SUPPLEMENTAL INFORMATION

Supplemental Materials and Methods

Animals and Study design
Not every procedure was conducted in each animal, and Table S1 lists the procedures that were conducted in each experimental subject.  Seven of the eight animals included in this study were previously treated with IFN-alpha for 2-4 weeks on one, two or three separate occasions as part of related studies (see Table S1 for history of exposure to IFN-alpha for each animal) that involved behavioral testing and blood and CSF sampling.  One animal included in this study had a history of living in a research colony, but was experimentally naïve. Previous studies have demonstrated that a 3-month washout period is sufficient for recovery of IFN-alpha-induced alterations in behavior, cytokine and neuroendocrine responses and DA metabolites 1


( ADDIN EN.CITE , 2)
.  Therefore, a three-month latency between saline and IFN-alpha treatments was employed in the present study, and all previous studies terminated 22 months prior to the commencement of this study. Because experimental histories were similar for most subjects and included only exposure to IFN-alpha, behavioral testing and biological sample collection, these factors were not controlled for in the current analysis. Although food intake was not monitored during treatment, body weight of the monkeys did not change during saline or IFN-alpha administration [delta weight, week3/4-week1: -0.2 +/-0.74 kg for saline versus -0.08 +/-0.14kg for IFN-alpha, p=0.65]. To assess red blood cell volume, hematocrit was also monitored and remained above 35% in all animals during both saline and IFN-alpha administration.  
In vivo microdialysis

Surgery: Prior to guide cannula implantation, monkeys were acclimated over a training period of several months to sit still for up to 4 hours in a primate chair. Animals were then surgically prepared for guide cannulae targeting the caudate nucleus for in vivo microdialysis following procedures described previously 
 ADDIN EN.CITE 
(3, 4)
. The caudate was chosen because of the prominence of motor slowing in IFN-alpha-treated patients and decreased locomotor activity and exploratory behavior in rhesus monkeys observed in previous studies 
 ADDIN EN.CITE 
(1, 5)
. Furthermore, the caudate has a similar neurochemical composition as the nucleus accumbens, but its larger size permits a greater likelihood of accurate probe placement. Animals were sedated with Telazol (4-5 mg/kg) and brought to a surgery suite where they were intubated and maintained on isofluorane anesthesia for the duration of the surgery. Surgery was carried out under aseptic conditions. Animals were placed in a stereotaxic frame and small burr holes drilled directly above both caudate nuclei. CMA/12 (CMA Microdialysis, Stockholm, Sweden) guide cannulae were implanted and stainless steel stylets were placed in the cannulae when not in use. Teflon and titanium screws with cranioplastic cement were used to secure the cannulae and protective chamber (Crist Instrument, Hagerstown, MD), after which the area around the implant was sutured and the animal allowed to recover for 4 weeks before beginning experiments. Guide cannula placement for each animal was confirmed by MRI using a 3T Siemens Trio (see Figure S1 for a representative image).

In vivo microdialysis sampling procedures: Microdialysis experiments were carried out in awake animals using methods similar to those described previously 
 ADDIN EN.CITE 
(3, 4)
. On the days of microdialysis experiments, animals were removed from the home cage and comfortably seated in a Primate Products chair and a Lexan neck plate placed at shoulder height to prevent the animal from reaching the microdialysis probes. Custom 24 mm probes (CMA/12) were inserted into the guide cannula and attached to a dual syringe microinfusion pump (CMA) which continuously circulated artificial cerebrospinal fluid (Na2HPO4, 1.0 mM; NaCl, 150 mM; KCl, 3mM; CaCl2, 1 mM; MgSO4, 1.0 mM; and ascorbic acid, 0.114 mM) via FEP Teflon tubing to the probe for perfusion at a flow rate of 2.0 μl/min. Samples were collected every 10 min in microcentrifuge tubes and immediately frozen on dry ice for the duration of the experiment. Two samples were collected from a standard solution prior to and immediately following in vivo microdialysis to ensure probe efficiency and performance. After the probe was inserted into the guide cannulae, 70 min of equilibration was used to verify proper flow rate and 5 samples were collected and analyzed to establish DA levels, the mean of which served as baseline for calculating stimulated DA release as percent of control. After baseline sample collection, the KCl concentration of the perfusate was increased to 100 mM (high K+ challenge) for 10 minutes to induce vesicular release of neurotransmitter and samples were collected over 1 hr. This high K+ challenge induced acute voltage-dependent release of neurotransmitter followed rapid return to baseline, at which time AMPH challenge (250 (M d-AMPH sulfate) was administered via reverse in vivo microdialsysis and samples were collected over 1 hr 6()
.  The protocol for in vivo microdialysis is indicated in Figure S2 below.

