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Previously-reported evidence showed that freezing to a context previously associated with footshock is
impaired by lesion of the ventral periaqueductal gray (vPAG). It has also been shown that stepwise increase
in the intensity of the electrical stimulation of the dorsal periaqueductal gray (dPAG) produces alertness, then
freezing, and finally escape. These aversive responses are mimicked by microinjections of GABA receptor
antagonists, such as bicuculline, or blockers of the glutamic acid decarboxylase (GAD), such as semicarbazide,
into the dPAG. In this work, we examined whether the expression of these defensive responses could be the
result of activation of ventral portion of the periaqueductal gray. Sham- or vPAG electrolytic–lesioned rats
were implanted with an electrode in the dPAG for the determination of the thresholds of freezing and escape
responses. The vPAG electrolytic lesions were behaviorally verified through a context-conditioned fear
paradigm. Results indicated that lesion of the vPAG disrupted conditioned freezing response to contextual
cues associated with footshocks but did not change the dPAG electrical stimulation for freezing and escape
responses. In a second experiment, lesion of the vPAG also did not change the amount of freezing and escape
behavior produced by microinjections of semicarbazide into the dPAG. These findings indicate that freezing
and escape defensive responses induced by dPAG stimulation do not depend on the integrity of the vPAG. A
discussion on different neural circuitries that might underlie different inhibitory and active defensive
behavioral patterns that animals display during threatening situations is presented.

When faced with a threatening situation, animals tend to
present two opposite patterns of defensive reactions: one
related to freezing behavior, in which the animal starts to
inhibit its ongoing behavior, and the other related to vigor-
ous escape responses such as running and jumping. Distinct
regions of the periaqueductal gray (PAG) seem to play a
different role on these different defensive behaviors
(Fanselow 1991; Rizvi et al. 1991; Davis 1992; Carrive 1993;
Bandler and Shipley 1994; Fanselow et al. 1995; De Oca et
al. 1998). The ventral portion of the PAG (vPAG) seems to
be involved exclusively on freezing response that gradually
takes place when an animal is exposed to innate or learned
aversive stimuli. Lesions of the vPAG reduced freezing re-
sponses to neutral stimuli associated with footshock as well
as to the animal’s natural predator (De Oca et al. 1998) but

did not affect escape responses, such as running or jump-
ing, behavior elicited by footshock (Fanselow 1991). Defen-
sive freezing behavior seems to be modulated by afferent
projection that the vPAG receives from forebrain structures,
especially from the amygdaloid complex (Fanselow 1991;
Carrive 1993; Bandler and Shipley 1994; Fendt and
Fanselow 1999).

The dorsal portion of the PAG (dPAG) appears to me-
diate both active and inhibitory behavioral patterns of de-
fensive responses. For example, lesions of the dPAG en-
hanced conditioned freezing (DeOca et al. 1998) and re-
duced escape reactions to electrical footshock (Fanselow
1991). Moreover, studies with electrical stimulation in the
dPAG have shown that increasing the electrical current in a
stepwise fashion elicits a freezing response and then vigor-
ous escape reactions (Schenberg et al. 1990; Coimbra e
Brandão 1993). Also, it has been reported that glutamate
microinjections in the same area produced freezing behav-
ior (Krieger and Graeff 1985). Finally, microinjections into

5Corresponding author.
E-MAIL mbrandao@usp.br; FAX 55-16-602-3632.
Article and publication are at www.learnmem.org/cgi/doi/
10.1101/lm.36101.

LEARNING & MEMORY 8:164–169 © 2001 by Cold Spring Harbor Laboratory Press ISSN1072-0502/01 $5.00

&L E A R N I N G M E M O R Y

www.learnmem.org

164



the dPAG of GABA receptor blockers or GABA inhibitors of
glutamic acid decarboxylase (GAD), the enzyme respon-
sible for GABA synthesis, produce fearlike behavior with a
delay of action of ∼ 7 min (Brandão et al. 1982, 1986;
Schmitt et al. 1985). Freezing, rapid running, and jumps
characterize this response. The aversiveness of this behav-
ioral reaction has been already demonstrated in studies
showing that microinjections of semicarbazide into the
dPAG produce conditioned place aversion (DiScala et al.
1989; Aguiar and Brandão 1994).

