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Abstract

Interferon (IFN)-alpha has been used to investigate pathways by which innate immune cytokines influence the brain and behaviour.
Previous studies suggest that altered basal ganglia function may contribute to IFN-alpha-induced neuropsychological and behavioural
changes. To further examine IFN-alpha effects on neuropsychological functions related to basal ganglia (as well as other brain regions),
and explore the relationship between altered neuropsychological function and IFN-alpha-induced depression and fatigue, a selected sub-
set of the Cambridge Neuropsychological Test Automated Battery was administered to 32 hepatitis C patients at baseline (Visit 1) and
following ~12 weeks (Visit 2) of either no treatment (n = 12) or treatment with IFN-alpha plus ribavirin (n = 20). Symptoms of depres-
sion and fatigue were assessed using the Montgomery-Asberg Depression Rating Scale and the Multidimensional Fatigue Inventory.
Compared to control subjects, patients treated with IFN-alpha/ribavirin exhibited significant decreases in motor speed as measured
in the simple and five-choice movement segments of the CANTAB reaction time task and slower response times in the rapid visual infor-
mation processing task, a task of sustained attention. Decreased motor speed on the five-choice movement segments of the reaction time
task was in turn correlated with increased symptoms of depression and fatigue (R = 0.47, p <0.05 and R = 0.48, p < 0.05, respectively).
IFN-alpha/ribavirin treatment had no effects on executive function, decision time in the reaction time task, or target detection accuracy
in the sustained attention task. Motor slowing and its correlation with psychiatric symptoms suggest that altered basal ganglia function
may contribute to the pathogenesis of IFN-alpha-induced behavioural changes.
© 2007 Elsevier Inc. All rights reserved.
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1. Introduction

Interferon (IFN)-alpha is an innate immune cytokine
with potent antiviral and anti-proliferative properties that
is used to treat viral infections such as hepatitis C and
certain cancers including malignant melanoma and renal
cell carcinoma (Dorr, 1993; Kirkwood, 2002). Despite
therapeutic efficacy in these illnesses, IFN-alpha adminis-
tration causes marked behavioural changes that overlap
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with major depression including depressed mood, anhe-
donia, anergia/fatigue, psychomotor slowing, cognitive
dysfunction, anxiety/irritability, anorexia, sleep altera-
tions and increased sensitivity to pain (Loftis and Haus-
er, 2004; Maddock et al., 2005; Reichenberg et al., 2005;
Asnis and De La Garza, 2006; Lotrich et al., 2007).
Given IFN-alpha’s effects on behaviour and its ability
to activate the innate immune response including the
release of other innate immune cytokines such as inter-
leukin (IL)-6, IFN-alpha has been used as a model to
study the influence of innate immune cytokines on the
brain.
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A number of pathophysiologic mechanisms underlying
the neurobehavioural effects of IFN-alpha have been pro-
posed (Capuron et al., 2004). One mechanism by which
IFN-alpha is believed to induce behavioural symptoms is
through alteration of dopamine neurotransmission and
basal ganglia function. For example, animal studies have
shown that chronic IFN-alpha administration induces a
robust depression in motor activity and reduces dopamine
concentrations in the mouse brain (Dunn and Crnic, 1993;
Shuto et al., 1997). Moreover, Parkinson-like motor symp-
toms have been described in patients treated with IFN-
alpha for chronic hepatitis C (Mizoi et al., 1997), and levo-
dopa, an intermediate in dopamine biosynthesis, has been
shown to significantly ameliorate IFN-alpha-induced aka-
thisia, a symptom of “inner” motor restlessness often asso-
ciated with dopamine blockade by antipsychotic
medications (Sunami et al., 2000). IFN-alpha administra-
tion also has been demonstrated to reduce psychomotor
speed in normal volunteers (Smith et al., 1988). Interest-
ingly, IFN-alpha-induced decreases in motor speed as
assessed by movement time in the five-choice reaction time
task of the Cambridge Neuropsychological Test Automated
Battery after 5 days of IFN-alpha treatment were found to
significantly correlate with the development of depressive
symptoms after 1 month of intravenous (iv) IFN-alpha ther-
apy for cancer (Capuron et al., 2001). Of note, no such rela-
tionship was found in patients receiving subcutaneous (sc)
administration of IFN-alpha for cancer treatment. Of direct
relevance to the effects of IFN-alpha on brain regions
involved in the regulation of motor activity and dopamine
neurotransmission is a recent study by Capuron et al.
(2007), which revealed that self-reported symptoms of fati-
gue were positively correlated with increased glucose metab-
olism in basal ganglia nuclei, including the putamen and
nucleus accumbens, in patients receiving high dose IFN-
alpha therapy for malignant melanoma.

