
INVITED REVIEW

Animal Models for Depression Associated
with HIV-1 Infection

Isabella Cristina Gomes Barreto & Patricia Viegas &

Edward B. Ziff & Elisabete Castelon Konkiewitz

Received: 6 September 2013 /Accepted: 2 December 2013 /Published online: 12 December 2013
# Springer Science+Business Media New York 2013

Abstract Antiretroviral therapy has greatly extended the
lifespan of people living with human immunodeficiency virus
(PLHIV). As a result, the long-term effects of HIV infection,
in particular those originating in the central nervous system
(CNS), such as HIV associated depression, have gained im-
portance. Animal models for HIV infection have proved very
useful for understanding the disease and developing treatment
strategies. However, HIVassociated depression remains poor-
ly understood and so far there is neither a fully satisfactory
animal model, nor a pathophysiologically guided treatment
for this condition. Here we review the neuroimmunological,
neuroendocrine, neurotoxic and neurodegenerative basis for
HIV depression and discuss strategies for employing HIV
animal models, in particular humanized mice which are sus-
ceptible to HIV infection, for the study of HIV depression.
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Introduction

In the combined antiretroviral therapy (CART) era, the human
immunodeficiency virus (HIV) epidemic has been stabilized
and the life expectancy of people living with HIV (PLHIV)
has been prolonged (Kaul 2009). However, depression, as

well as other central nervous system (CNS) comorbidities,
including HIV-associated neurocognitive disorders (HAND)
remain a significant concern (Heaton et al. 2011; Woods et al.
2009), and at least mild neurologic disease is found in approx-
imately 30 % of such individuals (Boisse et al. 2008; Heaton
et al. 1995). Approximately one half of PLHIV will develop a
neuropsychiatric disorder (Kopnisky et al. 2007; Kraft-Terry
et al. 2010) and about two thirds of these patients will develop
a depressive disorder (Fulk et al. 2004; Pieper and Treisman
2005). Depression in turn has a large negative impact on
quality of life and on treatment because it impairs adherence
to CART (Schuster et al. 2012), being associated with in-
creased viral load (Sumari-de Boer et al. 2012). Moreover,
there is evidence that depressive symptoms adversely affect
the clinical response to CART, even in adherent patients
(Gibbie et al. 2006; Vlassova et al. 2009).

The treatment for depression is still frustrating, with pa-
tients often only achieving partial remission of the symptoms
(Khin et al. 2011; Kirsch et al. 2008). In the case of depression
in PLHIV, one recent study based on retrospective chart
review of patients in an urban psychiatric clinic reported rates
of remission and response at 36.4 % and 50.7 %, respectively
(Primeau et al. 2013). More studies are needed to evaluate
treatment effectiveness better (Hill and Lee 2013). There are
strong reasons to believe that in PLHIV, depression is at least
partially related to the virus itself. Animal models for depres-
sion associated with HIV are therefore crucial to understand-
ing these mechanisms and for developing new pharmacolog-
ical therapies.

This paper discusses the requirements of animal models for
HIV associated depression, based on their capacity to answer
questions related to its current proposed physiopathology.
First, we briefly discuss possible mechanisms associated with
HIV depression. Second we present the current available
animal models for depression in general. Next, we present
the already developed models for reproducing HIV infection
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in rodents, and discuss the adaptation of these models for the
investigation of depression associated with HIV, the limita-
tions and the possibilities for improvement for this applica-
tion. We conclude with suggestions for validation of the
models and for future HIV depression rodent model research.

Mechanisms of HIVassociated depression

HIV enters the CNS early in the course of infection, and
initially resides primarily in microglia and macrophages
(Gras and Kaul 2010; Kramer-Hammerle et al. 2005), which
express the necessary chemokine receptors (Cartier et al.
2005), for HIV cellular entry. The virus crosses the blood–
brain barrier (BBB) and enters the CNS within monocyte-
derived macrophages via a “Trojan Horse” mechanism. Once
within the CNS, the virus, although not infecting neurons, can
produce synaptodendritic neuron injury and neuron death,
leading to damage of a variety of neural systems (Hult et al.
2008). As the BBB impairs CART CNS penetration, the
chronic neuroinflammatory state persists in HIV infected in-
dividuals, even after CART-induced serum viral suppression
(Gartner 2000; Kaul et al. 2007; Lindl et al. 2010), and for this
reason, the CNS is regarded as a virus reservoir. For instance,
the Sydney Blood Bank Cohort consists of individuals infect-
ed with a common nef-defective strain of HIV after being
transfused with blood products from a common donor
(Churchill et al. 2006). Infection with this attenuated strain
resulted in either low or absent viral replication in vivo for up
to 29 years (Rhodes et al. 2000; Zaunders et al. 2011).
Nonetheless, one individual of this cohort developed HIV-
associated dementia and showed genetically different viral
sequences in the CSF and in the peripheral blood (Churchill
et al. 2004). These observations demonstrate that even nef -
defective strains of HIV-1 viruses with reduced pathogenic
potential can penetrate the BBB and undergo compartmental-
ized evolution in the CNS, generating new clones with en-
hanced transcriptional activity, leading to neurologic disease.

PLHIV exhibit a 2-fold increase in prevalence of depres-
sion compared with HIV-uninfected individuals (Ciesla and
Roberts 2001). The contributions of immuno-inflammatory,
monoaminergic, neurodegenerative and neurotrophic path-
ways to HIV-associated depression have recently been
reviewed (Del Guerra et al. 2013).

