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Abstract

Background—Interferon (IFN)-alpha is an innate immune cytokine that causes high rates of
depression in humans and therefore has been used to study the impact of cytokines on the brain and
behavior. To establish a non-human primate model of cytokine-induced depression, we examined
the effects of IFN-alpha on rhesus monkeys.

Methods—Eight rhesus monkeys were administered recombinant human (rHu)-IFN-alpha (20
MIU/m2) or saline for 4 weeks in counterbalanced fashion, and videotaped behavior, as well as
plasma and cerebrospinal fluid (CSF), were obtained at regular intervals to assess behavioral,
neuroendocrine, immune and neurotransmitter parameters. Additionally, expression and activity of
IFN-alpha/beta receptors in monkey peripheral blood mononuclear cells (PBMCs) were assessed.

Results—Compared to saline treatment, IFN-alpha administration was associated with persistent
increases in anxiety-like behaviors and decreases in environmental exploration. In addition, IFN-
alpha induced significant increases in plasma concentrations of ACTH, cortisol, and interleukin-6
that tended to diminish after chronic administration, especially in dominant animals. Interestingly,
in 3 animals, depressive-like, huddling behavior was observed. Monkeys that displayed huddling
behavior exhibited significantly higher plasma concentrations of ACTH and lower CSF
concentrations of the dopamine metabolite, homovanillic acid. Rhesus monkey PBMCs were found
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to express mRNA and protein for the IFN-alpha/beta receptor. Moreover, treatment of PBMCs with
rHu-1FN-alpha led to induction of STAT1, one of the primary IFN-alpha-induced signaling
molecules.

Conclusions—IFN-alpha evoked behavioral, neuroendocrine and immune responses in rhesus
monkeys that are similar to humans. Moreover, alterations in hypothalamic-pituitary-adrenal axis
responses and dopamine metabolism may contribute to IFN-alpha-induced depressive-like huddling
behavior.
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Interferon-alpha; HPA-axis; proinflammatory cytokines; behavior; non-human primate; animal
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INTRODUCTION

Interferon (IFN)-alpha is an innate immune cytokine released in response to viral infection that
is used to treat infectious diseases and cancer (1,2). Although an effective therapy, IFN-alpha
is associated with significant depressive symptoms in up to 50% of patients, depending on the
dose (3-7). Therefore, IFN-alpha has been used to investigate neurobiological pathways
whereby cytokines influence the brain and behavior.

Multiple pathways appear to contribute to depressive symptoms during IFN-alpha treatment.
In terms of effects on neuroendocrine and neurotransmitter function, IFN-alpha has been found
to stimulate corticotropin-releasing factor (CRF) and the hypothalamic-pituitary-adrenal
(HPA)-axis (8-11), and alter monoamine metabolism (12-16). In rodents, IFN-alpha has been
found to increase CRF protein expression in the hypothalamus and amygdala (9,10) and to
induce CRF release from hypothalamic explants (9). In humans, IFN-alpha activation of CRF
pathways is manifested by increases in plasma ACTH and cortisol concentrations (8,9,11).
Interestingly, the magnitude of IFN-alpha-induced stimulation of ACTH and cortisol following
the first injection of IFN-alpha in patients with malignant melanoma was found to be associated
with the subsequent development of depression during IFN-alpha treatment, suggesting that
sensitization of CRF pathways may represent a vulnerability to IFN-alpha-induced depression
(8,9).

Laboratory animal studies also have shown that IFN-alpha decreases brain concentrations of
serotonin (5-HT) and dopamine (DA) (12-15). Effects of IFN-alpha on 5-HT pathways may
be related to activation of the enzyme indoleamine-2,3-dioxygenase (16) which catabolizes
tryptophan (TRP), the primary amino acid precursor of serotonin, to kynurenine and quinolinic
acid. Moreover, IFN-alpha can activate p38 mitogen activated protein kinase which has been
shown to increase expression and activity of the serotonin transporter (17,18). Finally, IFN-
alpha can directly bind to opioid receptors, which can influence DA neurotransmission
(19-21).

To further explore the pathophysiology and treatment of cytokine-induced behavioral
alterations, we endeavored to develop an animal model of IFN-alpha-induced behavioral
change using rhesus monkeys. Rhesus monkeys display a complex behavioral repertoire and
have similar immune and neuroendocrine systems to humans. In addition, acute administration
of IFN-alpha has been shown to alter sleep architecture in rhesus monkeys (22); consistent
with reports of sleep disruption in IFN-alpha-treated patients (23).

The present study examined behavioral, neuroendocrine, immune, and neurotransmitter
responses to 4 weeks of recombinant human (rHu)-IFN-alpha (20 MIU/m2) compared to saline
in rhesus monkeys. In addition, the expression of interferon-alpha/beta receptor 1 (IFNAR1)
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and the ability of rHu-IFN-alpha to activate relevant IFN-alpha signaling pathways (phospho-
STAT1 activation) was assessed in rhesus monkey peripheral blood mononuclear cells
(PBMC:s).

