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Summary. Sensitivity to pharmacological challenges has been reported in

patients with panic disorder. We have previously validated transgenic mice

overexpressing the neurotrophin-3 (NT-3) receptor, TrkC (TgNTRK3), as

an engineered murine model of panic disorder. We could determine that

TgNTRK3 mice presented increased cellularity in brain regions, such as

the locus ceruleus, that are important neural substrates for the expression

of anxiety in severe anxiety states. Here, we investigated the sensitivity

to induce anxiety and panic-related symptoms by sodium lactate and

the effects of various drugs (the a2-adrenoceptor antagonist, yohimbine

and the adenosine antagonist, caffeine), in TgNTRK3 mice. We found

enhanced panicogenic sensitivity to sodium lactate and an increased inten-

sity and a differential pattern of Fos expression after the administration of

yohimbine or caffeine in TgNTRK3. Our findings validate the relevance of

the NT-3=TrkC system to pathological anxiety and raise the possibility

that a specific set of fear-related pathways involved in the processing

of anxiety-related information may be differentially activated in panic

disorder.
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Introduction

Panic disorder is a severe anxiety disorder characterized

by recurrent panic attacks that affects 5% of the popu-

lation, and is associated with substantial morbidity and

reduced quality of life (Longley et al., 2006; Kessler

et al., 1994; Hirschfeld, 1996; Katon et al., 2002). Severe

anxiety states accompanied by fear, hypervigilance, and

autonomic activation can be elicited in human volunteers

by administration of certain pharmacologic agents. In

panic disorder patients, there is an increased sensitivity

to pharmacological challenges, possibly due to a dysregu-

lation of the fear system. They are particularly susceptible

to panic-like responses after chemical stimuli such as

sodium lactate (Liebowitz et al., 1984), CO2 inhalation

(Gorman et al., 1994), or pharmacological challenges,

including the benzodiazepine inverse agonist, FG-7142;

m-chlorophenyl piperazine (mCPP), a nonselective 5-

HT2C receptor agonist; caffeine, an adenosine receptor

antagonist; and yohimbine, an a2-adrenoceptor (AR) an-

tagonist (Dorow et al., 1983; Bourin et al., 1998; Coplan

et al., 1992, 1999; Murphy et al., 1998; Price et al., 1995).

The brain areas activated by each of these anxiogenic

drugs have been previously identified using Fos expres-

sion (Singewald and Sharp, 2000; Singewald et al., 2003).

These areas included forebrain and hindbrain fear-related

regions (for reviews, see Bernard and Bandler, 1998;

Charney et al., 1987; Gorman et al., 2000). The regions

activated included the periaqueductal gray and locus cer-

uleus (LC), and forebrain areas such as the amygdala,

hypothalamus, and prefrontal cortex (Charney et al.,

1987; Gorman et al., 2000; McNaughton and Gray, 2000;

Rosen and Schulkin, 1998). Our previous work (Dierssen



et al., 2006) demonstrated anxiety-related behavior and

panic reaction in transgenic mice overexpressing the full-

length neurotrophin-3 receptor, TrkC (TgNTRK3) in the

central nervous system, along with significant increases

in noradrenergic neurons in LC and other catecholamin-

ergic nuclei, thus suggesting a possible noradrenergic

dysregulation. Moreover, the anxiety-like behavior was

reversed by benzodiazepam administration in transgen-

ic mice.

Neurotrophic factors were initially implicated in neu-

ronal plasticity and development, but their role in the

etiology and drug treatment of a number of psychiatric

disorders including depression, eating disorders or obses-

sive-compulsive disorder (Russo-Neustadt, 2003; Poo,

2001) has now been widely recognized. Very recently,

brain derived neurotrophic factor (BDNF) dysfunction

has been suggested to play a role also in anxiety disorders

(Castren, 2004, 2005). Levels of neurotrophic factors in

the hippocampus and amygdala correlate with anxiety-

and fear-related behavior in mice (Yee et al., 2006; Zhu

et al., 2006), and mice expressing the BDNF variant

BDNFMet=Met exhibited increased anxiety-related behav-

ior in stressful situations, that was not normalized by

fluoxetine (Chen et al., 2006). In this line, transgenic

overexpression of the neurotrophin BDNF has a facili-

tatory effect on anxiety-like behavior, concomitant with

increased spinogenesis in the basolateral amygdala

(Govindarajan et al., 2006). However, the role of the

NT-3=TrkC system in anxiety is less clear. NT-3 is known

to be trophic for LC neurons, and some of the effects of

stress and antidepressants on LC function and plasticity

are mediated through NT-3 (Smith et al., 1995).

In the present study, we have selected sodium lactate to

evaluate the sensitivity to induction of anxiety- and panic-

related symptoms by this agent in TgNTRK3 mice using

the mouse defense test battery (MDTB), that evaluates the

panicogenic=panicolytic properties of drugs (Griebel et al.,

1995a, b, 1996, 1999; Blanchard et al., 2001), to specifi-

cally address the panic reactions. We also determined the

possible differential activation of the fear circuit using

anxiogenic drugs (yohimbine and caffeine) induced Fos

immunohistochemistry on specific areas of the hindbrain

and forebrain, recognized as important to anxiety and fear

mechanisms.

Materials and methods

Two lines of transgenic TgNTRK3 mice (Dierssen et al., 2006) were used

in order to exclude positional effects. Adult male TgNTRK3 and wild-type

littermates (5–7 months of age) from different litters were used. Same sex

littermates were group-housed (4–6 animals per cage) in standard macrol-

on cages (40� 25� 20 cm) under a 12-h light=dark schedule (lights on

0600 to 1800) in controlled environmental conditions of humidity (60%)

and temperature (22 � 2 �C) with food and water supplied ad libitum. All

animal procedures met the guidelines of the European Communities

directive 86=609=EEC and the Society for Neurosciences regulating ani-

mal research, and were approved by the Local Ethical Committee.

Mouse defense test battery

The MDTB was conducted following the procedure of Griebel et al.

(1999), with slight modifications as previously described (Dierssen et al.,

2006). Fifteen TgNTRK3 and twelve wild-type littermates were ran-

domly distributed into saline and sodium lactate group. Sodium lac-

tate (2.5 mEq=kg) was administered intraperitoneally in a volume of

0.1 ml=10 g of mouse weight. Experiments were performed under ambient

red fluorescent light (10 Lux). Briefly, six different subtests were used: (I)

pre-test familiarization period: line crossings, wall rears, wall climbs and

jump escapes were recorded for 3 min. (II) Predator avoidance test. Imme-

diately after the familiarization period a hand-held male rat (Long Evans,

Charles River, Elbeuf, France) killed by CO2, was introduced at the

opposite end of the apparatus and brought up to the subject at a speed

of approximately 0.5 m=s. The number of avoidances, mean avoidance

distance (distance between the rat and the mouse at the point of flight in

cm), and maximum flight speed (an average of three measures of unin-

terrupted straight flight, over 1 m linear segment of the runway) were

recorded. This procedure was repeated five times with an inter-trial inter-

val of 15 s. (III) Chase=flight test. The hand-held rat was brought up to the

mouse at speed of approximately 2.0 m=s avoiding contact. Chase was

terminated when the subject had traveled a distance of 18 m. Number of

stops (pause in locomotion) orientations (subject stops and then orients the

head toward the rat) and reversals (subjects stops, turns, and then runs in

the opposite direction) were calculated. (IV) Straight alley test. Thirty

seconds after the chase=flight test, the runway was converted to a straight

alley (a segment of 0.6 m) in which the subject was constrained. Three

confrontations at a stimulus-subject distance of 0.4 m, 15 s each, were

made. Immobility time, closest distance between the mouse and the rat,

and the number of approaches=withdrawals (subject must move more than

0.2 m forward the closed wall and then return to it) were measured.