The cytokinergic hypothesis of depression posits that the
depression is caused by the actions of cytokines. This hypoth-
esis arose from three key observations: first, depressed patients
showed elevated inflammatory markers, including cytokines,
chemokines, and acute phase reactant in serum and cerebral
spinal fluid (CSF) (Dowlati et al. 2010; Raison and Miller
2011). Studies of human disease show a close link between
elevated CNS tumor necrosis factor (TNF)-α and depressive
symptoms (Liu et al. 2012). A recent meta-analysis of immune

abnormalities in patients withmajor depression by Zorrilla et al.
showed the existence of an overall leukocytosis, increased
prostaglandin E2, (PGE2) and interleukin (IL)-6 concentrations
and reduced lymphocyte proliferative responses to mitogens
(Zorrilla et al. 2001). Second, people with inflammatory illness
are more susceptible to development of depressive symptoms
(Steptoe 2007). Third, acute inflammation in healthy mammals
is related to behavioral changes, called “sickness behavior”,
which showmany similarities to depression. Sickness behavior
was described by Hart et al. (Hart 1988) and involves decreases
in a number of activities, most notably feeding, exploration and
sexual activity (interpreted as reduced ability to experience
pleasure from natural rewards, or anhedonia), as well as in-
creased time spent sleeping, hyperalgesia and lethargy
(hypomotility) (Dantzer 2001).

Although both depression and sickness behavior share ele-
vated inflammatory markers, they are not identical phenomena
and might reflect distinct neuroimmunological mechanisms.
For instance, depressive behavior induced by IL-1 and lipo-
polysaccharide (LPS) in rodents may develop after sickness
behavior has resolved, since hypomotility in the tail-suspension
test and in the forced-swim test, which are used to estimate
despair under inescapable stress conditions, persisted 24 h after
LPS treatment, a time point, when the motor activity had
already returned to normal. Furthermore decrease in preference
for a sweet solution (measure of anhedonia), was still apparent
after food intake and drinking had already normalized (Dantzer
2001; Dantzer et al. 2008; Frenois et al. 2007). Moreover,
patients on interferon (IFN)-α treatment seem to develop early
manifestations of psychomotor slowing, and fatigue
(neurovegetative syndrome, analogous to sickness behavior),
non-responsiveness to antidepressants and in a later stage de-
pressed mood, anxiety and cognitive dysfunction (mood/
cognitive syndrome), which is responsive to antidepressants
(Capuron and Miller 2004). Despite contradictory results, with
some rodent studies based on LPS injection reporting
depressive-like behavior at earlier time points (Yirmiya 1996;
Zhu et al. 2010), and others showing persistence of sickness-
behavior at 24 h (Berg et al. 2004; Godbout et al. 2008), taken
together these results indicate that depressive-like behavior
could be separated over time from sickness, as depression
seems to emerge in a later time point and to have a different
neurochemical basis and pharmacological response. This led
Biesmans et al. to suggest that, in order to evaluate depressive-
like behaviors in animal models without the confounding effect
of sickness, a situation of chronic, persistent inflammation
should be promoted (Biesmans et al. 2013). As chronic neuro-
inflammation is a major feature of CNS HIV infection, it seems
plausible to assume that cytokinergic mechanisms may play an
important role in depression amongst PLHIV.

Next, we briefly consider cytokinergic-inflammation me-
diated neurobiological changes thought to predispose to de-
pression. These include the effects of cytokines on the
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hypothalamus-pituitary-adrenal (HPA) axis, reduced produc-
tion of trophic factors, especially brain derived neurotrophic
factor (BDNF) with impaired hippocampal neurogenesis,
glutamate-induced excitotoxicity, activation of the kynurenine
pathway and changes in neurotransmission, especially of
monoamines (Raison and Miller 2011; Sahay and Hen 2007;
Schmidt and Duman 2007).

Dysfunction of the HPA axis with consequent enhance-
ment of cortisol plasma levels is a common aspect of depres-
sion (Krishnan and Nestler 2011) and is attributed to reduced
expression or decreased functionality of the glucocorticoid
receptor, a situation called “glucocorticoid resistance”
(Pariante 2003). Indeed, proinflammatory cytokines, includ-
ing IL-1β and IL-6, are thought to activate the HPA axis and
to be related to hypercortisolemia following stress or during
depression, which is attributed to glucocorticoid receptor
downregulation (Capuron et al. 2003; Maes 1993). Based on
this, rodent models were developed that disrupt glucocorticoid
homeostasis in the HPA axis. In some models, animals are
treated chronically with glucocorticoids (Gourley et al. 2008).
In others, mutant mice express abnormal levels of brain glu-
cocorticoid receptors to disrupt the normal HPA axis feedback
inhibition. These models display anhedonia that is reversible
with antidepressants (Muller and Holsboer 2006).

BDNF has long been implicated in stress and depression-
induced behavioral and synaptic plasticity in several brain
regions (Krishnan et al. 2007). Berton and colleagues, using a
social defeat model and a mesolimbic dopamine pathway-
specific knockdown of BDNF, showed that ventral tegmental
area-derived BDNF is required in the nucleus accumbens to
produce experience-dependent social aversion, an index of
depression-like behavior in the Chronic Social Defeat (CSD)
Stress model (Berton et al. 2006). Supporting a brain region-
specific effect of BDNF levels on depressive behaviors, knock-
down of BDNF in dorsal dentate gyrus leads to the emergence
of such behaviors (Taliaz et al. 2010). Other studies of human
depressed patient samples show increased BDNF protein levels
in the nucleus accumbens, and decreased levels in hippocam-
pus, also supporting the neurotrophic model (Berton et al.
2006; Christoffel et al. 2011; Krishnan et al. 2007).