Four male (5-10kg) and 4 female (5-7kg), rhesus monkeys (Macaca mulatta), aged 4-6yrs,
were housed in same-sex, dominate-subordinate pairs either together (n=6) or individually in
adjacent cages (n=2). Social status (dominant versus subordinate) was stable throughout the
study, and was based on experimenter interactions, competition for hand-fed treats, mounting,
and occasional aggression. Animals were fed Purina monkey chow twice daily and were
maintained on a 7am-7pm light-dark cycle. Although food intake was not monitored, body
weight of the monkeys did not change during saline or IFN-alpha administration [delta weight,
week4-week1: 0.044kg (SD 0.038) for saline versus 0.013kg (SD 0.051] for IFN-alpha, p=NS].
All study procedures were approved by the Emory Institutional Animal Care and Use
Committee or the Emory Institutional Review Board. Human subjects who donated blood
provided written informed consent.

A counterbalanced design was employed. For each dominant-subordinate pair, one received
IFN-alpha and the other received saline during one of two treatment periods. The treatment
conditions were reversed after 3 months such that each animal received both IFN-alpha and
saline. Prior to treatment initiation, animals were habituated to study procedures in order to
minimize stress reactivity. IFN-alpha [rHu-1FN-alpha-2b (Schering-Plough, Kenilworth, NJ)]
20 MIU/m? or saline was administered subcutaneously in equivalent volumes (0.5-1ml)
between 7-9am, 5 days per week for 4 weeks, similar to the treatment schedule of patients
receiving IFN-alpha monotherapy for malignant melanoma (5). Plasma and CSF were collected
3hrs post-IFN-alpha or saline administration on the first day of weeks 1 (initial injection), 2,
and 4. Behavior was sampled on the first or second days of each week, 2hrs post IFN-alpha or
saline administration.

Videotaped behavior was scored in 30 minute observational periods by trained observers using
amicroprocessor-based syntactic behavioral scoring system (Observer, Noldus, Leesburg, VA)
and operationally defined categories derived from a basic rhesus monkey ethogram (24). The
ethogram included measures of locomotor, social, environmental exploratory, and anxiety-like
behaviors. Because not all animals were housed in social pairs, data on social behaviors was
not included in the analysis. Behaviors were scored by two raters blinded to treatment
condition. Inter-rater reliability was maintained at >85%. Scored behaviors were grouped into
3 categories, including anxiety-like behaviors, exploratory behaviors, and locomotor activity.
Anxiety-like behaviors included self-scratching, body-shakes, and yawning; behaviors
sensitive to stress and benzodiazepine administration in monkeys (25-28). Environmental
exploration consisted of tactile or oral manipulation of surroundings such as foraging for food,
manipulation of cage or toys. Locomotor activity consisted of walking, running, and jumping.
Huddling, a measure of depressive-like behavior in monkeys (29-32), was also assessed.

Sample Collection

Blood and CSF were obtained under Telazol (3-5mg/kg) anesthesia within 5-10min (blood) or
10-20min (CSF) of initial experimenter contact. Blood was obtained via femoral venipuncture,
collected in chilled EDTA tubes and centrifuged at 1000xg for 15min at 4°C for removal of
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plasma. Plasma was replaced by saline, and PBMCs were isolated by density gradient
centrifugation. CSF was collected passively into chilled polypropylene tubes by inserting a
22-23gauge needle into the cisterna magna following published protocols (33,34), and frozen
on dry ice. Plasma and CSF were stored at -80°C until assayed.

Commercially available immunoradiometric assay (IRMA) and radioimmunoassay (RIA) kits
were used for assessment of plasma ACTH (ALPCO Diagnostics, Salem, NH, and Nichols
Institute Diagnostics, San Juan Capistrano, CA when available) and cortisol (DiaSorin
Stillwater, MN), respectively. Assay sensitivities are 1.0pg/ml (ALPCO) or 0.5pg/ml (Nichols)
for ACTH and 0.12pg/dl for cortisol. Intra- and inter-assay CVs respectively are 2.8% and
5.7% (ALPCO) or 4.5% and 6.3% (Nichols) for ACTH and 8.5% and 12.7% for cortisol.
Plasma and CSF IL-6 and IL-1beta were measured using sandwich enzyme-linked
immunosorbent assays (ELISAS) according to manufacturer’s protocol (R&D Systems,
Minneapolis, MN). The sensitivities of these assays are <0.7pg/ml and <0.1pg/ml, and the
intra- and inter-assay CVs respectively are 2.6% and 4.5% for IL-6 and 7.8% and 12.6% for
Il-1beta. Plasma and CSF IFN-alpha was measured using a sandwich ELISAs (Bender Med
Systems, Burlingame, CA). Assay sensitivity is 56pg/ml for plasma and 12.5pg/ml for CSF,
and the intra- and inter-assay CVs are <5% and <10% respectively. Of note, the ACTH IRMAS
and cytokine ELISAs employed were developed for use in humans, however these kits have
been extensively used in previous studies on rhesus monkeys (35-39). Moreover, there is a
high amino acid sequence homology in human and rhesus monkey IL-1beta, 1I-6, and IFN-
alpha (cytokines measured in this study) ranging from 95.9 to 98.1% (40).

