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Abstract The dysregulation of hypothalamic—pituitary—
adrenal axis and noradrenergic, serotonergic and glutama-
tergic systems are thought to be involved in the patho-
physiology of post-traumatic stress disorder. The effect of
selective M1 muscarinic receptor antagonist, pirenzepine
on anxiety indices was investigated by using elevated plus
maze, following exposure to trauma reminder. Upon
receiving the approval of ethics committee, Sprague—
Dawley rats were exposed to dirty cat litter (trauma) for
10 min and 1 week later, the rats confronted to a trauma
reminder (clean litter). The rats also received intraperito-
neal pirenzepine (1 or 2 mg/kg/day) or saline for 8 days.
Noradrenaline (NA) concentration in the rostral pons was
analyzed by HPLC with electrochemical detection. The
anxiety indices of the rats subjected to the trauma reminder
were increased when compared to control rats (p < 0.05).
Pirenzepine treatment in traumatized rats displayed similar
anxiety indices of non-traumatized rats treated with phys-
iological saline. Although freezing time was prolonged with
pirenzepine in traumatized groups the change was not found
statistically significant. The NA level was 1.5 £ 0.1 pg/mg
in non-traumatized rats and increased to 2.4 £ 0.2 pg/mg in
traumatized rats. Bonferroni post hoc test revealed that the
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NA content of the rostral pons of the traumatized rats treated
with physiological saline was significantly higher than the
content of other groups (p < 0.01). We conclude that NA
content in the rostral pons increases in respect to confron-
tation to a trauma reminder which can be reversed by M1
antagonist pirenzepine indicating the roles of M1 receptors.

Keywords Pirenzepine - Elevated plus maze -
Muscarinic - Locus ceruleus - Anxiety - HPLC

Introduction

Post-traumatic stress disorder (PTSD) is characterized by
direct or indirect exposure to a traumatic event eliciting an
extremely fearful reaction and subsequently accompanied
by more than 1 month of dysfunction and the presence of
symptoms characterized by: increased re-experiencing of
past stress, numbing/avoidance behavior and persistent
hyperarousal and hypervigilance with increased autonomic
response [1]. The pathophysiology underlying these path-
ological responses of PTSD have been suggested to occur
due to dysregulation of several biological systems that may
include corticotropin releasing hormone (CRH) and hypo-
thalamic—pituitary—adrenal (HPA) axis abnormalities, as
well as dysfunction in noradrenergic, serotonergic and
glutamatergic systems [2].

Noradrenaline (NA) is a centrally acting catecholamine,
acting mostly on the sympathetic nervous system. The
majority of noradrenergic neurons in the central nervous
system are found in the locus ceruleus (LC) of the brain-
stem. LC has projections into several brain areas that have
roles in emotion, memory and stress—response, such as the
amygdala, hippocampus, thalamus and prefrontal cortex
[3]. It was found that NA has a role in attention, learning
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and memory that are cognitive functions involved in a
number of psychiatric disorders [4]. It was suggested that
there may be hyperactive noradrenergic function in PTSD.

Although the role of monoamines in post-traumatic
stress disorder is now well recognized [5, 6], increasing
evidence suggests an important role for cholinergic neu-
rotransmission in the anxiety, the cognitive function and in
the stress-related psychiatric disorders [7, 8]. The cholin-
ergic basal forebrain complex innervates the cortex and the
hippocampus [9, 10] to influence cortical arousal, con-
sciousness, memory and learning [11, 12]. The cholinergic
manipulations can regulate memory [13] and behavioral
arousal [12], while muscarinic antagonists increase anxi-
ety/fear responding in rats [14, 15] and enhance HPA-axis
stress responsiveness [16, 17].

