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1. Introduction

The use of stimulation electrodes implanted in the brain
to control severely disabling psychiatric and neurological con-
ditions is an exciting and fast emerging area of clinical
neuroscience [44,53,60]. Its popularity is directly related to its
minimal invasiveness, reversibility (stimulation can be turned
on and off), and adjustability (various combinations of stimula-
tion parameters are possible). Currently, thousands of patients
have been implanted with stimulating electrodes and espe-
cially in the field of psychiatric disorders new indications are
evaluated. For instance, in case series, deep brain stimulation
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orsolateral periaqueductal gray (dlPAG) and one of its target structures,
s (VMH), produces a typical behaviour in rats consisting of vigorous run-
own as “escape behaviour”. Escape behaviour in rodents closely mimics
electrical stimulation at higher frequencies generally inhibits the stimu-

study the hypothesis that deep brain stimulation (DBS) of the dlPAG and
0 Hz) would not induce escape behaviour. More specifically, we evaluated

ld be used to inhibit panic-like behaviour. Rats underwent implantation of
e dlPAG and VMH and the effects of various stimulation parameters were
d the neural activation pattern resulting from DBS of the dlPAG and VMH

istry. We found that stimulation amplitude is the most important stimula-
of escape behaviour. Remarkably, stimulation frequency (1–300 Hz) had

d escape behaviour and therefore it was not possible to prevent the induc-
higher frequencies. The neuronal activation pattern resulting from dlPAG
se findings suggest that DBS of the dlPAG and VMH induces panic-related
encies.

© 2008 Elsevier B.V. All rights reserved.
(DBS) has relieved symptoms in patients with treatment-
resistant depression [38] and obsessive-compulsive disorder
[1,43].

Before applying DBS for new indications in clinical psychiatry,
it is preferred that the effects of DBS are evaluated systematically
in animal models. In this respect, DBS could be considered to treat
refractory panic and anxiety disorders. Panic disorder (PD) is one
of the most frequently encountered anxiety disorder and one out
of every seventy five people worldwide experiences panic attack
(PA) once in their lives [42]. Panic attacks are characterized by an
acute moment of intense fear or psychologically distress with a
sudden onset rapidly building to a peak level and are usually accom-
panied by somatic and psychological symptoms associated with a
sense of impending danger and an urge to escape from the sus-
ceptible risk condition [15,26,32]. Panic disorder is recognized as a
disabling condition and its treatment includes pharmacologic and
behavioural therapies as well as combinations of these strategies
[3,5,24]. In some cases, patients do not respond to these treatments
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and experience a chronic course of disease burden, usually together
with their families [23,46,48].

In preclinical experiments, electrical stimulation of the dor-
solateral area of the Periaqueductal gray (PAG) and one of its
target structures, the ventromedial hypothalamus (VMH), has
been used to study the mechanism of PA. Electrical stimulation
of these areas produces a typical behaviour consisting of vigor-
ous running and jumping in rats [13,29,31,50,54]. This behaviour,
also known as escape behaviour, is accompanied by strong emo-
tional and autonomic activation [4,33,52]. Escape behaviour in
rodents closely mimics PA in humans [18,50]. The neural circuit
responsible for stimulation-induced escape behaviour has been
partly identified. Several brain structures interconnected with
the dorsolateral periaqueductal gray (dlPAG) have been reported
to show changed neuronal activity due to electrical or chemi-
cal stimulation. For instance, electrical and chemical stimulation
induced significant c-Fos expression in the amygdala, thalamus,
and medial prefrontal cortex (prelimbic, infralimbic and cingulate
areas) [11,21,59]. Another region that is strongly activated by dlPAG
stimulation is the ventromedial hypothalamus (VMH) [11,17].

In previous experiments, several stimulation paradigms have
been applied to manipulate the dlPAG and VMH, generally aiming
to evoke escape behaviour [8,30,31,49]. Therefore, only stimu-
lation parameters inducing escape behaviour were investigated.
Almost all studies focused on the stimulation intensity with a
fixed frequency (usually 50–100 Hz) [16,51,58]. The intensities of
stimulation varied greatly among studies [12,28,37,54]. In this
era in which electrical brain stimulation has become a widely
applied technology in preclinical studies, a systematic analysis of
effects of stimulation parameters on escape behaviour is needed
using a stimulation set up similar to clinical DBS [6,7,34,55]. The
effect of stimulation frequency is of particular importance, since
this determines whether a brain region is activated or inhibited
[20,40,55]. For instance, it has been demonstrated repeatedly that
high-frequency stimulation (HFS) inhibits the target by reducing
its neuronal firing by a mechanism involving either a deporaliza-
tion blockage, neurotransmitter depletion, and/or stimulation of
presynaptic terminals with neurotransmitter release [7,22,36,41].
In this study, we examined the behavioural and neuronal effects of
dlPAG- and VMH DBS stimulation, and tested the hypothesis that
HFS could be used to inhibit panic-like behaviour. Furthermore, the
effect of stimulation parameters on neural activation patterns was
examined in the forebrain using c-Fos immunohistochemistry.
2. Materials and methods