Homovanillic acid (HVA), 3,4-dihydroxy-phenylacetic acid (DOPAC), and 5-hydroxyindole
acetic acid (5-HIAA) were measured in duplicate 20ul CSF aliquots using high performance
liquid chromatography as described previously (41). Electrochemical detection was performed
using a dual electrode system (ESA Inc., Chelmsford, MA) set at oxidative potentials of 300
and 450mV (HVA, DOPAC) and 150 and 300mV (5-HIAA). Peak areas were computed using
Turbochrom software (PE-Nelson, San Jose, CA). Sensitivities for all analytes are ~1pg on
column.

CRF was measured in 100%l of CSF using a CRF RIA as previously described (42). The anti-
CRFantisera (IgG Corporation, Nashville, TN) was developed in rabbits against the N-terminal
portion of the intact CRF peptide coupled to human y-globulins with bisdiazotized benzidine.
Samples were assayed in triplicate, the limit of detection is 3.9pg/ml, and the intra-assay and
inter-assay CVs are 6.1% and 10.2%, respectively.

RT-PCR for IFNAR1

RNA was isolated from IFN-alpha-naive monkey and human PBMCs and reverse-transcribed
with SuperScriptt First-strand Synthesis System for RT-PCR (Invitrogen, Carlsband, CA,
USA) using random primers, according to manufacturer’s protocols. Primers corresponding to
regions in the human IFNARZ1 open reading frame were used to amplify IFNAR1 cDNAs using
Platinum PCR SuperMix (Invitrogen Corporation). Primer sequences were as follows: 5’-
ATGATGGTCGTCCTCCTGGGC-3’(forward) and 5°-
TCATACAAAGTCCTGCTGTAGTTC-3’(reverse).

Western Blot for pSTAT1 and IFNAR1

Protein (~50ug) extracted from IFN-alpha-naive monkey and human PBMCs was separated
by SDS-PAGE (12%) gel, transferred to nitrocellulose membranes, and incubated with rabbit
anti-pSTAT1(Tyr701) (Cell Signaling Technology, Beverly, MA) or goat-anti-human-
IFNARL1 (1:1000, R&D Systems) antibodies, followed by secondary (detection) antibodies.
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Stripped blots were reprobed with anti-actin antibodies (Sigma, St. Louis, MO) for loading
control.

Flow Cytometry for pSTAT1

Whole-blood (200pl) collected from IFN-alpha-naive monkeys and humans, was incubated
with 50001U/ml rHu-1FN-alpha-A (R&D Systems) for 0,15,30, or 60min. After lysing of red
cells, white blood cells were fixed, permeabilized, and incubated with 20ul PE-mouse-anti-
STAT1(pY701)-monoclonal-antibody (BD Pharmingen, San Diego, CA) for flow cytometry
(BD Biosciences, Cellquest and FACScalibur). Data were analyzed using Flojo software (Tree
Star, Inc., Ashland, OR).

Cell Culture for pSTAT1 Induction

PBMCs (2x10) collected from IFN-alpha-naive monkeys and humans were incubated with
1000 1U/ml rHu-1FN-alpha-A (R&D Systems) for 0,15,30, or 60min in duplicate.

Statistical Analyses

Repeated measures (RM) analyses of variance (ANOVA) was used to assess effects of
treatment (IFN-alpha and saline), time (weeks 1,2,3, and 4) and their interactions for relevant
variables. Sphericity and normality of were computed using Mauchly and Kolmogorov-
Smirnov tests, respectively. In cases where data were not normally distributed, standard
transformation procedures were used to achieve normality (log10 for huddling and IL-1beta;
natural log for anxiety, locomotor activity, and ACTH; square root for exploratory behavior,
IL-6, IFN-alpha). Post hoc analyses were conducted using the Student-Newman-Keuls test of
significance. To summarize mean responses for measures that were not time dependent and to
address differences in mean behavioral and biological responses across the treatment period
between dominant and subordinate animals, summary tables were employed. Mean responses
across treatment for all animals in saline versus IFN-alpha treatment groups were compared
using paired t-tests, and two-way ANOV As were used to examine the effects of treatment (IFN-
alpha vs. saline), social status (dominant vs. subordinate) as well as their interaction. For
comparing means of relevant variables in monkeys that did or did not display huddling
behavior, non-parametric t-tests (rank sum) were employed due to the small number of animals
per group. For all CSF assays, sample replicates with CVs>10 % or values that were determined
to be outliers using the Grubbs’ test for outliers were excluded from analysis: 9 of 49 for CRF
due to high CVs and 2 of 32 for IL-1beta. To examine the relationship between HVA
concentrations and huddling behavior as well as the relationship between locomotor activity
in dominant and subordinate pairs, Pearson’s correlation coefficients were employed. Because
of the counterbalanced study design and small sample size, a systematic analysis of order
effects for IFN-alpha/saline administration was not conducted. All tests of significance were
2-tailed with an alpha level of 0.05.

