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SUPPLEMENTARY INFORMATION

MATERIALS AND METHODS

Construction of Exon 5-DTNBP1 Knockout Mice 

[bookmark: table01]Exon 5-DTNBP1 was flanked with loxP sites (DeltaR region) and a positive selection cassette containing the neomycin phosphotransferase gene driven by the PGK promoter (Neo) was inserted and also flanked by loxP sites and FRT sites. 5’ and 3’ homology arms (3204 bp and 3065 bp respectively) and the DeltaR region (424 bp) were isolated by PCR from a C57Bl/6 genomic DNA template. Homologous recombination in neomycin resistant ES cells was confirmed by Southern blot of XbaI digested genomic DNA using a 5' external probe which detects a 12.4 kb product at the wild-type locus or a 8.7 kb product at the targeted locus. Targeting at the 3’ end of the locus was confirmed by EcoRV digestion and Southern blot hybridised with a 5’ external probe that gives rise to a 45 kb product for the wild type allele and 7 kb for the targeted allele. These clones were deemed to contain the conditional primary targeted allele (PTA) (5'ProbeF3: ACTCACCTCTCCCCCTAGTGT; 5'ProbeR3: CTCACGCAGCCCTGAAACG; 3'ProbeF2: GCCCTTTTCTGCTCCAATTTAG; 3'ProbeR2: CCCAGTGTCACACTAGGCTC. Gene targeting was performed in C57Bl/6 J KSR5.4 ES cells.  ES cell clone (3C4) carrying the PTA was injected into BalbC & C2J derived blastocysts. Male chimaeras were crossed with C57Bl/6J females to produce N1F0 offspring. Null alleles were generated by breeding animals containing the PTA with a germline Cre deleter transgenic strain (SA-Cre: Taconic-Artemis, Germany). Heterozygous animals carrying the null allele were intermated to produce F1 animals. PCR genotyping was performed using WT and PTA specific primers (cKO42: GCGGTGGCCACGATTGA; cKO54: GGGTGCGGAACTCGTGA; DBNwtF1: TGTCACTGCCATCTGTAGACC; DBNwtR1: GGCAGACAGCATGACCACC; DBNnullF1: same as DBNwtF1; DBNnullR1: CCCACCCCACTTGACTC). Tail DNA from the N1 generation was used to confirm the presence of PTA and the 5’loxP site by long PCR using primers 5’longF2-cKO49 (5'LongF2: TGGCAAGGGCAGATAAGTTT; cKO49: GGCCATGGAGCGAATGT). To perform genotyping, DNA was extracted using an eWizard® genomic DNA purification kit. PCR was then used to amplify sequences specific to WT or mutant alleles that were detected with agarose gel electrophoresis.