2.1. Subjects

Subjects were Wistar male rats (N = 24, 12 weeks old, bred and housed at the Cen-
tral Animal Facility of Maastricht University, Maastricht, the Netherlands). Rats had
an average body weight of 300–350 g at the time of surgery. They were housed indi-
vidually in standard cages on sawdust bedding in an air-conditioned room (about
20 ◦C) under a 12/12-h reversed light/dark cycle. Food, standard laboratory chow
(Hopefarms, Woerden, The Netherlands), and water were available ad libitum. All
experimental procedures were approved by the Animal Experiments and Ethics
Committee of Maastricht University.

2.2. Experimental groups

Rats were randomly assigned to one of three following experimental groups: A.
Control (n = 6); B. dlPAG stimulation (n = 10); C. VMH stimulation (n = 8).

2.3. Surgical procedure

A detailed description of the surgical procedure and the electrodes has been
provided earlier [55,57]. In brief, the rats were anesthetized throughout the entire
procedure using a combination of ketamine (90 mg/kg s.c.) and xylazine (10 mg/kg
s.c.). Rats were placed in a stereotactic apparatus (Stoelting, Wood Dale, USA; model
51653). After making a burr hole in the skull, rats of groups B and C received implan-
tation of the electrodes at the level of the dlPAG (coordinates from Bregma: AP, −7.6;
esearch 193 (2008) 197–203

ML, 0.7; and V, −4.8; approached with a coronal angle of 10◦) and VMH (coordinates
from Bregma: AP, −2.5; ML, 0.5; and V, −9.5), respectively. A construction of one
gold-plated needle-like electrode with an inner wire of a platinum–iridium com-
bination (Technomed, Beek, The Netherlands), with a tip diameter of 50 �m and a
shaft diameter of 250 �m, was employed in this experiment. The electrodes were
fixed in position using dental cement (Heraeus Kulzer, Hanau, Germany). Rats had
a one-week recovery period.

2.4. Behavioural evaluation

Rats were evaluated in an open field (OF) test. For more details of this test
please see Hameleers et al. [27]. In summary, rats were placed in the arena and were
connected with an external stimulator through externalized leads. The stimulation
started approximately 1 min after the rat was placed in the OF arena. The behaviour
of the rats was videotaped (Ethovision®, Noldus Information Technology, Wagenin-
gen, the Netherlands). We observed three different types of behaviour during the
experimental procedure, consisting of ‘no effect’, ‘freezing’ behaviour characterized
by piloerection, micturition/defaecation, and immobility, and ‘escape behaviour’
characterized by rigorous and aimlessly running. The stimulation procedures and
behavioural analysis were evaluated by two researchers.

2.5. Deep brain stimulation

For DBS we used a variety of stimulation amplitudes (1–650 �A), and stimulation
frequencies (1–300 Hz) at a quasi-random fashion. The pulse width was set at 100 �s
since in previous experiments variation in pulse width did not influence behavioural
performance [20]. A World Precision Instruments digital stimulator (DS8000, WPI,
Berlin, Germany) and a stimulus isolator (DLS100, WPI, Berlin, Germany) were
used to deliver the stimuli. Real time verification of the parameters applied during
stimulation was obtained using a digital oscilloscope (Agilent 54622D oscilloscope,
Agilent Technologies, Amstelveen, the Netherlands). The electrical stimulation was
performed with gradual increase of the current amplitude. At each step, stimula-
tion duration was 15 s followed by a stimulation off period of 45 s. The stimulation
frequency was set at 50 Hz, and pulse width at 0.1 ms. Behavioural changes during
this procedure were observed by two researchers. Freezing behaviour was consis-
tently characterized by immobility (without body movement) accompanied by two
distinctive symptoms of increased alertness (head scanning) and piloerection. After
cessation of stimulation, freezing disappeared and animals began to move again.

2.6. Histological processing

Two hours after the final electrical stimulation procedure, rats were perfused
transcardially with Tyrode (0.1 M) and fixative containing 4% paraformaldehyde,
15% picric acid and 0.05% glutaraldehyde in 0.1 M phosphate buffer (pH 7.6). Brains
were removed and post-fixed for 2 h followed by overnight immersion in 10%, 20%,
and 30% sucrose at 4 ◦C. Brain tissue was then quickly frozen with CO2 and stored
at −80 ◦C. Subsequently, the prefrontal regions of the brains were cut serially on
a cryostat into 30 �m frontal sections and again stored at −80 ◦C. c-Fos immuno-
histochemistry was carried out by using an anti-c-Fos rabbit polyclonal antibody
(Santa Cruz Biotechnology Inc., Santa Cruz, CA, USA) (diluted 1: 20 000 in 0.1%
Bovine Serum Albumin and Tris Buffered Solution-Triton (TBS-T) solution). After
overnight incubation at room temperature on a constant shaker, sections were rinsed
with TBS-T, Tris Buffered Solution (TBS), and TBS-T and incubated with the sec-

