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ABSTRACT��5HSRUWV�RI �WKH�FRJQLWLYH�HQKDQFLQJ�HIIHFWV�RI �PRGDÀQLO�KDYH�EHHQ�LQFRQVLVWHQW�DFURVV�
KXPDQ�DQG�URGHQW�OLWHUDWXUHV��&RJQLWLYH�HQKDQFHPHQWV�DUH�W\SLFDOO\�REVHUYHG�RQ�VSHFLÀF�WDVNV�DERYH�D�
FHUWDLQ�GLIÀFXOW\�WKUHVKROG��EHLQJ�PRUH�SURQRXQFHG�LQ�VXEMHFWV�ZLWK�LPSDLUHG�EDVHOLQH�SHUIRUPDQFH��7KH�
current study employs a novel touchscreen task in rodents analogous to Cambridge Neuropsychologi-
cal Test Automated Battery (CANTAB)’s self  ordered spatial working memory task (SWM) in humans, 
ZKHUH�SUR�FRJQLWLYH�HIIHFWV�RI �PRGDÀQLO�ZHUH�REVHUYHG��0�OOHU�HW�DO���������&RQVLVWHQW�ZLWK�SUHYLRXV�
OLWHUDWXUH�LQ�KXPDQV��UHVXOWV�VKRZHG�PRGDÀQLO�VHOHFWLYHO\�HQKDQFHG�SHUIRUPDQFH�RQ�WKH�PRUH�GLIÀFXOW�
trial types. This improvement was unaccompanied by changes in correct or error latency measures. The 
FXUUHQW�WRXFKVFUHHQ�SDUDGLJP�SURYHV�WR�EH�PRUH�VHQVLWLYH�WR�PRGDÀQLO·V�HQKDQFLQJ�HIIHFWV�RQ�VSDWLDO�
working memory than other current existing pre-clinical tests in rodents. This task can be combined 
with lesion and neurochemical assays in the future to narrow down the neural basis and molecular path-
ZD\V�XQGHUSLQQLQJ�PRGDÀQLO·V�FRJQLWLYH�HQKDQFLQJ�HIIHFWV��,WV�FORVH�UHVHPEODQFH�WR�&$17$%�6:0�
touchscreen task used to test human patients makes it a useful preclinical tool to measure self-ordered 
spatial working memory.

1. Introduction

� 0RGDÀQLO�LV�D�ZDNH�SURPRWLQJ�DJHQW�OLFHQVHG�WR�
treat narcolepsy, with putative cognitive enhancing ef-
IHFWV�� ,Q� KXPDQV�� PRGDÀQLO� KDV� \LHOGHG� HQKDQFHPHQWV�
on tasks of  attention, working memory and executive 
control in non-sleep-deprived healthy adults, and in neu-
ropsychiatric populations such as ADHD and schizo-
SKUHQLD�SDWLHQWV��0�OOHU�HW�DO���������7XUQHU�HW�DO���������
Turner et al., 2004). However, others have failed to ei-
ther replicate attentional enhancements in healthy adults, 
or have yielded heterogeneous results (Randall, Fleck, 
Shneerson, & File, 2004; Randall, Shneerson, Plaha, & 
)LOH�� ������ 0�OOHU�� 6WHIIHQKDJHQ�� 5HJHQWKDO�� 	� %XEODN��
2004; Randall et al., 2005). The rodent literature is sim-
LODUO\�LQFRQVLVWHQW��ZLWK�VRPH�SRVLWLYH�ÀQGLQJV�RQ�FRJQL-
tive enhancement of  abstract rule learning (Béracochéa 
et al., 2001; Béracochéa, Celerier, Peres, & Pierard, 2003; 
Béracochéa, 2002; Ward, Harsh, York, Stewart, & McCoy, 
2004), sustained attention, executive control (Chudasama 
& Robbins, 2004; Morgan, Crowley, Smith, LaRoche, & 
Dopheide, 2007), and object recognition (Redrobe, Bull, 