Another pathway, which arises from proinflammatory cy-
tokine action, acts through glutamate-induced excitotoxicity,
which has been extensively implicated in psychiatric disor-
ders, including depression (Duman 2009). Inflammatory me-
diators cause an increase in glutamate neurotransmission,
upregulating NMDA receptor function, increasing the release
and inhibiting the reuptake of glutamate. Exposure of hippo-
campal neurons to IL-1β and TNF-α intensifies the
excitotoxic neuronal damage induced through NMDA and
AMPA receptors. IL-1β has also been found to inhibit the
reuptake of glutamate by glial cells (Bernardino et al. 2005).

Cytokines in brain can also lead to depression via the action
of indoleamine 2,3 dioxygenase (IDO), an enzyme that

degrades tryptophan, an essential amino acid that is the limit-
ing factor for the synthesis of serotonin. Two main pathways
metabolize tryptophan: the kynurenine (KYN) pathway,
which is initiated by the enzyme IDO (Hirata et al. 1974),
and the serotonin (5-HT) pathway, initiated by the enzyme
tryptophan 5-monooxygenase (Ichiyama et al. 1970). Release
of proinflammatory cytokines such as IL-1, IFN-γ and TNF-α
induce glial IDO activity, leading to metabolism of tryptophan
to kynurenine acid (KYNA), 3 hydroxy kynurenine (3HK)
and quinolinic acid (QUIN), rather than serotonin (5HT)
(Christmas et al. 2011). After crossing the BBB, QUIN is
neurotoxic through its action as an agonist of the glutamater-
gic NMDA receptor, and 3HK can induce oxidative damage.
Though KYNA is an antagonist of glutamate receptors with
antioxidant properties, in inflammatory states increases in 3-
HK and QUIN levels in the brain outweigh the elevation in
KYNA (Schwarcz et al. 2012). Thus this pathway may not
only reduce serotonin, leading to a reduction in the sense of
well-being, but also induce neurodegeneration.

Activation of IDO, associated with increased cytokine
levels and depressive behavior, has been demonstrated in mice
inoculated intraperitoneally with a bacillus (Moreau et al.
2005) and after intracerebroventricular administration of
LPS (Fu et al. 2010).

Studies in humans have also revealed a role for the
kynurenine pathway in depression. Capuron and colleagues
reported that depression elicited by IFN-α therapy was asso-
ciated with activation of the KYN pathway (Capuron et al.
2002). Winchers and colleagues showed that patients receiv-
ing IFN-α therapy have an increase in the serumKYN/KYNA
ratio that was significantly associated with the severity of
depression (Wichers et al. 2005). In the studies of Myint
et al., patients with major depression have decreased plasma
KYNA and decreased KYNA/KYN ratio (Myint et al. 2007).
Furthermore, the proinflammatory cytokine, IFN-γ, induces
IDO expression in hypothalamic and pituitary cells and con-
sequent synthesis of tryptophan metabolites, which may result
in neurodegenerative changes in the HPA axis with inhibition
of the negative feedback activity of glucocorticoid receptors
and hippocampal atrophy, as glucocorticoids are toxic to the
hippocampus (Tu et al. 2005).

Acute or chronic activation of the immune system, includ-
ing immunotherapy, atherosclerosis and even HIV infection,
enhance the enzymatic activity of IDO (Werner et al. 1988;
Wirleitner et al. 2003). Several soluble factors, including IL-6,
IL-1β, and TNFα and inducible nitric oxide synthase
mRNAs, are significantly elevated in HIV-demented patients
compared with the non-demented ones (Griffin 1997). In the
CSF of macaques with simian acquired immune deficiency
syndrome (SAIDS) an increase in the QUIN/KYNA ratio was
observed (Heyes et al. 1990). Thus, analysis of the levels of
IDO and its metabolites may potentially be used in conjunc-
tion with behavioral tests as an assay for HIV depression. IDO
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analysis may also contribute to development of therapeutics
(Potula et al. 2005).

During the course ofHIVinfection, specificHIV proteins also
play an important role in the cytokinergic mechanisms of HIV
depression. The envelope glycoprotein gp120 is one of the viral
antigens that induce an neuroinflammatory response during HIV
CNS infection (Louboutin et al. 2010). In this response, TNF-α,
IL-1β, IL- 6 and IFN-γ are expressed and may work in synergy
with gp120-associated neurotoxic mechanisms (described be-
low) (Conti et al. 2004; Gorse et al. 2006; Lee et al. 2005).

Transgenic mouse studies demonstrate that expression of
gp120 on its own is sufficient to elevate TNF-α, although
other viral antigens may contribute as well (Toggas et al.
1994). Modification of the effects of exogenous gp120 by
growth factors has also been reported, for instance, microin-
jection of gp120 into striatum induced neuron toxicity, which
could be blocked by expression of BDNF from a viral vector
(Mocchetti et al. 2007). The neuroprotective activity of BDNF
may result from its ability to down regulate the chemokine
receptor CXCR4R, activated by gp120 (Nosheny et al. 2007).

In addition to mechanisms of depression dependent upon
inflammatory cytokines, HIV proteins may also contribute to
depression through direct induction of neuron death. Many
studies have demonstrated the toxicity of gp120 for neurons
(Mocchetti et al. 2012; Regulier et al. 2004). Working through
multiple mechanisms, including elevation of reactive oxygen
species, disruption of Ca2+ homeostasis and direct interaction
with the CXCR4R, gp120 kills neurons (Mattson et al. 2005;
Mocchetti et al. 2012). Gp120 may also overstimulate NMDA
receptors by acting on astrocytes to produce nitric oxide syn-
thase (iNOS), inhibiting Na+-dependent glutamate influx in
astrocytes, releasing arachidonic acid from astrocytes, which
then inhibits the reuptake of glutamate by neurons and astro-
cytes (Lipton 1994a; Patton et al. 2000). Indeed, administration
of gp120 for 1-2 h to acute hippocampal slices in culture caused
a decrease in long-term potentiation (LTP) dependent upon
gp120 interaction with the CXCR4R (Dong and Xiong
2006). Significantly, a gp120 transgenic HIV mouse model
demonstrated that expression of the viral peptide produces
neurodegenerative changes compatible with abnormalities in
brains of HIV infected patients (Toggas et al. 1994).