RESULTS

Behavioral Changes

Repeated Measures ANOVAs indicated that compared to saline, monkeys treated with 1FN-
alpha exhibited increased anxiety-like behaviors (F[1,7]=7.81,p<0.05) and decreased
environmental exploration (F[1,7]=10.21,p<0.05) with no significant effects of time or a
treatment by time interaction (Figure 1a,b). Post-hoc analyses revealed significantly increased
anxiety-like behaviors at weeks 1 and 4 (p<0.05), while exploratory behaviors were not
significantly different between IFN-alpha and saline at any specific time point. When mean
behavioral responses to IFN-alpha and saline were compared across the treatment period (Table
1), paired t-tests revealed both an increase in anxiety-like behaviors (t=3.08,df=7,p<0.05) and
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a decrease in environmental exploration (t=2.57,df=7,p<0.05). RM ANOVAs revealed that
locomotor behavior was not affected by treatment or time (Figure 1c); however, when mean
locomotor activity across treatment was analyzed as a function of social status, a significant
interaction between treatment and social status was uncovered (F[1,12]=6.29,p<0.05).
Dominant monkeys demonstrated significantly reduced locomotor activity and subordinate
monkeys exhibited significantly increased locomotor activity during IFN-alpha administration
(p<0.05). Because animals were tested in pairs (one on saline and the other on IFN-alpha), the
relationship between locomotor activity in dominant and subordinate pairs during individual
treatment trials was examined. No significant correlations were uncovered. In addition, no
differences were found between dominant and subordinate animals in anxiety-like or
exploratory behaviors. Interestingly, 3 monkeys (two dominant and one subordinate) displayed
depressive-like huddling behavior during IFN-alpha administration (F[1,2]=19.30,p<0.05) that
was not affected by time (Figure 2). Post-hoc tests indicated that huddling behavior was
significantly increased in relevant animals across all 4 weeks of IFN-alpha administration
(p<0.05).

Neuroendocrine and Immune Changes during IFN-alpha Administration

Repeated Measures ANOVAs indicated that compared to saline, IFN-alpha was associated
with increased plasma ACTH (F[1,7]= 24.91,p<0.05), cortisol (F[1,7]=7.96,p<0.05), and IL-6
(F[1,7]=9.35, p<0.05). There was a significant effect of time (F[2,7]=5.92,p<0.05) and an
interaction for cortisol (F[2,14]=8.26,p<0.05), reflected by a decrease over the course of IFN-
alpha administration. An effect of time for IL-6 was also observed (F[2,24]=3.54,p<0.05). As
noted in Figure 3, post-hoc analyses indicated that IFN-alpha administration was associated
with significant increases in plasma ACTH and IL-6 in weeks 1 and 2 (p<0.05), but not week
3. Cortisol was increased at week 1 only (p<0.05). As shown in Figure 4, the pattern of ACTH,
cortisol, and IL-6 responses to IFN-alpha over time was dependent on social status. In dominant
animals, there were no effects of treatment or time alone, however treatment by time
interactions were observed for both ACTH (F[2,6]=21.01,p<0.05) and cortisol (F[2,6]
=8.17,p<0.05). Post hoc analyses confirmed that dominant monkeys had increases in plasma
ACTH and cortisol concentrations compared to saline in week 1 of IFN-alpha treatment
(p<0.05). In subordinate animals however, there was a main effect of treatment for plasma
ACTH (F[1,3]=20.00,p<0.05), cortisol (F[1,3]=11.84,p<0.05), and IL-6 (F[1,3]
=28.16,p<0.05) with no effect of time or an interaction, indicating no change in response over
time. Post hoc analyses revealed that compared to saline, subordinate monkeys had persistent
increases in plasma ACTH (p<0.05), cortisol (p<0.05), and I1L-6 (p<0.05) across IFN-alpha
treatment with statistically significantly increases in ACTH and cortisol at weeks 1 and 2
(p<0.05), and IL-6 at weeks 1-3 (p<0.05).

Paired t-tests of mean hormone and cytokine responses across IFN-alpha versus saline
treatment (Table 2) revealed increased plasma ACTH (t=4.24,df=7,p<0.05), cortisol
(t=2.82,df=7,p<0.05), IL-6 (t=3.68,df=7,p<0.05) and IFN-alpha (t=3.49,df=7,p<0.05). Two
way ANOVAs were used to explore differences in mean responses in these hormone and
cytokine variables as a function of social status. No significant interactions between treatment
conditions and social status were found.