Aside from evidence of IFN-alpha effects on neuropsy-
chological and neurobiological correlates of basal ganglia
function and dopamine neurotransmission, IFN-alpha
has been shown to affect other brain regions and other
domains of cognitive performance. Indeed, EEG data has
shown significant slowing of frontal lobe waves in cancer
patients receiving high doses of IFN-alpha therapy (Rohat-
iner et al., 1983; Smedley et al., 1983). Similarly, decreases
in prefrontal cortex glucose metabolism as revealed by pos-
itron emission tomography have been described in patients
receiving IFN-alpha for hepatitis C and malignant mela-
noma (Juengling et al., 2000; Capuron et al., 2007). In
addition, neuropsychological testing has indicated dimin-
ished executive function and slowing of cognitive processes
in patients receiving IFN-alpha for cancer or hepatitis C
(Meyers et al., 1991; Pavol et al., 1995; Valentine et al.,
1998; Scheibel et al., 2004; Hilsabeck et al., 2005; Lieb
et al., 2006). Nevertheless, the effects of IFN-alpha on cog-
nitive function have not been consistent, with some studies
failing to find cognitive effects of IFN-alpha treatment
(Panitch et al., 1986; Mapou et al., 1996; Caraceni et al.,

1998). Disparate results across studies may reflect differ-
ences in the dose or duration of IFN-alpha therapy, its
mode of administration (iv vs. sc), the severity of the under-
lying illness for which the patient is receiving IFN-alpha
therapy, concurrent medications, and the use of a matched
control group in the study design.

To further explore the relationship between IFN-alpha-
induced changes in neuropsychological functions relevant
to the basal ganglia and the development of behavioural
alterations during IFN-alpha therapy, we measured neuro-
psychological function and behaviour in patients with hep-
atitis C before and after ~12 weeks of IFN-alpha therapy.
Hepatitis C patients awaiting IFN-alpha therapy who were
studied in parallel served as controls. Based on the previous
literature, we hypothesised that IFN-alpha-induced
changes in the performance of neuropsychological tasks
associated with basal ganglia function, in particular those
assessing psychomotor speed and response latencies, would
be associated with the development of depression and fati-
gue, thereby supporting a role for cytokine effects on basal
ganglia function as a mechanism for cytokine-induced
behavioural change.

2. Methods

2.1. Subjects

Thirty-two HCV-positive subjects (18 males, 14 females) between the
ages of 30 and 56 were enrolled in the study. Subjects were required to
be serum positive for anti-HCV antibodies or HCV-RNA by reverse tran-
scription-polymerase chain reaction. Exclusion criteria included decom-
pensated liver disease; liver disease from any cause other than HCV;
unstable cardiovascular, endocrinologic, hematologic, renal or neurologic
disease (as determined by medical history, physical exam and laboratory
testing); history of schizophrenia, bipolar disorder or a diagnosis of major
depression or substance abuse/dependence within six months of study
entry [as determined by the Structured Clinical Interview for DSM-IV
(SCID)] and/or a score <24 on the Mini Mental State Examination (a
standard, 27-item assessment of general cognitive functioning), indicating
more than mild cognitive impairment (Folstein et al., 1983). Patients were
required to be off all psychotropic medications (antidepressants, antipsy-
chotics, mood stabilizers, narcotics and benzodiazepines) for at least 2
weeks prior to study entry and at least 2 weeks prior to any neuropsycho-
logical assessments (8 weeks for fluoxetine). All patients provided written,
informed consent before enrolment, and the study was a priori approved
by the Emory University Institutional Review Board.

2.2. Design

A prospective, longitudinal design was used to examine neuropsycho-
logical function and behaviour in patients with HCV prior to (Visit 1), and
following, 12 weeks (Visit 2) of either no treatment (control group) or
treatment with IFN-alpha plus ribavirin (treatment group). All subjects
who underwent treatment with IFN-alpha received either pegylated
IFN-alfa-2a (PEGASYS®, Roche; 180 pg/week, s.c.; n=7) or pegylated
IFN-alfa-2b (Pegintron®, Schering Plough; 1.5 ug/kg weekly, s.c.;
n=13) and ribavirin (800-1400 mg/d). Participation in the control vs.
treatment group as well as type of IFN-alpha administered was deter-
mined by patients and their physicians and was not controlled by study
protocol. Following study enrolment, all subjects underwent a 14-h adap-
tation night in the Emory University General Clinical Research Center
(GCRC) to become familiarized with the GCRC environment prior to
study evaluation. Within two weeks of the adaptation night, subjects
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underwent their baseline (Visit 1) evaluation in the Emory University
GCRC. After 12 weeks, subjects returned to the GCRC for their second
assessment (Visit 2). At Visits 1 and 2, subjects were admitted to the
GCRC the night prior to evaluation to allow for accommodation to the
GCRC environment and to control for the effects of sleep and wake times
on neuropsychological performance. Lights out occurred at 10 pm, and all
subjects were awakened at 7:15 am and served breakfast before neuropsy-
chological testing, which took place between 9 and 10 am. Where appro-
priate, subjects who developed depressive symptom severity warranting
psychiatric intervention prior to 12 weeks immediately underwent their
second GCRC assessment (Visit 2) and were then referred for psychiatric
evaluation. Urine drug screens were conducted at each visit to rule out
substance abuse.