Validation of Exon 5-DTNBP1 Knockout Mice 
 To validate isoform-specific knockout, dysbindin-1A and dysbindin-1C proteins were evaluated using Western blot analysis. Tissues were mechanically dissociated and subsequently homogenised in a lysis buffer containing Tris (20 mM, pH 7.6), EDTA (1 mM, pH 8.0), NaCl (100 mM), NP-40 (1%), phosphatase inhibitor cocktail 2 and 3 (Sigma Aldrich) and protease inhibitor (Roche Diagnostics, France). Samples underwent centrifugation at 13.1×1000 rpm at 4°C for 15-min and the supernatant was collected. Protein concentrations were determined by the Micro BCA method (protein quantification kit, Pierce, Fisher Scientific, Ireland). For calibration, 2 mg/ml BSA standard was used. The absorbance was measured at 560 nm on a Tecan GENios microplate reader. Samples containing 30 µg pf protein were first boiled for 10-min at 96°C in loading buffer containing Tris-HCl (0.5 M, pH 6.8), Glycerol (30%), SDS (10%), β-mercaptoethanol (5%) and bromophenol blue (0.012%) and then stored at -20°C until use. The samples were then run using sodium dodecyl sulphate polycrylamide gel electrophoresis. Samples were first boiled for 10 min at 96°C in loading buffer, then loaded onto a 12% polyacrylamide gel, and finally separated by electrophoresis. Proteins were transferred by wet transfer to 0.2 μm nitrocellulose membranes (Fisher Scientific, Ireland). Membranes were blocked for 1 h in Tris buffered saline with Tween 5% (TBST) containing 5% skimmed milk. The blocked membranes were incubated overnight at 4°C with the primary antibodies diluted in TBST with milk. The antibody used against dysbindin was Oxford PA3111 (rabbit polyclonal, dilution 1/800; raised against amino acid 196-352 of mouse dysbindin-1A [NP_080048]). As loading control, mouse monoclonal antibody against α-actinin (dilution 1/5000, Millipore, Ireland) was used. The next day, after washes in TBST, the secondary incubation was performed for 2 h at room temperature with peroxidase-conjugated donkey anti-rabbit (dilution 1/500, GE Healthcare Life Sciences Ireland) and donkey anti-mouse antibodies (dilution 1/5000, Millipore, Ireland). After three washes, chemiluminescence detection reagents (Immobilion, Millipore, Ireland) enabled visualisation of peroxidase reaction products by Fujifilm LAS-3000 or LAS-4000 systems. To semi-quantify dysbindin expression, Western blots were analysed by densitometry using ImageJ software (NIH, Bethesda, MD). 

Exploratory Activity
As described previously (O'Tuathaigh et al, 2010), mice were placed individually into an automated photocell cage (30 × 30 × 20 cm, ENV520, MED Associates, VT) for 20-min per day over 4 consecutive days (days 1-4). Following an interval of 96 h (day 8), mice were again placed in this open-field for 20 min. Basal locomotion was evaluated as distance travelled by mice following 4 days of habituation to the open-field (day 4). Initial activity in response to novelty was evaluated as distance travelled on first exposure to the open-field (day 1). Habituation was evaluated as change in distance travelled across the 4 consecutive days (from day 1 to day 4). Spontaneous recovery was evaluated as distance travelled on day 8 compared to day 4.

Elevated Plus-Maze 
The apparatus consisted of two opposite open arms (35 × 5 cm) and two opposite closed arms of the same dimensions surrounded by 10-cm high walls, with the center hub a 5 × 5 cm square, and elevated 50 cm above ground. As described previously (O'Tuathaigh et al, 2010), each mouse was placed in the center of the apparatus, facing one of the closed arms, followed by video recording for a 5-min period. Time spent in and entries into the open, closed and central hub areas were recorded manually from these videos; an arm entry was defined as placing the four paws into an open or closed arm. Additionally, the number of head-dips (exploratory behavior, characterized by visual scanning over the sides of the maze) and stretched-attend postures (risk-assessment behavior, characterized by a flattened back and forward elongation of the head/shoulders, followed by retraction to the original position without locomotion) were recorded in the central hub. The number of closed arm returns (approach-avoid conflict behavior, characterized by doubling back, rather than leaving a closed arm) was also recorded. 

Light/Dark Box 
An automated photocell cage (30 × 30 × 20 cm, ENV520, MED Associates, VT) was divided into two equal compartments by a dark partition with a small aperture (5 × 7 cm) located in the bottom center. The light compartment is uncovered, with white sides and brightly lit from above. As described previously (O'Tuathaigh et al, 2012), after placing each mouse centrally into the brightly illuminated compartment, it was allowed to freely explore the chamber for 10 min; entries into and time spend in the light compartment, together with time ambulatory in each area, were recorded automatically over two successive 5-min time-bins. 