The gp120 protein preferentially attacks neurons of the
dopaminergic system, which regulate fronto-striatal circuits
(Agrawal et al. 2010; Bachis et al. 2010; Hu et al. 2009). As
the fronto-striatal loops, involving the caudate, putamen (CP)
and nucleus accumbens (NA), are direct regulators of motion,
cognitive associations, motivated behavior and reward, dis-
ruption of their functions results in motor and cognitive im-
pairments, lethargy, anhedonia and depressive mood, all of
which are frequently experienced by HIV/AIDS patients
(Ciesla and Roberts 2001; Gibbie et al. 2006). Autopsy and
functional imaging studies show that HIV attacks basal gan-
glia, causing decreases in volume and function that result from

neuron death (Aylward et al. 1993; Berger and Arendt 2000;
Theodore et al. 2007). Furthermore, gp120 may induce the
death of striatal dopamine neurons by downregulating neuro-
trophic factors (Nosheny et al. 2007).

The HIV-1 regulatory transactivator of transcription protein
(Tat) is crucial for viral replication and like gp120 is also
released by infected microglia and is neurotoxic as well (Li
et al. 2009). Tat may enhance the neurotoxicity of the NMDA
receptor (Haughey et al. 2001), induce Ca2+ dependent neu-
ronal apoptosis (Bonavia et al. 2001; Kruman et al. 1998;
Perez et al. 2001) and may disrupt Ca2+ homeostasis (Cheng
et al. 1998) by altering L-type Ca2+ channel expression
(Wayman et al. 2012). When coinjected, Tat and gp120 may
synergize in the death of striatal neurons (Bansal et al. 2000).

Of special relevance is the finding that long-term CART
itself might be neurotoxic and for this reason indirectly con-
tribute to depression. Neurotoxicity of CART components
varies considerably and depends on the substance involved
and the levels of CNS penetration (Husstedt et al. 2009).
Schweinsburg demonstrated that stavudine and didanosine are
toxic to brain mitochondria (Schweinsburg et al. 2005).
Zidovudine has been associated with hallucinations, psychosis,
mania, and depression, which were thought to be side effects of
monotherapy at the drug high doses administered in the past.
Depression, hallucinations, and suicidal ideation have been
reported in patients on abacavir therapy (Cespedes and Aberg
2006). Tovar-Y-Romo provide evidence that the main metabo-
lite of efavirenz (EFV), 8-OH-EFV, is a neurotoxin that dereg-
ulates neuronal calcium homeostasis, and damages dendritic
spines (Tovar-y-Romo et al. 2012). CARTmay also increaseβ-
amyloid protein (Aβ) generation, by preventing microglial
phagocytosis (the normal mechanism of Aβ clearance), and
enhancing Aβ aggregation and deposition, which itself is neu-
rotoxic (Giunta et al. 2011).

Nevertheless, drugs with good CNS penetration were found
to be neuroprotective, as they reduced the risk of developing
neurocognitive impairments (Ellis et al. 2007;McCutchan et al.
2007; Robertson et al. 2004). Indeed, CART may stabilize, or
even improve cognitive function by reversing infection related
dysfunctional brain changes, which have not yet induced struc-
tural damage. Decreased viral load induced by CART may
reverse the IDO overactivation, decreasing kynurenine levels
and the kyn/trp ratio (Zangerle et al. 2002).

Psychological, social and biographical factors interact with
inflammatory and neurotoxic, virally induced changes to play
a crucial role in depression amongst PLHIV. The relationships
between psychosocial stressors and neuroimmunological and
endocrine processes are complex and reciprocal (Lutgendorf
et al. 1999; McDade et al. 2006). Their contribution to neu-
ropsychiatric disorders is neither additive, nor mutually exclu-
sive, but dynamically interacting and potentiating each other
in as yet unclear ways (Anisman 2009; Gibb et al. 2008;
Glaser et al. 2003). For example, exposure to stress is
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associated with an increase in IL-6 serum levels, which is
more pronounced in patients who are already depressed
(Kiecolt-Glaser et al. 2005; Pace et al. 2006).

