphenol socket at the end of a
exible electrical cable ad used for brain stimulation. Holding the incisor
ar 2.4-mm below the interaural line, the electrode was introduced using the
ollowing coordinates with the lambda serving as the reference for each plane:
a) DPAG—postero-anterior, 0.0 mm; medio-lateral, −1.9 mm; dorso-ventral,
5,2 mm, at an angle of 22◦ with the sagital plane and (b) DLSC—postero-

nterior, −0.9 mm; medio-lateral, −1.5 mm; dorso-ventral, −4.5 mm. The
lectrode was fixed to the skull by means of acrylic resin and three stainless steel
crews.
ccording to the intervals of 5, 15 and 30 min (DPAG) or 5, 10 and 15 min
DLSC) before the exposure to the elevated T-maze. For both structures the
rst interval tested was 15 min. Since an effect was observed in the DPAG
ithin this time frame, 5 and 30 min intervals were also investigated in order

o track the time span of the sensitization effect. In the case of the DLSC,
s no effect was observed within the 15 min interval shorter intervals of 10
nd 5 min were tested. The study also included two control groups: a sham-
perated group, which underwent the same surgery procedure, except that no
lectrical current was applied. The other control group consisted of unoperated
ats.

To perform elevated T-maze, each rat was placed at the distal end of the
nclosed arm facing the intersection of the arms. The time taken to withdraw
rom this arm with the four paws was recorded (baseline latency). The same
easurement was repeated twice at 30-s intervals (avoidance 1 and avoidance

). Following the avoidance training, the rat was placed at the end of the open
rm and the time taken to leave the arm with the four paws was recorded (escape
). The same measurement was repeated twice at 30 s intervals (escape 2 and
). During the 30-s intervals between each trial, the animals were placed in a
lexigas cage (28 cm × 18 cm).

Immediately after the test, each rat was placed in the center of the arena to
easure locomotor activity. For this, the total number of lines crossed during
min was recorded. Animals from each experiment were tested only once.

.5. Histology

Upon completion of the experiments, the animals were deeply anaesthetized
ith urethane and perfused intracardially with saline 0.9% followed by formalin

olution (10%). Seven days later the brains were frozen. Serial 60 �m brain
ections were cut using a microtome in order to localize the positions of the
lectrode tips according to Paxinos and Watson’s atlas [39].

.6. Analysis of results

Repeated measure analysis of variance (ANOVA) was used to analyze both
nhibitory avoidance and escape results, with procedure as the independent
actor and trials as the repeated measure. Significant differences with the inde-
endent factor or with the interaction between the independent and repeated
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factors were followed by the multiple comparison test of Duncan. Locomotor
activity, number and intensity of electrical stimulation applied to DPAG and
DLSC data were submitted to one-way ANOVA, followed by post hoc test of
Duncan.

3. Results

Histological examination of the brain slices indicated that all
electrode tips were located inside of DPAG or DLSC. Electrical
stimulation of the DPAG and DLSC caused escape behavior,
which stopped as soon the electrical stimulation was switched
off.

The number of electrical stimulation applied to DPAG was
9.37 ± 1.54 and to DLSC was 6.67 ± 0.69. The intensity of elec-
tric current applied to DPAG and DLSC was 68.96 ± 12.33 and
48.0 ± 5.52 �A, peak to peak, respectively. ANOVA followed
by the Duncan multiple comparison test showed that the number
[F(2,27) = 4.17, p = 0.003] and intensity of electrical stimulation
[F(2,27) = 4.17, p = 0.003] applied to DPAG was significantly
longer in 15 min group when compared to 5 min group, but not
to 30 min group. ANOVA did not show significant differences to
the number [F(2,32) = 0.68, p = 0.52] and intensity of electrical
stimulation [F(2,32) = 0.75, p = 0.48] applied to DLSC.

For all of the analyses reported here, no-operated controls
either DPAG (5, 15 and 30 min) or DLSC (5, 10 and 15 min)
were collapsed due to the fact that there were no differences in
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Fig. 1. Effect (mean ± S.E.M.) of electrical stimulation of the DPAG on
inhibitory avoidance (upper panel) and escape (lower panel) latencies of rats
tested in the elevated T-maze 5 min (n = 11), 15 min (n = 11) and 30 min (n = 7)
after. *p < 0.05, compared to non-operated (n = 33) and sham group (n = 30).

significantly longer [F(4,99) = 3.98, p = 0.005] in the animals
that received a aversive electrical stimulation in the superior
colliculus when compared to a no-operated and sham-operated
groups.