ondary antibody (diluted 1: 400 in biotinylated donkey anti-rabbit biotine; Jackson
Immunoresearch Laboratories Inc., Westgrove, USA) for 90 min. Subsequently, the
sections were incubated with an avidin-biotin-peroxidase complex (diluted 1:800,
Elite ABC-kit, Vectastatin; Burlingame, USA) for 2 h. In between steps, sections were
washed with TBS and TBS-T. To visualize the immune complex of Horse Radish
Peroxide reaction product, sections were incubated with 3,3′-diaminobenzidine
tetrahydrochloride (DAB)/nickel chloride (NiCL2) solution (5 ml DAB solution, 5 ml
Tris/HCl, 50 �l NiCL2, and 3.35 �l hydrogen peroxide). This reaction was stopped
after 10 min by rinsing thoroughly all the sections with TBS. All sections were
then mounted on gelatin-coated glasses. After dehydrating, all sections were cover-
slipped with Pertex (HistolabProducts ab, Goteborg, Sweden). Additionally, another
series of sections per animal was stained with standard hematoxylin–eosin (Merck,
Darmstadt, Germany) to evaluate the localization of the electrode tips.

2.7. Semi-quantitative evaluation of c-Fos immunoreactive cells

Systematic cell counts were performed of c-Fos immunoreactive (c-Fos-ir) cells
in the prelimbic (PrL), infralimbic (IL), cingulate (Cg1) and motor (M2) cortices. Pho-
tographs of the areas of interest were taken at 4X magnification using an Olympus
DP70 camera connected to an Olympus AX70 bright-field microscope (analySIS;
Imaging System, Münster, Germany). Our quantification method was similar to a
previously reported method, with minor modifications [35]. Four sections from each
animal were selected for quantification. The boundaries of the areas of interest were
delineated and measured. The same light intensity and threshold conditions were
employed for all sections. The counting of the numbers of c-Fos-ir cells was per-
formed using the conventional image analysis program ‘Image J’ (version 1.38, NIH,
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Fig. 1. Representative low-power photomicrographs of a 30 �m-thick frontal sect
electrode to stimulate the dlPAG (Fig. A, scale bar = 250 �m) and VMH (Fig. B, scale
dlPAG and VMH according to the Paxinos and Watson atlas, respectively. The symbo
Aquad. = aquaduct of Sylvius, 3V = third ventricle.

USA). A cell was counted as c-Fos-ir if its density was 75% higher than the back-
ground density. In addition, artifacts in the sections were excluded from analysis to
ensure the accuracy of measurements.
In this study, this method of quantification was preferred to a stereological anal-
ysis which is laborious, since the differences were clear and therefore data about
relative differences were sufficient for our purposes.

2.8. Statistical analysis

Data are presented as mean ± S.E.M and were analyzed using Analysis of Vari-
ance (ANOVA). Data of c-Fos-ir cell counts are expressed as number of c-Fos-ir
cells/mm2. An LSD post-hoc test was used to analyze group differences in more
detail. P-values lower than 0.05 were considered significant.

3. Results

3.1. Histological evaluation of the electrode localization

Electrode tips were located at the level of the dlPAG in 8 rats
of group B, and in 5 rats of group C electrodes were located in the
VMH. In two rats of group B and 3 rats of group C, the electrodes
were misplaced and these rats were excluded from analysis. The
localization of the electrode tip in the PAG and VMH is illustrated in
Fig. 1. Based on the evaluation of the hematoxylin and eosin stain-
ing, no neuronal damage was observed except for the electrode
trajectory.
om the brain of a rat subjected to stereotactic implantation of concentric bipolar
500 �m) are shown. Fig. C, Schematic representation of the electrode sites in the
ndicates the electrode localization in the dlPAG and (�) in the VMH. Abbreviation:

3.2. Behavioural evaluation

3.2.1. Effect of stimulation parameters

The intensity of the electrical current applied to the dlPAG and

VMH of the animals was based on the lowest threshold to induce
escape behaviour. The current amplitudes necessary for induc-
ing freezing behaviour and escape behaviour differed significantly
between rats with dlPAG- and VMH DBS (F’s > 351.13; P’s < 0.00).
The current intensity applied to the dlPAG and VMH DBS to induce
freezing behaviour was 78.57 ± 4.04 �A and 540.00 ± 29.15 �A,
respectively, while the current intensity to evoke escape behaviour
was 85.71 ± 13.36 �A and 590.00 ± 29.15 �A, respectively (Fig. 2.).
After confirming the current amplitudes necessary to evoke escape
behaviour, we evaluated the effect of stimulation frequency. We
found that each stimulation frequency applied resulted in escape
behaviour (Table 1).