(V) Forced contact test. The experimenter brought the rat in contact with

the subject along 1 min. For each contact, bites, vocalizations, attacks and

jump escapes were recorded. (VI) Post-test period. The doors and predator

were removed and the mouse was allowed to explore freely the runway

along a 3-min session. Line crossings, and contextual defense (wall rears,

wall climbs and jump escapes) were recorded.

Fos immunoreactivity

Ten TgNTRK3 and twelve wild-type littermates, randomly distributed in

yohimbine or caffeine-treated and vehicle-injected groups were used. They

were acclimated to handling one week before the experiment. Yohimbine

(Sigma, St. Louis, MO) and caffeine (Sigma-Aldrich, Germany) were

dissolved in saline solution (0.9%) and administered intraperitoneally at

5 and 50 mg=kg, respectively. The dose selected has already been shown

to induce anxiogenic-like effects in mice (Southwick et al., 1993). The

behavioral effects caused by the drugs (freezing, increased grooming,

restlessness, burrowing behavior, etc.) were not quantified in this study

during the 45-min survival time to prevent any possible confounding

effects in addition to the sole drug effects. One hour after injection of

drug or vehicle, animals were deeply anaesthetized with isoflurane. They

were then perfused with paraformaldehid 4% and brains were removed,

postfixed for 4 h, and cryoprotected overnight in 30% sucrose solution.

50-mm coronal frozen sections were obtained in a cryostat. Three serial

groups of free-floating sections were obtained and stored in 0.1 M phos-

phate buffer containing 5% sucrose and 0.02% sodium azide at 4 �C. For
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Fos immunohistochemical detection, sections were incubated for 2 h in 3%

normal goat serum and 0.3% Triton X-100 in 0.1 M phosphate buffer

(NGS-T-PB). Then, sections were incubated overnight in a rabbit poly-

clonal antibody anti-Fos (Ab-5; Calbiochem, La Jolla, CA) 1:100.000

diluted in NGS-T-PB. Sections were washed in 0.1 M PB and incubated

for 1 h in a goat anti-rabbit biotinylated antibody (Vector Laboratories,

Burlingame, CA) 1:500 in NGS-T-PB. Sections were washed again in

0.1 M phosphate buffer and incubated for 2 h in avidin-biotin peroxidase

complex (ABC Elite; Vectastain, Vector Laboratories). After washes in Tris

buffer (0.15 M, pH 7.6), sections were incubated for 2 min in a solution

containing 0.05% of 3,30-diaminobenzidine (DAB; Sigma, St. Louis, MO)

and 0.2% ammonium nickel sulfate in 0.15 M Tris buffer. Increasing doses

of hydrogen peroxide were added every 5 min. Finally, the reaction was

stopped by washes in 0.1 M phosphate buffer.

For quantitative analysis of Fos positive cell density, coronal sections

through the cingulate cortex (Bregma 1.34 to �0.82 mm), hypothala-

mus (Bregma �0.58 to �1.22 mm) and thalamus (Bregma �0.22 to

�2.30 mm), basolateral amygdala (BLA) (Bregma �0.58 to �3.16 mm),

central amygdala (CeA) (Bregma �0.58 to �2.06 mm), and LC (Bregma

�5.34 to �5.80 mm) were analyzed (Singewald and Sharp, 2000), in the

specific locations shown in Fig. 1. Estimation of the volume (Vref) of

these regions was performed with the Cavalieri method, and the optical

dissector method was used to estimate neuronal density (Nv). 10 dissector

probes of 1739.926mm2 (Sdis) with a thickness (Hdis) of 10mm [V

(dis)¼Sdis�Hdis¼ 17399.260mm3; guard zone¼ 3mm to the surface

of section] were analyzed per section, using a 40� objective to count

neuronal nuclei in sampling probes. Estimation of total number of neurons

was obtained according to the formula: N (neu)¼Nv�V (ref), and the

coefficient of error, CE¼SEM=mean was calculated to evaluate the pre-

cision of the estimates. Sampling was optimized to produce a coefficient of

error (CE) under the observed biological variability (West and Gundersen,

1990). CE, the estimated intra-animal coefficient of error, was calculated

according to Gundersen and Jensen (1987). To estimate the volumetric

shrinkage factor (SV), the thickness before and after processing was

analyzed using the computer-driven z-axis of the microscope. This analy-

sis revealed an average thickness shrinkage factor of about 0.86 that was

similar in wild type and TgNTRK3 mice.

�2A-AR and �2B-AR expression

Three TgNTRK3 and three control littermates were sacrificed and brains

were rapidly removed and brainstem area was then dissected on ice.

Samples were homogenized in lysis buffer (10 mM HEPES, 150 mM

NaCl, 1 mM EDTA, 0.1 mM MgCl2, PBS 0.2% Triton and protease inhib-

itor (Roche, Mannheim, Germany). After clearance of the lysates by

centrifugation (14,000� g, 20 min at 4 �C), protein quantification was

performed following the BCA Protein Assay Reagent (Pierce, Rockford,

IL, USA) protocol. For each sample, 80mg (for a2A-AR and a2B-AR) of

protein was electrophoresed on a denaturing 10% polyacrylamide gel and

transferred to a Hybond-P membrane (Amersham Bioscience, Germany).

A polyclonal anti-a2A-AR and anti-a2B-AR antibody (1:100; Santa Cruz

Biotechnology, California) were used with a secondary peroxidase-con-

jugated anti-mouse and anti-goat IgG respectively (1:2000; DAKO, UK).

Protein detection was done following the ECL system protocol (Pierce,

Rockford, IL). The quantification of the obtained bands was done by

densitometric analysis (Quantity One Image software). b-actin (1:2000;

Sigma, St. Louis, MO) controls were used and relative levels of protein

were analyzed.

Data analysis

Parametric data are reported as mean � standard error of mean (SEM) and

nonparametric data are reported as median � semi-inter-quartile range

(S.I.R.). When no significant differences were detected between transgenic

mice of the two lines used, the obtained results were combined. Statistical

analysis was performed by two-way ANOVA (genotype and treatment or

genotype and gender as between group factors), followed by one-way

ANOVA when significant (P<0.05) interaction between factors was

found. For the analysis of the western blot, Student’s t-test analysis was

employed. Posthoc comparisons were performed with independent t-tests

for between group comparisons when appropriate. Nonparametric tests

were used for data that did not show homoscedasticity or did not fit the

parametric assumptions. For the paired analysis of pre- vs. post-exposure

data in the mouse defense test battery, the Wilcoxon matched pair test was

used. The statistical analysis was performed using the SPSS 12.0 software.

Fig. 1. Schematic diagrams, took from the atlas of Paxinos and Watson (2001) showing the areas in which Fos expression was quantified. The squares

indicate the placement of optical dissectors for counting Fos positive cells. Bregma �0.10: Cg1, cingulated cortex1; Cg2, cingulate cortex2; Bregma

�0.94: BlA, basolateral amygdaloid nucleus; CeA, central amygdaloid nucleus; PV, paraventricular thalamic nucleus; PA, paraventricular hypotha-

lamic nucleus; Bregma �5.52: LC, locus ceruleus
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Results

Increased sensitivity to sodium lactate in TgNTRK3 mice

In the pre-test familiarization period of the mouse defense

test battery (MDTB), the number of zone crossings were

not affected by genotype or treatment (F(1,26)¼ 0.126;

P¼ 0.726); Two-way ANOVA), thus indicating a simi-

lar reaction to the apparatus. After confrontation and

removal of the rat (post-test), significant differences

between groups and treatment were observed in the run-

way activities that evaluate contextual defense behav-

iors. Transgenic mice traveled significantly less distance

(F(1,26)¼ 4.479; P<0.05), in comparison to control

mice, these differences between genotypes being in-

creased under lactate treatment (F(1,26)¼ 8.476; P<0.05;

Fig. 2A). This paradoxical reduction in activity was due

to a very marked increase in duration of immobiliza-

tion in transgenic vs. wild type mice (F(1,26)¼ 14.297;

P<0.001; Fig. 2D). Consistently, comparison of pre- vs.

post-exposure data for each group (two-tailed Wilcoxon

matched pair test) revealed a significant increase in zone

crossings in the post-test with respect to the pre-test in

control mice, with (P<0.01) and without (P<0.05) treat-

ment. In the predator avoidance test, overexpression of

TrkC gave rise to a significant increase in flight response

in transgenic mice with (F(1,26)¼ 7.706; P¼ 0.01) and

also without treatment (F(1,26)¼ 56.738; P<0.001).