Because the manifestations of freezing induced by
dPAG stimulation are behaviorally similar to innate and con-
ditioned defensive freezing, it is possible that their neural
substrates may partially overlap. Freezing induced by dPAG
stimulation might be mediated either by local circuitry
within the PAG or through ascending projections to fore-
brain structures (i.e., the amygdaloid complex), which in
turn could activate the vPAG. Because vPAG lesions affect
expression of defensive freezing induced by innate and
learned aversive stimuli but had no effect on escape re-
sponses induced by footshock, it is also possible that lesion-
ing this area can selectively disrupt freezing but not escape
responses elicited by electrical or chemical (brain microin-
jections of semicarbazide) stimulation of the dPAG. In this
regard, the present study investigated whether vPAG lesion
affects freezing and escape responses elicited by dPAG
chemical or electrical stimulation. As a positive control pro-
cedure, conditioned freezing was also assayed within the
same animals submitted to a context fear-conditioning pro-
cedure at the end of the dPAG electrical stimulation experi-
ment.

RESULTS
Histological analysis of the slides indicated that all rats used
in this study had at least three successive plates of the atlas
taken by the lesion of the vPAG. A representative lesion can
be seen in Figure 1A. In general, lesions reached the vPAG
bilaterally and, in some cases, damaged the dorsal raphe and
extended into the lateral regions of the PAG. Figure 1B
presents the internal cannula and electrode tips aimed at
the dPAG. As can be observed, all stimulation sites were
located within the dorsomedial and dorsolateral portion of
the PAG.

As previously shown in many works from this labora-
tory (Coimbra et al. 1989; Coimbra and Brandão, 1993;
Brandão et al. 1994, 1999), freezing and escape behaviors
occurred in a stepwise fashion as the intensity of electric
current applied to dPAG was gradually increased
(24.24 ± 5.22 µA for freezing and 51.56 ± 5.90 µA for es-
cape). These aversive responses were always accompanied
by at least two of the following autonomic reactions: urina-
tion, defecation, piloerection, or exhophtalmus. As shown
in Figure 2A, lesion of the vPAG did not change the aversive
threshold of electrical stimulation of the dPAG either for

freezing responses (t = 0.95; P > 0.05; df = 13) or for es-
cape responses (t = 1.25; P > 0.05; df = 14). In contrast, the
same lesion attenuated freezing induced by the context pre-

Figure 1 Schematic drawing of target brain sites. (A) Representa-
tive ventral periaqueductal gray lesion. (B) Sites of stimulation elec-
trodes in the dorsal periaqueductal gray. Sham-lesion animals sub-
mitted to electrical (�) or chemical stimulation (�). vPAG-lesion
animals submitted to electrical (·) or chemical stimulation (�), re-
spectively.
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viously paired with footshock (t = 2.65; P < 0.05; df = 14),
as shown by the right pair of columns in Figure 2B. The left
pair of columns of the same figure shows the amount of
freezing behavior before conditioning. No difference be-
tween sham and lesioned groups was found (t = 1.45;
P > 0.05; df = 14).

As to the quantification of the locomotor activity mea-
sured in the arena, the vPAG lesion group showed a signifi-
cant increase (t = 2.82, P < 0.05; df = 14) in the number of
crossings in relation to the sham lesion group
(140.00 ± 15.47 in lesioned versus 85.13 ± 11.85 in sham-
lesioned rats).

Figure 3 depicts the mean (+ SEM) of freezing and
escape behavior triggered by microinfusion of semicarba-
zide into the dPAG among animals bearing sham or vPAG
lesion. The results are clear cut and indicate that vPAG
lesion did not change the defensive behavior elicited by
semicarbazide stimulation of the dPAG either for freezing
responses (t = 0.38; P > 0.05; df = 16) or for escape re-
sponses (t = 0.10; P > 0.05; df =16). As occurred in the first
experiment, the locomotor activity measured in the arena
before the behavioral activation caused by semicarbazide

microinjections into the dPAG was higher in lesioned than
sham-lesioned rats (t = 4.03, P < 0.05; df = 16).