3.2.2. Effect of repeated stimulation
Rats that showed escape behaviour in the previous session,

showed no escape behaviour when they were stimulated again
at their escape threshold on the second day. However, after a
longer period of recovery (seven days), rats again showed escape
behaviour when stimulating at their escape threshold. Further-
more, the rats which showed escape behaviour due to stimulation,
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Fig. 2. This figure shows the current amplitudes (�A) necessary to induce freezing
VMH stimulation (Fig. B) groups.
Fig. 3. Behavioural effects of sub-threshold stimulation (phase I), suprathreshold
stimulation (phase II) and post-stimulation period (phase III). We found that stim-
ulation below the escape-threshold induced freezing behaviour. In addition, rats
showed freezing behaviour when they were placed in OF arena one day after the
stimulation experiment.

showed freezing behaviour when they were placed in the OF arena
the next day (Fig. 3).

3.3. Evaluation of c-Fos-ir cells

Since numbers of c-Fos-ir cells in the ipsilateral and contralat-
eral regions were not significantly different (P’s > 0.05), we pooled
these data. DBS of the dlPAG and VMH significantly increased
the number of c-Fos-ir cells in the PrL (F’s > 53.96, P < 0.00), IL
(F’s > 90.85, P < 0.00), M2 (F’s > 77.93, P < 0.00) and Cg1 (F’s > 95.24,
P < 0.00) regions as compared to control animals. In all regions, VMH

Table 1
This table shows the effect of stimulation parameters on behaviour

Intensity of current stimulation, amplitude (�A) Dorsolateral periaqueductal gray

LFS (Hz) HFS (Hz)

1 5 10 50 100

0.25–74 �A F F F F F
75 �A EB EB EB EB EB
100 �A EB EB EB EB EB
200 �A EB EB EB EB EB
400 �A EB EB EB EB EB
500 �A EB EB EB EB EB
600 �A EB EB EB EB EB
650 �A EB EB EB EB EB

A variety of stimulation parameters consisting of different current amplitudes (1–650 �
100 �s. Abbreviations: ‘LFS’: low-frequency stimulation, ‘HFS’: high-frequency stimulatio
ehaviour and escape reaction. Data represent means ± S.E.M. of dlPAG (Fig A) and

DBS resulted in higher numbers of c-Fos-ir cells as compared to
dlPAG DBS (F’s > 14.28, P < 0.05) (Figs. 4–6).

4. Discussion
Electrical stimulation of the dlPAG and VMH produced a typi-
cal behaviour consisting of vigorous running and jumping in rat,
referred as escape behaviour. This behaviour in rodents has been
considered a phenomenon closely mimicking PA in humans [18,50].
Our results have revealed that the most important stimulation
parameter for this behaviour is the stimulation amplitude. For each
subject, a minimum amount of stimulation amplitude (escape-
threshold) was necessary to induce escape behaviour. Interestingly,
substantially higher amplitudes were required with VMH DBS. In
addition, VMH DBS resulted in higher levels of neuronal activa-
tion (i.e., more c-Fos-ir cells) in the prefrontal areas associated with
panic reactions, which could be related to these high stimulation
intensities.

The key finding of this study is that it was not possible to
prevent the induction of escape behaviour by PAG and VMH DBS.
We have applied a wide range of frequencies which all induced
escape behaviour. Even with 300 Hz stimulation with a threshold-
amplitude, rats showed escape behaviour. These findings suggest
that both dlPAG and VMH are not sensitive for high-frequency
stimulation in the context of escape behaviour. This is in contrast
with findings in animal models of Parkinson’s disease, Huntington’s

Ventromedial hypothalamus

LFS (Hz) HFS (Hz)

150 300 1 5 10 50 100 150 300

F F NE NE NE NE NE NE NE
EB EB NE NE NE NE NE NE NE
EB EB NE NE NE NE NE NE NE
EB EB NE NE NE NE NE NE NE
EB EB F F F F F F F
EB EB EB EB EB EB EB EB EB
EB EB EB EB EB EB EB EB EB
EB EB EB EB EB EB EB EB EB

A) and stimulation frequencies (1–300 Hz) were used. The pulse width was set at
n, ‘F’: freezing response, ‘EB’: escape behaviour, and ‘NE’: no effect.
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Fig. 4. Representative low-power photomicrographs of 30 �m-thick frontal sections from the brain of a control rat (Figs. A and B), a rat subjected to stereotactic implantation
of concentric bipolar electrode to stimulate the dlPAG (Figs. C and D) and VMH (Figs. E and F). Figs A, C, and E at bregma level of 2.20 mm show the level of the Cg1 (Cingulate
gyrus 1) and M2 (Motor cortex 2), and Figs. B, D, and F at bregma level of 2.20 mm show the level of PrL (Prelimbic cortex), and IL (Infralimbic cortex). The small dark dots
represent c-Fos-ir cells. The inset in A shows a representative high-power photomicrograph of a c-Fos-ir cell. Scale bar = 500 �m.