HPLC analysis of DA: Concentrations of DA were determined by HPLC with Electrochemical detection (ECD) using an internal standard as described previously 
 ADDIN EN.CITE 
(7, 8)
. Samples (10 µl) were mixed with 20 µl internal standard (3,4-Dihydroxybenzylamine ,DHBA), 20 µl was injected onto the LC system by an automated sample injector (Gilson XL233, Gilson, France). Chromatographic separation was performed on a reversed phase Hypersil BDS C18 (150 x 2.1 mm, 3 µm) analytical column (Thermo Scientific, keystone, USA) held at a temperature of 32.5º C. Components were separated using isocratic sodium acetate buffer, pH=4.1. Detection was performed electrochemically using a potentiostate (Antec Leyden, model Intro, The Netherlands) fitted with a glassy carbon electrode set at +600 mV vs. Ag/AgCl (Antec Leyden, the Netherlands).

PET neuroimaging  

Neuroimaging procedures: All PET data were collected with a Siemens Focus 220 micro-PET scanner at the Yerkes National Primate Research Center brain imaging core facility. The monkeys were fasted for 12 h prior to the PET studies but given full access to water. The animals were initially anesthetized with an intramuscular injection of Telazol (5 mg/kg), and then transferred to the imaging core facility. The animals were then intubated and prepared with an intravenous catheter in the femoral vein for administration of the radiopharmaceutical and amphetamine (AMPH). Animals were maintained on isoflurane anesthesia (1-3%) throughout the imaging session. Respiratory parameters, blood pressure, pulse rate and rectal temperature were monitored during the procedure. A 15 min transmission scan was obtained for attenuation correction prior to the start of the imaging procedure. The PET scanner was started simultaneously with the radiopharmaceutical injection, delivered by an infusion pump over 5 min. At the end of the scan, the subject was returned to the animal rooms, and radiation safety precautions instated for 24 hours to allow for sufficient decay of the radioligand. 

Each scan lasted 60 ([11C]raclopride) or 120 ([18F]FECNT) minutes to ensure binding equilibrium. Each PET scan was corrected for randoms, attenuation and scatter prior to reconstruction with an ordered-subset expectation maximization algorithm. Scans were inspected for movement and registered to a standard adult rhesus template according to Emory University’s standard protocol, which ensures accurate location of regions of interest (ROIs). Three-dimensional ROIs for the caudate, putamen, ventral striatum, and cerebellum were manually drawn over the images. For the [11C]raclopride protocol, the second scan of each session was aligned to the respective baseline scan and the ROIs re-sliced into the new scan’s space in order to ensure that the ROI volume and dimensions were consistent within subjects across scans. Each ROI was visually inspected following re-slicing to ensure accurate placement. ROIs were applied to all frames to extract the time-activity curves for each region. A generalized reference tissue method was then applied to calculate binding potential (BPND), the ratio at equilibrium of specifically bound radioligand to that of nondisplaceable radioligand used in reference tissue methods when comparing concentration of radioligand in receptor-rich to receptor-free regions 
 ADDIN EN.CITE 
(9)
. Four rate constants, R, k2, k3, and k4, were used to fit a curve to the time-activity curve for each ROI 
 ADDIN EN.CITE 
(10)
. The cerebellum served as the reference region to account for non-specific binding 
 ADDIN EN.CITE 
(11, 12)
. Binding potential (k3/k4) served as an estimate of Bavail.