& Plath, 2010), while others showed increased impulsiv-
ity and worsening of  performance by reducing sustained 
attention (Liu, Tung, Lin, & Chuang, 2011; Waters, Burn-
ham, O’Connor, Dawson, & Dias, 2005), or differential 
ÀQGLQJV� GHSHQGLQJ� RQ� EDVHOLQH� SHUIRUPDQFH� OHYHO� RI �
subjects (Eagle, Tufft, Goodchild, & Robbins, 2007).
 Three main factors may be contributing toward 
WKLV� PL[HG� SURÀOH� RI � PRGDÀQLO·V� FRJQLWLYH� HQKDQFLQJ�
effects. First, enhancement may be subject dependent. 
Greater cognitive-enhancement is typically observed in 
poor-baseline-performers, in both healthy young human 
adults (Esposito et al., 2013), and ADHD patients (Turn-
er, Clark, Dowson, et al., 2004). Eagle et al. (2007) mir-
URUHG�WKLV�ÀQGLQJ�LQ�UDWV�XVLQJ�D�VWRS�VLJQDO�UHDFWLRQ�WDVN�
�6657��� DQG� IRXQG� PRGDÀQLO� DW� ��� DQG� ��PJ�NJ� LP-
proved performance of  rats with slow baseline SSRT, and 
not those with fast baseline SSRT. This suggests baseline 
SHUIRUPDQFH�PD\�GHWHUPLQH�PRGDÀQLO·V�SRWHQWLDO�FRJQL-
tive enhancing effects.
 Second, enhancement may be task dependent, 
ZLWK�NH\�IDFWRUV�EHLQJ�WDVN�VSHFLÀFLW\�DQG�WDVN�GLIÀFXOW\��
Randall et al. (2005) assessed whether previous discrep-
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DQFLHV�EHWZHHQ�WKHLU�QHJDWLYH�ÀQGLQJV�DQG�7XUQHU�HW�DO��
������������·V�SRVLWLYH�ÀQGLQJV�ZDV�SDUWO\�GXH�WR�LQFRQ-
sistent use of  selection of  Cambridge Neuropsychologi-
cal Test Automated Battery (CANTAB) tests. They rep-
licated Turner et al.’s positive results only by using the 
same tasks (Digit-Span, Pattern Recognition Memory) at 
���PJ�DQG����PJ�GRVHV�RI �PRGDÀQLO�� VXJJHVWLQJ�RQO\�
certain tasks in non-sleep-deprived young healthy adults 
DUH�VHQVLWLYH�WR�HIIHFWV�RI �PRGDÀQLO��0RUHRYHU��0�OOHU�HW�
DO�� ������� IRXQG� WKDW� PRGDÀQLO� HQKDQFHG� SHUIRUPDQFH�
of  healthy volunteers on CANTAB self  ordered spatial 
working memory task (SWM) by reducing error-rates 
RQO\�DW�WKHLU�QHZO\� LPSOHPHQWHG��PRUH�GLIÀFXOW�����ER[�
and 12-box levels. This result suggests that Turner et al. 
������·V� IDLOXUH� WR� GHWHFW� PRGDÀQLO·V� HQKDQFHPHQW� RQ�
SWM may have been a ceiling effect without using these 
PRUH�GLIÀFXOW�OHYHOV��6LPLODUO\��0RUJDQ�HW�DO���������IRXQG�
a dose dependent improvement in response accuracy 
and impulsivity control in rats on three choice visual dis-
crimination task only when sustained attention load was 
LQFUHDVHG�E\�PDNLQJ�WKH�WDVN�PRUH�GLIÀFXOW�ZLWK�XQSUH-
dictable stimulus onset and duration. However, modaf-
LQLO�LQGXFHG�HQKDQFHPHQWV�UHODWHG�WR�WDVN�GLIÀFXOW\�PD\�
LQWHUDFW�ZLWK�WDVN�VSHFLÀFLW\�DV�SUR�FRJQLWLYH�HIIHFWV�KDYH�
not been observed in versions of  the 5 choice serial reac-
WLRQ�WLPH�WDVN�IRU�UDWV��LUUHVSHFWLYH�RI �WDVN�GLIÀFXOW\�
� 7KLUG�� WKH�UHODWLRQVKLS�EHWZHHQ�PRGDÀQLO·V�FRJ-
nitive enhancing effects and impact on impulsivity re-
mains unclear. Turner et al. (2003) found increased cor-
rect response and reduced error rates were accompanied 
E\� LQFUHDVHG� UHVSRQVH� ODWHQF\�� VXJJHVWLQJ�PRGDÀQLO� DI-
fected speed accuracy trade off. Slowed response latency 
was also observed in ADHD (Turner, Clark, Dowson, et 
al., 2004) and schizophrenia patients (Turner, Clark, Po-
PDURO�&ORWHW�� HW� DO��� ������� LPSOLFDWLQJ�PRGDÀQLO� UHGXF-
HV�UHVSRQVH� LPSXOVLYLW\��,Q�FRQWUDVW��0�OOHU�HW�DO�� �������
used a novel 6 move solutions version of  Stockings of  
&DPEULGJH�WDVN�DQG�IRXQG�PRGDÀQLO·V� LPSURYHPHQW�RQ�
accuracy was unaccompanied by any effect on latency, 
VXJJHVWLQJ�VSHHG�HUURU� WUDGH�RII � LV�QRW�VXIÀFLHQW�WR�H[-
SODLQ�PRGDÀQLO·V�FRJQLWLYH�HQKDQFLQJ�HIIHFW��,Q�DGGLWLRQ��
VRPH�URGHQW�OLWHUDWXUH�KDYH�VKRZQ�WKDW�PRGDÀQLO�DFWXDOO\�
increased impulsivity, whether it improved response ac-
curacy (Chudasama & Robbins, 2004) or not (Waters et 
DO����������7KHUHIRUH�IXUWKHU�LQYHVWLJDWLRQ�RQ�PRGDÀQLO·V�
effect on impulsivity and how this affects response accu-
racy and error rate is needed.
 The current study employs a novel self  ordered 