Moreover, the number of flight responses, a parameter

sensitive to panicogenic agents, was dramatically in-

creased in TgNTRK3 mice with lactate (F(1,26)¼
20.914; P<0.001; Fig. 2B). No differences were observed

in the number of orientations, reversals and number of

stops in the chase=flight test or in the number of ap-

proaches in the straight alley test in TgNTRK3 mice.

Finally, in the forced contact test one-way ANOVA

revealed an increase in number of upright postures but

not in vocalizations and bites in wild-type treated mice

(F(1,26)¼ 18.056; P<0.001; Fig. 2C).

Yohimbine and caffeine induced a differential

Fos expression pattern in TgNTRK3 mice

We investigated the consequences of the administration of

yohimbine and caffeine on Fos expression in TgNTRK3

mice and wild-type littermates. Mice habituated to the test

environment and injected with saline vehicle displayed

little or no Fos immunoreactivity in most of the brain

areas investigated (see below). Immunohistochemical

analysis of Fos expression, analyzed 45 min after admin-

istration of yohimbine (5 mg=kg) or caffeine (50 mg=kg),

showed a strong up-regulation of Fos immunoreactive

cells in numerous brain areas implicated in anxiety- and

Fig. 2. Mouse defense test battery in TgNTRK3 mice. a Differences in pre-test (white bars) vs. post-test (grey bars) between genotypes and treatment

in zone crossings; b predator avoidance test. Flight response in wild type (white bars) and TgNTRK3 littermates (black bars) after administration of

sodium lactate; c forced contact test. Reduced up-right behavior (boxing) in TgNTRK3 after administration of sodium lactate; d increase in

immobilization time in TgNTRK3 mice (black bars) with respect to wild types (white bars) after confrontation with the rat before and after

administration of sodium lactate. Data are expressed as mean � SEM. �P<0.05; ��P<0.01; ���P<0.001
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fear-related circuits such as thalamus, hypothalamus,

cingulate cortex, BLA and CeA nuclei of the amygdala,

and LC in wild-type and transgenic mice (Fig. 3). Two-

way ANOVA on the cell count data revealed a significant

interaction between genotype and treatment after yohim-

bine administration in the cingulate cortex (F(1,103)¼
13.614; P<0.001), hypothalamus (F(1,69)¼ 6.352;

P<0.05), and CeA (F(1,36)¼ 20.987; P<0.001) but

not in BLA, thalamus, or LC. A significant genotype

per treatment interaction was also observed after caffeine

injection in cingulate cortex (F(1,108)¼ 7.723; P<0.01),

BLA (F(1,33)¼ 11.914; P<0.01), and LC (F(1,29)¼
5.009; P<0.05) but not in the hypothalamus, the thala-

mus, or the CeA.

Cingulate cortex

Very low levels of Fos expression were observed in the

cingulate cortex after saline treatment being significantly

lower in TgNTRK3 mice (Fig. 3). One-way ANOVA

revealed a marked increase in Fos positive cells in

TgNTRK3 vs. wild type mice in cingulate cortex after

yohimbine administration (F(1,50)¼ 12.034; P<0.001)

and (F(1,55)¼ 5.214; P<0.05) being the increments sig-

nificantly greater in TgNTRK3 mice (yohimbine 39.05%

in wild type vs. 196.60% in TgNTRK3; t¼ 3.69,

P<0.001; caffeine 43.71% in wild type vs. 172.35% in

TgNTRK3; t¼ 2.77, P<0.01). Compared to saline trea-

ted animals, the increase in Fos positive cells was signifi-

cant in yohimbine in wild type mice (F(1,52)¼ 4.774;

P<0.05) but was more marked in TgNTRK3 mice

(F(1,49)¼ 45.663; P<0.001). Similar differences were

observed after caffeine administration, where a significant

effect was also attained both in wild type (F(1,59)¼
4.221; P<0.05) and more marked in TgNTRK3 mice

(F(1,47)¼ 37.856; P<0.001).

Hypothalamus

In the hypothalamus one-way ANOVA revealed a

significantly higher number of Fos positive cells in

TgNTRK3 vs. wild type mice after saline administration

Fig. 3. Fos immunoreactive cells in various brain regions of TgNTRK3 and control mice after vehicle, yohimbine (5 mg=kg) or caffeine (50 mg=kg)

administration in TgNTRK3 and wild-type littermates. a Fos positive nuclei density in cingulate cortex (CX), basolateral (BLA) and central (CeA)

nuclei of the amygdala in TgNTRK3 vs. wild type mice after saline, yohimbine or caffeine treatment. b Fos positive nuclei density in locus ceruleus

(LC), thalamus and hypothalamus in TgNTRK3 vs. wild type mice after saline, yohimbine or caffeine administration. Tables below show an outline of

the increase or decrease of Fos expression after each treatment. Data are expressed as density of Fos immunopositive nuclei (mean � SEM).
�P<0.05; ��P<0.01; ���P<0.001 and yP<0.05 for genotype differences; yyP<0.01; yyyP<0.001 for treatment differences
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(F(1,22)¼ 4.992; P<0.05). Yohimbine treatment signif-

icantly increased Fos positive cells in both genotypes

(wild type: F(1,35)¼ 16.041; P<0.001; TgNTRK3:

F(1,32)¼ 13.728; P<0.01) compared to saline treated

animals, which was significantly less important in trans-

genic mice (F(1,45)¼ 8.755; P<0.01). Consequently, the

percentage of increase in Fos expression after yohimbine

administration was significantly lower in TgNTRK3 mice

(476.75% in wild type vs. 101.21% in TgNTRK3; t¼
�2.52, P<0.05). Caffeine administration also induced

an increase in Fos positive cells (wild type: F(1,24)¼
39.381; P<0.001; TgNTRK3: F(1,32)¼ 17.662; P<

0.001), with no differences between genotypes.

Thalamus

In the thalamus no genotype effect was detected after

either treatment. One-way ANOVA revealed a significant

increase in Fos positive cells after yohimbine adminis-

tration in wild type mice (F(1,52)¼ 12.014; P<0.001),

and in transgenic mice (F(1,46)¼ 16.651; P<0.001) as

compared to saline. After caffeine administration, a sig-

nificant effect was also attained in thalamus in wild type

(F(1,44)¼ 9.885; P<0.01) but not in transgenic mice.