CSF Monoamines, CRF and Cytokines during IFN-alpha Administration

No significant effect of IFN-alpha on CSF concentrations of HVA, DOPAC, 5-HIAA or CRF
was observed (Table 3). Mean CSF IFN-alpha concentrations were significantly increased
during IFN-alpha administration compared to saline (t=3.22,df=3,p<0.05) (Table 3). IFN-alpha
administration also was associated with increased CSF IL-1beta in 4 monkeys where data were
available (t=5.67,df=3,p<0.05) (Table 3). No significant correlations were found among CSF
concentrations of cytokines, monoamine metabolites and CRF.
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Huddling Behavior and Plasma ACTH and CSF HVA Concentrations

Comparison of mean plasma hormone and cytokine concentrations across IFN-alpha treatment
revealed increased ACTH responses in monkeys that displayed depressive-like huddling
behavior compared to those that did not (T=21.00,df=2,4,p<0.05), but no difference in plasma
cortisol or IL-6 (Figure 5) Monkeys that demonstrated huddling behavior also exhibited a
significant decrease in CSF HVA concentrations (T=21.00,df=2,4,p<0.05) during IFN-alpha
administration compared to those that did not (Figure 6a). In addition, there was a significant
negative correlation between the mean time spent huddling and mean CSF HV A concentrations
during IFN-alpha treatment in huddling animals (r=-0.998,p<0.05) (Figure 6b).

Expression and Activity of IFNAR1 in Rhesus Monkey PBMCs

Expression of IFNAR1 was detected in IFN-alpha naive rhesus monkey and human PBMCs

by RT-PCR and Western blot (Figure 5a). Furthermore, IFN-alpha activation of p-STATL1 in
IFN-alpha naive rhesus monkey and human PBMCs in vitro at 15,30, and 60min was confirmed
using flow cytometry (Figure 5b) and Western blot (Figure 5c).

DISCUSSION

Compared to saline, administration of IFN-alpha to rhesus monkeys was associated with
immune, neuroendocrine, and behavioral responses similar to that observed in humans.
Behavioral changes included depressive-like huddling behavior (3 of 8 monkeys), increased
anxiety-like behavior, decreased environmental exploration, and alterations in locomotor
activity that depended on social status. IFN-alpha administration was also associated with
increased plasma ACTH, cortisol, and IL-6, which diminished throughout 4 weeks of
treatment, particularly in dominant animals. Interestingly, monkeys that exhibited huddling
behavior had significantly higher plasma ACTH and lower CSF HVA concentrations. Finally
expression and activation of IFNAR1 in rhesus monkey PBMCs was confirmed.

Previous studies have demonstrated that innate immune cytokines administered acutely to
laboratory animals can induce behavioral changes consistent with those seen in IFN-alpha-
treated monkeys including depressive- and anxiety-like behavior (43-48). However, the
majority of animal studies examining cytokine effects on behavior have used acute or sub-
chronic dosing strategies, and a dearth of studies have examined behavioral changes following
chronic cytokine exposure, as would occur during chronic inflammatory illnesses.
Interestingly, changes in behavior observed in this study demonstrate that chronic
administration of the innate immune cytokine, IFN-alpha, leads to behavioral changes similar
to those seen following acute administration, with limited adaptation over time. These data are
consistent with persisting behavioral effects of IFN-alpha over long periods of administration
in humans and suggest that chronic exposure to endogenous cytokines that may occur in the
context of a variety of medical illnesses has the capacity to induce enduring states of behavioral
pathology.

Whether IFN-alpha-induced behavioral changes are due to direct effects of IFN-alpha in the
CNS has yet to be resolved. Previous data from rodents and monkeys have suggested that
central penetration of peripherally administered IFN-alpha is low (49,50). Nevertheless,
concentrations of IFN-alpha were increased in both plasma and CSF in this study, providing
evidence that IFN-alpha may access the CNS and act centrally, although it should be noted
that the ELISA used to measure IFN-alpha in this study recognizes multiple IFN-alpha
subtypes, and therefore the source of the IFN-alpha (endogenous versus exogenous) cannot be
definitively established. IFN-alpha may also exert indirect effects via induction of other
peripheral and/or central cytokines. As demonstrated in this and other studies, IFN-alpha is a
potentinducer of IL-6 (8,11,51,52), while also stimulating TNF-alphaand IL-1 (52,53). Indeed,
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IL-1beta was detected in peripheral blood of IFN-alpha-treated animals, and a significant
increase in IL-1beta was found in the CSF of a subset of animals. Taken together, these data
suggest that IFN-alpha may penetrate the brain and activate central inflammatory responses
including the production of IL-1.

Of relevance to the relationship between the behavioral effects of IFN-alpha in rhesus monkeys
and depression in humans was the induction of huddling behavior. Huddling is a fetal-like,
self-enclosed position with head at or below shoulders (29,31) thought to reflect depressive-
like behavior. Three out of 8 monkeys administered IFN-alpha displayed depressive-like
huddling behavior, comparable to the 30-50% of patients that develop major depression during
IFN-alpha therapy (3-7).

