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Abstract
Animal models are used to decipher the pathophysiology of IFN-α-induced psychiatric complications
in humans. However, the behavioral effects of IFN-α in rodents remain highly controversial. In
contrast to homologous IFN-α, our recent study uncovered that human IFN-α, which was used in
many previous investigations, had no biological activity in mice. To evaluate the behavioral effects
of homologous IFN-α in mice, adult C57BL/6J mice were treated with carrier-free murine IFN-α
and tested on a number of behavioral paradigms. Surprisingly, contrary to previous reports, IFN-α
treatment decreased the time spent immobile in the forced-swimming test after a single
intraperitoneal injection at 2×106 IU/kg, whereas general locomotor activity was not altered. Elevated
plus-maze test showed a trend toward an increased anxiety profile in IFN-α-treated mice. Tail-
suspension or light dark exploration test revealed no difference between IFN-α-treated and control
animals. Interestingly, neurochemical analysis revealed significantly increased concentrations of
tryptophan and 5-hydroxyindoleacetic acid (5-HIAA)/serotonin (5-HT) ratios following IFN-α
treatment in selected brain regions. Thus, systemic murine IFN-α treatment increases swimming time
in mice. Increased cerebral serotonin turnover as well as increased tryptophan concentration, induced
by IFN-α, implicates serotonergic neurotransmission in behavioral dysfunction caused by this innate
immune mediator.
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Discovered for its anti-viral action, the innate immune mediator interferon-alpha (IFN-α) is
the first cytokine approved by the FDA for clinical applications, and has been prescribed for
patients suffering from chronic viral infection or several types of malignancies because of its
anti-viral, anti-proliferative and immunoregulatory effects [10]. In addition to its therapeutic
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effects, increasing evidence shows that administration of IFN-α results in various
neuropsychiatric side effects ranging from irritability, anxiety and depression, to mania and
psychosis in 11–47% of patients [25,26]. Because of limited access to human brains, animals,
especially rodents, have been used to study the neurobiology of IFN-α-induced behavioral
deficits and relevant molecular mechanisms [26]. The reported results to date have been highly
controversial in regards to whether IFN-α treatment has a similar impact on the analogous
behaviors in rodents measured by the testing paradigms used for screening of potential anti-
depressants and anxiolytics [8]. Because of the limited availability and cost of relevant
homologous IFN-α, heterologous IFN-α, especially human IFN-α, has been used in most
previous animal studies. Human IFN-α was initially shown to induce depression-related
behavior in both the Porsolt swim test [18,20] and the tail suspension test [35]. However,
subsequent studies have not replicated the earlier observations [9,17].

The molecular basis for cell signaling by IFN-α has been shown to involve Janus kinase (JAK)/
signal transducer and activator of the transcription (STAT) signaling pathway [29]. Activation
of the type I IFN receptor following ligand binding triggers JAK-dependent tyrosine
phosphorylation followed by nuclear-translocation of its transcription factors STAT1 and
STAT2 to form IFN-stimulated gene factor 3 (ISGF-3) upon association of STAT1/STAT2
heterodimers with IFN regulatory factor (IRF)-9 (also called p48 or ISGF-3γ). This biologically
active complex interacts with the IFN-stimulated response element (ISRE) and regulates
transcription of the genes with ISRE in their promoter to carry out the biological activities of
IFN-α. To explore the potential factor(s) responsible for the inconsistent observations on the
behavioral impacts of IFN-α, we analyzed the expression of the genes directly regulated by
IFN-α to track the biological activity of IFN-α and IFN-α-responsive cell populations. We
found that systemic administration of homologous IFN-α triggered a rapid expression of IFN-
regulated genes in brain parenchymal cells in mice [33], indicating direct access of circulatory
IFN-α to the CNS. More importantly, human IFN-α, in contrast to mouse IFN-α, had no such
activity in either brain or peripheral tissues in mice following intraperitoneal injection even at
doses 10- to 15-fold higher than the homologous IFN-α, demonstrating a species specificity of
this cytokines as reported in vitro [32]. This novel observation prompted us to revisit the
behavioral consequences of murine IFN-α in mice.