2.3. Neuropsychological testing

At both Visits 1 and 2, neuropsychological performance was assessed
using a selected subset of the Cambridge Neuropsychological Test Auto-
mated Battery (CANTAB) (Sahakian and Owen, 1992), a battery of neu-
ropsychological tests using a portable computer with touch screen. Four
CANTARB tests were selected to assess specific domains of neuropsycho-
logical function (psychomotor speed, attention, and executive function).
Completion of the chosen tests (including the instructions) took approxi-
mately 30 min, and the test order was counterbalanced across all subjects.
The following tests of the CANTAB were employed:

2.3.1. Psychomotor speed

The Reaction Time (RTI) test was used to evaluate psychomotor
speed, which has been associated with basal ganglia function (Mink,
1996). The test includes simple and five-choice reaction time segments
and provides distinction between reaction (or decision) time and move-
ment latencies. Reaction (or decision) time is the speed with which the sub-
ject releases the press pad in response to the onset of a stimulus.
Movement time (motor speed) is the time taken to touch the stimulus
on the computer screen after the press pad had been released.

2.3.2. Attention

To assess sustained attention, the Rapid Visual Information Processing
(RVIP) test was used. Digits (ranging from 2 to 9) appeared one at a time
(100 digits/min) in the center of the computer screen in random order.
Subjects were asked to press a response pad when they detected any one
of three number sequences (2-4-6’, ‘4-6-8’, ‘3-5-7’). Performance accuracy
was estimated from the target sensitivity score A’ (ranging from 0.00 to
1.00; bad to good). Performance speed was assessed by measuring the
mean latency for correct responses.

2.3.3. Executive function

Two tests were used to evaluate executive function. (a) The Intra/ Extra
Dimensional Attentional Shift (IED) task is a test of rule acquisition and
reversal, and assesses the subject’s visual discrimination and attentional
set shifting abilities. In this test, the subject is required to maintain atten-
tion to a reinforced stimulus presented in different configurations (intra-
dimensional shift, IDS) and then must shift attention to a previously irrel-
evant stimulus (extra-dimensional shift, EDS). This test is sensitive to cog-
nitive dysfunction in Parkinson’s disease, basal ganglia lesions and frontal
lobe deficits (Owen et al., 1991; Swainson and Robbins, 2001). Subjects
progress through the test by satisfying a set of learning criteria at each
stage (nine stages in total). The number of completed stages, the total
number of errors (adjusted to the number of completed stages), the num-
ber of errors made prior to the extra-dimensional shift phase (Pre-ED
errors), and the number of errors made within the extra-dimensional shift

phase (EDS errors) were used as performance indices. (b) The Stockings of

Cambridge (SOC) task was used to evaluate spatial planning/problem
solving. The task makes substantial demands on executive function and
is sensitive to frontal lobe damage (Robbins et al., 1998). The test is based
on the “Tower of London” task and contains incremental levels of diffi-
culty. For each problem, the computer touch screen showed two displays

of colored balls, and the subject was told to move the balls in the lower
display in a minimum number of moves until they matched the target con-
figuration. Subjects were told to solve the problem in their minds before
making the first move. Analysis of the test controls for motor speed. Sub-
jects’ executive abilities were estimated from the time taken to move the
first ball to solve a problem [initial thinking time (ITT)], the time taken
after the initial move [subsequent thinking time (STT)], the number of
problems solved in the minimum possible number of moves (# perfect
solutions), and the average number of moves made for each solution (#
moves).

2.4. Behavioural assessment

Depression was evaluated using the mood disorders module of the
SCID and the Montgomery-Asberg Depression Rating Scale (MADRS)
(Montgomery and Asberg, 1979). The MADRS is a 10-item, clinician-
administered scale that assesses the severity of depressive symptoms,
including sadness, inner tension, concentration difficulties, inability to feel,
pessimistic thoughts, suicidal thoughts, reduced sleep, reduced appetite
and lassitude. To evaluate the presence and severity of fatigue, subjects
completed the 20-item Multidimensional Fatigue Inventory (MFI-20) at
each assessment (Smets et al., 1995). Consistent with recent data regarding
the structure of fatigue in medically ill patients, the MFI assesses five
dimensions of fatigue, including general fatigue, physical fatigue, mental
fatigue, reduced activity and reduced motivation. Four items contribute
to each subscale with a five-point rating per item. Accordingly, the total
score of each subscale ranges from 4 (best) to 20 (worst). In addition to
scores for each subscale, a total score can be derived by summing the
five-subscale scores (Wichers et al., 2005a).

2.5. Statistical analysis

Chi-square or Fisher’s exact test was used to compare distributions of
the following variables between IFN-alpha-treated and control subjects:
sex, race, education, history of depression and history of substance abuse.
t-tests were used to compare age as well as depression and fatigue scores at
Visit 1 of IFN-alpha-treated and control subjects. Neuropsychological and
behavioural assessments of IFN-alpha-treated and control patients were
evaluated using repeated measures analysis of covariance (ANCOVA)
with visit (Visit 1 vs. Visit 2) as a within-subject factor and treatment
(IFN-alpha vs. control) as a between-subjects factor. Because age has been
strongly associated with neuropsychological test performance in the CAN-
TAB (Robbins et al., 1998; Rabbitt and Lowe, 2000), statistical analyses
were conducted using age as a covariate in order to reduce inter-subject
variability. Other covariates included in the analyses were level of educa-
tion (# years of college) and history of depression. Where ANCOVAs
were significant, post hoc comparisons were performed using Tukey’s test
of significance. Correlations between measures of neuropsychological
functioning and symptom scores of depression and fatigue in the sample
were determined using the Spearman test due to the non-continuous nat-
ure of the MFI-20 and MADRS data. To limit the influence of outliers on
statistical analyses of specific cognitive tests, subjects whose task perfor-
mance at baseline included repeated (>4) instances of responses three
standard deviations (SD) above or below the sample mean were excluded
from the analysis of that task. Accordingly, two control subjects were
excluded from the analysis of the reaction time task. For all statistical
tests, significance was set at p < 0.05, two-sided.