VHTXHQFLQJ� WRXFKVFUHHQ� WDVN� WR� LQYHVWLJDWH� PRGDÀQLO·V�
cognitive enhancing effects in young healthy non-sleep-
deprived rats. It aims to pharmacologically validate this 
novel preclinical test by attempting to emulate and extend 
WKH�FRJQLWLYH�HQKDQFLQJ�HIIHFWV�RI �PRGDÀQLO�REVHUYHG�LQ�
humans (Muller et al. 2013). Whereas previous rodent re-
search mostly used various maze (Béracochéa et al., 2001; 
Béracochéa et al., 2003; Béracochéa, 2002; Piérard et al., 
2006) or odours discrimination tasks (Goetghebeur & 
Dias, 2009), a touchscreen task bears closer resemblance 
to the human CANTAB tasks, facilitating translation to 
clinical studies (Bussey et al., 2012). A validated preclin-
ical test of  cognition is important as it can be used in 
conjunction with lesion (not possible in humans) and 
biochemical assays, to gain further insight into the mech-
DQLVWLF�ZRUNLQJV� RI �PRGDÀQLO�� 7KH� XVH� RI � WRXFKVFUHHQ�
ensures close proximity between the animal and the visual 
stimulus on screen, and maximizes performance despite 
the rat’s poor visual acuity (1.0 cycle/degree) (Bussey et 
al., 2008). It is more ethical, using appetitive not negative 
(Ward et al., 2004) reinforcement, and minimizes han-
dling stress during testing which may add variability to 
results (Piérard et al., 2006). It is ecologically valid as it 
exploits rats’ natural tendency to explore novelty (Horner 
et al., 2013). Computer automation increases range and 
precision of  parameters measured (Bussey et al., 2012).
 It also attempts to address the three previously 
VWDWHG� VRXUFHV�RI � LQFRQVLVWHQFLHV�XQGHUO\LQJ�PRGDÀQLO·V�
cognitive enhancing effects. First, this task was devel-
oped because it is analogous to the SWM CANTAB task 
XVHG�E\�0�OOHU�HW�DO����������ZKHUH�SRVLWLYH�ÀQGLQJV�ZHUH�
REWDLQHG��:KHUHDV�0�OOHU�HW�DO���������PDQLSXODWHG�WDVN�
GLIÀFXOW\�E\� LQWURGXFLQJ�QHZ�����DQG����ER[�OHYHOV�� WKH�
FXUUHQW�VWXG\�GLYLGHV�GLIÀFXOW\� LQWR�IRXU� OHYHOV�E\�XVLQJ�
2- or 3-stimulus trials, and each subdivided into delay 
of  stimulus onset and no-delay trials. The hypothesis 
EDVHG� RQ� SUHYLRXV� OLWHUDWXUH� LV� PRGDÀQLO� VKRXOG� VHOHF-
WLYHO\�HQKDQFH�SHUIRUPDQFH�RQ�PRUH�GLIÀFXOW�WULDOV�RQO\�
(3-stimulus, delay). Second, to assess whether observable 
GLIIHUHQFHV� LQ�PRGDÀQLO� HIIHFWV� LV� DIIHFWHG�E\�SUH�WUHDW-
ment baseline performance, rats were grouped based on 
training performance into good and poor performers. 
7KH�K\SRWKHVLV� LV�PRGDÀQLO� VKRXOG�KDYH� D� JUHDWHU� FRJ-
nitive-enhancement-effect in poor performers. Third, 
latencies are analysed to assess Turner et al (2003)’s hy-
SRWKHVLV�RI �PRGDÀQLO·V�FRJQLWLYH�HQKDQFLQJ�HIIHFW�EHLQJ�
mediated by reducing speed of  responding. This predicts 
any performance enhancement should be accompanied 
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by increased latencies.