DISCUSSION
The results of this study clearly show that the same vPAG
lesion that markedly reduces the freezing response to a
context previously associated with footshock did not
change the threshold of the electrical current for eliciting
freezing or escape behaviors when applied into the dPAG.
Moreover, vPAG lesions were not able to affect freezing
behavior induced by chemical stimulation of the dPAG with
semicarbazide. The former finding is in full agreement with
results previously reported by Fanselow and coworkers
(1991, 1995) and highlights the critical role of the vPAG in
the expression of conditioned freezing. In turn, the resis-
tance of dPAG-induced freezing to the vPAG lesion evi-
dences the first and major difference between the neural
substrates of the two types of freezing. In fact, it has also
been reported that vPAG lesion did not affect freezing re-
sponse induced by electrical stimulation of the inferior col-
liculus, another brain structure involved in the organization
of defensive reactions (Maisonnette et al. 1996). Freezing
behavior generated at the dPAG is likely to represent a de-
fense reaction distinct from the one related to innate and
conditioned danger stimuli, which seem to be mediated by
the vPAG (Fanselow 1991; Fanselow et al. 1995). It seems to
be triggered by particular kinds of unconditioned stimuli as
vPAG lesions block freezing of rats to natural predators,
such as cats (De Oca et al. 1998). However, we do not know
what kind of unconditioned stimuli triggers these neural
mechanisms; interoceptive ones, as in panic attacks, remain
one possibility. Recently, it has been reported that electro-
lytic lesions of the vPAG produced a deficit in conditioned
freezing but had no effect on the suppression of an operant
response in a conditioned emotional response paradigm
(Amorapanth et al. 1999). These results together with this
present report suggest that there might exist different pat-

Figure 3 (A) Freezing and escape behaviors induced by microin-
jections of semicarbazide (8.0 µg/0.2µL) into the dPAG in rats bear-
ing (hatched columns) or not bearing (open columns) electrolytic
lesion of the vPAG. N = 9 for both groups.

Figure 2 (A) Aversive thresholds determined in rats bearing
(hatched columns) or not bearing (sham-open columns) electrolytic
lesion of the vPAG. (B) Percentage of time spent freezing by rats
with sham (hatched columns) or vPAG (open columns) lesions
during 6 min. Pre refers to the baseline period; Post, to the testing
session 24 h after conditioning. N = 8 for all groups, except for the
freezing threshold (lesion = 8, control = 7).
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terns of inhibitory defensive behavior with distinct neural
pathways. However, further studies are still needed to
clarify this issue.

The fact that vPAG lesion did not influence freezing
induced by dPAG electrical or chemical stimulation indi-
cates that this defensive behavior is not mediated through
intra-PAG connections. Alternatively, the occurrence of
freezing behavior generated by dPAG stimulation might in-
volve projections to other fear related brain structures. Fi-
bers originating from dPAG innervate various forebrain re-
gions, including the amygdaloid complex through the me-
dial forebrain bundle (Rizvi et al. 1991; Cameron et al.
1995). Accordingly, Fanselow (1991) and De Oca et al.
(1998) have suggested that connections between the dPAG
and the amigdaloid complex might in fact modulate the
occurrence of freezing behavior. Although this might be a
possibility, it is important to note that the freezing induced
by dPAG stimulation might not include a projection from
the amygdaloid complex to the vPAG, as it appears to me-
diate the conditioned freezing. Finally, it has been shown
that the median raphe nucleus (MRN) plays an important
role in the occurrence of freezing behavior. Lesions of the
MRN abolish conditioned freezing (Avanzi et al. 1998),
whereas electrical stimulation of the MRN induces freezing
(Graeff and Silveira-Filho 1978). Therefore, an alternative
output for the freezing response induced by dPAG electrical
stimulation could be through MRN, which receives direct
projections from the dPAG as well as from forebrain struc-
tures involved in defensive behavior such as the amyg-
daloid complex (Vertes et al. 1999).

Our results also showed that active defensive re-
sponses induced by electrical stimulation of the dPAG are
not mediated through the vPAG. Animals bearing electro-
lytic lesions of the vPAG present the same dPAG electrical
stimulation threshold to trigger escape responses as sham
control animals. In the same vein, vPAG lesions did not
affect escape reactions induced by chemical stimulation of
the dPAG. These results are in accordance with previous a
report that indicates that vPAG lesions did not influence
active defense responses, such as running, jumping, and
vocalization, elicited by footshock (Fanselow 1991). There-
fore, neural pathways independent of the vPAG might be
responsible for escape reactions induced by electrical
stimulation of the dPAG. In this regard, it has been pro-
posed that GABAergic neurons from the substantia nigra
pars reticulata (SNpr), which project to the midbrain tec-
tum, mainly the dorsal layers of the superior colliculus (Di-
Chiara et al. 1979; Chevalier et al. 1981; Kilpatrick et al.
1982), are involved on active pattern of defensive reactions.
This assumption is supported by previous studies per-
formed in one of our laboratories (M.L.B.) that show en-
hanced escape reaction induced by dPAG electrical stimu-
lation following electrolytic and neurochemical lesions of
SNpr with kainic acid (Coimbra et al. 1989; Coimbra and

Brandão 1993). On the other hand, SNpr lesion did not
change freezing induced by electrical stimulation of the
midbrain tectum (Maisonnette et al. 1996), suggesting that
although it seems that nigrocollicular pathways are involved
in the expression of escape responses, the same does not
hold true for freezing responses.