3. Results

3.1. Demographic and clinical characteristics of the study
sample at baseline

As shown in Table 1, there were no significant differ-
ences between IFN-alpha-treated and control subjects in
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Table 1
Demographic and clinical characteristics of the study sample
Variable Control (n = 12) IFN-alpha (n = 20) p Value
Sex 6 males, 6 females 12 males, 8 females 0.71
Age (range) 48.3 (40-54) 47.6 (30-56) 0.71
Race 6 black 10 black

5 white 8 white

1 other 2 other 0.98
Education College (1 or more years) 10 12 0.24
History of depression 0 4 0.13
History of substance abuse 6 11 0.71

MADRS, Montgomery-Asberg Depression Rating Scale; MFI, Multidimensional Fatigue Inventory.

terms of sex (Fisher’s exact test, p=0.71), age
(1(30) = 0.36, p = 0.71;), race (X(2) = 0.02, p = 0.98), edu-
cation (Fisher’s exact test, p = 0.24), history of depression
(Fisher’s exact test, p =0.13) and history of substance
abuse (Fisher’s exact test, p = 0.71). There were also no dif-
ferences between groups in level of depression and fatigue
at Visit I (MADRS score: #(30) = 0.31, p = 0.75; MFI total
score: #(29) = 0.40, p = 0.68) (Table 2). Two subjects trea-
ted with IFN-alpha/ribavirin developed depressive symp-
toms severe enough to warrant GCRC evaluation before
12 weeks (one subject at 4 weeks and one subject at 11
weeks). Accordingly, the average length of time from Visit
1 to Visit 2 was shorter for the treatment group than the
control group (mean length from Visit 1 to Visit 2
(£SD): 11.1 (£2.7) weeks vs. 12.9 (+1.2) weeks, respec-
tively, #30) =2.16, p <0.05).

3.2. Neuropsychological performance

3.2.1. Reaction time task

Using 2-way repeated measures ANCOVA controlling
for age, level of education and past history of major
depression, no main effects or interactions were found for
IFN-alpha/ribavirin treatment or Visit on reaction (deci-
sion) time in the simple- or five-choice CANTAB reaction
time task. In contrast, while there were no main effects of
IFN-alpha/ribavirin treatment or Visit on movement times

in the CANTAB reaction time task, there was a significant
interaction between these variables (treatment x Visit) for
both simple- and five-choice reaction time tasks
(F(1,27) =897, p<0.01 and F(1,27) =4.68, p<0.05,
respectively). Post hoc analysis revealed that IFN-alpha/
ribavirin-treated patients exhibited significantly slower sim-
ple- and five-choice movement times at Visit 2 vs. Visit 1
(both p <0.01) (Fig. 1). Moreover, IFN-alpha/ribavirin-
treated patients exhibited significantly slower simple and
five-choice movement times at Visit 2 compared to controls
(both p <0.05). Delta movement times (Visit 2—Visit 1) for
each group were as follows: IFN-alpha/ribavirin-treated
subjects: Asimple movement time, AsMT (4+SD)=091.3
(£120.5), Achoice movement time, AcMT =68.1
(£101.2); control subjects: AsMT = —66.7 (£158.4),
AcMT = —35.4 (£156.0). Slower simple movement times
compared to five-choice movement times (for both visits
and both patients groups) may be secondary to an order
effect, since the simple reaction time condition always pre-
cedes the five-choice reaction time condition in the CAN-
TAB reaction time task.

3.2.2. Attention—rapid visual information processing
Two-way repeated measures ANCOVA revealed no sig-
nificant differences between IFN-alpha/ribavirin-treated
patients and controls on RVIP performance accuracy as
measured by signal A’. Nevertheless, there was an interac-

Table 2
Mean (£SD) depression and fatigue scores in IFN-alpha-treated and control subjects
Behavioural assessment Control (n =12) IFN (n =20)

Visit 1 Visit 2 Delta Visit 1 Visit 2 Delta
MADRS 4.0 (5.1) 32 (3.7) 0.9 (2.5) 4.7 (5.5) 12.8 (10.0)*" 8.1 (10.1)
MFI
Total 42.8 (15.3) 37.7 (16.0) —4.0 (7.6) 40.5 (14.7) 59.8 (21.3)>" 19.2 (16.3)
GF 10.3 (4.1) 8.2 (4.0) 2.0 (2.1) 9.8 (3.8) 14.0 (4.6)~" 42 (4.1)
PF 9.0 (3.4) 8.6 (4.0) —0.4(1.8) 8.9 (4.1) 12.6 (4.7)*" 3.6 (3.6)
RA 8.3 (3.4) 7.1 (3.4) ~12(1.3) 7.6 (4.2) 11.7 (5.0~ 4.1 (3.9)
RM 7.2 (3.0) 6.7 (2.6) -0.5(2.1) 7.4 (2.9) 11.5 (4.4)»" 4.1(3.4)
MF 7.9 (3.3) 7.1(3.7) 0.8 (2.1) 6.8 (2.6) 10.0 (5.0 3.2 (4.5)

SD, standard deviation; MADRS, Montgomery-Asberg Depression Rating Scale; MFI, Multidimensional Fatigue Inventory; GF, general fatigue; PF,
physical fatigue; RA, reduced activity; RM, reduced motivation; MF, mental fatigue.