In the present study, six- to 8-week-old male C57BL/6J mice (Jackson Laboratories, Bar
Harbor, Maine) were group-housed in a vivarium (22±1°C) under 12–12h light-dark cycle
conditions (lights on 7:00 AM) with free access to food and water. After two weeks of
adaptation at our housing facility, animals were assigned to experimental groups randomly.
Considering the potential impact of carrier protein albumin [27], a preparation of mouse IFN-
α with no bovine serum albumin (BSA) (PBL Biomedical Laboratories, New Brunswick, NJ)
was used. Mice were treated with recombinant mouse IFN-α (specific activity: 7.7×107 units/
mg protein) or pyrogen-free DPBS (Dulbecco’s phosphate buffered saline) (Sigma-Aldrich,
St. Louis, MO) by intraperitoneal injection (100 μl/mouse) and tested for behaviors or killed
for sample collection at different times following the treatment. The handling of mice and
experimental procedures were conducted in accordance with the National Institutes of Health
guidelines and approved by the University of Missouri-Kansas City Institutional Animal Care
and Use Committee (IACUC).

Porsolt forced swimming [24], tail suspension [31], elevated plus maze (EPM) [16] and light
dark exploration [2] tests were carried out as previously described by other investigators.
Automatic testing apparatus for each of these four paradigms including forced swim station
FS2000, tail suspension system TS100, elevated plus-maze apparatus EPM2000 and Light/
Dark SF7×15 Cage Rack System (all acquired from Kinder Scientific; Poway, CA) were
utilized. A standard 5 min test duration was adopted and the data were captured in real time
by a Dell computer with the software provided by the vendor. The intensity of light was 300
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lux (Porsolt and tail suspension), or 50 lux (EPM) and 150 lux (light dark exploration). The
mice were used only once for behavioral tests in order to collect reliable data. All behavioral
experiments were conducted between 12:30 PM and 4:30 PM to avoid circadian variation.

Poly (A+) RNAs were extracted from collected brain tissue and expression of IFN-stimulated
genes was analyzed by RNase protection assay (RPA) as described previously [33]. For
cerebral biogenic amine detection, brain regions were dissected and HPLC performed within
7–10 days of homogenization as previously described [11]. All results were presented as the
mean ± S.E.M (standard error of mean). Unpaired student’s t-tests were utilized for statistical
analysis for two-group experiments. For multiple-group comparisons, a two-way ANOVA was
carried out followed by Fisher’s LSD test for post-hoc comparisons. Significance was set at a
p value less than or equal to 0.05.

To determine behavioral impact of the homologous IFN-α treatment in mice, these animals
were treated with 2×106 IU/kg (which was 5×104 IU and a total of 0.65 μg of protein for a 25-
g mouse) of IFN-α by a single intraperitoneal injection according to previous studies in mice
[7,12,33], and tested in the Porsolt swim test 2 hours later. Mice treated with IFN-α exhibited
altered performance in the swim test compared with controls. The two measurements of general
locomotor activity, total distance traveled and total number of beam breaks, did not differ
between mice treated with IFN-α or vehicle. To our surprise, however, the total swim time in
the 5-minute session was increased in IFN-α-treated mice. Figure 1 represents one of two such
experiments. As illustrated in Figure 1, IFN-α treatment decreased resting time (immobility)
by 26% (p = 0.017; n = 15) compared with the control group. In separate experiments, when
the animals were injected with a lower dose of IFN-α (i.e., 2×105 IU/kg) on the same schedule,
a smaller, but not statistically significant decrease of immobility was also observed (data not
shown). Nevertheless, the same IFN-α treatment did not change the performance of mice in
the tail suspension test, another commonly used paradigm for depression-like behavior (data
not shown). To verify the activity of the IFN-α used, we found that cerebral expression of
several prototypic IFN-stimulated genes, including dsRNA-dependent protein kinase R (PKR),
ubiquitin-specific proteinase 18 (USP18), signal transducer and activator of transcription
(STAT1), IFN-induced 15 kDa protein (ISG15) and guanylate-binding protein 3 (GBP3), were
highly activated following the intraperitoneal injection of mouse IFN-α (Figure 2).