Fig. 5. Grouped data of c-Fos-ir cells/mm2. Data represents means ± S.E.M. of groups A (control), B (PAG stimulation) and C (VMH stimulation). Abbreviations: PrL: prelimbic
cortex; IL: infralimbic cortex; Cg1: cingulate gyrus 1; and M2: motor cortex 2. * indicates significant difference between groups (P < 0.05).
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Fig. 6. Schematic illustration of the upstream connections of the periaqueductal
gray matter in defensive behaviour based on McNaughton and Corr’s two-
dimensional defense system [39]. Abbreviations: PAG: periaqueductal gray, VMH:
ventromedial hypothalamus, Amyg: amygdala, AC: anterior cingulate gyrus, PFC:
prefrontal cortex, and M: motor cortex.

disease or depression [7,41,55,56]. In these models, low frequency
stimulation usually deteriorated the condition, whereas HFS
was effective in reducing the symptoms. However, an important
similarity is the acute effect of dlPAG and VMH DBS on behaviour.

We observed two types of behaviour. Sub-threshold stimulation
resulted in freezing behaviour and stimulations at the thresh-
old or above induced escape behaviour. McNaughton and Corr
(2004) have introduced the concept of two-dimensional defensive
behaviour, categorizing behavioural reactions into avoidable and
unavoidable threats such as the escape behaviour and panic-like
freezing behaviour [39]. The first dimension describes the two sys-
tems of defensive behaviour associated particularly with the PAG
and hypothalamus in controlling defensive avoidance (fear) and
defensive approach (anxiety). The second dimension illustrates an
important hierarchical organization of defensive behaviour. A par-
ticular finding in this study, is that rats showed freezing behaviour
when they were placed in the OF arena on the next day after a stim-
ulation session. However, when the recovery period was extended,
animals returned did not show this behaviour and reacted normally.
This finding could be indicative of a fear-conditioning effect with
subsequent extinction.

The results of c-Fos immunohistochemistry further establish
the involvement of the medial prefrontal cortex in the integra-
tion of cognitive-affective information in response to emotional
stress [45]. More specifically, the Cg1 plays a role in autonomic
functions, such as regulating blood pressure and heart rate [2].
Further, the PrL, and IL cortices appear to be directly involved in

cognitive functions, fear expression [14], and in learning and coping
with changing contingencies in new tasks or familiar environments
[47]. We have also evaluated the c-Fos expression in the motor
cortex, especially in the M2 area, to confirm the neuronal sub-
strate of high motor activity associated with escape behaviour. In
line with our expectation we found high levels of c-Fos-ir cells in
the cortical motor areas. In all regions, VMH DBS resulted in more
c-Fos-ir cells as compared to dlPAG DBS. One possible explana-
tion could be the higher amplitudes used with VMH DBS which
have influenced neighboring circuits and regions. Another expla-
nation is that the effects of DBS of the VMH are mediated via the
dlPAG. This explanation would corroborate the hierarchical neu-
ral levels in the two-dimensional defense system (see Fig. 6) [39].
Blanchard & Blanchard also described a similar hierarchy of defen-
sive behaviour [9,10] which was related to the neural hierarchy in
the mechanism of defense as proposed by Deakin [19] and Graeff
[25]. These theories explained the involvement of different lev-
els of neuroanatomical structures (e.g., septo-hippocampal system,
amygdala and hypothalamus) and neurotransmitters (e.g., acetyl-
choline, serotonin) in facilitating defensive behaviour related to
rage and panic, respectively. Conceptually, the PAG has long been

[
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known as the primitive defensive structure commanding fight and
flight reaction and accordingly higher current amplitudes were nec-
essary with VMH DBS to influence the dlPAG in order to induce such
defensive response. Nevertheless, the results obtained with c-Fos
immunohistochemistry should be interpreted carefully, since c-Fos
is only a general marker of neuronal activity. Consequently, the c-
Fos expression may reflect direct and indirect effects, and excitation
and inhibition.

In conclusion, the main finding of the present study is that both
low- and high-frequency stimulation of the dlPAG- and VMH DBS
induced escape behaviour. In addition, different current amplitudes
produced different behaviours consisting of freezing and escape.
Furthermore, we found simple fear-conditioning with subsequent
extinction in the post-stimulation period.

Acknowledgements

The authors are grateful to Mr. Rob Hameleers, Ms. Ingeborg
van Kroonenburgh, and Ms. Lan Xie for their technical assistance.
This research was supported by a grant from the FP6 Marie Curie
Fellowship (MEST-CT-2005-020589).