Predator scent test, a useful method serving to study the
pathology of the disease [18] and various aspects of the
model was validated previously [19]. Our previous data
indicated that the cat litter test is a reproducible experiment
where the rats subjected to dirty cat litter (the trauma) had
longer freezing times and higher anxiety indices when
exposed to the situational reminder, the clean cat litter [20].
Our previous manuscript showed the contribution of mus-
carinic receptors in the pathophysiology of post-traumatic
stress disorder. Western blot data showed increases in M2
and M5 expression in the frontal cortex and M1 receptors
expression increased and M4 subtype decreased in the
hippocampus. In the amygdaloid complex of rats, we also
detected a down-regulation of M4 receptors. Fluoxetine
and propranolol only corrected the changes occurred in the
frontal cortex [20].

In the literature, enhanced activity or elevated levels of
NA in cerebrospinal fluid was demonstrated in the PTSD
[21] but not in the LC, another critical region in the
development of PTSD. In the present study we hypothe-
sized that the NA content of the LC increases during the
development of PTSD model and pirenzepine, a selective
M1 muscarinic receptor antagonist reverses both this neu-
rochemical finding and other behavioral parameters of the
model.

Materials and Methods
Animals and Experimental Conditions

The institutional ethical committee approval was obtained
before the experiments were initiated (MUHDEK
approval no: 98.2012.mar). Female Sprague-Dawley rats
weighing 200-250 g supplied from Marmara University
Animal Center (DEHAMER) were used in the study. The
rats were habituated to the housing conditions for 10 days
with a reversed 12 h light/dark cycle at 21 £ 3 °C and

50 £5 % humidity. There was unlimited access to
standard rat chow and water. All experiments were per-
formed in the dark phase at 10:00 a.m. using a dim light
source.

Predator Scent Test

The rats were placed on 125 ml of dirty cat litter for
10 min in a plexiglass cage (30 cm x 30 cm x 40 cm) to
produce stress paradigm. The cat litter had been used for
2 days by the same cat and had been sifted for stools as
previously described [20, 22-24]. The control animals were
exposed to fresh, unused litter for the same time duration.
Clean cat litter was used as situational reminder and the
rats were subjected to the reminder 1 week following the
onset of the stress. The behavioral experiments were
recorded using an overhead video camera and behavioral
parameters were later scored from the recordings. Intra-
peritoneal treatments (the 8th dose) were given 10 min
before the predator test.

Drugs and Solutions

The rats received intraperitoneal (i.p.) injections of physi-
ological saline or pirenzepine (1 and 2 mg/kg; Sigma,
USA) for 1 week. The drugs were dissolved in physio-
logical saline. The treatments were given once daily, at the
same time of the day.

Elevated Plus Maze Experiments

The rats were placed on an elevated plus maze for 5 min
immediately after they had been subjected to the situational
reminder. The elevated plus maze had two open
(50 cm x 10 cm) and two closed (50 cm x 10 cm) arms.
The closed arms were surrounded by 40 cm long walls.
The height of the maze was 50 cm from the ground. The
labyrinth was cleaned with 5 % alcohol solution before the
rats were placed on it. Each rat was placed in the central
square of the plus maze facing the open arms. An arm entry
was defined as an animal entering the arm with all four feet
and the number of entries into open and enclosed arms was
scored as described previously [25]. The anxiety index
(Nanxiety) was calculated by using the following param-
eters and the formula:

Nanxiety =1- 1/2[(&/300 S) + (b/C)]

a = cumulative time spent in open arms (s), b = open arm
entries, ¢ = total arm entries.

The cumulative freezing time was also recorded and
evaluated. Upon completion of the experiments all the rats
were sacrificed with a high dose of pentobarbital and the
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selected brain regions were dissected and kept at —80 °C
for HPLC analysis.

Preparation of the Tissue Samples

After decapitation, the rat brain was collected to separate
the rostral pons, which was weighed and ground into
homogenate in the presence of 0.1 mol/l perchloric acid
(20 pl per 1 mg tissue sample). After centrifugation at
18,000 r/min (4 °C) for 20 min, the supernatant was
collected and stored at —80 °C until assay. The NA
content in the homogenates was expressed as pg/mg
tissue.