2. Method

Subjects

 20 male Lister Hooded rats (Charles River, UK) 
were kept on a reverse day/night cycle (lights on 7pm-
7am) and housed four per cage, in a room maintained at 
constant temperature (20-24°C) and humidity (55±10%). 
Rats were fed on a restricted diet (standard rat chow, Spe-
cial-Diets-Services) to maintain 85% of  their free-feeding 
weight, with water provided ad libitum. Prior to training, 
handling and habituation to the facility took place. Test-
ing was conducted in accordance with the United King-
GRP�$QLPDOV��6FLHQWLÀF�3URFHGXUHV��$FW�������

Apparatus

 Each animal was tested in an automated touch-
screen operant chamber (Campden Instruments, Med 
Associates)  . The touchscreen (15-inch), located at the 
front of  the chamber, used optical IT sensors to register 
responses. The magazine was at the rear of  chamber. Il-
lumination of  the magazine light paired with a click pro-
duced by the tone generator signaled the delivery of  a 
��PJ�1R\HV�SHOOHW��6DQGRZQ�6FLHQWLÀF����$Q�,5�FDPHUD�
above the chamber looked through the transparent lid, 
enabling monitoring of  animal behaviour on computers 
outside the testing room to minimize interference during 
testing. The touchscreens were controlled and data col-
lected by Whisker control system (Version 3.6.1, Cardinal 
and Aitken 2001), using the OWM program written by A. 
Mar.

Shaping

 Animals learned the basic operation of  touch-
screen chamber through a series of  training stages. 
Figure 1 shows stimulus and training procedure during 
shaping trials.

Self-ordered sequencing task

 Figure 2a outlines the proceedings of  each trial. 
Each session began with a free pellet; signaled by a click 
and illumination of  magazine. Trial one was self-initiat-
ed upon collection of  this free pellet, resulting in stimuli 
presented on screen (Figure 2b). A correct attempt re-
quired the animal to select a stimulus it had not select-

ed before within the same trial. It resulted in removal of  
all stimuli from the screen followed by reward delivery. 
Re-presentation of  the stimuli immediately followed re-
ward collection from magazine on no-delay trials, or after 
6-seconds on delay trials. An incorrect attempt occurred 
when the animal revisited a previously selected stimulus 
in the same trial (Figure 2c), resulting in a 5-second penal-
ty before re-presentation of  stimuli and no rewards. The 
trial was completed when all stimuli were selected, and a 
perfect trial if  each stimulus was selected once only. An 
inter-trial-interval (ITI) (25, 30, 35, 40, 45s) was randomly 