# Significantly different from Visit 1 (p <0.01 using Tukey test).

* Significantly different from respective control value (p < 0.01 using Tukey test).
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Fig. 1. Change in motor speed in control and IFN-alpha/ribavirin-treated patients. (A) Mean (=SEM) simple and five-choice movement times in the
reaction time task are depicted at baseline (Visit 1) and after ~12 weeks (Visit 2) in control (Panel A) and IFN-alpha/ribavirin-treated (Panel B) patients.
Motor slowing was observed from Visit 1 to Visit 2 in IFN-alpha-treated but not control subjects. ““p < 0.01 Visit 2 vs. Visit 1 (Tukey’s test); dot-dashed
lines—simple movement time; dashed lines—choice movement time; dotted lines—choice reaction time; solid lines—simple reaction time. RT, reaction

time; MT, movement time.

tion between the effects of IFN-alpha treatment and Visit
on the mean latency to correct responses (F(1,29) =13.9,
p <0.01). Post hoc analysis revealed that control patients,
but not IFN-alpha treated patients, showed significantly
faster responses at Visit 2 compared to Visit 1 (p <0.01)
(Fig. 2). Change in mean latency (Alatency) for correct
responses on the RVIP task from Visit 1 to Visit 2 were
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IFN-alpha/ribavirin treatment did not affect rule-learn-
ing capacity or set shifting as measured in the IED test
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(panel A) and response latency (panel B) in the Rapid Visual Information Processing (RVIP) test in control and IFN-alpha/ribavirin-treated subjects are
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Table 3
Effects of IFN-alpha treatment on measures of executive function

Controls (n = 12) IFN-alpha (n = 20)

Neuropsychological tests

Visit 1 Visit 2 Visit 1 Visit 2

Intralextra dimensional shift

EDS errors 14.0 (3.8) 11.3(3.2) 12.2(2.6) 124 (24)
Pre-ED errors 82(1.3) 68(l.1) 63(0.7) 63(1.1)
# Stages completed 85(0.3) 84(03) 85(02) 85(0.2
Total # errors (adjusted) 30.6 (6.4) 27.1 (6.0) 26.9 (4.8) 28.4(4.6)
Stockings of Cambridge

ITT (s)—4 44(08) 42(1.00 46(0.7) 53(0.7)
ITT (s)—5 49(1.3) 3.0(0.5 59(1.2) 57(1.2)
# Moves—4 73(0.5 7.5(04) 79(0.3) 7.1(0.4)
# Moves—5 6.0(04) 57(02) 55(02) 5.7(0.2)
STT (s)—4 1.7(04) 13(03) 1.7(0.3) 1.6(0.3)
STT (s)—5 1.0(0.2) 0.5(0.1) 1.5(0.3) 1.2(04)
# Perfect solutions 6.7(0.5) 7.3(04) 65(04) 7.3(0.5)

Data are shown as means (XSEM); EDS errors: the number of errors
made within the extra-dimensional shift phase; pre-ED errors: the number
of errors made prior to the extra-dimensional shift phase; ITT, initial
thinking time: the time taken to move the first ball to solve a problem;
STT, subsequent thinking time: the time taken after the initial move.

on IED task performance were observed, nor was there an
interaction between these factors. IFN-alpha/ribavirin
treatment also had no effect on executive function as mea-
sured in the SOC task (Table 3). No main effects of treat-
ment or Visit on SOC task performance were observed,
nor was there an interaction between these factors.

Of note, no differences were found between patients
treated with pegylated IFN-alfa-2a (PEGASYS®) vs. pegy-
lated IFN-alfa-2b (Pegintron®) on any of the neuropsycho-
logical measures. Moreover, no differences were found in
neuropsychological test performance in IFN-alpha-treated
patients with a past history of depression vs. those without.

3.3. Behavioural symptoms

3.3.1. Depression

Three patients treated with IFN-alpha/ribavirin devel-
oped symptom criteria for DSM-IV major depression dur-
ing the study. In addition, MADRS scores exhibited
significant increases in symptoms of depression in IFN-
alpha/ribavirin-treated patients vs. controls. Two-way
ANOVA on MADRS scores with Visit as a repeated mea-
sures factor revealed a significant main effect of treatment
(F(1,30) =6.39, p<0.05) and Visit (F(1,30)=4.91,
p <0.05) as well as a significant interaction between these
factors (F(1,30) =8.81, p <0.01). Post hoc analysis indi-
cated that IFN-alpha/ribavirin-treated patients scored
higher on the MADRS at Visit 2 than at Visit 1
(p <0.01). In addition, MADRS scores at Visit 2 were
higher in IFN-alpha/ribavirin-treated subjects compared
to control patients (p <0.01). Of note, no differences in
change in MADRS scores from Visit 1 to Visit 2 were
found between IFN-alpha-treated patients with and with-
out a past history of major depression or patients treated
with pegylated IFN-alfa-2a vs. pegylated IFN-alfa-2b.