In animal models, external stress-induced, depression-like
behaviors are associated with increased IL-1β, TNF-α, IL-6,
nuclear factor κB, cyclooxygenase-2, expression of Toll-like
receptors and lipid peroxidation (Kubera et al. 2011). These
and other observations lead to the proposal that the brain
translates psychosocial stress into immunological activation,
but, on the other hand, by means of the reverse pathway, also
translates immunological activation into perceived stress
(Anisman 2009). HIV-related stigma, homophobia, racism,
non-disclosure, social isolation, fear of premature death, un-
certainty about the future, concerns about the appearance (the
disease could become visible) have all been shown to be
associated with higher depression rates (Simoni et al. 2011).
Moreover, socially disadvantaged and marginalized people
are over-represented amongst PLHIV (for example, the eco-
nomically disadvantaged, ethnic minorities, sexual minorities,
drug users, sex professionals) and they are at greater risk for
depression even before contracting the disease (Gonzalez et al.
2009). For these reasons, depression among PLHIV should be
understood as multifactorial, implying complex interactions
between constitutional factors (for example, genetic polymor-
phisms), early-life experiences (which are related to epigenet-
ic and neurodevelopmental changes) (Provencal et al. 2012),
psychosocial circumstances and neurobiological, virally in-
duced changes. Some of these elements, such as genetic
polymorphisms, may not be changeable, but the management
of the others could have a strong effect on the entire system,
reducing vulnerability for development of the disorder.
Despite several limitations for reproducing the complexity of
the interplay of these factors, translational research and espe-
cially animal models may provide a great resource that de-
serves further exploration. Possible interactions between psy-
chosocial stressors and HIV infection mediating depression
are shown in Fig. 1. The evidence for contributions to HIV
depression by the immuno-inflammatory, monoaminergic,
neurotoxic and neurotrophic processes listed here has recently
been reviewed (Del Guerra et al. 2013).

Current animal models for depression

Animal models have contributed to the general study of de-
pression, although reproducing a disease as complex as depres-
sion is a challenge (Krishnan and Nestler 2011). For a neuro-
psychiatric disease animal model to be valid, the model should
demonstrate three characteristics: 1) reproducing the features of
the disease (face validity); 2) reproducing pathophysiological
aspects of the disease (etiological, or construct validity); and
also, 3) having its features reversed by the disease therapeutic
agents (pharmacological, or predictive validity) (Willner 1986;

Willner and Mitchell 2002). However, certain deficiencies are
associated with each criterion (Nestler and Hyman 2010). To
achieve significant face validity, an animal model of depression
must present depressive symptoms equivalent to those found in
humans. While symptoms such as guilt, suicidal ideation and
sadness are likely to be purely human features, other aspects of
the depressive syndrome have been replicated in laboratory
rodent models, such as, anhedonia, irritability, cognitive im-
pairments, and neurovegetative symptoms, such as abnormali-
ties in appetite and sleep (Belzung and Lemoine 2011).

Construct validity requires that the model delineate patho-
physiological mechanisms of the human disease. Considering
that the etiology and pathophysiology of depression have not
yet been elucidated, it is difficult for models of depression to
fulfill this criterion. However, incorporation of genetic and
environmental factors into animal models will increase model
construct validity (Schmidt et al. 2011b; Willner 1986). In
contrast to construct and face validity, predictive validity is
often excellent. Indeed, many models respond well to drugs
employed for the treatment of depression, thereby assisting
disease evaluation (Berton and Nestler 2006; Willner 1986).

A potential emerging fourth criterion, pathological validity,
requires that animal models recapitulate known postmortem
pathological or serological changes found in human patients
(Krishnan and Nestler 2011).

Mouse models to assess depression through acute stress

Standardized tests may be employed to assess symptoms of
depression, and to analyze therapeutic performance of antide-
pressant treatment. Among these are:

1) Sucrose preference test: mice consume water or a solution
of sucrose from two test bottles. Preference is calculated
as the percentage of sucrose consumed compared to total
fluid intake. The consumption of sucrose decreases in
depressed mice, due to anhedonia (Monleon et al. 1995;
Nielsen et al. 2000; Willner et al. 1987).

2) Tail suspension test: themouse is suspended by the tail from
a lever and the movements of the animal are recorded. The
total duration of the test is divided into periods of agitation
and immobility. Immobility is scored as a measure of one
aspect of depression (despair associated with inescapable
stress). Antidepressant drugs decrease the duration of im-
mobility (Krishnan and Nestler 2011; Cryan et al. 2005).

3) Forced swim test: this test is used to evaluate antidepres-
sant action and also to infer depression-like behavior. Mice
are placed in a cylindrical plastic container that is partially
filled with water. Following an initial period of struggling,
swimming and climbing, the animal eventually displays a
floating or immobile posture indicating depression
(Krishnan and Nestler 2011; Petit-Demouliere et al. 2005).
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4) The learned helplessness model: After exposure to ines-
capable electric shocks, the animals develop a state of
helplessness. When re-exposed to the same shocks, the
animal does not try to escape even when provided with an
easy escape route, indicating depression (Chourbaji et al.
2005; Krishnan and Nestler 2011)

Generating animal models of depression through chronic
and early life stress

In the absence of known genetic factors, many models make
use of stress and emotional losses as a means to develop
depressive symptoms (Nestler and Hyman 2010).

Several chronic stress procedures have been employed that
attempt to achieve a measure of construct validity (Nestler and
Hyman 2010). In the case of chronic mild or chronic unpre-
dictable stress (CMS), normal rats or mice are exposed, over a
period of weeks, to a series of repeated physical stressors, for
example, restraint, foot shock or cold temperature. The
resulting depressive symptoms are tracked by the sucrose
preference test. The model shows good predictive validity in
that behavioral changes are reversed by treatment with a wide
variety of antidepressants. It also provides face validity in that
almost all demonstrable symptoms of depression are ob-
served. For instance, CMS causes a generalized decrease in
responsiveness to rewards, comparable to anhedonia.
Drawbacks include the difficulties of reproducibility and the
long time required to administer the procedure (Willner 1997).