Based on clinical and animal studies [6,7], we also evaluated whether similar IFN-α treatment
had any influence on the performance of mice in two widely used paradigms, the EPM and the
light dark box for anxiety-like behavior. Interestingly, in the EPM test, IFN-α-treated mice
decreased the percentage of the time spent on the open arms by 17% and the percentage of the
entries into open arms by 9% respectively, suggesting that IFN-α induced an increase in
anxiety-like behavior (Figure 3). However, the decreases were not statistically significant
compared to mice treated with vehicle. The locomotor activity of these mice measured by total
arm entries and total number of beam breaks was not altered by IFN-α treatment and was
consistent with the findings from the swim test. In addition, IFN-α treatment did not change
the performance of mice in the light dark exploration test (data not shown).

To evaluate the neurochemical impact of homologous IFN-α treatment on the brain, several
brain regions such as the medial prefrontal cortex (PFM), hippocampus (HP), hypothalamus
(HT), brain stem (BS) and cerebellum (Cbl) were dissected at 2 and 4 hours following
intraperitoneal injection of IFN-α and analyzed for biogenic amine neurotransmitters and their
metabolites by HPLC. Two-way ANOVA revealed significant effects of IFN-α treatment on
the tryptophan level in PFM (F (1, 35) = 5.76, p = 0.022), HP (F (1, 35) = 7.32, p = 0.01) and
HT (F (1, 35) = 6.50, p = 0.016) and the 5-HIAA/5-HT ratio in HT (F (1, 35) = 5.96, p = 0.02),
BS (F (1, 35) = 5.31, p = 0.028) and Cbl (F (1, 35) = 5.26, p = 0.029) respectively. Post-hoc
statistical analysis showed that IFN-α treatment significantly increased tryptophan
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concentrations or 5-HIAA/5-HT ratios at 4, but not 2 hours following injection in different
brain regions (Figure 4). In addition, a single IFN-α administration also resulted in significantly
increased 5-HIAA concentrations in hippocampus (p = 0.01) and brain stem (p = 0.04) at 4-
hour time point. However, such IFN-α treatment had no effect on cerebral 5-HT concentration.
The 5-HT levels in all brain regions analyzed were essentially unchanged at both 2 and 4 hours
after single IFN-α injection (Figure 4).

The present study showed that homologous IFN-α treatment did not change general activity
(an indicator for sickness behavior) in C57BL/6J mice. However, when treated with
homologous IFN-α, mice decreased the time spent immobile in the Porsolt swim test. Such an
observation is in contrast to increased immobility described in earlier reports from studies in
which mice were treated with human IFN-α [18,19]. The reason for this discrepancy is currently
unknown. However, application of homologous IFN-α in the current study versus heterologous
IFN-α used in previous investigations may be an important factor contributing to conflicting
results, given the lack of detectable biological activity of human IFN-α in mice [33]. Other
than activity of IFN-α itself, the carrier protein that is usually added to IFN-α preparation for
maintaining the stability of recombinant proteins, such as BSA or human serum albumin has
been shown to stimulate cytokine expression [27,30].

An antidepressant effect of acute IFN-α was somewhat surprising as humans taking this
compound often have problems with depressive-like symptoms. However, depression and
other psychiatric complications are developed in patients who undergo chronic IFN-α therapy.
An acute symptom experienced by human patients is confusion [26]; therefore, it is possible
that the behavioral findings of the present study are revealing a correlate of confusion in mice.
While extremely speculative, mice treated with IFN-α may continue to swim because, for
example, they are not processing the contextual cues as well as vehicle-treated mice. This is
interesting as it suggests a role of serotonin in even these early, acute effects of IFN-α. Clearly,
behavioral characterization of mice following chronic IFN-α exposure including use of
transgenic mice with chronic production of IFN-α will offer important insights into the
relationship between IFN-α and behavioral dysfunction in mice.

Anxiety is among the most common psychiatric manifestation in IFN-α-treated patients [4,6].
While the changes are not statistical significance, a trend of increased anxiety-like behavior
indicated by the decreased percentage of time spent in open arms as well as the decreased
number of entries into open arms were observed in our studies. In support of this, increased
anxiety profiles have recently been reported in rats [23] and primates [13] after IFN-α treatment.
In rhesus monkeys, treatment of IFN-α by a regimen extrapolated from human IFN-α therapy
resulted in anxiety-like behavior, including self-scratching, body shaking and yawning [13].