[11C]raclopride synthesis: [11C]raclopride, a PET tracer for dopamine D2 receptor, was synthesized by adapting a previously published method 13()
. [11C]carbon dioxide was produced by 14N[p, α]11C reaction using a Siemens Eclipse cyclotron, 11 MeV negative ion single particle accelerator, and [11C]CH3I was produced using a GE TRACERlab FX C module. [11C]raclopride was prepared by methylation of (S)-O-desmethylraclopride (2 mg, ABX advanced biochemical compounds, Radeberg, Germany) with [11C]CH3I in dimethylformamide (250 µL) using sodium hydride (1 mg) as a base. The radiochemical purity of [11C]raclopride was over 99%. 

[11C]raclopride displacement with AMPH challenge: [11C]raclopride PET neuroimaging was conducted at the end of week 4 of saline or IFN-alpha administration, to avoid interference with microdialysis sampling. An intravenous injection of either saline or AMPH sulfate (0.5 mg/kg) was administered 20 min before a bolus injection of high-specific activity (≥0.40 Ci/µM) [11C]raclopride (≥7 mCi) was injected, and PET images were obtained over a 60 min period (Figure S3). Because of potential carry-over effects with AMPH, saline was administered during the first scan (baseline) and AMPH during the second. [11C]raclopride injections occurred an average of 2 hr apart. Of note, although the D1R may also be relevant to IFN-alpha-induced changes in DA function and behavioral alterations, PET ligands for the D1R, such as [11C]SKF 82957, [11C]SCH 23390 and [11C]NNC 756, are not sensitive to synaptic DA concentration or challenge with stimulants 14-16


( ADDIN EN.CITE )
. Therefore, the D2R ligand, [11C]raclopride, was chosen for this study based on its utility in measuring changes in synaptic DA levels following AMPH administration.   
[11C]raclopride data analysis:
Comparison of [11C]raclopride displacement between treatment conditions (in this case saline versus IFN-alpha) using %(BP, as defined by 100 * (BPAMPH-BPBL)/BPBL, is vulnerable to marked differences in baseline [11C]raclopride BP (BPBL) between groups and may mask absolute changes in amphetamine-induced [11C]raclopride displacement compared to baseline. For example, if less D2Rs are occupied by [11C]raclopride at baseline during IFN-alpha treatment (e.g. due to a decrease in the number of D2R), and the %(BP for IFN-alpha is not significantly different from the %(BP for saline, but the absolute (BP (BPAMPH-BPBL) are different, this means that BPBL for saline is different than BPBL for IFN-alpha, as follows from the %(BP definition: 
%(BP saline = 100 * (BP saline / BPBL saline  (  %(BP IFN-alpha = 100 * (BP IFN-alpha / BPBL IFN-alpha. Thus, if (BP IFN-alpha < (BP saline, but %(BP IFN-alpha (  (i.e. not significantly different from) %(BP saline, BPBL IFN-alpha must be << than BPBL saline, and this definition will mask group differences in amphetamine-induced [11C]raclopride displacement when marked differences in baseline [11C]raclopride BP exist between groups. Therefore, given the robust difference in [11C]raclopride BPBL that was observed between saline and IFN-alpha treatment conditions (i.e. mean change in putamen= -1.33,+/-0.40, or a -24% change, compared to saline), the preferred method to assess displacement of [11C]raclopride, (BP, is BPAMPH-BPBL.   Accordingly, phase contrast images were created to represent the degree of absolute displacement between baseline and AMPH scans for both saline and IFN-alpha conditions, and (BP was compared using treatment by region RM ANOVA. 