Regarding the mechanism of huddling behavior, several possibilities have been considered.
Huddling was first reported in rhesus monkeys following chronic administration of reserpine,
a compound known to deplete monoamines including 5-HT, norepinephrine and DA (29). Of
relevance to the role of DA in huddling behavior, low doses of DA partial agonists (which can
act as DA antagonists) have been found to induce huddling behavior in rhesus monkeys (32).
In the current study, concentrations of the DA metabolite, HVA, were reduced by IFN-alpha
primarily in monkeys that displayed huddling behavior. Furthermore, HVA concentrations in
monkeys that huddled were negatively correlated with time spent huddling during IFN-alpha
administration. Of relevance to the impact of IFN-alpha on DA, IFN-alpha treatment of mice
has been associated with decreased whole brain homogenate DA concentrations (13).
Moreover, DAergic drugs (e.g. levodopa) have been used to treat Parkinson-like movement
disorders in patients undergoing IFN-alpha therapy (54). Consequently, the relationship
between CSF HVA concentrations and IFN-alpha-induced depressive-like huddling behavior
support the notion that DAergic tone may contribute to cytokine-induced behavioral
alterations. Finally, the mechanism by which IFN-alpha alters DA metabolism is unclear.
Nevertheless, one possibility is that IFN-alpha may influence DA neurotransmission via direct
actions on opioid receptors in DA-relevant basal ganglia circuits (19-21). Opioids have been
shown to influence dopamine release in ventral striatum through a calcium-dependent
mechanism (55).

Another potential pathway involved in huddling behavior is increased central CRF. Marked
huddling behavior has been reported in rhesus monkeys following i.c.v. administration of CRF
(31), which was also accompanied by reductions in outward directed behaviors (30), similar
to the reduction in environmental exploration during IFN-alpha. Consistent with the association
between central CRF and huddling behavior, IFN-alpha increased plasma ACTH and cortisol
concentrations, and monkeys that expressed depressive-like huddling behavior exhibited a
higher mean ACTH response than those that did not. This finding is of interest considering
that patients who developed major depression during IFN-alpha therapy for malignant
melanoma exhibited exaggerated plasma ACTH and cortisol responses to the first injection of
IFN-alpha (8). Of note, despite exhibiting increased ACTH, monkeys that displayed
depressive-like huddling behavior exhibited normal (or slightly decreased) cortisol. This
dissociation between ACTH and cortisol responses has been reported in women exposed to
early life stress who are also at risk for depression and exhibited increased ACTH responses
to CRF but blunted cortisol responses, likely due to decreased adrenal sensitivity (56). These
data suggest that monkeys who huddled may have neuroendocrine/behavioral responses that
are related in part to their previous environmental stress history.

Although peripheral hormone and cytokine responses to IFN-alpha diminished over time

especially in dominant monkeys (similar to IFN-alpha-treated patients), persistent behavioral
alterations were observed, indicating that central neuroendocrine/neurotransmitter adaptations
may occur independently of peripheral responses. Indeed, in a study in humans, it was found
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that following three weeks of IFN-alpha administration (a time when no HPA-axis response
to IFN-alpha was observed), patients displayed enhanced neuroendocrine responsiveness to
CRF as manifested by increased plasma ACTH and cortisol (9). These findings support the
notion that neuroendocrine and neurotransmitter adaptations may underlie persistent
behavioral alterations, even in the absence of peripheral neuroendocrine responses to IFN-
alpha. It should be noted that despite potent activation of the HPA-axis by IFN-alpha, increased
CSF CRF concentrations were not detected in this study, possibly due to limitations in assay
sensitivity, sampling techniques, or the source of CSF CRF which may not reflect brain regions
relevant to the observed behavioral changes.

In terms of the ability of cells from rhesus monkeys to respond to IFN-alpha, experiments
validated IFN-alpha receptor expression in IFN-alpha naive rhesus monkey PBMCs and
confirmed that rHu-IFN-alpha can activate relevant IFN-alpha signaling pathways (STAT1)
in these animals. To our knowledge, this is the first characterization of the IFNAR1 in rhesus
monkeys.

Several limitations in the study design should be noted. First, only 8 animals were examined.
Nevertheless, all animals received both saline and IFN-alpha to increase statistical power.
Furthermore, although results from small samples sizes should be interpreted with caution,
effects sizes for statistically significant results in this study (e.g. anxiety: 0.8, exploratory
behavior: 0.935, ACTH: 1.68, IL-6: 2.05, CSF IFN-alpha: 1.68) were robust (57). Second,
because the study was an initial characterization of behavioral and biological effects of IFN-
alpha in monkeys, a number of parameters (e.g. social interactions, cognitive alterations,
diurnal cortisol secretion) were not assessed. Therefore, whether IFN-alpha-induced
behavioral and biological changes encompass the entire spectrum of depression (as manifested
in rhesus animals or humans) cannot be established. Future studies probing the depressive-like
syndrome in monkeys, including expanded behavioral assessments as well as more elaborate
sampling protocols evaluating circadian rhythms and the response to stress or other
neuroendocrine challenges (e.g. CRF) are warranted. Finally, body temperature was not
monitored, and therefore, its contributions to behaviors such as huddling cannot be determined.
Nevertheless, the febrile response to repeated IFN-alpha administration is typically brief and
diminishes with repeated exposure in humans (58) unlike huddling which persisted throughout
the study period.