Prepulse Inhibition
Acoustic startle chambers for mice (SR-LAB, San Diego Instruments, CA) were used. As described previously (O'Tuathaigh et al, 2012), during a 40-min test session mice were presented with a series of discrete trials comprising a mixture of four types of trial: pulse-alone, prepulse-plus-pulse, prepulse-alone and trials in which no discrete stimulus, other than the constant background noise of 65 dBA, was presented. Pulse stimuli of 40-ms duration and of three different intensities were employed: 100, 110 and 120 dBA. Prepulse stimuli of 20-ms duration and of three different intensities were employed: 69, 73 and 81 dBA (i.e. 4, 8 and 16 decibel units above background), 100-ms before pulse stimuli. Each mouse was acclimatised to the apparatus for 2 min and then presented with three blocks of trials. The first block comprised six pulse-alone trials: two trials of each of the three possible pulse intensities to provide a measure of startle reactivity. In the intermediate block, mice were presented with ten series of 16 discrete test trials: three pulse-alone trials, three prepulse-alone trials, nine possible combinations of prepulse-plus-pulse trials, and one no-stimulus trial, presented in a pseudorandom order, with a variable inter-trial interval of a mean of 15 s (ranging from 10 to 20 s). The final block was identical to the first. Startle reactions obtained in the first and last blocks were used to assess startle habituation. In the intermediate block, reactions to prepulse- and pulse-alone trials allowed assessment of startle reactivity, while reactions to all pulse-alone and prepulse-plus-prepulse trials allowed assessment of % prepulse inhibition (PPI) = (pulse-alone - prepulse-plus-pulse)/pulse-alone×100.  

Sociability and Social Novelty Preference
The apparatus was a rectangular, three-chambered box (left and right chambers 13.5 × 20 × 20 cm; center chamber 9 × 20 × 20 cm), with dividing walls of clear Plexiglas having 4 × 4 cm openings to allow access from the center chamber into left and right chambers. As described previously (O'Tuathaigh et al, 2008), stranger mice are placed in the left and/or right chamber, enclosed in a small internal wire cage (10 × 10 × 12 cm) that allows nose contact with the test mouse but prevents ﬁghting. A video camera, mounted in front of the apparatus, recorded three phases for each session: Habituation. For the initial phase, each test mouse was ﬁrst placed in the center chamber and allowed to explore all three chambers of the apparatus for 5 min. It was then returned to the center chamber for a further 10 min with access to the left and right chambers denied. Sociability. Following the habituation phase, an unfamiliar C57BL/6 mouse (Stranger 1) of the same sex as the test mouse was placed in the internal wire cage of either the left or right chamber, which alternated between trials, with an empty but otherwise identical wire cage in the opposite chamber. Following placement of Stranger 1, the test mouse was allowed to explore all three chambers of the apparatus for a period of 10 min. Time spent in the familiar center chamber, in the chamber containing Stranger 1 or in the opposite, empty chamber was recorded. Entry into either chamber was defined as placing all four paws in that chamber. Social novelty preference. Immediately following the sociability phase, and with the initial stranger (Stranger 1)  in its original chamber, a second, unfamiliar mouse (Stranger 2) was placed in the previously empty internal wire cage in the opposite chamber. Following placement of Stranger 2 into the chamber opposite to that still containing Stranger 1, the test mouse was allowed to explore all three chambers of the apparatus for another period of 10 min, with assessment parameters and measures as described above for assessment of sociability.

Dyadic Social Interaction 
The apparatus was an opaque Perspex chamber (28 × 28 × 16 cm). As described previously (O'Tuathaigh et al, 2008), each test mouse was paired with an unfamiliar age-, weight- and sex-matched conspecific C57BL/6 mouse. Both the test mouse and the conspecific were placed in the chamber simultaneously for a 10-min trial that was captured using a digital camcorder mounted above the chamber at ceiling level. All social and non-social exploratory behaviors were later manually coded from videotape. Six behaviors were coded: Social investigation: olfactory investigation –inspection of any region of the conspecific; Social dominance: walkover - front paws placed on head or back of the conspecific; Aggressive interactions: attack bite - usually directed on the rump or hind of the conspecific; Pursuit: follows and chases the conspecific; Non-social exploration: rearing to wall - test mouse is upright with front paws raised towards wall; rearing free - test mouse is upright with front paws raised away from wall. Total number of episodes and total duration were determined for each behavior initiated by the test mouse in two successive blocks of 5 min during a 10-min test period.

