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HIGHLIGHTS

® Generalized Anxiety Disorder (GAD) is highly prevalent and incapacitating.

® The Carioca High-Conditioned Freezing (CHF) rats is a validated animal model for GAD.
® Besides enhanced anxiety, CHF rats present increased fear memory retention.

® Reduced neuroblast number and dendritic tree were found in the CHF dentate gyrus.

e Conversely, increased spine expression in the CHF dentate gyrus was also found.
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ABSTRACT

Generalized anxiety disorder (GAD) is highly prevalent and incapacitating. Here we used the Carioca
High-Conditioned Freezing (CHF) rats, a previously validated animal model for GAD, to identify biomark-
ers and structural changes in the hippocampus that could be part of the underlying mechanisms of
their high-anxiety profile. Spatial and fear memory was assessed in the Morris water maze and passive
avoidance test. Serum corticosterone levels, immunofluorescence for glucocorticoid receptors (GR) in the
dentate gyrus (DG), and western blotting for hippocampal brain derived neurotrophic factor (BDNF) were
performed. Immunohistochemistry for markers of cell proliferation (bromodeoxiuridine/Ki-67), neurob-
lasts (doublecortin), and cell survival were undertaken in the DG, along with spine staining (Golgi) and
dendritic arborization tracing. Hippocampal GABA release was assessed by neurochemical assay.

Fear memory was higher among CHF rats whilst spatial learning was preserved. Serum corticosterone
levels were increased, with decreased GR expression. No differences were observed in hippocampal cell
proliferation/survival, but the number of newborn neurons was decreased, along with their number
and length of tertiary dendrites. Increased expression of proBDNF and dendritic spines was observed;
lower ratio of GABA release in the hippocampus was also verified. These findings suggest that general-
ized anxiety/fear could be associated with different hippocampal biomarkers, such as increased spine
density, possibly as a compensatory mechanism for the decreased hippocampal number of neuroblasts
and dendritic arborization triggered by high corticosterone. Disruption of GABAergic signaling and BDNF
impairment are also proposed as part of the hippocampal mechanisms possibly underlying the anxious
phenotype of this model.

© 2014 Elsevier B.V. All rights reserved.

1. Introduction

Anxiety disorders, such as generalized anxiety disorder (GAD),
are among the most prevalent psychiatric conditions [1]. GAD is
characterized by generalized, chronic and excessive worry and
anxiety, accompanied by disruptive somatic symptoms and car-
diovascular changes [2]. It has been associated with significantly
reduced quality of life [3], and it is estimated to be as incapacitating
as depressive disorders [4]. Effective interventions require the
investigation of the underlying structural and functional psychobi-
ology of this condition, with appropriate animal models being a
key tool for this.

As proposed for psychiatric disorders in general, GAD is a mul-
tifactorial condition, with disruptive functioning of different brain
areas - such as the prefrontal and cingulate cortex, as well as the
amygdala [5] - possibly participating together in its etiology and
development. Furthermore, hippocampal abnormalities in GAD
patients have also been proposed [6]. In rodents, some of the neu-
robiological aspects demonstrated to be involved in anxiety also
include those related to hippocampal function and plasticity. In this
context, hippocampal function can be modulated by higher levels
of corticosterone [7], a neuroendocrine hallmark of the physiolog-
ical stress usually associated with anxiety states [8]. In addition,
elevated glucocorticoid levels have been related with reduced
dendritic arborization in the hippocampus [9], an effect that can
compromise successful synaptic transmission. Other important
morphological indicators of the ability of a neuron to receive synap-
tic inputs and that can be altered in context of anxiety [ 10] are den-
dritic spines, micro-specializations of the dendritic shafts to estab-
lish functional contacts with other cells. Importantly, alterations
in spine density are associated with changes in synaptic strength
[11], especially in the context of excitatory synapses [12], which
are crucial for spatial and fear memory formation [13-15]. Other
parameters of hippocampal plasticity have also been shown to
relate with anxious phenotypes. One of these parameters is the lev-
els of brain-derived neurotrophic factor (BDNF) in the hippocampus
[16], given its role in enhancing newborn cell survival, synaptic
formation and plasticity [17]. Further to this, since the GABAergic
system exerts a classic inhibitory effect, with its receptors being the
target of widely used anxiolytic drugs [18], its disruption has also
been associated with increased anxiety [19]. Finally, disturbance in
the ability of the adult dentate gyrus (DG) of the hippocampus to
continuously generate newly functional neurons, a process called

adult hippocampal neurogenesis (AHN), has been shown to be asso-
ciated with increased anxiety-related behaviors [20].

The hippocampus is a crucial structure for contextual fear learn-
ing, which is in turn considered an appropriate paradigm for
establishing animal models of GAD [2,21,22], such as the Carioca
High-Conditioned Freezing rats (CHF). A previous work estab-
lished the CHF as a behaviorally validated model for the study of
spontaneous high-anxiety [16], as differences were found only in
anxiety-related paradigms and not in the forced swimming test of
depression or the object recognition test, used as a paradigm for
measuring cognitive skills. In order to further investigate potential
factors comprising the biological basis of generalized anxiety, the
present work analyzed hippocampal-dependent behavioral per-
formance and biomarkers of hippocampal plasticity in the CHF
rodents. We propose that generalized anxiety can result in part
from multiple structural and biochemical plastic mechanisms in
the hippocampus possibly orchestrated to protect the individual
from chronic exposure to high corticosterone levels, but leading to
facilitation of fear memory retention.

2. Materials and methods
2.1. Animals

Experimental procedures followed the Brazilian Society of Neu-
roscience and Behavior (SBNeC) guidelines, in accordance with the
National Institutes of Health Guide for the Care and Use of Labora-
tory Animals (NIH Publications). Handling and methods of sacrifice
were approved by the Committee for Animal Care and Use of the
CCS/UFR] (protocol # IBCCF002). Experimental animals (Carioca
High-Freezing [CHF], a line of Wistar rats selectively bred for their
high conditioned freezing response in contextual fear learning)
were obtained as described previously [23]. Briefly, albino Wistar
rats were exposed to the contextual fear conditioning paradigm,
and selectively bred for differences in defensive freezing behavior
in response to the conditioned context. Significant differences
in freezing response were acquired after three generations of
selective breeding (S3). In order to preserve the spontaneous
differences between the experimental and the control groups, the
animals used herein were not exposed to contextual fear condi-
tioning or any aversive stimuli prior to experimentation. However,
other individuals from all breeding generations were tested in
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