In summary, rhesus monkeys exhibited IFN-alpha-induced behavioral changes that resemble
those exhibited by humans. Furthermore, IFN-alpha stimulated relevant neuroendocrine and
immune pathways, and there was preliminary evidence that IFN-alpha-induced depressive-like
huddling behavior is mediated by alterations in DA and/or CRF. Finally, these data suggest
that rhesus monkeys administered IFN-alpha may provide a valid animal model to investigate
depressive effects of cytokines and provide a unique opportunity to explore novel treatment
strategies for cytokine-induced behavioral changes.
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Anxiety-like behavior, exploratory behavior, and locomotor activity during IFN-alpha or saline
administration. IFN-alpha (20 MIU/m?) or saline was administered s.c. to 8 rhesus monkeys
for 4 weeks in counterbalanced fashion, and behavior was assessed weekly by videotape at 2
hours post-injection. Compared to saline, IFN-alpha increased anxiety-like behaviors (A),
decreased exploratory behaviors (B), and had no significant effect on locomotor activity (C).
Data are presented as the mean (+/- SEM) at each time point. * - indicates a significant
difference between treatment groups at indicated time points as revealed by post-hoc analyses
(p<0.05). t - indicates the initiation of saline or IFN-alpha administration (day 1).
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Figure 2.

Depressive-like huddling behavior during IFN-alpha or saline administration. IFN-alpha (20
MIU/m2) or saline was administered s.c. for 4 weeks to 8 rhesus monkeys in counterbalanced
fashion, and behavior was assessed weekly by videotape at 2 hours post-injection.
Administration of IFN-alpha was associated with persistent huddling behavior in 3 animals
(A). A photograph of a monkey huddling during IFN-alpha administration appears in B. Data
are presented as the mean (+/- SEM) for these 3 animals at each time point during either saline
or IFN-alpha treatment. * - indicates a significant difference between treatment groups at
indicated time points as revealed by post-hoc analyses (p<0.05). 1 - indicates the initiation of
saline or IFN-alpha administration (day 1).
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Plasma ACTH, cortisol and IL-6 concentrations during IFN-alpha or saline administration.
IFN-alpha (20 MIU/m2) or saline was administered s.c. to 8 rhesus monkeys for 4 weeks in
counterbalanced fashion, and plasma was collected in weeks 1,2 and 4, 3 hours post-injection,
for the analyses of plasma hormones and cytokines. Compared to saline, IFN-alpha induced
significant increases in plasma ACTH (A), cortisol (B), and I1L-6 (C) concentrations, which
were attenuated over time. Data are presented as the mean (+/- SEM) at each time point. * -
indicates a significant difference between treatment groups at indicated time points as revealed
by post-hoc analyses (p<0.05). T - indicates the initiation of saline or IFN-alpha administration

(day 1).
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Plasma ACTH, cortisol and IL-6 concentrations during IFN-alpha or saline administration in
dominant and subordinate monkeys. IFN-alpha (20 MIU/m2) or saline was administered s.c.
for 4 weeks to 8 rhesus monkeys in counterbalanced fashion, and plasma was collected in
weeks 1,2 and 4, 3 hours post-injection, for the analyses of hormones and cytokines. Compared
to dominant monkeys (n=4) who had significant elevations in ACTH (A) and cortisol (B) at
week 1 only, subordinate animals (n=4) had more persistent elevations in plasma ACTH (A),
cortisol (B), and 1L-6 (C) with increases in ACTH and cortisol at weeks 1 and 2, and IL-6 at
weeks 1-3. Data are presented as the mean (+/- SEM) at each time point. * - indicates a
significant difference between treatment groups at indicated time points as revealed by post-
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hoc analyses (p<0.05). 1 - indicates the initiation of saline or IFN-alpha administration (day
1).
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Plasma ACTH, cortisol and IL-6 responses to IFN-alpha in monkeys that displayed depressive-
like huddling behavior. IFN-alpha (20 M1U/m?) or saline was administered s.c. for 4 weeks to
8 rhesus monkeys in counterbalanced fashion, and plasma was collected in weeks 1,2 and 4,
3 hours post-injection, for the analyses of hormones and cytokines. Behavior was assessed
weekly by videotape 2 hours post-injection. Monkeys that huddled (“Huddlers”, n=3)
demonstrated significantly higher average plasma ACTH concentrations during the study than
those that did not (“Non-Huddlers”, n=5). Data are represented as mean (+/- SEM). * - indicates
a significant difference between groups p<0.05.
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Depressive-like huddling behavior was associated with CSF HVA concentrations. IFN-alpha
(20 MIU/m?) or saline was administered s.c. for 4 weeks to 8 rhesus monkeys in
counterbalanced fashion, and CSF was collected from the cisterna magna at weeks 1, 2 and 4,
3 hours post-injection, for the analyses of the monoamine metabolites HVA, DOPAC, and 5-
HIAA. Behavior was assessed weekly by videotape 2 hours post-injection. IFN-alpha
significantly reduced average CSF HVA concentrations during the study compared to saline
values in monkeys who displayed huddling behavior (“Huddlers”, n=3) in contrast to those
that did not (“Non-Huddlers”, n=5). Delta (IFN-alpha minus saline) values are presented as
mean (+/- SEM) (A). The average amount of time spent huddling during the study correlated
with average CSF HVA concentrations during IFN-alpha administration (B). * - indicates a

significant difference between groups (p<0.05).
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Figure 7.