Fig. 1 Hypothetical interactions of genetic, epigenetic, and psychosocial
factors with HIV infection resulting in depression. HIV associated de-
pression may result from complex interactions between genetic polymor-
phisms (not shown in the figure), early life events that lead to
neurodevelopmental and epigenetic changes, and exposure to psychoso-
cial stressors. The latter can either be related to the burden of the infection
(e. g. having a chronic disease, disclosure, treatment side effects, etc.), or
be unrelated to it, in as much as marginalized groups are overrepresented

among PLHIVand they are more exposed to stress and more susceptible
to depression than the general population (Gonzalez et al. 2009). The
virus induces immuno-inflammatory, monoaminergic, neurotoxic and
neurotrophic changes, which contribute to depressive symptoms and
neurodegeneration (Del Guerra et al. 2013). We hypothesize a synergistic
interaction between HIV related neurobiological mechanisms and genetic
(not shown in the figure), biographical and psychosocial factors, leading
to depression, which could be investigated with animal models
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The CSD model also uses stress to reproduce depressive
symptoms. In the male tree shrew test, two adult males are
housed together in one cage, leading them to fight and estab-
lish a social hierarchy with a dominant and a subordinate.
With CSD, a mouse is forced to intrude into the territorial
space of a larger mouse of a more aggressive genetic strain.
This leads to antagonistic encounters that ultimately subordi-
nate the intruder. With CSD, the rodents show a range of
depression-like symptoms, including anhedonia and social
withdrawal as observed in depressed human patients (Fuchs
and Flugge 2002; Krishnan et al. 2007). Besides use for the
study of depression, this model can be employed to study
resilience, since some animals, even when subjected to high
levels of stress, do not develop the characteristic clinical
depression symptoms.

Also included among the stress-induced rodent models is
early life stress, such as maternal separation, which induces
long-life behavioral and neuroendocrine abnormalities, some
of which can be reversed by antidepressant medications
(Schmidt et al. 2011b).

Social stress effects on animal’s brain neurotransmitter
systems have been extensively investigated, and are most
often associated with changes in serotonergic and noradrener-
gic systems. Morphological changes and alterations of
neurogenesis and of cell survival, particularly ones involving
the hippocampus and dentate gyrus, have been reported with
severe social stress, as have longer-term changes in function-
ing of the HPA axis (Blanchard et al. 2001).

Animal models for HIV

Animal models for HIV infection have provided a con-
trolled setting for many HIV studies (McCune 1997). One
logical beginning for such a model would be chimpanzees,
given their genetic similarity to humans. Nonetheless, fi-
nancial considerations, differences in immune responses as
well as societal concerns and other practical factors hinder
their use (Van Duyne et al. 2009). HIV-1 rodent models in
contrast offer lower cost, ease of handling and housing,
short lifetime, and a genome that may be manipulated
(Gorantla et al. 2012). Rodent models may be created by
several means, including direct injection of HIV proteins
either into the CNS or blood via intravenous (IV) route in
rats or mice, expression of viral transgenes in rodents and
transplantation of HIV-1 infected cells into immunodefi-
cient rodent tissues to overcome HIV-1’s failure to infect
rodent cells. However, the use of humanized mice, which
are genetically modified to accept human immune system
grafts and support HIV infection, presents the best oppor-
tunities for a model (Van Duyne et al. 2009). In light of the
relevance of HIV associated CNS disorders, animal models
for CNS HIV infection may have special importance.

Viral protein and transgenic models

In the early efforts to reproduce the effects of viral infection,
purified viral proteins were applied to neuron cultures or
injected into the relevant regions of rodent brains. Such stud-
ies have demonstrated the toxicity of Tat and other HIV
proteins (Agrawal et al. 2012; Chen et al. 1997; Conant
et al. 1998; New et al. 1998; Shi et al. 1998; Yao and Buch
2012). In a second approach, transgenic models, HIV genes or
genome fragments are inserted directly into the genome of a
mouse, leading to an animal expressing one or more viral
proteins. Like protein injection models, transgenic models
offer the possibility of deducing the effect of individual viral
products (Nath and Geiger 1998) (Agrawal et al. 2012; Carey
et al. 2012; Toneatto et al. 1999) (Krucker et al. 1998; Lipton
1994b; Toggas et al. 1994) (Ballester et al. 2012). However no
virus is produced and viral transgene expression will vary for
each mouse line produced. The basic transgenic models may
also expose the nervous system to transgenic viral proteins
throughout the animal’s lifespan. They may modify develop-
ment and fail to recapitulate the actual events in HIV-1 in-
duced neurological disorders (Jaeger and Nath 2012). The use
of doxycycline-dependent gene promoters can provide regu-
lated, brain-targeted expression of HIV-1 Tat and other viral
proteins (Kim et al. 2003; Zucchini et al. 2013). Nonetheless,
protein injection and transgenic mouse models are severely
limited in their ability to mimic the pathological bases of the
human disease. Some immunodeficient animal models
employing viral infection or transplantation of infected cells
can mimic the early events in viral replication (Van Duyne
et al. 2009), but they neither sustain production of virus nor
reproduce the natural onset and progression of HIV
neuropathogenesis nor peripheral viral replication nor the host
immune response. (Gorantla et al. 2012).