Long-Term (Olfactory) Memory

The social transmission of food preference procedure (Wrenn et al, 2003) consisted of three stages: Stage 1 – the demonstrator mouse eats food; all demonstrators had been food deprived for 18 h, with half of the demonstrators then presented with cinnamon food and the other half presented with cocoa food, each for 1 h. Stage 2 - social interaction; each demonstrator was placed in a cage of 3 or 4 mice as observers, with all mice then allowed to interact freely for 30 min; in an experiment, 50% of the observer groups interacted with a demonstrator that had eaten cocoa and 50% interacted with a demonstrator that had eaten cinnamon. Stage 3 - Observer chooses food; the choice test can be done at any time interval after the social interaction stage, provided that an 18-h food deprivation period is included immediately prior to testing. 
The test started by placing a single observer mouse in a cage with a jar containing cocoa food and another jar containing cinnamon food. Positions of the jars were counterbalanced to prevent any position effect. Mice were allowed to eat for 1 h. The weight of each jar + food content was measured before placement into the cage. At the end of 1 h, the weight of the jar + food content was re-measured and the amount of food eaten was calculated for each flavoured food. Data were expressed as amount (gm) of cued (i.e. consumed by the demonstrator) vs non-cued (i.e. not consumed by the demonstrator) novel food eaten. Three different delays were used: No delay, i.e. immediately after interaction with the demonstrator, the observer chooses between the diet its demonstrator had eaten and a second distinctively flavoured diet; preference for food eaten by the demonstrator indicates that the mouse is not deficient in olfactory or social interaction and that there is no bias between the two scented foods. 24-h delay, i.e. 24 h after interaction with the demonstrator, the observer chooses as per the no-delay condition. 7-day delay, i.e. 7 days after interaction with the demonstrator, the observer chooses as per the no-delay and 24-h delay conditions. 
Spontaneous Alternation Behavior
The Y-maze was used in a continuous spontaneous alternation procedure, with three enclosed-arm runways (each 37 × 8 × 16 cm) converging on a central hub (16 × 16 × 16 cm). As described previously (O'Tuathaigh et al, 2008), the test was initiated by 
placing the test mouse in the center hub of the apparatus. The mouse has free access to the three arms (designated A, B and C) of the maze during a test period of 8 min. During this period, sequences of entries into the arms were recorded manually. A mouse was considered to have entered an arm when all four paws were located in the runway of that arm. Four different measures were then determined: Total entries: the number of entries was scored as an index of ambulatory activity in the Y-maze. Percentage spontaneous alternation performance (%SAP): alternations are first defined as successive entries into each of the three arms in overlapping triplet sets (e.g. from A to B to C). Then, %SAP is defined as the ratio of [actual (total alternations)] to [possible (total arm entries - 2) alternations] × 100. The chance level of alternation in such a 3-arm maze, with the test mouse placed in the center hub to start the session, is 33%. Percentage alternate-arm-returns (%AARs): if the mouse enters any arm, then enters another arm, and then returns to the previously entered arm (e.g. from A to B to A), one AAR was recorded. To avoid bias due to the fact that different mice make different numbers of total arm entries, AAR is expressed as a ratio of alternate arm returns/total arm entries × 100. Percentage same-arm-returns (%SARs): if the mouse enters any arm and then re-enters that same arm (e.g. from A to A), one SAR was recorded. SAR is expressed as a ratio of same arm returns/total arm entries × 100.