3.3.2. Fatigue

IFN-alpha/ribavirin treatment increased all dimensions
of fatigue as measured in the MFI. Two-way repeated-mea-
sures ANOVA yielded a significant interaction between
treatment and Visit for all dimensions of fatigue
(p <0.01, all dimensions). Post hoc analysis revealed that
IFN-alpha/ribavirin-treated patients reported increased
scores at Visit 2 for general, physical and mental fatigue
as well as for reduced activity and reduced motivation com-
pared to Visit 1 (baseline) scores (p < 0.01, all dimensions).
In addition, general fatigue and reduced motivation scores
at Visit 2 were significantly higher in IFN-alpha/ribavirin-
treated patients than control subjects (p < 0.05).

Of note, fatigue and depression scores were inter-corre-
lated. For example, change in total MFI scores from Visit 1
to Visit 2 were significantly correlated with changes in
MADRS scores (R=0.51, p=0.025). Furthermore,
among the various dimensions of fatigue, changes in gen-
eral fatigue (R=047, p=0.042), physical fatigue
(R=0.61, p=20.005), and mental fatigue (R =0.45,
p =0.049) were significantly correlated with changes in
MADRS scores, while changes in reduced activity and
reduced motivation were not. No significant differences in
changes in MFI scores were found between patients receiv-
ing pegylated IFN-alfa-2a vs. pegylated IFN-alfa-2b or
patients with or without a past history of depression.

3.4. Relationship between IFN-alpha induced
neuropsychological alterations and symptoms of depression
and fatigue

To evaluate the relationship between IFN-alpha/ribavi-
rin-induced alterations in neuropsychological performance
and IFN-alpha/ribavirin-induced increases in depression
and fatigue, changes in simple and five-choice movement
time as well as latency for correct responses in the RVIP
task were correlated with changes in MADRS and MFI
scores within the group of IFN-treated/ribavirin-treated
patients. As shown in Fig. 3, increased symptoms of
depression (AMADRS score) as well as fatigue (AMFI
total score) were significantly correlated with IFN-alpha-
induced motor slowing (AcMT) (R=10.47, p<0.05 and
R =048, p<0.05, respectively). Within the dimensions
of fatigue, IFN-alpha induced motor slowing (AcMT) cor-
related significantly with increased general fatigue
(R=10.56, p<0.05), as well as with reduced activity
(R=0.51, p<0.05) and reduced motivation (R = 0.47,
p <0.05). No significant correlations were found between
simple movement time on the reaction time task or
response latency on the RVIP task and IFN-alpha/ribavi-
rin-induced changes in any of the depression or fatigue
measures. Finally, patients who developed major depres-
sion during IFN-alpha/ribavirin therapy (n = 4) exhibited
significantly greater decreases in motor speed on the five-
choice movement segment of the reaction time task
(AcMT) compared to IFN-alpha/ribavirin-treated patients
who did not develop depression (n=26) (168.3
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Fig. 3. Association between changes in motor speed and changes in
symptoms of depression and fatigue in IFN-alpha/ribavirin-treated
patients. Top panel: correlation of Achoice movement time and AMADRS
(n=20) (R=047, p<0.05); Bottom panel: correlation of Achoice
movement time and AMFI (n=20) (R=0.48, p<0.05). A, delta;
MADRS, Montgomery-Asberg Depression Rating Scale; MFI, Multidi-
mensional Fatigue Inventory.

(SD£63.5)ms vs. 12.87 (£124.8)ms; #28)=2.4,
p =0.022). There were no significant differences between
these two groups in simple movement time or response
latency in the RVIP task.

4. Discussion

The findings from the current study indicate that IFN-
alpha/ribavirin treatment was associated with significant
motor slowing (as manifested by decreased simple and
five-choice movement times), which was, in turn, corre-
lated with the development of symptoms of depression
and fatigue. Decision time in the reaction time, target
detection accuracy during sustained attention, and execu-
tive function were not affected by IFN-alpha/ribavirin
treatment.

The data reported herein replicate and expand previous
work in patients undergoing IFN-alpha treatment for can-
cer, in which motor slowing, as reflected by increased five-
choice movement times on the CANTAB reaction time

task after five days of IFN-alpha treatment was correlated
significantly with the subsequent development of depressive
symptoms after 1 month of IFN-alpha therapy (Capuron
et al., 2001). In the current study, we show that motor
slowing persists for up to three months of IFN-alpha treat-
ment and correlates with both symptoms of depression and
fatigue.