References

[1] Abelson JL, Curtis GC, Sagher O, Albucher RC, Harrigan M, Taylor SF, et al. Deep
brain stimulation for refractory obsessive-compulsive disorder. Biol Psychiatry
2005;57:510–6.

[2] Allman JM, Hakeem A, Erwin JM, Nimchinsky E, Hof P. The anterior cingulate
cortex. The evolution of an interface between emotion and cognition. Ann N Y
Acad Sci 2001;935:107–17.

[3] American-Psychiatric-Association. Diagnostic and statistical manual of men-
tal disorders. 4th ed., text revision. Washington, D.C.: American Psychiatric
Association; 2000.

[4] Bandler R, Depaulis A, Vergnes M. Identification of midbrain neurones mediat-
ing defensive behaviour in the rat by microinjections of excitatory amino acids.
Behav Brain Res 1985;15:107–19.

[5] Barlow DH, Gorman JM, Shear MK, Woods SW. Cognitive-behavioral therapy,
imipramine, or their combination for panic disorder: a randomized controlled
trial. JAMA 2000;283:2529–36.

[6] Belujon P, Bezard E, Taupignon A, Bioulac B, Benazzouz A. Noradrenergic
modulation of subthalamic nucleus activity: behavioral and electrophysio-
logical evidence in intact and 6-hydroxydopamine-lesioned rats. J Neurosci
2007;27:9595–606.

[7] Benazzouz A, Tai CH, Meissner W, Bioulac B, Bezard E, Gross C. High-frequency
stimulation of both zona incerta and subthalamic nucleus induces a similar nor-
malization of basal ganglia metabolic activity in experimental parkinsonism.
Faseb J 2004;18:528–30.

[8] Bittencourt AS, Nakamura-Palacios EM, Mauad H, Tufik S, Schenberg LC. Orga-

nization of electrically and chemically evoked defensive behaviors within the
deeper collicular layers as compared to the periaqueductal gray matter of the
rat. Neuroscience 2005;133:873–92.

[9] Blanchard RJ, Blanchard DC. Attack and defense in rodents as ethoexperimental
models for the study of emotion. Prog Neuropsychopharmacol Biol Psychiatry
1989;13 Suppl:S3–14.

[10] Blanchard RJ, Blanchard DC. An ethoexperimental analysis of defense, fear and
anxiety. In: McNaughton N, Andrews G, editors. Anxiety Dunedin: Otago Uni-
versity Press; 1990, 124–133.

[11] Borelli KG, Ferreira-Netto C, Coimbra NC, Brandao ML. Fos-like immunoreac-
tivity in the brain associated with freezing or escape induced by inhibition of
either glutamic acid decarboxylase or GABAA receptors in the dorsal periaque-
ductal gray. Brain Res 2005;1051:100–11.

12] Borelli KG, Nobre MJ, Brandao ML, Coimbra NC. Effects of acute and chronic flu-
oxetine and diazepam on freezing behavior induced by electrical stimulation of
dorsolateral and lateral columns of the periaqueductal gray matter. Pharmacol
Biochem Behav 2004;77:557–66.

[13] Brandao ML, Cardoso SH, Melo LL, Motta V, Coimbra NC. Neural sub-
strate of defensive behavior in the midbrain tectum. Neurosci Biobehav Rev
1994;18:339–46.

[14] Corcoran KA, Quirk GJ. Activity in prelimbic cortex is necessary for the expres-
sion of learned, but not innate, fears. J Neurosci 2007;27:840–4.

[15] Craske MG, Waters AM. Panic disorder, phobias, and generalized anxiety disor-
der. Annu Rev Clin Psychol 2005;1:197–225.

[16] de Almeida LP, Ramos PL, Pandossio JE, Landeira-Fernandez J, Zangrossi Jr H,
Nogueira RL. Prior electrical stimulation of dorsal periaqueductal grey matter
or deep layers of the superior colliculus sensitizes rats to anxiety-like behaviors
in the elevated T-maze test. Behav Brain Res 2006;170:175–81.



rain R

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[52] Schenberg LC, Costa MB, Borges PC, Castro MF. Logistic analysis of the defense
reaction induced by electrical stimulation of the rat mesencephalic tectum.
L.W. Lim et al. / Behavioural B

[17] de Oliveira RW, Del Bel EA, Guimaraes FS. Behavioral and c-fos expression
changes induced by nitric oxide donors microinjected into the dorsal periaque-
ductal gray. Brain Res Bull 2000;51:457–64.

18] Deakin JF. The role of serotonin in panic, anxiety and depression. Int Clin Psy-
chopharmacol 1998;13 Suppl 4:S1–5.

19] Deakin JFW, Graeff F. 5-HT and mechanism of defence. J Psychopharmacol
1991;5:305–15.