Delay-Dependent Working Memory
The effect of delay on working memory was assessed using an automated, elevated 8-arm radial maze (each arm 35 × 6 × 15 cm, center hub 17 × 15 cm; Harvard Apparatus, MA). Food deprived mice (85% of ad libitum weight) were first habituated over a 10-day period to retrieve food pellets from wells at the end of three specific baited arms. On day 1, all the arms were opened and baited; mice stayed in the apparatus until all the pellets were retrieved or 10-min had elapsed. On day 2 only three arms were opened and baited. From day 3 to day 10, all eight arms were opened but only the same three arms were baited. The session stopped when the mouse had retrieved the three pellets. 
The procedures employed used the delayed non-match-to-position paradigm (Malleret et al, 2010) and involved a low working memory load with two levels of interference: Limited interference task. Mice were submitted to six trials per day with an inter-trial interval (ITI) of 50 min. One pair of adjacent arms was used in each trial (one-choice task). A trial consists of a sample and a choice phase (sample-delay-choice phase). During the sample phase, only one arm of the pair was opened and baited. To avoid a postural mediation strategy (Dudchenko, 2004), mice were removed from the maze during the delay period. During the choice phase, the two arms of the pair were opened and only the arm not previously opened was baited. After a training period of 12 days with a fixed 15-s delay between sample and choice phase, this intra-trial interval was increased gradually to a maximum of 75 s. High-interference task. One difference from the above low-interference task was that now the same pair of arms was used every day, for every trial. Additionally, the choice of the baited arm in the sample phase was alternated between each trial, and the ITI was decreased to 5 min (relative to the first procedure where ITI = 50 min). This procedure allows the assessment of the influence of increasing interference on the performance of the animal, as repetitive presentation of the same pair of arms constitutes a higher level of conflicting information. A run into the arm not previously visited (i.e. the arm blocked during the sample phases) was scored as a correct choice. The maximum score for a daily session was therefore six (six trials × one correct choice/trial).

General Health and Sensorimotor Function
Mice were evaluated for any general health problems and sensorimotor deficits that might interfere with performance in behavioral tasks, using multiple assessments from previously described procedures (Comprehensive observational assessment: Irwin, 1968; SHIRPA: Rogers et al, 1997; Table S1).



Table S1 General Health and Sensorimotor Function in Dys-1A-/-

	
	
	
	
	
	
	

	
	FEMALE
	
	
	MALE
	
	

	


Age (days)

	WT 
n=20

67±1
	dys-1A+/- n=17

69±1
	dys-1A-/-   
n=15

63±1
	WT 
n=25

60±1
	dys-1A+/-n=28

62±1
	dys-1A-/- 
n=19

71±1

	GENERAL HEALTH

	
	
	
	
	
	

	1. Body weight (g)

	19.4±0.2
	19.8±0.1
	18.6±0.2
	23.6±0.2
	23.0±0.1
	24.7±0.3

	2. Hind-limb clasping (%)

	     0
	    0
	     0
	    0
	    0
	    0

	3. Whisker appearance 
    (2 pt scale)

	     0
	    0
	     0
	    0
	    0
	    0

	4. Tail elevation

	     0
	     0
	     0
	     0
	    0
	    0

	5. Lacrimation (%)

	     0
	     0
	     0
	     0
	    0
	    0

	6. Pinna reflex (%)

	100
	100
	100
	100
	100
	100

	7. Corneal reflex (%)
     4.6                       4.7                       5.0                       5.0                       4.9                       4.9 
     
                                                                   
        -                            -                           2                           -                           -                           2                         

	100
	100
	100
	100
	100
	100

	8. Nest building                          
    (5 pt scale)a                                                           

9. Reproduction
    (2 pt scale)b

	
	
	
	
	
	

	SENSORY FUNCTIONS

	
	
	
	
	
	

	10. Visual placing test (%)

	100
	100
	100
	100
	100
	100

	11. Acoustic startle response
      (2 pt scale)

	     0  
	     0
	     0
	     0
	     0
	     0

	12. Toe pinch (%)
              14.5±0.1            14.8±0.2             15.4±0.2            13.6±0.1            14.0±0.1          14.6±0.2



13.  Hot-plate test (s)c
     
	100
	100
	100
	100
	100
	100

	14. Buried food test (%)
	100
	100
	 100
	 100
	 100
	100

	
	
	
	
	
	
	

	MOTOR ABILITIES

	
	
	
	
	
	