Behavior
Locomotor activity: Automated locomotor activity was recorded continuously over the duration of each treatment period using triaxial Actical accelerometers (MiniMitter, Bend, OR) mounted in tight-fitting stainless steel boxes made to attach to loose-fitting primate collars (Primate Products, Immokalee, FL) as described previously 17()
. The Actical monitor detects acceleration in all directions by utilizing an omnidirectional sensor, and monitors were programmed to record activity counts per minute. Activity monitors were attached prior to and removed at the end of each 4-week treatment period and data was downloaded and analyzed using appropriate software (ClockLab, Coulbourn Instruments, Allentown, PA).
Sucrose consumption: Sucrose consumption testing, which has been frequently used as a putative indicator of anhedonia and motivation for reward in laboratory animals 
 ADDIN EN.CITE 
(18, 19)
, was conducted using a puzzle feeder that required the animals to work to receive six 5 g sucrose pellets (Purina Test Diet, Richmond, IN) as reward. To control for potential anorexia or alterations in primary motivation for treats, on a separate day, sucrose pellets were presented to the monkeys in their regular feeders. Sucrose consumption tests were monitored by experimenters who recorded any remaining pellets found in the feeders, cage, or floor, and also monitored by video and rated by observes to assess the number of pellets consumed and the time required to consume them. Figure S4a displays the puzzle feeder, which involves a series of holes that connect each level of the feeder. For sucrose consumption testing, the feeder was loosely attached to the outside of the animals’ cage by chains attached to the top of the feeder, per Figure S4b, so that the monkeys could manipulate the feeder to remove the sucrose pellets through the large hole in the bottom row. Calculation of the percent consumed included the number of treats eaten by the monkeys divided by the total number of treats available x 100. Animals were determined to successfully complete the task within 30 min when 6 sucrose tablets were placed in the bottom two rows (3 per row) of the puzzle feeder. In four test sessions, one during saline, one during week 2 of IFN-alpha, and two during week 4 of IFN-alpha, all in different animals, video recordings revealed that while animals worked to manipulate treats along the far end of the puzzle test, another treat fell out of the large hole without the animal having the opportunity to consume it.  Therefore, the total number of treats available was adjusted accordingly to five.

Home cage behavior: Home cage behavior was also recorded for 3 sessions per week of saline or IFN-alpha administration. After a 15 min acclimation period following the start of the recording, behavior was scored over 30 min by trained observers blinded to treatment condition for the presence of depressive-like huddling behavior. Inter-rater reliability was maintained at ≥0.85. Huddling was defined as a self-enclosed fetal-like position with head at or below the shoulders 
 ADDIN EN.CITE 
(1, 20)

Supplemental Results


In vivo microdialysis


The DA response to high K+ and AMPH stimulation were stable over time and not significantly different between week 2 and week 4 of saline treatment (Figure S5A). However, there was a significant difference in the DA response over time between week 2 and week 4 of IFN-alpha administration (F[1.32,3.95]=12.038, p<0.05, Figure S5B), with significantly decreased DA release at week 4 compared to week 2. To determine whether decreased DA release observed at 4 weeks IFN-alpha was an effect of repeat sampling (since all animals received saline prior to IFN-alpha), saline treatment was repeated in two animals after a 3 month washout from IFN-alpha, and in vivo microdialysis sampling was conducted at 4 weeks. The responses to high K+ and AMPH in both animals were similar between the first and second saline treatments (Figure S6), indicating that differences in stimulated DA release during IFN-alpha treatment were likely related to treatment effects rather than effects of repeated sampling.

PET neuroimaging
 [11C]raclopride (Figure S7) and [18F]FECNT (Figure S8) demonstrated uptake in the caudate and putamen. The injected dose, mass, BPND, and ∆BP for [11C]raclopride experiments are reported in Table S2. 

Potential Sex Effects on Behavioral and Neuroimaging Findings

Although no sex effects were observed previously in the behavioral, neuroendocrine, or cytokine responses to IFN-alpha in monkeys 1


( ADDIN EN.CITE )
, potential sex effects in IFN-alpha-induced changes in DA function were considered. As noted in the discussion, sample sizes of 3-5 animals per treatment group are commonly published samples sizes for monkey in vivo microdialysis and neuroimaging studies (3,4). The sample size (n=4) employed in the present study for in vivo microdialysis and [11C]raclopride neuroimaging did not allow for statistical comparison of the effects of IFN-alpha between males and females on DA release. However, all animals (4 males and 4 females) were included in [18F]FECNT experiments, permitting examination of potential sex effects.  There was a significant increase in [18F]FECNT BPND in males compared to females in the putamen (F[1,13]=5.959, p=0.03) but not in the caudate (F[1,13]=3.413, p=0.088), but this sex effect did not affect the results of RM ANOVA to examine changes in BPND during IFN-alpha compared to saline which remained non-significant (F[1,6]=0.551, p=0.486).  Likewise, anhedonia-like behavior was examined in all 8 animals and the treatment effect of IFN-alpha compared to saline remained significant after entering sex as a covariate in the RM ANOVA (F[1,6]=0.593, p=<0.05), and no treatment by sex interactions were observed for sucrose consumption from either the puzzle (F[1,6]=0.110, p=0.752) or regular feeder (F[1,6]=2.82, p=0.140).