Amygdala

No genotype effect was detected after yohimbine treat-

ment in BLA. However, caffeine administration produced

an increase in Fos positive cells in TgNTRK3 mice

(F(1,13)¼ 9.241; P<0.01) that was significantly higher

than in wild type (79.39% in wild type vs. 362.91% in

TgNTRK3; t¼ 3.45, P<0.01). In the CeA no genotype

effect was detected after treatment with saline or caffeine,

but yohimbine induced a significantly lower increase in

Fos positive cells in transgenic mice as compared to wild

type (F(1,18)¼ 55.366; P<0.001). The percentages of

increase were 298.46% in wild type vs. 107.66% in trans-

genic mice (t¼�4.58, P<0.001). When compared to

saline administration an increase in Fos positive cells

after yohimbine administration was detected in wild type

mice in BLA (F(1,17)¼ 10.386; P<0.01) and CeA

(F(1,18)¼ 55.366; P<0.001). This increased Fos expres-

sion was also attained in transgenic mice in the BLA

(F(1,16)¼ 11.191; P<0.01) and CeA (F(1,16)¼ 6.127;

P<0.05). After caffeine administration, no significant

effects were attained in wild type mice neither in BLA

nor in CeA. Contrarily, Fos positive cells were sig-

nificantly increased in the BLA (F(1,14)¼ 135.964;

P<0.001), but not in CeA of transgenic mice.

Locus ceruleus

In the LC, whereas no significant increase in Fos positive

cells was detected in wild type mice after yohimbine

treatment, one way ANOVA revealed a significant in-

crease in Fos expression after yohimbine treatment in

transgenic mice (F(1,19)¼ 8.034; P<0.05), but the geno-

type dependent differences in the percentage of increase,

did not reach statistic significance (24.82% in wild type

vs. 72.70% in TgNTRK3). Caffeine administration did not

increase the number of Fos positive cells in wild type, but

a significant increase was observed in TgNTRK3 mice

(F(1,15)¼ 25.237; P<0.001) with respect to saline trea-

ted animals. The percentage of increase of Fos expression

was significantly higher in TgNTRK3 mice (10.21 vs.

119.04%; t¼ 2.23, P<0.05).

�2A-AR and �2B-AR expression is increased

in TgNTRK3 mice

Western blot analysis of the brainstem region revealed a

significant increase in a2A-AR (F(1,5)¼ 7.439; P¼ 0.05)

Fig. 4. Western blot analysis of a2A-AR and a2B-AR in TgNTRK3

(filled bars) and wild-type littermates (open bars). b-actin was used as

loading control. Relative NTRK3 immunoreactivity was determined

densitometrically and quantification is represented as percentage of in-

crease with respect to basal values; �P<0.05, Student’s t-test
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and a2B-AR (F(1,5)¼ 13.622; P<0.05) levels in trans-

genic NTRK3 mice vs. control mice (Fig. 4).

Discussion

Panic patients show increased sensitivity to panicogenic=

anxiogenic drugs probably due to dysregulation of the fear

system. We have evaluated the behavioral and neural pat-

tern of response to drugs that evoke anxiety or panic in

mice overexpressing TrkC. In our experiments, TgNTRK3

mice showed increased lactate sensitivity in specific

panic-like reactions (flight response) in the MDTB. More-

over, exposure to the panicogenic agents, yohimbine, or

caffeine increased Fos levels in the brain in a number of

limbic and autonomic regulatory centers that have been

implicated in the pathophysiology of panic disorder and

lactate sensitivity (Gorman et al., 2000; Shekhar et al.,

2003). The differential pattern of Fos activation in the

brain of transgenic mice may be seen as a fingerprint of

panic-like phenotype.

In the present study, the baseline levels of defensive

behaviors of control animals in the MDTB were qualita-

tively similar to those reported previously (Griebel et al.,

1995a, b; 1996; Dierssen et al., 2006). Prior to confron-

tation with the rat, spontaneous locomotor activity in the

apparatus was not affected by genotype or treatment.

After removal of the rat (post-test), the contextual defense

behaviors were expressed in transgenic mice as increased

immobilization that was more marked under lactate treat-

ment and was also observed in lactate-treated control

mice. This paradoxical reduction in activity was due to

a very important increase in duration of immobilization in

transgenic mice an effect that was induced by lactate

treatment in control mice. Moreover, lactate treatment

significantly increased the immobility in transgenic mice.

Since inhibition of motor responses during fear=arousal

(freezing) appears to be mediated via the periaqueductal

gray and medial hypothalamus (Bandler and Shipley,

1994), this pathway might be altered in TgNTRK3 mice.

In the predator avoidance test, TgNTRK3 mice showed

significantly higher flight responses (number of avoid-

ances and flight speed) that were dramatically increased

after sodium lactate. This escape behavior and is consid-

ered a measure of panic reaction in rodents, highly sen-

sitive to panicogenic and panicolytic agents was also

observed in wild type mice after sodium lactate treatment

(Blanchard et al., 1997, 2001; Dierssen et al., 2006).

Defensive threat and attack reactions, such as vocaliza-

tions, bites, upright postures, and jump attacks, that have

been found to be sensitive to anxiolytic drugs (Blanchard

et al., 1997), were not modified by treatment in TgNTRK3

but wild type mice showed an increase in number of

upright postures after sodium lactate treatment. Finally,

in our previous study we observed reduced risk assess-

ment behaviors in the chase-flight test and a lower number

of approaches in the straight alley test in TgNTRK3 mice,

that could not be reproduced in the present experiments.

However, it is known that both cognitive and affective

oriented behaviors are less sensitive to panicogenic agents

(Blanchard et al., 1997, 2001).

In the second series of experiments, we used Fos

immunohistochemistry to study the response to anxio-

genic drugs (yohimbine and caffeine) that are clinically

effective to increase panic reaction. These two pharmaco-

logical agents increase the availability of noradrenergic in

the synaptic cleft (Reith et al., 1987), and several lines of

evidence suggest that the specific pattern of Fos expres-

sion evoked is associated with the state of anxiety that

they produce (Singewald et al., 2003). In our study, strong

up-regulation of Fos immunoreactive cells was detected

in brain areas anatomically connected and implicated in

anxiety- and panic-related circuitries, such as the thala-

mus, hypothalamus, amygdala and cingulate cortex in

yohimbine and caffeine treated vs. saline-injected wild

type and transgenic mice The pattern of activation was

similar to that previously described (Singewald et al.,

1999, 2003), although we observed discrepancies in some

brain regions in wild type mice. Moreover, overexpression

of TrkC influenced both the intensity and distribution of

Fos expression. In particular, the increase of Fos immu-

noreactivity was higher in the cingulate cortex and LC

of TgNTRK3 mice, whereas the transgenic amygdala

showed a less important response than wild types.

In the cingulate cortex both caffeine and yohimbine

increased Fos expression, this activation being signifi-

cantly higher in transgenic mice (yohimbine: 39.05% in

wild type vs. 196.6% in TgNTRK3 and caffeine: 43.7% in

wild type vs. 172.3% in transgenic mice). However, lower

basal activity of cingulate cortex was detected in saline

treated transgenic mice. The cingulate cortex influences

the induction of anxiety and fear-related behavior and

may play a role in modulating autonomic reactions during

stress and anxiety (Espejo, 1997; Morgan and LeDoux,

1995). Previous studies showed increased Fos expres-

sion after administration of yohimbine, caffeine and

other anxiogenic drugs in prefrontal areas of the cortex

(Singewald et al., 2003) that are also activated in animals

exposed to the elevated plus maze (Duncan et al., 1996)

or conditioned fear paradigms (Beck and Fibiger, 1995;

Campeau et al., 1997). Interestingly, lack of appropriate
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governance by frontal cortical regions has been hypothe-

sized to be central in the pathophysiology of panic dis-

order. Lesions of the medial prefrontal cortex enhance

anxiety-like behavior in rodents (Jinks and McGregor,

1997) and potentiate the anxiogenic effect of FG-7142

in rats (Jaskiw and Weinberger, 1990). Reduced basal

activity of the prefrontal cortex predicts panic vulnerabil-

ity to respiratory challenge across subjects, suggesting

that input from this cortical region may be important in

suppressing fear responding (Kent et al., 2005). Thus, the

lower activity of the cingulate cortex in saline treated

TgNTRK3 and the higher levels Fos expression induced

by anxiogenic drugs could reflect a malfunctioning of

the cortical areas controlling the fear system leading to

reduced cortical control.