	15. Rotarod tests A & B (%)   
                                          

	100

	100

	 100

	 100

	 100

	 100




a Nest building was evaluated using an independent group of mice comprising:

                                       FEMALE                                                                   MALE
 Number                      WT               dys-1A+/-     dys-1A-/-                      WT             dys-1A+/-     dys-1A-/-
                                        n=10           n=12             n=8                                n=7            n=10             n=8
Age (days)                   79 ±1          80±1             76±1                              73±1          76±1             76±1

b Reproduction was evaluated using 3 breeding pairs, each comprising 1 dys-1A-/- female and 1 dys-1A-/- male.      Additionally, experimental mice were generated using dys-1A+/- breeding pairs; no peculiarities in reproduction were noted. 

c The hot plate test was conducted using an independent group of mice comprising:

                                       FEMALE                                                                   MALE
 Number                      WT               dys-1A+/-     dys-1A-/-                      WT             dys-1A+/-     dys-1A-/-
                                        n=23           n=21             n=20                              n=19         n=21             n=22
Age (days)                   114±1         115±1          119±1                           112±1       118±1           122±1


Table S2 Comparison of Behavioral Phenotypes in Sandy (Sdy) and Dysbindin-1A (dys-1A) Mutant Mice Compared to Wild Type Littermates
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Supplementary figure legends


Figure S1 Total arm entries in the elevated plus maze in in 24 WT (dys-1A+/+; 13 male, 11 female), 24 dys-1A+/- (12 male, 12 female) and 23 dys-1A-/- (13 male, 10 female) mice. Data are presented as means ± SEM.  

Figure S2 Acoustic startle response and startle habituation in 23 WT (dys-1A+/+; 11 male, 12 female), 20 dys-1A+/- (8 male, 12 female) and 19 dys-1A-/- (10 male, 9 female) mice. Data are presented as means ± SEM. (a) and (b): Startle reactivity in mice subjected to prepulses of 4, 8 and 16 dBA, and pulse-alone intensity 100, 110, and 120 dBA. (c) - (h): Habituation of startle reactivity at pulse intensity 100, 110, and 120 dBA. 

Figure S3 Social behavior in 25 WT (dys-1A+/+; 13 male, 12 female), 24 dys-1A+/- (12 male, 12 female) and 22 dys-1A-/- (13 male, 9 female) mice. Data are presented as means ± SEM. (a) and (b): Time (s) spent in the chamber containing Stranger 1, the opposite, empty chamber and the center area during evaluation of sociability over a 10-min test period. (c) and (d): Time spent in the chamber containing the now familiar Stranger 1, the opposite, empty chamber containing the new, unfamiliar stranger 2 and the center area during evaluation of social novelty preference over a successive 10-min test period.

Figure S4 Long-term (olfactory) memory in 17 WT (dys-1A+/+; 7 male, 10 female), 18 dys-1A+/- (8 male, 10 female) and 17 dys-1A-/- (9 male, 8 female) mice. Data are presented as means ± SEM. (a) and (b): Weight (g) of food cued by the demonstrator vs non-cued food, as consumed by the test mouse during 60 min at 24 h following interaction with the demonstrator. (c) and (d): Weight (g) of food cued by the demonstrator vs non-cued food, as consumed by the test mouse during 60 min at 7 days following interaction with the demonstrator. * p < 0.05, ** p < 0.01, ***p < 0.001 cued vs non-cued;  ns = not significant (p > 0.05).

Figure S5 Spontaneous alternation behavior in 25 WT (dys-1A+/+; 13 male, 12 female), 24 dys-1A+/- (13 male, 11 female) and 23 dys-1A-/- (13 male, 10 female) mice. Data are presented as means ± SEM. (a) and (b): % Spontaneous alternation performance (%SAPs) during an 8-min test period in the Y-maze. (c) and (d): % Alternate-arm returns (AARs). (e) and (f): % Same-arm-returns (SARs).
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 Dash (‒) indicates animal genotype not tested; "=" signifies no difference from wild type littermate.
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Effect in females only. 
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 Effect in males only.
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