While motor slowing in [FN-alpha-treated patients may
in principle be attributable to several factors (including
functional alterations in motor and premotor cortices, as
well as midbrain structures regulating general level of arou-
sal) (Johnson and Ebner, 2000; Berridge and Waterhouse,
2003), there are reasons to consider involvement of the
basal ganglia. The basal ganglia are traditionally regarded
as the brain structures that regulate initiation of movement
and motor speed (Alexander et al., 1986; Middleton and
Strick, 2000). Indeed, patients with basal ganglia pathology
have been found to exhibit decreased motor speed on a
number of neuropsychological tasks including the CAN-
TAB reaction time task (Sahakian, 1990; Gauntlett-Gilbert
and Brown, 1998). Relevant to IFN-alpha, widespread
alterations (increases) in glucose metabolism in basal gan-
glia nuclei including the putamen, globus pallidus, and
nucleus accumbens have been demonstrated in IFN-
alpha-treated subjects in two brain imaging studies using
positron emission tomography (Juengling et al., 2000;
Capuron et al., 2007). These findings are consistent with
similar increases in resting state glucose metabolism in
the basal ganglia of patients with Parkinson’s disease
(Wichmann and DeLong, 1999), where it is believed that
disinhibition of dopaminergic inhibitory circuits leads to
increased oscillatory burst activity in relevant basal ganglia
nuclei (and thus increased metabolic activity). Consistent
with correlations between decreases in motor speed (possi-
bly reflecting altered basal ganglia function) and the devel-
opment of fatigue in the current study, IFN-alpha-induced
changes in basal ganglia metabolic activity, specifically in
the putamen and nucleus accumbens, were correlated with
symptoms of fatigue (Capuron et al., 2007).

As noted above, some neuropsychological functions that
involve the basal ganglia, including set shifting, were unaf-
fected by IFN-alpha/ribavirin treatment. One explanation
for these findings is that IFN-alpha primarily influences
the “motor loop” described by Alexander et al. (1986),
which regulates psychomotor speed and involves the puta-
men, substantia nigra, thalamus and supplementary motor
area. This “motor loop” is distinct from circuits intercon-
necting basal ganglia and prefrontal cortex that have been
shown to be involved in higher executive functions, such as
rule learning and task switching (as in the IED shift task),
which appear to be largely dependent on prefrontal cortical
function (Monchi et al., 2001).

One mechanism by which IFN-alpha may influence
basal ganglia function is through effects on central dopa-
mine (DA) pathways (Smith and Kieval, 2000). For exam-
ple, IFN-alpha administration to mice induced a robust
depression in motor activity, which was associated with
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decreased DA as measured in whole brain homogenates
(Shuto et al., 1997). Moreover as noted previously, IFN-
alpha administration has been associated with symptoms
of Parkinson’s disease that were alleviated by levodopa.
In addition, in a recent study of rhesus monkeys, IFN-
alpha-induced decreases in the dopamine metabolite,
homovanillic acid, was associated with depressive-like hud-
dling behaviour in these animals (Felger et al., 2007).

IFN-alpha may influence DA neurotransmission
through a number of pathways including effects on the
synthesis, release and reuptake of DA. For example,
IFN-alpha administration to rats has been shown to
decrease central nervous system concentrations of tetrahy-
drobioperin, an important enzyme co-factor for tyrosine
hydroxylase, the rate limiting enzyme in the synthesis of
DA (Kitagami et al., 2003). Another potential pathway
involves IFN-alpha-induced changes in kynurenic acid, a
tryptophan metabolite, which can affect DA release.
Through activation of the enzyme, indolamine 2,3 dioxy-
genase (which breaks down tryptophan to kynurenine),
IFN-alpha treatment has been associated with increased
plasma concentrations of kynurenine (especially in
depressed patients), which is metabolized to kynurenic
acid (KA) (Capuron et al., 2003). Of relevance to DA,
intrastriatal administration of KA has been shown to dra-
matically reduce extracellular DA in the rat striatum (Wu
et al., 2007), indicating a neuromodulatory role of KA on
DA neurotransmission in addition to the previously pro-
posed neuroprotective actions of this metabolite during
cytokine (IFN-alpha) administration (Wichers et al.,
2005b). Yet another pathway by which IFN-alpha and
innate immune cytokines may influence DA metabolism
is through activation of mitogen activated protein kinase
(MAPK). Activation of MAPK signaling pathways have
been shown to up-regulate the activity and cell surface
expression of the DA reuptake pump, which in turn
may decrease DA synaptic availability (Moron et al.,
2003). Finally, IFN-alpha has been shown to bind to opi-
oid receptors on nigrostriatal, mesolimbic and mesocorti-
cal dopaminergic neurons, causing presynaptic DA release
(Ho et al., 1992; Dafny et al., 1985; Di Chiara and Impe-
rato, 1988). Long-term IFN-alpha-induced DA release
may lead to a compensatory reduction in the number
and/or sensitivity of DA receptors (Cooper et al., 2003)
and ultimately decreased dopaminergic tone.

IFN-alpha effects on DA and the basal ganglia may
contribute to the development of IFN-alpha-induced
depression and fatigue. Considerable attention has been
focused on the role of DA in the pathophysiology of
depressive disorders (Dunlop and Nemeroff, 2007). For
example, rodent models of depression demonstrate altered
mesolimbic DA system function and, importantly, certain
antidepressants act to enhance DA neurotransmission
(Willner et al., 1992). Furthermore, several studies, includ-
ing postmortem investigations, have shown that depressed
patients, particularly those with psychomotor retardation,
exhibit reduced concentrations of DA metabolites, pri-