In our experiments yohimbine but not caffeine elicited

a significant response in the amygdaloid complex of wild

type mice. This result does not reproduce previous find-

ings showing that both caffeine and yohimbine increased

Fos expression in the amygdala (Singewald et al., 2003).

Methodological differences may account for these dis-

crepancies, since we sacrificed the animals 45-min after

injection, whereas in previous studies at least two hours

were allowed, thus suggesting that the activation pattern

may reflect different stages in the panicogenic response.

Interestingly, in transgenic mice both yohimbine and caf-

feine elicited a significantly lower response than in wild

types in CeA but a significantly higher response to caf-

feine but not to yohimbine in the BLA. Activation of the

amygdala, a structure proposed to be a central point of

dissemination of fear information, results in behavioral

and physiological responses associated with anxiety and

panic-like behavior, whereas lesions reduce such effects

(Davis, 1992; Killcross et al., 1997; Sajdyk and Shekhar,

2000). However, the specific role of the CeA is controver-

sial and some inconsistencies appear when evaluating in

emotional responses evoked by psychogenic stressors

such as immobilization (Dayas and Day, 2002; Ma and

Morilak, 2004), with previous reports describing little or

no induction of Fos expression in CeA by acute restraint

stress (Arnold et al., 1992; Chen and Herbert, 1995).

Moreover, it has been reported that the dynamic pattern

of regional cerebral blood after a panicogenic challenge

includes activations and deactivations in the amygdala

and other forebrain regions (Boshuisen et al., 2002).

During anticipatory anxiety, PD patients show hypoacti-

vity in several brain areas including the amygdala, com-

pared to control subjects. Kent et al. (2005) were unable

to demonstrate a relationship between panic anxiety and

central amygdala activation in patients.

In the hypothalamus, which coordinates neuroendo-

crine, autonomic, and behavioral responses for a variety

of homeostatic mechanisms (Bernardis and Bellinger,

1998; DiMicco et al., 2002; Chou et al., 2003), each of

the anxiogenic drugs examined in our study exerted a

particularly pronounced effect on Fos expression in this

brain region. As observed in the amygdala, TgNTRK3

mice showed a different activation pattern upon admin-

istration of the drugs, with significantly less activation

upon yohimbine administration. Systemic administration

of yohimbine induces release of noradrenaline in tar-

get regions such as hypothalamus and hippocampus

(Tjurmina et al., 1999), and elicits behaviors consis-

tent with anxiety and fear (Handley and Mithani, 1984;

Johnston and File, 1989). Stimulation of the lateral

hypothalamus seems to be important for cardiovascular

expressions of fear and anxiety (Charney et al., 1987;

Fendt and Fanselow, 1999). Moreover, activation of the

hypothalamus by blockade of GABA-A neurotransmis-

sion in rats elicits panic-like responses such as increases

in heart rate, respiratory rate, mean arterial blood pres-

sure, and experimental anxiety (DiMicco et al., 1986;

DiMicco and Abshire, 1987; Shekhar, 1993). A signifi-

cantly higher number of Fos positive cells after saline

administration was detected in TgNTRK3 vs. wild type

mice, that may reflect a reduced control over this region.

Finally, in the LC no significant increase in Fos

positive cells was detected in wild type mice after either

treatment but instead, an increase in Fos in the LC was

induced by all the anxiogenic drugs tested in TgNTRK3

mice. LC is a site of integration between the limbic fore-

brain and somatosensory, cardiovascular and visceral in-

formation and extensive preclinical and clinical evidence

indicates a key role for the LC in panic and anxiety

mechanisms (for reviews, see Linthorst, 2005) probably

facilitating panic reaction (Coplan and Lydiard, 1998).

Enhanced Fos expression in the LC has been observed

in animals subjected to various aversive paradigms,

including the elevated plus maze (Silveira et al., 1993)

and conditioned fear (Beck and Fibiger, 1995; Campeau

et al., 1997) and there is evidence that stimulation of the

LC elicits fear and panic-like behavior in rats (Butler et al.,

1990; Priolo et al., 1991; Funk et al., 2006) and monkeys

(Redmon et al., 1976). Electrophysiological evidence

suggests that sprouting of LC axons may also occur after

chronic stress (Sakaguchi and Nakamura, 1990). Neuro-

trophic factors are logical candidates for the modulation

of LC plasticity as they not only affect neuronal develop-

ment and survival but also influence phenotypic ex-

pression of transmitters and neuropeptides and neurite
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outgrowth. In this regard, our previous work demonstrated

that overexpression of TrkC in transgenic mice led to

increased numbers of TH and of TH=TrkC positive-cells

in LC. Although in the present experiments we did not

investigate the neurochemical identity of the neurons

expressing Fos in the LC, it is very likely that most if

not all of the neurons are noradrenergic. This assumption

is supported by previous studies reporting an increased

Fos immunolabeling in noradrenergic neurons in the ven-

trolateral medulla, nucleus of the solitary tract, and LC

after yohimbine identified by retrograde neural tracing.

As explained above, one interesting result in our study

is the differential pattern of response to yohimbine and

caffeine that was observed in the amygdala and hy-

pothalamus, yohimbine eliciting a lower response in

TgNTRK3. The mechanisms of action of these two drugs

may account for these differences. Yohimbine is a com-

petitive a2-AR antagonist (Tsujino et al., 1992) that may

also interact with a1-AR, serotonin and dopamine re-

ceptors and inhibit monoamine oxidase (Dukes, 1988;

Bhattacharya et al., 1991). On the other hand, caffeine is

a methylxanthine with adenosine receptor blockade prop-

erties (Hadfield and Milio, 1989). Presynaptic a2-AR in

mammals present two predominant somatodendritic a2-

autoreceptors, a2A=D-autoreceptors and a minor popula-

tion of either a2B- or a2C-autoreceptors (for review see

Starke, 2001). Western blot analysis of the brainstem of

TgNTRK3 mice revealed a significant increase in the

a2A-AR and a2B-AR subtypes. a2-AR exist both pre-

and postsynaptically, at which sites they have very differ-

ent functions. In TgNTRK3, the increased TH-positive

cellularity in catecholaminergic nuclei could account for

these increased a2A and a2B-AR population. However,

studies with antagonists in the LC have shown that soma-

dendritic a2-AR mediate hyperpolarization and a de-

crease of firing of noradrenergic neurons (N€oorenberg

et al., 1997; Mateo and Meana, 1999) and electrophy-

siological studies in LC of TgNTRK3 mice showed

increased firing rates in this nucleus (J. Pineda, unpub-

lished). It is difficult to predict the final effects of the

chronic elevation of a2-AR population. A number of stu-

dies have shown that adaptive changes of a2-AR or

a1-AR in the presence of chronically administered agents

may either interfere with or enhance noradrenergic neuro-

transmission. It could thus be argued that, in our model,

the increased a2-AR population reflects a compensatory

mechanisms trying to restores the chronically increased

noradrenergic transmission.

In fact, consequences on other neurotransmitter sys-

tems could also appear. The a2-heteroreceptors also occur

on cerebral serotoninergic terminal axons where they in-

hibit the release of serotonin (Trendelenburg et al., 1994).

In our model extracellular serotonin levels showed no

differences in basal conditions but reduced serotonin

release upon lactate administration in TgNTRK3 mice

(R. Trullás and A. Zapata, unpublished observations), that

may reflect the increase in release-inhibiting a2-adreno-

ceptors. In our experiments, TgNTRK3 mice showed

increased freezing response in the MDTB that may be

dependent on an aberrant serotonergic=noradrenergic sys-

tem response (Marchesi et al., 2006; Linthorst, 2005).