As shown in the lower panel of Fig. 2, repeated mea-
sure analysis of variance has shown that electrical stimu-
lation of the superior colliculus did not alter the one-way
escape performance. It was found a significant effect of trial
[F(2,188) = 8.33, p = 0.000], but a nonsignificant effect of proce-
dure [F(4,94) = 0.59, p = 0.67] and procedure × trial interaction
[F(8,188) = 0.44, p = 0.897] on latency to escape from the open
arm. As shown in Table 1, the locomotor activity in the arena
was not altered significantly by the procedure [F(4,95) = 2.27,
p = 0.07].

Table 1
Effect (mean ± S.E.M.) of electrical stimulation of the DPAG and DLSC on
locomotor activity measured in the arena

DPAG DLSC

Treatment Crossing Treatment Crossing

Control 24.56 ± 2.90 Control 31.26 ± 2.08
Sham 24.97 ± 3.30 Sham 32.03 ± 2.85
5 min 19.09 ± 4.41 5 min 19.36 ± 3.27
15 min 13.64 ± 1.59 10 min 24.82 ± 3.74
30 min 23.86 ± 4.94 15 min 26.70 ± 5.22
erformance between these three groups. The same procedure
as used to sham-operated groups.
As shown in Fig. 1 (upper panel), the animals tested in the

levated T-maze after the aversive threshold determination of
PAG acquired inhibitory avoidance of the open arms [trial

ffect, F(2,176) = 86.56, p = 0.000]. There was significant effect
f procedure [F(4,88) = 4.83, p = 0.001] and procedure × trial
nteraction [F(8,176) = 2.25, p = 0.026] on withdrawal latencies
as found. A repeated measure analysis of variance followed
y the Duncan multiple comparison test showed that in 15 min
roup the avoidance 1 [F(4,92) = 4.91, p = 0.0013] and avoid-
nce 2 [F(4,92) = 2.51, p = 0.048] were significantly longer in
he animals that received a aversive electrical stimulation in
he DPAG when compared to a no-operated and sham-operated
roups.

As shown in the lower panel of Fig. 1, repeated measure
nalysis of variance also has shown a significant effect of trial
F(2,176) = 16.27, p = 0.000], but a nonsignificant effect of pro-
edure [F(4,88) = 0.55, p = 0.70] and procedure × trial interac-
ion [F(8,176) = 1.23, p = 0.29] on latency to escape from the
pen arm. The locomotor activity in the arena was not altered
ignificantly by the procedure [F(4,89) = 1.36, p = 0.26].

As illustrated in Fig. 2 (upper panel), the animals tested in
he elevated T-maze after the aversive threshold determination
f superior colliculus acquired inhibitory avoidance of the
pen arms [trial effect, F(2,190) = 87.93, p = 0.000]. There
as a significant effect of both procedure [F(4,95) = 2.42,
= 0.05] and procedure × trial interaction [F(8,190) = 2.23,
= 0.027] on withdrawal latencies was found. A repeated
easure analysis of variance followed by the Duncan multiple

omparison test showed that in 5 min group the avoidance 1 was
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Fig. 2. Effect (mean ± S.E.M.) of electrical stimulation of the DLSC on
inhibitory avoidance (upper panel) and escape (lower panel) latencies of rats
tested in the elevated T-maze 5 min (n = 12), 10 min (n = 11) and 15 min (n = 10)
after. *p < 0.05, compared to non-operated (n = 37) and sham group (n = 30).

4. Discussion

Electrical stimulation of the mesencephalic tectum has been
described as aversive in animal and human causing anxiety-
related responses (for review see [12,13,14,18,42,45]). In agree-
ment with these reports, present results found that electrical
stimulation of the DPAG or DLSC of rats was able to induce
active defensive behavior such as running. Stimulation within
these midbrain areas also enhanced inhibitory avoidance but not
escape behavior in the elevated T-maze test.