20] Desbonnet L, Temel Y, Visser-Vandewalle V, Blokland A, Hornikx V, Stein-
busch HW. Premature responding following bilateral stimulation of the
rat subthalamic nucleus is amplitude and frequency dependent. Brain Res
2004;1008:198–204.

21] Ferreira-Netto C, Borelli KG, Brandao ML. Neural segregation of Fos-protein
distribution in the brain following freezing and escape behaviors induced by
injections of either glutamate or NMDA into the dorsal periaqueductal gray of
rats. Brain Res 2005;1031:151–63.

22] Filali M, Hutchison WD, Palter VN, Lozano AM, Dostrovsky JO. Stimulation-
induced inhibition of neuronal firing in human subthalamic nucleus. Exp Brain
Res 2004;156:274–81.

23] Fleet RP, Dupuis G, Marchand A, Burelle D, Arsenault A, Beitman BD. Panic dis-
order in emergency department chest pain patients: prevalence, comorbidity,
suicidal ideation, and physician recognition. Am J Med 1996;101:371–80.

24] Goisman RM, Warshaw MG, Keller MB. Psychosocial treatment prescriptions
for generalized anxiety disorder, panic disorder, and social phobia, 1991–1996.
Am J Psychiatry 1999;156:1819–21.

25] Graeff FG. Neuroanatomy and neurotransmitter regulation of defensive behav-
iors and related emotions in mammals. Braz J Med Biol Res 1994;27:811–29.

26] Griez E, Schruers K. Experimental pathophysiology of panic. J Psychosom Res
1998;45:493–503.

27] Hameleers R, Blokland A, Steinbusch HW, Visser-Vandewalle V, Temel Y. Hypo-
mobility after DOI administration can be reversed by subthalamic nucleus deep
brain stimulation. Behav Brain Res 2007;185:65–7.

28] Hassanain M, Bhatt S, Siegel A. Differential modulation of feline defensive rage
behavior in the medial hypothalamus by 5-HT1A and 5-HT-2 receptors. Brain
Res 2003;981:201–9.

29] Jenck F, Moreau JL, Martin JR. Dorsal periaqueductal gray-induced aversion as a
simulation of panic anxiety: elements of face and predictive validity. Psychiatry
Res 1995;57:181–91.
30] Jenck F, Schmitt P, Karli P. Morphine applied to the mesencephalic central
gray suppresses brain stimulation induced escape. Pharmacol Biochem Behav
1983;19:301–8.

31] Jenck F, Schmitt P, Karli P. Morphine injected into the periaqueductal gray atten-
uates brain stimulation-induced effects: an intensity discrimination study.
Brain Res 1986;378:274–84.

32] Klerman GL, Hirschfeld RMA, Weissman MM. Panic anxiety and its treatments:
report of the world psychiatric association presidential educational program
task force. American Psychiatric Association; 1993, pp 44.

33] Krieger JE, Graeff FG. Defensive behavior and hypertension induced by gluta-
mate in the midbrain central gray of the rat. Braz J Med Biol Res 1985;18:61–7.

34] Kringelbach ML, Jenkinson N, Owen SL, Aziz TZ. Translational principles of deep
brain stimulation. Nat Rev Neurosci 2007;8:623–35.

35] Lamprea MR, Cardenas FP, Vianna DM, Castilho VM, Cruz-Morales SE, Brandao
ML. The distribution of fos immunoreactivity in rat brain following freezing
and escape responses elicited by electrical stimulation of the inferior colliculus.
Brain Res 2002;950:186–94.

36] Lozano AM, Eltahawy H. How does DBS work? Suppl Clin Neurophysiol
2004;57:733–6.

37] Martinez RC, de Oliveira AR, Brandao ML. Conditioned and unconditioned fear
organized in the periaqueductal gray are differentially sensitive to injections
of muscimol into amygdaloid nuclei. Neurobiol Learn Mem 2006;85:58–65.

38] Mayberg HS, Lozano AM, Voon V, McNeely HE, Seminowicz D, Hamani C,
et al. Deep brain stimulation for treatment-resistant depression. Neuron
2005;45:651–60.

39] McNaughton N, Corr PJ. A two-dimensional neuropsychology of defense:
fear/anxiety and defensive distance. Neurosci Biobehav Rev 2004;28:285–305.

[

[

[

[

[

[

[

[

esearch 193 (2008) 197–203 203

40] Meissner W, Guigoni C, Cirilli L, Garret M, Bioulac BH, Gross CE, et al. Impact
of chronic subthalamic high-frequency stimulation on metabolic basal gan-
glia activity: a 2-deoxyglucose uptake and cytochrome oxidase mRNA study
in a macaque model of Parkinson’s disease. Eur J Neurosci 2007;25:1492–
500.