Neuroanatomical studies have established that the LC

has connections with limbic forebrain regions such as the

amygdala, lateral hypothalamus and prefrontal cortex. It

has been described that neurons activated by yohimbine

included medullary and pontine neurons that project to the

central nucleus of the amygdala and to the lateral bed

nucleus of the stria terminalis (Myers et al., 2005). Thus,

the reduced activation attained by yohimbine in the amyg-

dala and hypothalamus may reflect the chronic alteration

of a2-adrenoceptors in TgNTRK3 mice. In fact, response

to yohimbine was higher in the cingulate cortex, but lower

in the hypothalamus and the amygdala, thus suggesting

that the elevation of extracellular noradrenergic levels

induced by acute administration of the a2-receptor an-

tagonist yohimbine has specific effects on amygdala and

hypothalamus in conditions where increased a2-adreno-

ceptors exist.

An aberrant cross-talk between LC and forebrain

regions may thus be of crucial importance in the altered

responses to yohimbine observed in our study. The in-

creased numbers of TrkC neurons within the peri-LC den-

dritic field in TgNTRK3 mice (Dierssen et al., 2006),

raises the possibility that the integration of afferent inputs

that regulate activity in the LC-noradrenergic system

(Jones, 1991) is altered in TgNTRK3 mice and potentially

in panic disorder. Afferents to the amygdala that modulate

its activity during anxiogenic situations may influence the

expression of anxiety-like behavior.

In summary, we report that overexpression of TrkC

increases the sensitivity to prototype anxiogenic=panico-

genic drugs with very diverse pharmacological properties.

Since anxiogenesis is a common property of the drugs

tested, the differential drug-evoked increase in Fos ex-

pression is the result of the acute state of anxiety induced

by the drugs and reflects functional differences of anxiety-

associated circuits in transgenic mice. The ascending nor-

adrenergic neurotransmitter system, that is dysregulated

in TgNTRK3 mice, is activated during panic redaction

and provides a dense innervation to the amygdala, hy-
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pothalamus and prefrontal cortex (Moore and Bloom,

1979; Groenewegen and Uylings, 2000). Therefore, our

data support the theory of an alteration in the integrated

forebrain and hindbrain neuronal system that is important

for anxiety states evoked by drugs and environmental

manipulations.

We conclude that the perturbation in brain noradren-

ergic homeostasis of TgNTRK3 mice is drastically en-

hanced when the mice are challenged with anxiogenic

drugs. The supersensitivity of these mice to the behavioral

and neurochemical effects of sodium lactate and the dif-

ferential pattern of Fos obtained upon administration of

panicogenic drugs indicates a crucial involvement of the

NT-3=TrkC system in the modulation of the fear system

with consequences in panic disorder.

Acknowledgements

This work was funded by the Spanish Ministry of Education and Sciences

SAF2001-1231, SAF-2004-02808 and GEN2003-20651-C06-03. DURSI-

SGR0500008, CIBER-CB06=07=0089. P.M. is a scientific researcher

supported by the Juan de la Cierva program of Ministerio de Ciencia y

Tecnologı́a.

References

Arnold FJ, De Lucas Bueno M, Shiers H, Hancock DC, Evan GI, Herbert J

(1992) Expression of c-fos in regions of the basal limbic forebrain

following intracerebroventricular corticotropin-releasing factor in

unstressed or stressed male rats. Neuroscience 51: 377–390

Bandler R, Shipley MT (1994) Columnar organization in the mid-

brain periaqueductal gray: modules for emotional expression? Trends

Neurosci 17: 379–389

Beck CH, Fibiger HC (1995) Conditioned fear-induced changes in

behavior and in the expression of the immediate early gene c-fos: with

and without diazepam pretreatment. J Neurosci 15: 709–720

Bernard JF, Bandler R (1998) Parallel circuits for emotional coping

behavior: new pieces in the puzzle. J Comp Neurol 401: 429–436

Bernardis LL, Bellinger LL (1998) The dorsomedial hypothalamic

nucleus revisited: 1998 update. Proc Soc Exp Biol Med 218: 284–306

Bhattacharya SK, Clow A, Przuborowska A, Halket J, Glover V, Sandler M

(1991) Effect of aromatic amino acids, pentylenetetrazole and yohim-

bine on isatin and tribulin activity in rat brain. Neurosci Lett 132: 44–46

Blanchard DC, Griebel G, Blanchard RJ (2001) Mouse defensive behav-

iors: pharmacological and behavioral assays for anxiety and panic.

Neurosci Biobehav Rev 25: 205–218

Blanchard RJ, Griebel G, Henrie JA, Blanchard DC (1997) Differentiation

of anxiolytic and panicolytic drugs by effects on rat and mouse defense

test batteries. Neurosci Biobehav Rev 21: 783–789

Boshuisen ML, Ter Horst GJ, Paans AM, Reinders AA, den Boer JA

(2002) rCBF differences between panic disorder patients and con-

trol subjects during anticipatory anxiety and rest. Biol Psychiatry 52:

126–135

Bourin M, Baker GB, Bradwejn J (1998) Neurobiology of panic disorder.

J Psychosom Res 44: 163–180

Butler PD, Weiss JM, Stout JC, Nemeroff CB (1990) Corticotropin-

releasing factor produces fear-enhancing and behavioral activating ef-

fects following infusion into the locus ceruleus. J Neurosci 10: 176–183

Campeau S, Falls WA, Cullinan WE, Helmreich DL, Davis M, Watson SJ

(1997) Elicitation and reduction of fear: behavioral and neuroendocrine

indices and brain induction of the immediate-early gene c-fos. Neu-

roscience 78: 1087–1104

Castren E (2004) Neurotrophic effects of antidepressant drugs. Curr Opin

Pharmacol 4: 58–64

Castren E (2005) Is mood chemistry? Nat Rev Neurosci 6: 241–246

Charney DS, Woods SW, Goodman WK, Heninger GR (1987) Serotonin

function in anxiety. II. Effects of the serotonin agonist MCPP in panic

disorder patients and healthy subjects. Psychopharmacology (Berl) 92:

14–24

Chen X, Herbert J (1995) Regional changes in c-fos expression in the

basal forebrain and brainstem during adaptation to repeated stress:

correlations with cardiovascular, hypothermic and endocrine responses.

Neuroscience 64: 675–685

Chen Z-Y, Jing D, Bath KG, Ieraci A, Khan T, Siao C-J, Herrera DG,

Toth M, Yang Ch, McEwen BS, Hempstead BL, Lee FS (2006) Genetic

variant BDNF (Val66Met) polymorphism alters anxiety-related behav-

ior. Science 314: 140–143

Chou TC, Scammell TE, Gooley JJ, Gaus SE, Saper CB, Lu J (2003)

Critical role of dorsomedial hypothalamic nucleus in a wide range of

behavioral circadian rhythms. J Neurosci 23: 10691–10702

Coplan JD, Rosenblum LA, Friedman S, Bassoff TB, Gorman JM (1992)

Behavioral effects of oral yohimbine in differentially reared nonhuman

primates. Neuropsychopharmacology 6: 31–37

Coplan JD, Lydiard RB (1998) Brain circuits in panic disorder. Biol

Psychiatry 44: 1264–1276

Coplan JD, Tamir H, Calaprice D, DeJesus M, de la Nuez M, Pine D,

Papp LA, Klein DF, Gorman JM (1999) Plasma anti-serotonin and

serotonin anti-idiotypic antibodies are elevated in panic disorder.