The elevated tryptophan levels and the increased turnover of serotonin found in brain regions
in the present study are in agreement with previous observations in rats [14] and humans [3,
5]. Here, a significant increase in the turnover of 5-HT (reflected by the increased ratio of 5-
HIAA to 5-HT) was observed following IFN-α treatment. The present study also showed that
acute IFN-α treatment resulted in an increased serotonin metabolite, 5-HIAA with no change
in 5-HT itself in different brain regions. This increased 5-HT metabolism following acute IFN-
α treatment suggests that serotonin depletion may be responsible for neuropsychiatric
complications developed after IFN-α therapy in humans. However, compared to the behavioral
changes, delayed neurochemical changes detected by HPLC of cerebral tissue homogenates is
similar to the temporal profile of neurochemical alterations demonstrated in similar studies in
which mice were treated with IL-1 or LPS [11]. Measurement of whole tissue homogenates
other than extracellular fluids derived from in vivo microdialysis likely contributed to such
delay [34]. Consistent with the notion that dysregulated serotonin neurotransmission is partially
responsible for the behavioral changes induced by IFN-α, selective serotonin reuptake
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inhibitors (SSRIs) have been found effective in management of neuropsychiatric
manifestations in human patients treated with IFN-α [22]. In addition, a recent in vitro study
reported that IFN-α increases the expression of serotonin transporter (SERT), a key molecule
which regulates reuptake of 5-HT [21], suggesting a molecular basis for IFN-α-induced
changes in serotonin neurotransmission.

Despite the effectiveness of SSRIs in the management of psychiatric complications (both
depression and anxiety) in patients chronically treated with IFN-α, animal studies have only
focused on the depression-like behaviors caused by IFN-α. The study of the neurobehavioral
impact of this anti-viral cytokine remains in its early stages. In addition to the challenges of
recapitulating human depression or anxiety in rodents, broader behavioral screening remains
necessary before efforts to understand the cellular and molecular mechanisms of the effects
underlying the behavioral abnormalities. In this regard, recent investigations have shown that
IFN-α can lead to additional behavioral dysfunctions in circadian rhythm [28] and cognitive
impairment [15]. It is also important to note that clinical studies have been carried out in patient
populations with chronic viral infection or malignancy [3–5]. Such precondition (leading to
immune stimulation) could completely change the neurochemical and behavioral responses to
IFN-α in patient cohorts compared with healthy subjects. Indeed, a recent animal study
demonstrated that psychological distress dramatically enhances the IFN-α-induced
neuroendocrine, neurochemical and behavioral effects in mice [1].

In conclusion, systemic homologous IFN-α treatment decreases immobility in forced
swimming test in mice. Increased tryptophan levels and serotonin turnover were found in
several brain regions of IFN-α-treated mice. These results suggest that dysregulated serotonin
neurotransmission may be responsible for the behavioral dysfunction observed in our studies.
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Figure 1.
The effect of IFN-α on behavior of mice in the Porsolt swim test. Mice (N=15) were injected
ip with vehicle or IFN-α (2×106 IU/kg) and tested in a 5-minute swim session at 2 hrs following
the treatment. The time immobile (sec), total distance traveled (cm) and total number of beam
breaks were recorded. Significantly different from vehicle-treated mice (* p ≤ 0.05).
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Figure 2.
The effect of IFN-α on cerebral expression of the IFN-regulated genes. Mice were injected ip
with vehicle (PBS) or mouse IFN-α (2×106 IU/kg) and forebrains were collected at 4 hours
following the treatment for poly(A+) RNA preparation. For the analysis of RNA levels, 1.0
μg of poly(A+) RNA was analyzed by RPA. Each lane represents an individual animal.
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Figure 3.
The effect of IFN-α on behavior of mice on the elevated plus-maze. Mice (N=16) were injected
ip with IFN-α (2×106 IU/kg) or vehicle and tested on the elevated plus-maze at 2 hours
following the injection. The percentage of time in open arms, percentage of entries into open
arms, total number of entries and locomotion activity (total number of beam breaks) were
calculated and presented.
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Figure 4.
The effect of IFN-α treatment on tryptophan, 5-HT, 5-HIAA and 5-HIAA/5-HT ratios. Mice
(N=8) were injected ip with IFN-α (2×106 IU/kg) or vehicle and decapitated at 2 and 4 hours
after injection for HPLC sample collection. Significant differences from vehicle-treated mice
were indicated (*p < 0.05; **p < 0.01).
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