Chromatographic System and High Performance Liquid
Chromatography Analysis of NA in Tissue
Homogenates

The NA concentrations were quantified in brain tissue
extracts by HPLC with electrochemical detection. The
chromatographic system consists of a pump (Jasco PU
980, Tokyo, Japan) with 100 pl sample loop and
Rheodyne valve, CI18 reverse-phase colon (15 cm
length, 4.6 mm diameter and 5 pm pore size), electro-
chemical detector (GBC LC 1260, Australia) with a
glassy carbon working and Ag/AgCl, reference elec-
trodes where the working potential set to 700 mV and a
computer. The chromatographic analysis was carried
out with a software (Borwin Chromatograph, version
1.2, France).

The mobile phase is a mixture of 6 % acetonitrile
(Labscan, Ireland) and 75 nmol/l NaH2PO4, 50 mmol/l
EDTA, 1 mmol/l octyl sodium sulfate. The pH of the
mobile phase was adjusted to 4. The flow rate of the pump
was set to 0.9 ml/min. Manual injections of external stan-
dards (noradrenaline bitartrate; Steradine) and samples
were given within a volume of 20 pl at room temperature.
The retention time of NA was 4.38 &= 0.04 min. Total
duration of the chromatogram was 15 min. NA measure-
ments were expressed as pg/ml in the samples. The mini-
mum detectable amount on column was 60 pg (Fig. 1).

Statistical Analysis

All data are expressed as mean = SEM. Two-way anal-
ysis of variance and the Bonferroni post hoc test were
used for the analysis of anxiety indices, HPLC analysis of
NA and freezing times in all groups. For all statistical
calculations, significance was considered to be a value of
p < 0.05.

@ Springer

Results
The Effects of Pirenzepine on Behavioral Parameters

The anxiety indices of the rats subjected to the trauma
reminder 1 week after the predator scent test were found to
be markedly higher than those of the control rats (subjected
to only clean cat litter during trauma and trauma reminding
sessions; Fig. 1; p < 0.05). Pirenzepine treatment at 2
different doses did not affect the anxiety indices in non-
traumatized rats as shown in Fig. 2. Two-way analysis of
variance detected an interaction for trauma (df = 1,
F = 8.029; p = 0.0082) and Bonferroni post hoc test
revealed that traumatized rats treated with physiological
saline were different from all groups (p < 0.05). Piren-
zepine treatments were not found to be different from non-
traumatized rats treated with physiological saline, indicat-
ing that pirenzepine is effective in suppressing the anxiety.

When the freezing times were analyzed by using two-
way analysis of variance trauma was found to the source of
variation (df = 1, F = 10.27; p = 0.0029). Bonferroni
post hoc test detected a no significant difference in the
mean cumulative freezing time in all groups and piren-
zepine did not affect the freezing time in traumatized
groups although it was observed as it prolonged the
freezing time but the statistical comparison denoted no
significant change (Fig. 3).

The NA level was 1.5 + 0.1 pg/mg in non-traumatized
rats and increased to 2.4 + 0.2 pg/mg in traumatized rats. The
analysis of the NA levels in the homogenates of the rostral
pons revealed that both trauma (df=1, F = 8.037;
p = 0.0078) and treatments (df = 2,F = 6.268;p = 0.0049)
were found to be the source of variation. No interaction was
detected between trauma and the treatments. Bonferroni post
hoc test revealed that the NA content of the rostral pons of the
traumatized rats treated with physiological saline was signif-
icantly higher than the content of other groups (p < 0.01). The
NA levels in traumatized rats treated with pirenzepine at both
doses were similar to non-traumatized control groups (Fig. 4).