Humanized mice

An optimal rodent model would provide relevant host cells for
viral infection, including CD4+ T lymphocytes, dendritic
cells, monocytes and macrophages, all of which must possess
the receptors and co-receptors and cellular machinery required
to complete the viral life cycle. The model must have the
capacity to create reservoirs of virus, such as seen in the
human disease, and the model must modify the permeability
of the BBB to enable entry of infected cells into the CNS. The
model must also simulate the chronicity of the disease and
exhibit an immune response similar to that observed in
humans (Gorantla et al. 2012). For these purposes, humanized
mice have proved, so far, the best alternative to transgenic
models. Briefly, humanized mice are genetically modified,
immunodeficient mice that accept human cell grafts, in this
case, cells of the immune system (Jaeger and Nath 2012)..
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Recently, a mouse model defective in the common γ chain
(γc) of the receptors for IL-2, IL-7, IL-15 and other cytokines,
was constructed from the recombinase activating gene (Rag)
knockout mouse (Ishikawa et al. 2005; Shultz et al. 2005;
Traggiai et al. 2004) and the non-obese diabetic (NOD) and
“severe combined immunodeficiency” (SCID) mutation in CB-
17 scid/scid mice (Bosma et al. 1983). These Rag-/-γc -/- and
NOD-SCID γc null (NOG) mice have no functional T, B, or
NK cell activity, thus being superior to previous models (Ito
et al. 2002; Van Duyne et al. 2009). Due to the presence of an
intact human immune system and the ability to support
multilineage hematopoiesis, the humanized Rag2-/-γc -/- scaf-
fold provides an excellent system to study HIV pathogenesis
and can produce sustained HIV-1 infection (Berges et al. 2006)
Infection of Rag2-/-γc -/- animals, 10–28 weeks of age, with
CCR5-tropic YU-2 or CXCR4-tropic NL4-3 HIV-1 viral
strains, produced a chronic infection lasting up to 190 days,
as well as an initial, acute burst phase of viral replication, as
detected by assay of plasma viral RNA. At 18 weeks post
infection, spleen and lymph nodes of both NL4-3- and YU-2-
infected animals showed biomarkers of infection (Baenziger
et al. 2006). Using humanized mice, Zou and colleagues con-
cluded that Nef elevates viral replication and leads to CD4+ T
cell killing. Furthermore, CD4+CD8+ thymocyte killing was
dependent on Nef. This depletion of thymic T cell precursors
can be a relevant factor in the elevated pathogenicity of CXCR4
trophic HIV-1 (Zou et al. 2012).

Validation and application of the models

Because virus-specific mechanisms may modulate
neuroinflammatory and neurodegenerative processes that lead
to depression, in order to establish an optimal rodent model,
one must strive to reproduce the complex interaction between
the virus, the immune system and the brain faithfully as the
immune response to the infection progresses, and cytokines and
viral antigens alter brain and immune system function. In this
respect, humanized mouse models are most appealing for the
study of HIV depression because, of the available strategies,
theymost faithfully recapitulate the interaction of the virus with
the immune system (Gorantla et al. 2012). However, in addition
to asking if a model reproduces virus-immune system interac-
tion adequately, any such model should also be evaluated from
a behavioral perspective so that its utility for modeling comor-
bidities of great clinical interest, such as depression, could be
assessed. One limitation is that rodent models cannot reproduce
emotional and consciousness-based components of depression
that are found in humans, such as low self-esteem (LeDoux
2012). Nonetheless, rodent models may be applied to studies of
the behavioral manifestations of depression, such as anhedonia,
and to the underlying inflammatory and neurodegenerative
mechanisms.

Attempts in this direction have been limited, but a number
of strategies are possible. First, the assumption that HIV
associated depression is, at least partially, induced by the
virally related neuroinflammatory and neurotoxic mecha-
nisms could be tested by evaluating depression among HIV-
1-infected humanized mice using standardized behavioral
measurements. However, to evaluate the quality and adequacy
of animal models for HIV depression, we may not just ask if
the animals actually get depressed. We may also ask about the
influence of psychosocial factors on the course of HIV medi-
ated brain pathology. Humanized mice infected with HIV
could be exposed to various depression-inducing influences,
such as social conflict using the male tree shrew model
adapted for mice, or to learned helplessness protocols or to
other forms of stress such as early life stress (maternal sepa-
ration), to see if they develop depressionmore rapidly, or if the
depression-like symptoms are more pronounced or longer
lasting than in control animals.

A further possibility is to assess the correlation of depres-
sive behavioral measurements with endophenotypes, such as
deregulation of the HPA axis, production of inflammatory
cytokines and of toxic metabolites, including kynurenic and
quinolinic acids and peroxynitrites. The latter, together with
viral proteins, gp120 and Tat, may be toxic to dopaminergic
neurons, leading to depression, or toxic to cortical neurons,
leading to memory loss and cognitive decline. Mouse models
may be assayed for degeneration of basal ganglia, resulting in
loss of hedonic function, and of prefrontal cortex, diminishing
executive function, and of cerebral cortex and hippocampus,
impairing memory formation and retrieval. Decreases in do-
pamine and serotonin release may be measured. Changes in
the levels of inflammatory cytokines in serum and in CSF
could also be correlated with behavioral measurements,
monoaminergic dysfunction and with expression or levels of
neurotrophic factors in different brain areas.

Models for HIV depression may be employed to address
clinically relevant questions. mRNA biomarkers of gene ex-
pression could be identified by micro array comparison of
rodent model mRNA. Models could be used to screen for
protein biomarkers for depression in serum and cerebrospinal
fluid. Caution should be taken since not all such biomarkers
may be found in humans or have the same significance. These
biomarkers could be evaluated for diagnostic validity with the
human disease by assaying the protein biomarkers in HIV
patient CSF and serum (e.g. cytokines, BDNF), and by
assaying the mRNA biomarkers in patient lymphocytes or, if
a brain bank and information about the psychiatric status of the
patient are available, in autopsy brain tissue. Furthermore, one
could assay whether biomarkers identified in humans with
major depressive disorder (Schmidt et al. 2011a) are also ele-
vated in the mouse models for HIV depression, and determine
if their levels change with CART or antidepressants. These
could be clues to mechanisms of depression. Biomarkers
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identified in MDD patients could also be related to AIDS
patient depressive state as assessed by psychiatric clinic evalu-
ation and analyzed mechanistically in rodents.