The fact that aversive electrical stimulation of the DPAG and
DLSC did not produce any effect in the arena test indicated that
the facilitator effect of electrical stimulation within these brain
areas in subsequent inhibitory avoidance in the elevated T-maze
test was not due to general motor activity. Therefore, this effect
seems to be particularly linked to defensive reactions, and could
be the result of an increase of anxiogenic-like responses.

Aversive electrical stimulation of the DPAG or DLSC did not
change animal escape behavior in the elevated T-maze test. In
line with these results, King [25,26] found that escape responses
sensitized by electrical stimulation of the superior colliculus
were very unstable and occurred only under the most extreme
conditions. Besides, Adamec et al. [5] related that vulnerability
to lasting changes in different behaviors in response to predator
stress may differ or have different thresholds. The most consis-

tent findings with predator stress were its effects on behavior in
the plus-maze (open arm exploration and risk assessment) and
on startle than effects on light/dark box or social interaction.

Considering the rather close localization of DPAG and DLSC,
the minor effects of DLSC stimulation could be attributed to cur-
rent spreading to the DPAG. Schenberg et al. [45] have proposed
two main criterions in defining the defensive repertoire of tectum
structures: (i) the stimulus-dependent elicitation of defensive
behaviors with stimulation of low-magnitude and (ii) the pro-
duction of a given behavior following the high-resolution stimu-
lation with frequency-varying square-wave pulses of fixed inten-
sity. In the present study, it was used the lowest current intensity
that produced escape behavior. Besides, the aversive threshold
detected to both midbrain structures was similar. Consistent
with this, Schenberg et al. [45] showed that intensity-varying
sine-wave stimulation of the DPAG and DLSC produced reper-
toires virtually identical in both their threshold and hierarchy and
that defensive behaviors as immobility, trotting, exophthalmus,
defecation and micturation are elicited by frequency-varying
square-wave stimulation applied to the DPAG and DLSC using
stimulation intensity comparable, supporting a genuine partici-
pation of DLSC in these defensive responses.

The midbrain periaqueductal grey [54] and DLSC [53] are
also implicated in the network subserving audiogenic seizures
that consist of a sequence of discrete behavioral phases (i.e.,
wild running, clonus–tonus seizures, and post-ictal depression).
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hus, the avoidance behavior facilitated by either DPAG or
LSC stimulation might be due to fatigue of the neurons of

hese midbrain areas instead of a sensitization effect. However,
fatigue explanation of the present results seems to be improb-
bly since the animals did not present any seizures. Moreover,
here are several reports showing effect of inhibitory and exci-
atory drugs administered into these midbrain structures after
lectrical stimulation with similar characteristic as used in the
resent study (for review see [12,13,14,18,42,45]), suggesting
hat neurons within DPAG and DLSC are not fatigued by the
lectrical stimulation with this characteristics.

The sensitization effect of inhibitory avoidance behavior
nduced by DPAG and DLSC electrical stimulation was observed
ver a short period of time: 15 min after DPAG stimulation and
min after DLSC stimulation. Comparable finding have been
btained by Pandossio et al. [38]. These authors found that prior
lectrical stimulation of the inferior colliculus caused an incre-
ent in defensive behavior in the elevated plus-maze in rats

ested 5 and 10 min after the electrical stimulation but not after
5 min post-stimulation.

In contrast to this short-lived sensitization effect, King [26]
ound that repetitive electrical stimulation of the superior col-
iculus lead to an increase in defensive behaviors over a 3-month
eriod. These different long- and short-term sensitization effects
bserved in defensive behavior after aversive electrical stimula-
ion of the midbrain might be related to the time and the nature
f the aversive electrical stimulation parameters used, such as
uration, intensity and frequency.

Long-lasting sensitization effects have been also observed
hen natural aversive stimuli are employed to sensitize defen-

ive responses. For example, Zangrossi and File [55] found that
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rats previously exposed to cat odor for 5 min increased defen-
sive responses in the social interaction and elevated plus-maze
tests that could be detected 1 h after odor exposure. Furthermore,
Adamec and Shallow [3] also reported that rats exposed to a cat
presented an enhancement of defensive behavior up to 3 weeks
in several anxiety tests. In this case, it might be possible that
natural aversive stimuli are able to activate several brain areas
involved with defensive behavior.