Supplemental Figures
Figure S1. Representative image of guide cannula placement for sampling from the caudate nucleus as verified by MRI.
[image: image1.png]



Guide cannulae were implanted bilaterally over the caudate, and probe placement was verified by MRI. The red arrowhead indicates the bottom of the 4 mm sampling probe membrane when 24 mm custom probes were inserted into the guides.
Figure S2. Protocol for reverse in vivo microdialysis challenge using high K+ and AMPH to assess stimulated DA release during weeks 2 and 4 of saline and IFN-alpha administration. 
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After implantation of sampling probes into the caudate nucleus, equilibration samples were collected to establish flow rate, and 5 baseline samples were collected to determine baseline DA concentrations. To determine treatment (saline versus IFN-alpha) effects on stimulated DA release, high K+ (100 nM) was infused for 10 min by reverse dialysis and 6 samples were collected, then AMPH (250 nM) was infused over 10 min via reverse dialysis and samples were collected for 60 minutes.  Results were calculated as percent change from baseline DA levels (mean of 5 baseline samples in nM). 

Figure S3. Protocol for measuring DA release using AMPH-induced displacement of [image: image8.emf]Saline
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[11C]raclopride.
For assessing DA release indirectly by displacement of [11C]raclopride, an imaging protocol involving a baseline (saline) scan followed by an AMPH challenge (0.5 mg/kg, i.v., 20 min before tracer injection) scan was employed. Imaging data was acquired over 60 min for each scan, and [11C]raclopride injections were spaced by ~2 hr. 

Figure S4. Puzzle feeder used for sucrose consumption during weeks 2 and 4 of saline and IFN-alpha administration.
[image: image3.png]



Puzzle feeder, displaying holes for access to 6 sucrose tablets (5 g) to be obtained through the large hole on the bottom row (A). The puzzle feeder was attached loosely to the outside of the animals’ cage to allow manipulation of the feeder through the cage bars (B). Animals were able to complete the task within 30 min when sucrose tablets were placed in the bottom two rows, 3 sucrose pellets per row.   

Figure S5. Stimulated DA release was stable over time (week 2 and week 4) during saline administration, but reduced at 4 weeks compared to 2 weeks IFN-alpha administration. 
 SHAPE  \* MERGEFORMAT 



Saline and IFN-alpha (20 MIU/m2 s.c.) was administered to 4 rhesus monkeys for 4 weeks separated by at least 3 months, and in vivo microdialysis sampling was conducted at weeks 2 and 4. High potassium (K+) (100 nM) and amphetamine (AMPH) (250 nM) stimulation by reverse in vivo microdialysis resulted in significant increases in extracellular DA. The responses to both high K+ and AMPH did not significantly differ between weeks 2 and 4 of saline administration at any time point (A), but were significantly lower at week 4 compared to week 2 of IFN-alpha administration (B). Data are presented as mean +/- SEM. *p<0.05 compared to week 2
Figure S6. Saline administration was repeated (Saline 2) after a 3 month washout from IFN-alpha treatment in two animals, and stimulated DA release was similar at week 4 as that observed in the previous experiment (Saline 1). 