Neuropsychopharmacology 20: 386–391

Davis M (1992) The role of the amygdala in fear and anxiety. Annu Rev

Neurosci 15: 353–375

Dayas CV, Day TA (2002) Opposing roles for medial and central

amygdala in the initiation of noradrenergic cell responses to a psycho-

logical stressor. Eur J Neurosci 15: 1712–1718

Dierssen M, Gratacos M, Sahun I, Martin M, Gallego X, Amador-

Arjona A, Martinez de Lagran M, Murtra P, Marti E, Pujana MA,

Ferrer I, Dalfo E, Martinez-Cue C, Florez J, Torres-Peraza JF,

Alberch J, Maldonado R, Fillat C, Estivill X (2006) Transgenic mice

overexpressing the full-length neurotrophin receptor TrkC exhibit

increased catecholaminergic neuron density in specific brain areas

and increased anxiety-like behavior and panic reaction. Neurobiol Dis

24: 403–418

DiMicco JA, Abshire VM (1987) Evidence for GABAergic inhibition of

a hypothalamic sympathoexcitatory mechanism in anesthetized rats.

Brain Res 402: 1–10

DiMicco JA, Abshire VM, Hankins KD, Sample RH, Wible JH Jr

(1986) Microinjection of GABA antagonists into posterior hypothal-

amus elevates heart rate in anesthetized rats. Neuropharmacology 25:

1063–1066

DiMicco JA, Samuels BC, Zaretskaia MV, Zaretsky DV (2002) The

dorsomedial hypothalamus and the response to stress: part renaissance,

part revolution. Pharmacol Biochem Behav 71: 469–480

Dorow R, Horowski R, Paschelke G, Amin M (1983) Severe anxiety

induced by FG 7142, a beta-carboline ligand for benzodiazepine re-

ceptors. Lancet 2: 98–99

Dukes MNG ed. (1988) Meyler’s side effect of drugs. Elsevier,

Amsterdam, pp 1024–1028

Duncan GE, Knapp DJ, Breese GR (1996) Neuroanatomical character-

ization of Fos induction in rat behavioral models of anxiety. Brain Res

713: 79–91

Espejo EF (1997) Selective dopamine depletion within the medial pre-

frontal cortex induces anxiogenic-like effects in rats placed on the

elevated plus maze. Brain Res 762: 281–284

686 I. Sahún et al.



Fendt M, Fanselow MS (1999) The neuroanatomical and neurochemical

basis of conditioned fear. Neurosci Biobehav Rev 23: 743–760

Funk D, Amir S (1999) Conditioned fear attenuates light-induced sup-

pression of melatonin release in rats. Physiol Behav 67: 623–626

Gorman JM, Papp LA, Coplan JD, Martinez JM, Lennon S, Goetz RR,

Ross D, Klein DF (1994) Anxiogenic effects of CO2 and hyperventila-

tion in patients with panic disorder. Am J Psychiatry 151: 547–553

Gorman JM, Kent JM, Sullivan GM, Coplan JD (2000) Neuroanatomical

hypothesis of panic disorder, revised. Am J Psychiatry 157: 493–505

Govindarajan A, Rao BS, Nair D, Trinh M, Mawjee N, Tonegawa S,

Chattarji S (2006) Transgenic brain-derived neurotrophic factor expres-

sion causes both anxiogenic and antidepressant effects. Proc Natl Acad

Sci USA 103: 13208–13213

Griebel G, Blanchard DC, Jung A, Lee JC, Masuda CK, Blanchard RJ

(1995a) Further evidence that the mouse defense test battery is useful for

screening anxiolytic and panicolytic drugs: effects of acute and chronic

treatment with alprazolam. Neuropharmacology 34: 1625–1633

Griebel G, Blanchard DC, Jung A, Blanchard RJ (1995b) A model of

‘antipredator’ defense in Swiss-Webster mice: effects of benzodiaze-

pine receptor ligands with different intrinsic activities. Behav Pharma-

col 6: 732–745

Griebel G, Sanger DJ, Perrault G (1996) The mouse defense test battery:

evaluation of the effects of non-selective and BZ-1 (omega1) selective,

benzodiazepine receptor ligands. Behav Pharmacol 7: 560–572

Griebel G, Rodgers RJ, Perrault G, Sanger DJ (1999) Behavioral profiles

in the mouse defence test battery suggest anxiolytic potential of

5-HT(1A) receptor antagonists. Psychopharmacology (Berl) 144:

121–130

Groenewegen HJ, Uylings HB (2000) The prefrontal cortex and the

integration of sensory, limbic and autonomic information. Prog Brain

Res 126: 3–28

Gundersen HJ, Jensen EB (1987) The efficiency of systematic sampling in

stereology and its prediction. J Microsc 147: 229–263

Hadfield MG, Milio C (1989) Caffeine and regional brain monoamine

utilization in mice. Life Sci 45: 2637–2644

Handley SL, Mithani S (1984) Effects of alpha-adrenoceptor agonists and

antagonists in a maze-exploration model of ‘‘fear’’-motivated behav-

iour. Naunyn-Schmiedeberg’s Arch Pharmacol 327: 1–5

Hirschfeld RM (1996) Panic disorder: diagnosis, epidemiology, and

clinical course. J Clin Psychiatry 57 [Suppl 10]: 3–8

Jaskiw GE, Weinberger DR (1990) Ibotenic acid lesions of the medial

prefrontal cortex potentiate FG-7142-induced attenuation of explor-

atory activity in the rat. Pharmacol Biochem Behav 36: 695–697

Jinks AL, McGregor IS (1997) Modulation of anxiety-related behaviors

following lesions of the prelimbic or infralimbic cortex in the rat. Brain

Res 772: 181–190

Johnston A, File S (1989) Yohimbine’s anxiogenic action: evidence for

noradrenergic and dopaminergic sites. Pharmacol Biochem Behav 32:

151–156

Jones BE (1991) Noradrenergic locus ceruleus neurons: their distant

connections and their relationship to neighboring (including choliner-

gic and GABAergic) neurons of the central gray and reticular forma-

tion. Prog Brain Res 88: 15–30

Katon WJ, Roy-Byrne P, Russo J, Cowley D (2002) Cost-effectiveness

and cost offset of a collaborative care intervention for primary care

patients with panic disorder. Arch Gen Psychiatry 59: 1098–1104

Kent JM, Coplan JD, Mawlawi O, Martinez JM, Browne ST, Slifstein M,

Martinez D, Abi-Dargham A, Laruelle M, Gorman JM (2005)

Prediction of panic response to a respiratory stimulant by reduced

orbitofrontal cerebral blood flow in panic disorder. Am J Psychiatry

162: 1379–1381

Kessler RC, McGonagle KA, Zhao S, Nelson CB, Hughes M, Eshleman S,

Wittchen HU, Kendler KS (1994) Lifetime and 12-month prevalence of

DSM-III-R psychiatric disorders in the United States. Results from the

National Comorbidity Survey. Arch Gen Psychiatry 51: 8–19

Killcross S, Robbins TW, Everitt BJ (1997) Different types of fear-

conditioned behavior mediated by separate nuclei within amygdala.