Rodent models for HIV depression may be applied to test
antidepressant and antiretroviral therapies. The efficacy of an-
tidepressants could be evaluated through behavioral tests for
despair (Cryan et al. 2005; Petit-Demouliere et al. 2005), an-
hedonia and hypophagia (Nielsen et al. 2000) and anxiety
(Dulawa and Hen 2005; Holmes 2001). The animal models
can also be used to determine if an HIV animal model of
depression shows a similar response to treatment as other
depression animal models. To test these ideas, one could see
if the HIV rodent responses to conventional antidepressants,
such as tricyclic antidepressants or selective serotonin reuptake
inhibitors, are poorer than the responses of controls, and to
determine if treatment with potential HIV depression-specific
agents, such as antibodies anti-TNF-α, or anti-gp120, improves
depression preferentially in the infected animals versus con-
trols. New mood stabilizers or combinations of existing drugs
for mood elevationmay be evaluated. Themodels could also be
used to determine whether cocaine, amphetamines and antide-
pressants that elevate dopamine accelerate the infection, as has
been suggested (Del Guerra et al. 2013).

The influence of psychosocial factors on the levels of
cytokines and other protein biomarkers in the cerebral spinal
fluid, or mRNA biomarkers could be monitored. Similar
measurements could be made of the effects of psychosocial
influences on viral load and CD4 levels in the infected hu-
manized mice. Effects on hippocampal function and learning
behavior and molecular markers for neuroplasticity could also
be evaluated. For instance, it is already known that BDNF is
decreased in HIV infection (Nosheny et al. 2007), and, as
described above, is also altered during depression. BDNF
enhances the neuron life cycle, is neuroprotective and stimu-
lates neurogenesis in the hippocampus. The association be-
tween memory impairment, which is related to neurogenesis,
and BDNF levels could be evaluated. By these means, the
relationship between depressive behavior and cognitive defi-
cits could be investigated, as it could be assumed that the
chronic neuroinflammatory and neurodegenerative virally in-
duced changes lead to both disorders, probably in different
stages. Furthermore depression might be itself neurotoxic and
further studies could evaluate if psychosocial factors could
synergize with viral factors in elevating the extent of cognitive
deficit in HIV depression and the effects of HIV on the
capacity for neuroplasticity.

Finally, but perhaps most significant, mouse models offer
the very powerful opportunity to take advantage of mouse
genetics to determine the contributions of specific genes and
pathways to the origin of HIV depression. Mouse genetic
models have been established to test the roles of monoamines,
CRF and BDNF in depressionmechanisms (Barkus 2013) and
potentially could be applied to the study of HIV depression.

Specialized humanized mouse lines with genetic modifica-
tions for testing genes, pathways etc. for a role in HIV depres-
sion could be constructed. For example, it should be possible
to construct model mice with doxycycline inducible CRE
recombinase in T cell lineages. By administering doxycycline
at different stages of infection, it would be possible to knock
out floxed viral and cellular genes. One could determine if
replication and new infection are halted if a critical viral gene
is excised and if so, whether depression is impeded. In addi-
tion, using CRE excision, one could construct a mouse model
in which a chemokine receptor gene can be selectively
knocked out in a specific T cell lineage. Does this protect that
lineage from HIV toxicity and does it protect the mouse from
cognitive losses and depression? The models could be used to
determine how changes in mouse genetic background affect
the treatment of HIV depression. Specific genetic back-
grounds in humans have been linked to adverse effects of
antidepressants (Lin and Chen 2008). Using the models it
would be possible to determine if they have the same effects
in mice, and if they do, the system might also be use to
understand the basis.

Conclusions and future perspectives

Despite the many advances in the treatment of HIV infection,
chronic neuropsychiatric HIV associated disorders, such as
depression and HAND, are still a challenge. The underlying
pathophysiological mechanisms are not well understood, and
there are no effective pathophysiology based treatments.
Thus, there is an unmet need for animal models that enable
the study of these particularly important comorbities and the
testing of new therapeutic approaches to combat them.

The many animal models generated so far have provided
numerous findings about HIV disease mechanisms and have
contributed significantly to understanding the action of HIV-1
in the CNS. However, little of the information gained so far
has been directed to the study of depression. To search for
appropriate therapies for treating patients with depressive
comorbidities, the construction of an animal model suitable
for such translational research becomes important.

Because HIV is a chronic neuroinflammatory disease, HIV
associated depression fits very well with the inflammatory-
neurodegenerative theory of depression. Furthermore, it would
be very important to understand the neuroimmunological pro-
cess related to HIV infection, but most models so far have
studied the systemic immunological process, rather than pro-
cesses that transpire within the nervous system.

An appropriate model should enable investigation of the
persistence of HIV replication in brain microglia, evolution of
highly neurovirulent CNS HIV strains, and even long-term
CNS toxicity of CART. Such a model could be used to inves-
tigate inflammatory biomarkers in CSF related to depression
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and cognitive decline. Indeed, cerebrospinal fluid (CSF)
markers of immune activation and inflammation are commonly
detected in individuals with HAND (Gannon et al. 2011) and
depression (Zorrilla et al. 2001). By reviewing CSF factors that
are related with HIV-1 infection and depression such as
neopterin, β-2-microglobulin, PGE2, (QUIN), 1 (MCP-1),
IFNs, ILs and other chemokines, it will be possible to distin-
guish biomarkers that could be useful in clinical practice for
diagnosis and treatment follow up. Behavioral evaluations
carried out by means of these models may provide access to
the origins of depressive symptoms and the steps necessary for
the construction of an ideal model. Modulation of these bio-
markers by the model could be one test of the model’s validity.
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