Notes. (a) Flowchart overview of the self-ordered-sequencing procedure. Dotted line for 
delay indicates 6-second delay is only present on delay trials, and ITI length is variable. 
(b) stimuli presentation on touchscreen. Depending on trial type, either 2 (left) or 3 stimu-
lus (middle/right) would be simultaneously presented on the screen. On 3-stimulus trials, 
VWLPXOL�ZHUH�SUHVHQWHG�HLWKHU�FORVH�WRJHWKHU�����FP�DSDUW��PLGGOH��IDU�DSDUW�����FP�DSDUW�
(right) distribution of stimuli on screen. Each stimulus was a white square (3cm×3cm) (c) 
,QFRUUHFW�UHVSRQVH�SHQDOW\�UHVXOWV�LQ�¿VK�VNHOHWRQ�SUHVHQWHG�DW�WKH�ZURQJ�SRVLWLRQ�WRXFKHG�
on that attempt.

Figure 2. Trial proceedings, stimuli, and response penalty

Figure 1. Stimulus and training procedure during shaping trials.

Note. For shaping sessions, a solid white rectangular stimulus (10 cm-long x 
2.5 cm wide) was presented on the screen for each trial. Touching the stimulus 
resulted in a click and illumination of magazine, followed by reward delivery. 
Light was switched off upon collection of reward from magazine, and next trial 
LQLWLDWHG��(DFK�VHVVLRQ�ODVWHG�����WULDOV�RU����PLQXWHV��ZKLFKHYHU�HODSVHG�¿UVW��
Criterion of completing all 100 trials within 60 minutes was reached in 3-4 
sessions. 
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Training Schedule

Sessions 1-4 = shaping sessions, training rats to learn the 
basic operation of  a touchscreen chamber
Sessions 5-21 = training using 2/3 stimulus-no-delay ses-
sions. After eighteen sessions, below chance performance 
(22.2%) on 3-stimulus trials across cohort observed. In 
order to ensure criterion level performance on 3-stimuus 
trials could be reached under time constraints before 
PRGDÀQLO�DGPLQLVWUDWLRQ��D���VWLPXOXV�QR�GHOD\�WULDO�RQO\�
stage was added to facilitate learning of  3-stimulus task.
Sessions 22-39 = training using 3-stimulus-no-delay ses-
sions. Eighteen sessions were completed with the last 
three consecutive sessions showing stabilized above cri-
terion-level performance.
Sessions 40-52 = training using 2/3 stimulus-no-delay 
sessions. Thirteen sessions were completed, which led to 
half  the cohort reaching stabilised above-criterion lev-
el performance for both 2-stimulus (50% perfect) and 
3-stimulus trials (22.2% perfect).
Session 53 = probe session 1 using 2/3-stimulus-delay 
(6-seconds)
Session 54-55 = 2 sessions using 2/3-stimulus-no-delay 
trials to re-baseline performance before probe session 2
Session 56 = probe session 2 using 2/3-stimulus-delay 
(6-seconds) 
Session 57-58 = 2 sessions using 2/3-stimulus-no-delay 
WULDOV�WR�UH�EDVHOLQH�SHUIRUPDQFH�EHIRUH�PRGDÀQLO�VWXG\

Drug administration and testing schedule

� 0RGDÀQLO�ZDV�DGPLQLVWHUHG�XVLQJ�D�/DWLQ�6TXDUH�
GHVLJQ� �7$%/(� ���� 0RGDÀQLO� �(OL� /LOO\� ²� PLOOHG�� ZDV�
prepared on each drug day in 10% sucrose suspension 
and administered orally at doses of  8mg/kg, 16mg/kg, 

32mg/kg, or vehicle (10% sucrose suspension). Vigor-
RXV�VKDNLQJ�RI �WKH�PRGDÀQLO�VXVSHQVLRQ�SULRU�WR�GRVLQJ�
was performed, maximising even distribution of  drug in 
solution. Each animal was weighed prior to drug admin-
istration, to calculate volume (1ml/kg) needed to reach 
WKH� VSHFLÀHG�GRVH��),*85(��� VKRZV�PRGDÀQLO� GRVLQJ�
schedule. Latin-Square was completed using once/daily 
sessions, over eight days.