 SHAPE  \* MERGEFORMAT 



Figure S7. Representative time-activity curves from a single monkey showing uptake of [11C]raclopride in the cerebellum, caudate, and putamen before (Pre, A) and after (Post, B) amphetamine (AMPH) administration.
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Figure S8. Representative time-activity curves from a single monkey showing uptake of [18F]FECNT in the cerebellum, caudate, and putamen.
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Supplemental Tables
Table S1. List of subject participation in study procedures, and number of previous exposures to IFN-alpha administrations (2-4 week treatments, spaced by at least 6 months).
	Subject
	Behavioral Assessments
	[18F]FECNT Neuroimaging
	[11C]raclopride
Neuroimaging
	In vivo Microdialysis
	Previous IFN-alpha exposures

	Monkey 1
	X
	X
	X
	X
	3

	Monkey 2
	X
	X
	X
	X
	2

	Monkey 3
	X
	X
	
	
	1

	Monkey 4
	X
	X
	X
	
	1

	Monkey 5
	X
	X
	
	X
	3

	Monkey 6
	X
	X
	X
	
	-

	Monkey 7
	X
	X
	
	X
	3

	Monkey 8
	X
	X
	
	
	3


Table S2. [11C]raclopride injected dose (mCi), mass (µg), BPND, and ∆BP for each animal and treatment.
	
	 
	BASELINE
	 SCAN
	 
	POST-AMPH SCAN
	C11 RACLOPRIDE DISPLACEMENT

	
	Dose
	Mass
	              B
	PND
	Dose
	Mass
	              B
	PND
	        ∆
	BP
	%∆
	BP

	SALINE
	(mCi)
	(µg)
	Caudate
	Putamen
	(mCi)
	(µg)
	Caudate
	Putamen
	Caudate
	Putamen
	Caudate
	Putamen

	Monkey 1
	9.1
	4.2
	5.2
	5.1
	8.7
	3.1
	3.1
	3.0
	-2.1
	-2.1
	-40.4
	-41.2

	Monkey 2
	9.5
	5.5
	5.8
	5.9
	10.0
	3.4
	3.4
	3.8
	-2.4
	-2.1
	-41.4
	-35.6

	Monkey 3
	8.7
	2.1
	5.1
	5.9
	10.4
	3.3
	3.9
	3.9
	-1.2
	-2.0
	-23.5
	-33.9

	Monkey 4
	7.0
	5.1
	4.5
	5.5
	7.1
	2.5
	2.6
	4.0
	-1.9
	-1.5
	-42.2
	-27.3

	Mean:
	8.54
	4.24
	5.15
	5.60
	9.05
	3.06
	3.25
	3.68
	-1.90
	-1.93
	-36.88
	-34.49

	SEM:
	0.55
	0.77
	0.27
	0.19
	0.74
	0.21
	0.27
	0.23
	0.25
	0.14
	4.47
	2.86

	
	
	
	
	
	
	
	
	
	
	
	
	

	
	 
	BASELINE
	 SCAN
	 
	POST-AMPH SCAN
	C11 RACLOPRIDE DISPLACEMENT

	
	Dose
	Mass
	             B
	PND
	Dose
	Mass
	              B
	PND
	        ∆
	BP
	%∆
	BP

	IFN-alpha
	(mCi)
	(µg)
	Caudate
	Putamen
	(mCi)
	(µg)
	Caudate
	Putamen
	Caudate
	Putamen
	Caudate
	Putamen

	Monkey 1
	7.1
	2.1
	4.1
	3.6
	8.9
	3.5
	2.0
	2.0
	-2.1
	-1.6
	-51.2
	-44.4

	Monkey 2
	10.3
	5.5
	4.0
	4.2
	10.1
	4.8
	1.8
	2.2
	-2.2
	-2.0
	-55.0
	-47.6

	Monkey 3
	9.1
	5.9
	4.3
	4.6
	7.2
	4.5
	2.9
	3.2
	-1.4
	-1.4
	-32.6
	-30.4

	Monkey 4
	7.9
	4.6
	4.1
	4.7
	7.1
	4.2
	2.4
	3.5
	-1.7
	-1.2
	-41.5
	-25.5

	Mean:
	8.58
	4.53
	4.13*
	4.28*
	8.32
	4.25
	2.28
	2.73
	-1.85
	-1.55*
	-45.06
	-37.01

	SEM:
	0.70
	0.86
	0.06
	0.25
	0.72
	0.29
	0.24
	0.37
	0.18
	0.17
	5.05
	5.34
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