Discussion

Noradrenaline activity in the pathophysiology of post-
traumatic stress disorder was implicated in preclinical and
clinical studies [2-5]. We investigated the role of norad-
renergic system within the LC on post-traumatic stress
disorder by exposing rats to predator stress test and ana-
lyzing the concentration of NA in LC of traumatized and
non-traumatized control rats. Muscarinic receptor antago-
nist pirenzepine was tested whether it interferes with the
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Fig. 2 The effect of physiological saline or pirenzepine (1 and 2 mg/
kg) on anxiety indices (Nanxiety) calculated from behavioral data
collected from elevated plus maze experiments (n = 8 per group).
The filled bars represent the rats subjected to the predator scent (dirty
cat litter) and the trauma reminder (clean litter) 1 week later. The
control rats indicated with empty bars were only exposed to clean
litter twice. The rats received injections daily for 1 week and the last
injection (the 8th dose) was administered 10 min before the
experiments. *Different from all groups, p < 0.05; 'source of
variation
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Fig. 3 The effect of physiological saline or pirenzepine (1 and 2 mg/
kg) on cumulative freezing times recorded during elevated plus maze
experiments (n = 8 per group). The filled bars represent the rats
subjected to the predator scent (dirty cat litter) and the trauma
reminder (clean litter) 1 week later. The control rats indicated with
empty bars were only exposed to clean litter twice. The rats received
injections daily for 1 week and the last injection (the 8th dose) was
administered 10 min before the experiments. 'Source of variation
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Fig. 4 The effect of physiological saline or pirenzepine (1 and 2 mg/
kg) on noradrenaline levels collected from elevated plus maze
experiments (n = 8 per group). The filled bars represent the rats
subjected to the predator scent (dirty cat litter) and the trauma
reminder (clean litter) 1 week later. The control rats indicated with
empty bars were only exposed to clean litter twice. The rats received
injections daily for 1 week and the last injection (the 8th dose) was
administered 10 min before the experiments. The data are expressed
as pg/mg tissue. *Different from all groups, p < 0.05; fsource of
variation

noradrenergic activity of LC in post-traumatic stress dis-
order. We concluded that the anxiety induced by the stress
reminder parallels with NA increases in the rostral pons
that is reversed by pirenzepine.

In our experiments, we not only showed that the cat
litter test is a reproducible experiment, but also demon-
strated that noradrenergic input into the rostral pons was
increased. The latter finding may be an important neuro-
chemical evidence for the method. NA is produced pri-
marily by neurons in the LC, which is located at the
pontomesencephalic junction at the floor of the fourth
ventricle in the pontine region of the brain [26]. NA plays
many roles in several behavioral events, including the
stress response, attention, memory, the sleep—wake cycle,
decision making and regulation of sympathetic system.
Neurochemical interactions occur within the LC through
numerous neurotransmitters including glutamate, gamma-
aminobutyric acid (GABA), glycine, serotonin, dopamine,
corticotropin-releasing factor (CRF), enkephalin, acetyl-
choline and substance P [27-33].

The role of NA has been identified in stress and stress-
related psychiatric disorders [34]. In rodents, it was shown
that uncontrollable stress increases NA turnover, resulting
in transient reductions in tissue content of NA [35, 36]. The
homogenates of whole-brain tissue obtained from rats
exposed to escapable shock have shown to contain higher
concentrations of NA than the homogenates collected from
their yoked, inescapably shocked controls [37].