This study also presents evidence for the important
role played by local GABAergic neurons in the dPAG in the
regulation of the neural circuits responsible for the expres-
sion of the defensive behavior. It has been shown that dPAG
has a significant amount of GABAergic interneurons on
which GAD blocking agents act, reducing the tonic inhibi-
tory control exerted by GABA on the neural circuits of de-
fensive behavior (Brandão et al. 1986; DiScala and Sandner
1989; Aguiar and Brandão 1994). Indeed, defensive behav-
iors induced by the blockade of the GAD with semicarba-
zide were not affected by vPAG lesion. These results point
to generation of freezing and escape behavior within the
dPAG independently from the participation of the vPAG.

Along with the well-known participation of the dPAG
on active defensive responses, this paper brings new evi-
dence for the involvement of the dPAG neurons on freezing
behavior. This finding does not discard that associative
learning may still be formed using stimulation of the aver-
sive substrates of the dPAG as already clearly shown by
other investigators (DiScala et al. 1987). However, the pa-
rameters used to produce associative learning using dPAG
stimulation need to be stronger that the ones used in the
present experiment. A single electrical stimulation of the
dPAG at the escape threshold does not lead to any context
conditioning. In fact, at least two sessions of pairings of
dPAG electrical stimulation environmental stimuli are re-
quired to produce contextual fear conditioning (Castilho et
al. 2001).

MATERIALS AND METHODS

Animals
Male Wistar rats weighing 250–300 g from the animal house at the
campus of Ribeirão Preto of the University of São Paulo were
housed in a temperature-controlled (22 ± 1 °C) room and kept on
a 12-h light/12-h dark cycle (lights on from 0700–1900). These
animals were maintained in individual Plexiglas-walled cages and
given free access to food and water throughout the experiment.

Surgical Procedures
The animals were anaesthetized with tribromoethanol (250 mg/kg,
i.p.), and fixed in a David Kopf stereotaxic frame. The upper incisor
bar was set at 3.3 mm below the interaural line, so that the skull
was horizontal between bregma and lambda. Each animal was im-
planted, with a unilateral bipolar electrode (Plastics One) aimed at
the dPAG. The electrodes were made of stainless-steel wire, 160 µm
in diameter and insulated except at the cross-section, and were
introduced at the dPAG with an angle of 16°, 1.9 mm lateral to
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lambda and 5.1 mm ventral to the skull. The dPAG electrode was
fixed to the skull by means of acrylic resin and three stainless-steel
screws. This electrode could be connected to a male pin so that it
could be plugged into an amphenol socket at the end of a flexible
electrical cable and used for brain stimulation. Electrolytic lesions
in the vPAG were made bilaterally with a monopolar stainless-steel
electrode (insect pin insulated till the exposed blunt tip) lowered at
0.8 mm posterior to lambda, 1.0 mm lateral to each side of midline,
and 6.0 mm ventral to the skull. Lesions were made by passing
anodal DC current (ESF-108, DelVecchio) for 60 sec (2 mA) through
the electrode. The sham lesion group had identical surgery proce-
dures except that no current was delivered through the electrode.
All animals were allowed at least 7 days to recovery from surgery.
For the experiment with microinjections of semicarbazide into the
dPAG, each rat was implanted with a stainless-steel guide cannula
(0.6 mm OD, 0.4 mm ID). The cannula was directed to the dPAG at
the coordinates described above except for the depth (4.1 mm).
Each cannula was fixed with polyacrylic cement anchored to the
skull with three stainless-steel screws and was plugged with stain-
less-steel stylets. The experiments started after a 1-wk postopera-
tive delay.

Apparatus
The dPAG electrical stimulation experiment took place in a circular
arena 60 cm in diameter and 50 cm high. The arena was in a quiet
experimental room illuminated with three 40-W fluorescent lamps
(350 lux at the arena floor level). The floor of the circular arena was
divided into 12 sections so that the general activity of the animals
with sham and vPAG lesions could be quantified during the 6 min
before the electrical stimulation of the dPAG began. The brain was
electrically stimulated by means of a sine wave stimulator (Marseil-
lan). Brain stimulation (AC, 60 Hz, 15 s) was presented at 1-min
intervals, with the current intensity increasing by steps of 5 µA for
measurements of the aversive thresholds. The stimulation current
was monitored by measuring the voltage drop across a 1-K resistor
with an oscilloscope (Hewlett-Packard).