It has been shown in the hippocampus that a single stress-
ful event elicits responses with different time-spans ranging
from rapid changes in glutamatergic neurotransmission, acti-
vation of second messenger cascades by corticotropin-releasing
factor (CRF) to long-lasting transcriptional changes of acetyl-
cholinesterase [10]. Besides, it has already been shown that
restraint and other forms of stress induce expression of imme-
diate early genes such as c-fos or c-jun in several brain regions
[29,32,46,49]. These genes are proposed to act as “third messen-
gers”, leading to alteration of target genes expression related to
some stress-induced long-lasting changes in animal and human
behavior [41]. However, these alterations may delay days or
weeks to be installed. In this line, there is a growing body
of evidence that neural plasticity and long-term potentiation
of amygdala afferent and efferent transmission is produced by
stress and may underlie increased anxiety-like behaviors follow-
ing severe stress (for review see [6]).

The neurophysiological mechanisms underlying the short
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It must be noted that CRF also functions as a neurotrans-
mitter mediating stress-related behavioral responses by action
at extrahypothalamic sites [16]. CRFergic neurons and CRF
receptors are distributed in a variety of locations outside of the
hypothalamus [37]. In the midbrain periaqueductal grey, CRF
has a predominant excitatory effect on neurons [11]. Intra-DPAG
administration of CRF has an anxiogenic effect that can be pre-
vented by previous microinjection of alpha-helical-CRF9-41,
a CRF antagonist [33]. Moreover, the anxiogenic behavior of
rats previously stressed by forced immobilization was reversed
by intra-DPAG injection of alpha-helical-CRF9-41, suggesting
that this stress effect might involve facilitation of CRF-mediated
neurotransmission in the DPAG [34]. Thus, it might be possible
that changes in neuronal system that produce anxiogenic
behaviors mediated by CRF neurotransmitter might be also
involved in the enhancement of the defensive behavior mea-
sured in the elevated T-maze after electrical stimulation of the
DPAG.

Finally, it has been suggested that that inhibitory avoidance
and one-way escape in the elevated T-maze reflect different
types of fear/anxiety, that may be related to generalized anx-
iety and panic disorder, respectively [19,20,40,48,52,56]. Since
the present study found that electrical stimulation of the DPAG
or DLSC induced a selective effect on inhibitory avoidance, it
might be possible that exposure to these aversive stimuli might
have an modulatory influence on generalized anxiety but not on
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emporal sensitization effect on subsequent defensive behaviors
n the elevated T-maze test caused by the electrical stimulation of
he DPAG or DLSC is unknown. It has been shown that behav-
oral and autonomic consequences of electrical stimulation of the
esencephalic tectum can be attenuated by enhancing gamma-

minobutyric acid (GABA)-mediated neurotransmission, which
xerts a tonic inhibitory control on the neural circuits responsi-
le for the defense behavior repertoire (for review see [12,13]).
esides GABA, serotonin, opioids, neuropeptides, histamine
nd excitatory amino acids have all been implicated in the
egulation of anxiety-related behaviors induced by stimulation
f midbrain tectum (for review see [8,12,13,14,18,45]). This
uggests that, following electrical stimulation of the DPAG or
LSC, all of these neurotransmitters are candidates for the short

emporal sensitization mediating the increase in animal defen-
ive responses.

Another possibility to explain this short-term effect could
e an acute alteration such as endocrine signals. The main
ndocrine response to anxiety-evoking stimulus include the syn-
hesis and the release of CRF from cells of the paraventricu-
ar nucleus, into the portal blood, initiating the hypothalamo-
ituitary-adrenal response to stressors [15,37,43]. However, it
as been shown that, in spite of its marked aversive proper-
ies, DPAG stimulation did not increase plasma levels of the
tress hormones adrenocorticotropin and prolactin [51]. Fur-
hermore, considering that electrical stimulation of DPAG is an
nimal model of panic attack, several evidences indicate that the
ccurrence of panic attack does not activate the hypothalamic-
ituitary-adrenal axis (for review see [21]). Thus, a neurohor-
onal mechanism might not be responsible for the short-term

nxiogenic effect of electrical stimulation of DPAG.
anic disorders.
In conclusion, our results showed that previously electrical

timulation of DPAG or DLSC produces an increase of
nhibitory avoidance, but not of the escape response, in the ele-
ated T-maze, over a short period of time. These results indicate
hat these midbrain structures play a selective role on regula-
ory processes involved in defensive behavior to threatening
ituations.
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