@ Springer

Muscarinic receptors have been studied in several neu-
rodegenerative disorders but their contribution in PTSD has
not been fully understood. The involvement of muscarinic
receptors in PTSD rat model was demonstrated previously
[20]. In this previous study, it was noted that M2 and M5
expression increased in the frontal cortex where M1 recep-
tors increased and M4 subtype decreased in the hippocam-
pus. A down-regulation of M4 receptors in the amygdaloid
complex was also detected. It was also demonstrated that
fluoxetine and propranolol only corrected the changes that
occurred in the frontal cortex. In another study, the role of
cholinergic pathways in mediating associative memory in
post-traumatic stress disorder was investigated [38]. It was
demonstrated that systemic or intracranial injections of the
muscarinic M1 receptor antagonist pirenzepine could reduce
anxiety in different experimental models [39, 40]. A study
performed by using M4 knockout mice showed the presence
of increased anxiolysis with a normal long-term memory
compared to that of the wild type but on the contrary, M2
knock-out mice were not behaviorally different [41]. In the
hippocampus of M4 knock-out mice, the acetylcholine
release was also reported to be increased [42]. The auto-
nomic responses to stress was studied and it was reported that
electrical stimulation of the amygdaloid complex resulted in
cardiovascular responses through M1 receptors [43]. Thus,
we examined whether M1 receptor antagonist pirenzepine
treatment could change the concentration of NA in the LC in
rats with post-traumatic stress disorder. Previously, piren-
zepine was shown to act as an antidepressant in an animal
model of depression by blocking the endogenous acetyl-
choline at the M1 receptor [44]. Pirenzepine exhibited tonic
cholinergic anxiolytic action mediated through by postsyn-
aptic M1 receptors in the social interaction test through
dorsal hippocampal cholinergic modulation of behaviour
[45]. In a placebo controlled, cross-over trial performed with
major depressive or bipolar disorder patients, it was impli-
cated that scopolamine produced rapid antidepressant effects
by blockade of cholinergic muscarinic receptors [46]. Our
unpublished observations with atropine showed that atropine
was ineffective in correcting the increases in the anxiety
index produced with cat litter [20], but in this present study
pirenzepine, a selective M1 inhibitor was shown to suppress
the anxiety indices of traumatized rats when exposed to the
reminder. This finding may be an evidence that the Ml
receptors were more commonly involved in the model. Our
previous study also demonstrated that expression of M4
receptors decreased after trauma. As M4 muscarinic recep-
tors function as inhibitory autoreceptors for acetylcholine
[47-51], the decrease in M4 expression may be assumed to
occur as a result of increased cholinergic activity in the
hippocampus and the amygdaloid complex. Pirenzepine
dose might have affected the freezing time inversely due to
this autoreceptor activity through its M4 receptor affinity
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[52]. The antagonist affinity constant (pKB value) of piren-
zepine to M1 and M4 receptors are 7.8-8.5 and 7.1-8.1,
respectively [52]. This may suggest that the dose of piren-
zepine required to affect M4 receptors is slightly smaller than
the dose required to stimulate M 1 receptors. Although we did
not find a statistical significance but we can see in the
freezing time graph that the freezing time for 2 mg/kg is
shorter (Fig. 3). There is no doubt that pirenzepine acted as
an M1/M4 antagonist but our results may imply that anxiety
relieving effects were mediated through M1 receptors. These
findings imply that mixed M1 and M4 partial agonists may be
more useful therapeutic alternatives.

Cholinergic system was also shown to play roles in the
modulation of aversively motivated tasks, such as contex-
tual fear conditioning. In contextual fear conditioning
(CFC), an experimental animal exposed to an aversive
stimulus that was applied before being determined by the
environmental context, the animal shows a conditioned fear
response, that is characterized by somatomotor immobility,
called as freezing. The involvement of muscarinic recep-
tors in the acquisition and consolidation of tasks in CFC
was also studied. Administration of scopolamine was
shown to interfere with the acquisition CFC [53]. The wide
distribution of muscarinic M1 receptors in the brain regions
suggests that cholinergic transmission has role in learning
and memory processes [54-56].

When threatened, primates commonly demonstrate
behavioral inhibition or freezing behavior. Freezing is an
automatic response characterized by complete absence of
motor and vocal activity except those necessary for respi-
ration [57]. Many reports show that freezing is the most
common defense response in rats exposed to unavoidable
fear stimuli [58]. Thus the increased freezing time in trau-
matized rats was observed without treatment effect of
pirenzepine. We also observed that pirenzepine did not
produce any significant change in locomotor activity
experiments with 1 or 2 mg/kg doses (data not shown).

The limitation of this study is NA content of other brain
regions especially in the hippocampus, the amygdala and
the frontal cortex were not studied. Further studies per-
formed in other brain regions and neurotransmitter systems
are required to delineate the pathophysiology of the
disease.

In conclusion, our data showed that NA content in the
rostral pons increased in traumatized rats with cat litter and
this increase may serve as an additional neurochemical
evidence for the model. Pirenzepine suppressed the anxiety
index but it was not that effective in decreasing the pro-
longed freezing times.
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