41] Meissner W, Leblois A, Hansel D, Bioulac B, Gross CE, Benazzouz A, et al. Sub-
thalamic high frequency stimulation resets subthalamic firing and reduces
abnormal oscillations. Brain 2005;128:2372–82.

42] NIH NIoH. Treatment of Panic Disorder. NIH Consens Statement 1991 Sep
25–27; 9(2):1–24.

43] Nuttin B, Cosyns P, Demeulemeester H, Gybels J, Meyerson B. Electrical
stimulation in anterior limbs of internal capsules in patients with obsessive-
compulsive disorder. Lancet 1999;354:1526.

44] Perlmutter JS, Mink JW. Deep brain stimulation. Annu Rev Neurosci
2006;29:229–57.

45] Radley JJ, Arias CM, Sawchenko PE. Regional differentiation of the medial pre-
frontal cortex in regulating adaptive responses to acute emotional stress. J
Neurosci 2006;26:12967–76.

46] Reiman EM, Raichle ME, Butler FK, Herscovitch P, Robins E. A focal brain abnor-
mality in panic disorder, a severe form of anxiety. Nature 1984;310:683–5.

47] Rich EL, Shapiro ML. Prelimbic/infralimbic inactivation impairs memory for
multiple task switches, but not flexible selection of familiar tasks. J Neurosci
2007;27:4747–55.

48] Roy-Byrne PP, Stein MB, Russo J, Mercier E, Thomas R, McQuaid J, et al. Panic
disorder in the primary care setting: comorbidity, disability, service utilization,
and treatment. J Clin Psychiatry 1999;60:492–9, quiz 500.

49] Sandner G, Schmitt P, Karli P. Effect of medial hypothalamic stimulation induc-
ing both escape and approach on unit activity in rat mesencephalon. Physiol
Behav 1982;29:269–74.

50] Schenberg LC, Bittencourt AS, Sudre EC, Vargas LC. Modeling panic attacks.
Neurosci Biobehav Rev 2001;25:647–59.

51] Schenberg LC, Capucho LB, Vatanabe RO, Vargas LC. Acute effects of
clomipramine and fluoxetine on dorsal periaqueductal grey-evoked uncon-
ditioned defensive behaviours of the rat. Psychopharmacology (Berl)
2002;159:138–44.
Neurosci Biobehav Rev 1990;14:473–9.
53] Schiff ND, Giacino JT, Kalmar K, Victor JD, Baker K, Gerber M, et al. Behavioural

improvements with thalamic stimulation after severe traumatic brain injury.
Nature 2007;448:600–3.

54] Siegel A, Schubert KL, Shaikh MB. Neurotransmitters regulating defensive rage
behavior in the cat. Neurosci Biobehav Rev 1997;21:733–42.

55] Temel Y, Boothman LJ, Blokland A, Magill PJ, Steinbusch HW, Visser-Vandewalle
V, et al. Inhibition of 5-HT neuron activity and induction of depressive-like
behavior by high-frequency stimulation of the subthalamic nucleus. Proc Natl
Acad Sci USA 2007;104:17087–92.

56] Temel Y, Cao C, Vlamings R, Blokland A, Ozen H, Steinbusch HW, et al. Motor
and cognitive improvement by deep brain stimulation in a transgenic rat model
of Huntington’s disease. Neurosci Lett 2006;406:138–41.

57] Temel Y, Visser-Vandewalle V, Aendekerk B, Rutten B, Tan S, Scholtissen B, et al.
Acute and separate modulation of motor and cognitive performance in parkin-
sonian rats by bilateral stimulation of the subthalamic nucleus. Exp Neurol
2005;193:43–52.

58] Vargas LC, Schenberg LC. Long-term effects of clomipramine and fluoxetine
on dorsal periaqueductal grey-evoked innate defensive behaviours of the rat.
Psychopharmacology (Berl) 2001;155:260–8.

59] Vianna DM, Borelli KG, Ferreira-Netto C, Macedo CE, Brandao ML. Fos-
like immunoreactive neurons following electrical stimulation of the dorsal
periaqueductal gray at freezing and escape thresholds. Brain Res Bull
2003;62:179–89.

60] Wichmann T, Delong MR. Deep brain stimulation for neurologic and neuropsy-
chiatric disorders. Neuron 2006;52:197–204.


	High-frequency stimulation of the dorsolateral periaqueductal gray and ventromedial hypothalamus fails to inhibit panic-like behaviour
	Introduction
	Materials and methods
	Subjects
	Experimental groups
	Surgical procedure
	Behavioural evaluation
	Deep brain stimulation
	Histological processing
	Semi-quantitative evaluation of c-Fos immunoreactive cells
	Statistical analysis

	Results
	Histological evaluation of the electrode localization
	Behavioural evaluation
	Effect of stimulation parameters
	Effect of repeated stimulation

	Evaluation of c-Fos-ir cells

	Discussion
	Acknowledgements
	References