— — - O R

Expression and activation of IFNAR1 in rhesus monkey PBMCs. IFNAR1 was expressed
comparably in IFN-alpha naive rhesus monkey and human PBMCs as detected by RT-PCR
and Western blot. Control samples included a mouse cell line (HT22) for Western blot and a
no-RT sample for RT-PCR. (A). Incubation of PBMCs from IFN-alpha-naive rhesus monkeys
and humans with rHu-IFN-alpha-A (5000 1U/ml) for 15,30, and 60 minutes activated pSTAT-1
expression to a similar degree as detected by flow cytometry (B) and Western blot (C).
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Table 1
Average behavior in rhesus monkeys during administration of IFN-alpha or saline.

All Monkeys (N=8)

Dominant (n=4)

Subordinate (n=4)

Anxiety (frequency) Saline 6.4 (1.5) 75(3.2) 54(0.7)
IFN-alpha 103(1.9) 11.2 (1.9) 9.3 (3.6)
Exploratory (sec/1800) Saline 370.9 (72.2) 4415 (170.6) 300.3 (44.7)
IFN-alpha 181.8 (70_3)* 221.7 (95.3) 141.8 (34.5)
Locomotor (sec/1800) Saline 223.2 (72.4) 3135 (136.6) 132.9 (18.5)
IFN-alpha 279.1 (92.5) 115.3(35.1) 442 9 (144.3)F
Huddling (sec/1800) SalineT 0.0 (0.0) N/A N/A
IEN-alpha’| 338.9 (169.3) N/A N/A

Data are presented as mean (+/- SEM) values of each variable averaged across 4 time points for each treatment group.

*

p<0.05 - IFN-alpha compared to saline

+
p<0.05 - subordinate compared to dominant

7Ln:3 per group, N/A = no comparisons made when n < 3.
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Table 2
Average plasma hormone and cytokine concentrations in rhesus monkeys during administration of IFN-alpha or
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saline.

All Monkeys (N=8) Dominant (n=4) Subordinate (n=4)
ACTH (pg/ml) Saline 57.1(9.3) 49.5 (13.9) 63.0 (12.2)
IFN-alphal 1229(17.3) 140.9 (34.8)" 111.7 (24.5)
Cortisol (ng/dl) Saline | 30.8 (4.2) 33,5 (16.2) 285 (6.4)
IFN-alphal 457 (3.3) 405 (12.5) 496 (73)
IL-6 (pg/ml) Saline | 0.4 (0.1) 0.4 (0.1) 0.4 (0.3)
IFN-alphaf 4109 37(18) 41(07)
IL-1beta (fg/ml) Saline | 1155 (29.2) 77.1 (43.0) 153.9 (28.6)
IFN-a_Iml 217.6 (81.3) 157.6 (48.2) 277.6 (11.6)
IFN-alpha (pg/ml) Saline 7.6 (1.5) 7.0(2.8) 7.0(2.1)
IFN-alpha 1250.1(359.1) 1201.6 (442.6) 13167 (635.3)

Data are presented as mean (+/- SEM) values of each variable averaged across 3 time points for each treatment group.

*
p<0.05

*:

p<0.01 - IFN-alpha compared to saline.
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Average CSF neurotransmitter, neuropeptide, and cytokine concentrations in rhesus monkeys during

administration of IFN-alpha or saline.

Table 3

All Monkeys (N=8)

Dominant (n=4)

Subordinate (n=4)

HVA (ng/ml) Saline 323.3 (28.6) 320.4 (53.6) 326.3 (30.6)
IFN-alpha 309.9 (27.3) 313.5 (54.3) 306.3 (22.9)
DOPAC (ng/ml) Saline 4.5 (0.9) 52(1.8) 3.8(0.5)
IFN-alpha 4.6 (0.6) 53(1.1) 4.0 (0.4)
5-HIAA (ng/ml) Saline 76.3 (7.2) 79.7 (14.4) 72.9 (4.9)
IFN-alpha 76.5(6.2) 81.4(11.5) 71.6 (5.6)
CRF (pg/ml) Saline 165.8 (31.5) 121.3 (23.3) 2252 (52.6)
IFN-alpha 155.7 (12.8) 138.1 (6.7) 168.9 (19.2)
1L-6 (pg/ml) Saline 3.5(0.7) 3.2(0.9) 40(1.4)
IFN-alpha 4.2 (0.6) 4.7 (0.9) 3.6 (0.9)
IL-1beta (fg/ml) Saline 281.1 (34.1) N/A N/A
IFN-alpha 388.7 (37.3) N/A N/A
IFN-alpha (pg/ml) Saline 38.8 (17.1) N/A N/A
IFN-alpha 107.7 (23.4)" N/A N/A

Data are presented as mean (+/- SEM) values of each variable averaged across 3 time points for each treatment group.

*

p<0.05 - IFN-alpha compared to saline

7Ln:4 per group, N/A = no comparisons made when n < 3.
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