Context fear conditioning was conducted in an experimental
chamber (25 × 20 × 20 cm) made of stainless-steel walls with a
clear acrylic door in the front. The chamber lay within a sound
attenuating chest consisting of a large 50 × 54 × 56 cm plywood
container with a with a hole on the door through which all behav-
ior was observed. The chamber contained a stainless-steel rod floor,
with 2.7-mm rods placed 1 cm apart, center to center. The cham-
bers were cleaned with a 5% ammonium hydroxide solution be-
tween sessions. Scrambled electric footshock originated from an
AC shock source (DelVechio). This unit was adjusted to deliver
1.0-mA shocks to the grid floor of the chamber. This equipment
was in an isolated room of the laboratory that was lit by two fluo-
rescent fixtures.

The dPAG chemical experiment took place in the same cir-
cular arena described above. Animals were gently wrapped in a
cloth, and a thin dental needle (0.3 mm OD) was introduced
through the guide cannula until its lower end was 1.0 mm below
the guide cannula. The injection needle was linked to a 5-µL Hamil-
ton syringe by means of polyethylene tubing. A volume of 0.2 µL
was injected over 20 sec with the aid of an infusion pump (Harvard
Apparatus), and the needle was held in place for an additional 10
sec. The displacement of an air bubble inside the polyethylene
(PE-10) catheter connecting the syringe needle to the intracerebral
needle was used to monitor the injection. Each rat received only
one injection of semicarbazide (Sigma, 8 µg/0.2 µL).

Procedure
In the dPAG electrical stimulation, animals were placed in the cir-
cular arena and allowed a 6-min period of habituation. At the end of
this period, brain stimulation (AC, 60 Hz, 15 s) was presented for
15 sec at 1-min intervals with the current intensity increasing by
steps of 5 µA for measurements of the aversive thresholds. Freezing
threshold was operationally defined as the lowest intensity produc-
ing a complete immobility, except the movements for respiration
accompanied by defecation or micturition, for at least 6 sec during
the period of stimulation. Only freezing that occurred during stimu-
lation was considered. The current intensity-producing running
(gallop) or jumping was considered to be the escape threshold.
Animals with an escape threshold above 70 µA (peak-to-peak) were
discarded from the experiment. After the determination of the aver-
sive thresholds, the animals were taken to their home cages. After
∼ 24 h, all the animals were submitted to the context fear-condi-
tioning procedure to behaviorally verify the effectiveness of the
vPAG electrolytic lesions. Each animal was placed in the condition-
ing chamber and allowed 6 min of acclimatization and afterward
received five 5-sec, 1-mA footshocks spaced for 60 sec. On the next
day, the rat was replaced into the conditioning chamber and re-
mained undisturbed for the 6-min context conditioning test. No
shock was presented during this period. Freezing, defined as the
absence of movement of the body and vibrissa except that required
for respiration for at least 6 sec, was scored according to a time
sample procedure. Every 2 sec the animal was observed and its
behavior was scored as freezing or not freezing.

In the dPAG chemical experiment, sham and vPAG lesion
animals received microinjections of semicarbazide into the dPAG
and were placed in the circular arena for a 1-h session in the open
field. The behavior of the animals was recorded by a videocamera
positioned beside the open field and monitored via a closed circuit
TV camera. Freezing and escape defined as described above were
subsequently scored from videotape by an observer with the aid of
an appropriate software (The Observer, Noldus, Wageningen, The
Netherlands). The open field was thoroughly cleaned after each
test with a 20% ethanol solution and dried. Each rat was tested only
once.

Histology
At the end of each experiment, animals were deeply anaesthetized
with urethane and perfused intracardially with saline followed by
formalin solution (10%). Three days later, the brains were removed
and frozen. Serial 50 µm brain sections were cut using a microtome
(Cryocut 1800) to localize the stimulation electrode tips within the
dPAG and the electrolytic lesions within the vPAG according to
Paxinos and Watson’s atlas (1986).

Analysis of Results
Time or thresholds for freezing and escape responses are presented
as means ± SEM between groups with or without (sham) vPAG
electrolytic lesions. Data were analyzed using Student’s t test. For
the dPAG electrical stimulation, eight animals were studied in each
lesion and control group, except for the freezing threshold com-
parison, in which one animal of each group had to be excluded for
not showing freezing before the escape threshold was reached. For
the dPAG chemical stimulation, nine animals were used in each
group (sham and lesion animals).
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