Nature 388: 377–380

Liebowitz MR, Gorman J, Fyer A, Levitt M, Levy G, Dillon D, Appleby I,

Anderson S, Palij M, Davies SO et al. (1984) Biological accompani-

ments of lactate-induced panic. Psychopharmacol Bull 20: 43–44

Linthorst AC (2005) Interactions between corticotropin-releasing hor-

mone and serotonin: implications for the aetiology and treatment of

anxiety disorders. Handb Exp Pharmacol 169: 181–204

Longley SL, Watson D, Noyes R Jr, Yoder K (2006) Panic and phobic

anxiety: associations among neuroticism, physiological hyperarousal,

anxiety sensitivity, and three phobias. J Anxiety Disord 20: 718–739

Ma S, Morilak DA (2004) Induction of Fos expression by acute immo-

bilization stress is reduced in locus ceruleus and medial amygdala of

Wistar-Kyoto rats compared to Sprague-Dawley rats. Neuroscience

124: 963–972

Marchesi C, De Panfilis C, Cantoni A, Fonto S, Giannelli MR, Maggini C

(2006) Personality disorders and response to medication treatment in

panic disorder: a 1-year naturalistic study. Prog Neuropsychopharmacol

Biol Psychiatry 30: 1240–1245

Mateo Y, Meana JJ (1999) Determination of the somatodendritic alpha2-

adrenoceptor subtype located in rat locus ceruleus that modulates

cortical noradrenaline release in vivo. Eur J Pharmacol 379: 53–57

McNaughton N, Gray JA (2000) Anxiolytic action on the behavioral

inhibition system implies multiple types of arousal contribute to

anxiety. J Affect Disord 61: 161–176

Moore RY, Bloom FE (1979) Central catecholamine neuron systems:

anatomy and physiology of the norepinephrine and epinephrine sys-

tems. Annu Rev Neurosci 2: 113–168

Morgan MA, LeDoux JE (1995) Differential contribution of dorsal and

ventral medial prefrontal cortex to the acquisition and extinction of

conditioned fear in rats. Behav Neurosci 109: 681–688

Murphy MT, Michelson LK, Marchione K, Marchione N, Testa S (1998)

The role of self-directed in vivo exposure in combination with cognitive

therapy, relaxation training, or therapist-assisted exposure in the treat-

ment of panic disorder with agoraphobia. J Anxiety Disord 12: 117–138

Myers EA, Banihashemi L, Rinaman L (2005) The anxiogenic drug

yohimbine activates central viscerosensory circuits in rats. J Comp

Neurol 492: 426–441

N€oorenberg W, Schoffel E, Szabo B, Starke K (1997) Subtype determi-

nation of soma-dendritic alpha2-autoreceptors in slices of rat locus

ceruleus. Naunyn Schmiedebergs Arch Pharmacol 356: 159–165

Poo MM (2001) Neurotrophins as synaptic modulators. Nat Rev Neurosci

2: 24–32

Price LH, Spencer DD, Marek KL, Robbins RJ, Leranth C, Farhi A,

Naftolin F, Roth RH, Bunney BS, Hoffer PB et al. (1995) Psychiatric

status after human fetal mesencephalic tissue transplantation in Par-

kinson’s disease. Biol Psychiatry 38: 498–505

Priolo E, Libri V, Lopilato R, David E, Nappi G, Nistico G (1991) Panic-

like attack induced by microinfusion into the locus ceruleus of antag-

onists and inverse agonists at GABAA-receptors in rodents. Funct

Neurol 6: 393–403

Redmond DE Jr, Huang YH, Snyder DR, Maas JW (1976) Behavioral

effects of stimulation of the nucleus locus ceruleus in the stump-tailed

monkey Macaca arctoides. Brain Res 116: 502–510

Reith ME, Sershen H, Lajtha A (1987) Effects of caffeine on monoamin-

ergic systems in mouse brain. Acta Biochim Biophys Hung 22: 149–163

Rosen JB, Schulkin J (1998) From normal fear to pathological anxiety.

Psychol Rev 105: 325–350

Russo-Neustadt A (2003) Brain-derived neurotrophic factor, behavior,

and new directions for the treatment of mental disorders. Semin Clin

Neuropsychiatry 8: 109–118

Sajdyk TJ, Shekhar A (2000) Sodium lactate elicits anxiety in rats after

repeated GABA receptor blockade in the basolateral amygdala. Eur J

Pharmacol 394: 265–273

Differential responses to anxiogenic drugs in a mouse model of panic disorder 687



Sakaguchi T, Nakamura S (1990) Duration-dependent effects of repeated

restraint stress on cortical projections of locus ceruleus neurons.

Neurosci Lett 118: 193–196

Shekhar A (1993) GABA receptors in the region of the dorsomedial

hypothalamus of rats regulate anxiety in the elevated plus-maze test.

I. Behavioral measures. Brain Res 627: 9–16

Shekhar A, Sajdyk TJ, Gehlert DR, Rainnie DG (2003) The amygdala,

panic disorder, and cardiovascular responses. Ann NY Acad Sci 985:

308–325

Silveira MC, Sandner G, Graeff FG (1993) Induction of Fos immuno-

reactivity in the brain by exposure to the elevated plus-maze. Behav

Brain Res 56: 115–118

Singewald N, Kaehler ST, Philippu A (1999) Noradrenaline release in the

locus ceruleus of conscious rats is triggered by drugs, stress and blood

pressure changes. Neuroreport 10: 1583–1587

Singewald N, Sharp T (2000) Neuroanatomical targets of anxiogenic

drugs in the hindbrain as revealed by Fos immunocytochemistry.

Neuroscience 98: 759–770

Singewald N, Salchner P, Sharp T (2003) Induction of c-Fos expression in

specific areas of the fear circuitry in rat forebrain by anxiogenic drugs.

Biol Psychiatry 53: 275–283

Smith MA, Makino S, Altemus M, Michelson D, Hong S, Kvetnansky R,

Post RM (1995) Stress and antidepressants differentially regulate

neurotrophin 3 mRnoradrenergic expression in the locus coeruleus.

Proc Natl Acad Sci USA 92: 8788–8792

Southwick SM, Krystal JH, Morgan CA, Johnson D, Nagy LM,

Nicolaou A, Heninger GR, Charney DS (1993) Abnormal noradren-

ergic function in posttraumatic stress disorder. Arch Gen Psychiatry

50: 266–274

Starke K (2001) Presynaptic autoreceptors in the third decade: focus on

alpha2-adrenoceptors. J Neurochem 78: 685–693

Tjurmina OA, Goldstein DS, Palkovits M, Kopin IJ (1999) a2-Adreno-

ceptormediated restraint of norepinephrine synthesis, release, and turn-

over during immobilization in rats. Brain Res 826: 243–252

Trendelenburg AU, Trendelenburg M, Starke K, Limberger N (1994)

Release-inhibiting alpha 2-adrenoceptors at serotonergic axons in rat

and rabbit brain cortex: evidence for pharmacological identity with alpha

2-autoreceptors. Naunyn Schmiedebergs Arch Pharmacol 349: 25–33

Tsujino T, Sano H, Kubota Y, Hsieh ST, Miyajima T, Saito K, Nakajima

M, Saito N, Yokoyama M (1992) Expression of Fos-like immuno-

reactivity by yohimbine and clonidine in the rat brain. Eur J Pharmacol

226: 69–78

West MJ, Gundersen HJ (1990) Unbiased stereological estimation of

the number of neurons in the human hippocampus. J Comp Neurol 296:

1–22

Yee BK, Zhu SW, Mohammed AH, Feldon J (2006) Levels of neuro-

trophic factors in the hippocampus and amygdala correlate with

anxiety- and fear-related behavior in C57BL6 mice. J Neural Transm

113 (in press)

Zhu SW, Yee BK, Nyffeler M, Winblad B, Feldon J, Mohammed AH

(2006) Influence of differential housing on emotional behavior and

neurotrophin levels in mice. Behav Brain Res 169: 10–20

Authors’ address: Mara Dierssen, Genes and Disease Program, Center

for Genomic Regulation (CRG), Barcelona Biomedical Research Park

(PRBB), E-08003 Barcelona, Spain,

Fax: þ34-932-240-899, E-mail: mara.dierssen@crg.es

688 I. Sahún et al.: Differential responses to anxiogenic drugs in a mouse model of panic disorder