marily homovanillic acid, both in the cerebrospinal fluid
and in brain regions that mediate mood and motivation
(Mendels et al., 1972; Roy et al., 1992; Brown and Gers-
hon, 1993; Reddy et al., 1992; Klimek et al., 2002). Sev-
eral neuroimaging studies have also found evidence of
reduced DA transmission in depressed patients, including
compensatory up-regulation of D, receptors (D'Haenen
and Bossuyt, 1994; Shah et al., 1997; Ebert et al., 1996;
Martinot et al.,, 2001; Meyer et al., 2001; Tremblay
et al.,, 2005). Interestingly, in one study (Shah et al.,
1997), reduced DA transmission, as indicated by increased
binding of the dopamine D,/; ligand 12317ZBM in the stri-
atum, was correlated with motor slowing in the reaction
time task of the CANTAB in depressed patients. Regard-
ing fatigue, it has been suggested that reduced nucleus
accumbens dopamine may contribute to symptoms of fati-
gue in patients with depression (Salamone et al., 2003,
2005). Moreover, treatment with levodopa or other phar-
macological agents that increase dopamine release (e.g.
stimulants) improve fatigue in patients with basal ganglia
disorders as well as in IFN-alpha-treated patients with
malignant melanoma (Lou et al., 2003; Schwartz et al.,
2002). Chaudhuri and Behan have proposed that altered
basal ganglia function is a primary mechanism of central
fatigue, with fatigue representing a fundamental behav-
ioural characteristic of diseases that affect the basal gan-
glia, including Parkinson’s disease, multiple sclerosis,
cortical stroke, and HIV/AIDS (Chaudhuri and Behan,
2000). Finally, although we propose that motor slowing
is a reflection of altered basal ganglia function leading
to fatigue, it should be noted that decreased motor speed
may be a consequence of fatigue and/or decreased moti-
vation during neuropsychological testing. Nevertheless,
the lack of more widespread, non-specific effects of
IFN-alpha/ribavirin treatment on other neuropsychologi-
cal functions and the specificity of effects within the reac-
tion time task (i.e. effects on movement time but not
reaction time) suggests that the motor alterations may
be relatively specific to IFN-alpha administration and its
effects on cognitive function as opposed to representing
a more non-specific lack of motivation or inability to per-
form cognitive tasks.

The preserved performance in tests of executive/frontal
cortex functions as measured by the CANTAB tasks Stock-
ings of Cambridge and Intra/Extra Dimensional Atten-
tional Shift is in contrast with some studies that found
impairment in planning abilities (Adams et al., 1984) and
cognitive flexibility (Meyers et al., 1991; Pavol et al.,
1995) in IFN-alpha-treated subjects. Nevertheless, the find-
ings reported herein are consistent with other studies,
which found no IFN-alpha-induced impairment in execu-
tive function. For example, in a study by Amodio et al.
(2005), TFN-alpha treatment of HCV-infected patients
was not associated with decreases in executive function as
measured by the trail making test (Part B), verbal fluency
test or Stroop test. In addition, in two studies in cancer
patients, IFN-alpha administration was not associated
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with worsening of executive function after one or three
months of initiation of IFN-alpha therapy (Bender et al.,
2000; Capuron et al., 2001). The explanation of the discrep-
ant findings is not clear, but is likely related to multiple
contributing factors including the duration of therapy,
the dose of IFN-alpha, the severity of co-morbid medical
illnesses, the variety of diseases treated and the lack of a
control group.

Several strengths and limitations of the current study
warrant consideration. The longitudinal study design
allowed patients to serve as their own controls, thus
reducing the potential effects of baseline variables such
as age, sex and education that have been associated with
performance on neuropsychological tests in prior studies
(Boone et al., 1993; Van der Elst et al., 2005). In addition,
non-IFN-alpha-treated subjects studied in parallel allowed
for a control of the effects of repeated testing (i.e. “prac-
tice effects”), which have been associated with improved
test performance (Lowe and Rabbitt, 1998). Moreover,
no patients were on psychotropic medication at the time
of neuropsychological assessment. Finally, patients’ neu-
ropsychological functioning was measured using an auto-
mated test battery that assesses distinct
neuropsychological domains that have been shown to
probe different brain regions (Baker et al., 1996; Coull
et al., 1996; Lazeron et al., 2000; Owen et al., 1996a,b;
Robbins et al., 1998). In terms of study limitations, it is
possible that the effects of HCV on the brain may have
contributed to the results. Some studies have suggested
that HCV may have independent effects on cognitive
function (Forton et al., 2006). It also remains possible
that HCV infection may have augmented the neuropsy-
chological effects of IFN-alpha. The additional treatment
with ribavirin also may have interacted with IFN-alpha
administration. Indeed, a previous report suggested that
ribavirin alone may contribute to depressive symptoms
(Asnis et al., 2004). Nevertheless, the findings from the
current study are consistent with our previous work on
non-infected cancer patients treated with IFN-alpha
monotherapy which showed a relationship between motor
slowing and development of depression. Furthermore,
patients receiving pegylated IFN-alfa-2a and 2b were
enrolled. No controlled data are available to indicate
whether the incidence of neuropsychological alterations
is different between these two types of interferon. How-
ever, no significant differences between these preparations
were found, although given the small sample size, these
results should be interpreted with caution. It also should
be noted that although all patients were free of psychotro-
pic medications, caffeine intake was not restricted. There-
fore, the potential influence of differential caffeine
consumption on the results cannot be determined. Finally,
because complementary assessments of basal ganglia func-
tion using techniques such as neuroimaging were not
included in the current study, a direct link between the
observed alterations in motor speed and basal ganglia
function cannot be established.
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