Statistical analysis

Performance in the task was calculated using the follow-
ing measures:

Percentage of  perfect trials: number of  perfect trials divided 
by total trials completed for each trial type. 
Errors: First-mistake on 3-stimulus trials was broken 
GRZQ�E\�DWWHPSW��H[SUHVVHG�DV�D�SHUFHQWDJH�RI �ÀUVW�PLV-
takes made on attempt two or three); and by where on 
the screen the mistake was made (left, middle, right). A 
SHUVHYHUDWLYH�HUURU�LV�DQ\�PLVWDNH�PDGH�DIWHU�WKH�ÀUVW�PLV-
take on any attempt. Error rate was number of  persevera-
tive-errors expressed as a percentage of  the total number 
of  completed imperfect trials of  that type.
Latencies: Correct response latency was the time taken for 
WKH�ÀUVW�FRUUHFW�UHVSRQVH�RQ�DOO�H[FHSW�ÀUVW�DWWHPSWV��(U-
ror latency was the time taken for a mistake to be made 
on any attempt. Reward collection latency was the time 
taken to enter the magazine for reward collection.
Splitting subjects into groups: Based on the hypothesis that 

Figure 3��7LPHOLQH�RI�WUDLQLQJ�VFKHGXOH�SULRU�WR�PRGD¿QLO�DGPLQLVWUDWLRQ

Note��$OO�WUDLQLQJ�VHVVLRQV�FRQVLVWHG�RI����WULDOV�RU����PLQXWHV��ZKLFKHYHU�
HODSVHG�¿UVW�

selected and initiated upon collection of  last reward from 
magazine on any given trial.

Figure 4��7LPHOLQH�RI�WUDLQLQJ�VFKHGXOH�GXULQJ�PRGD¿QLO�VWXG\��SRVW�UWUDLQLQJ��

Note��0RGD¿QLO�GD\�WHVWLQJ�EHJDQ�WKLUW\�PLQXWHV�DIWHU�PRGD¿QLO�DGPLQLVWUDWLRQ��DQG�XVHG�����VWLPXOXV�GH-
OD\�VHVVLRQV�ZLWK����WULDOV�RU����PLQXWHV��ZKLFKHYHU�HODSVHG�¿UVW��2Q�GUXJ�GRVLQJ�VHVVLRQV��VHVVLRQ�OHQJWK�
ZDV� LQFUHDVHG�IURP���� WR����PLQXWHV� WR�PD[LPL]H�QXPEHU�RI� WULDOV�FRPSOHWHG�SHU�VHVVLRQ��$�GUXJ�IUHH�
����VWLPXOXV�QR�GHOD\�VHVVLRQ�����WULDOV�����PLQXWHV��EDVHOLQH�GD\�IROORZHG�HDFK�GUXJ�GD\��7KLV�DOORZHG�
recovery of performance and reduced any potential cumulative drug effects that may confound data inter-
SUHWDWLRQ��,Q�WRWDO��PRGD¿QLO�VWXG\�ODVWHG�IRU���GD\V��ZLWK���GUXJ�GD\V�DQG���EDVHOLQH�GD\V�WR�FRPSOHWH�WKH�
Latin Square. 

Table 1��/DWLQ�6TXDUH����[����XVHG�IRU�PRGD¿QLO�DGPLQLVWUDWLRQ��

Note. Rates were divided into four groups, matched for performance based on training. All animals 
received all doses across four alternating days in a randomized manner. 
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PRGDÀQLO·V�FRJQLWLYH�HQKDQFLQJ�HIIHFWV�DUH�JUHDWHU�LQ�VXE-
jects with more impaired baseline performance, group-
split was based on stable performance across training ses-
sions 40-52, prior to drug testing (See Table 2).

Table 2. Group average performance across training sessions 40-52.

Note��'DWD�DUH�VKRZQ�DV�JURXS�PHDQ���6(0��Q ���LQ�JRRG�JURXS����LQ�SRRU�
group). Efforts were made to maximize difference in performance on both 
2-stimulus and 3-stimulus trials between the groups, using median of percent-
age of perfect trials across sessions 40-52 as a variable for splitting.  The un-
even group size was because groups were determined pre-Latin-Square, based 
on total of 19 rats with 9 rats in poor group. One rat from poor group failed to 
FRPSOHWH�/DWLQ�6TXDUH��WKXV�UHGXFLQJ�JURXS�VL]H�WR���

 For all analyses, trial types was broken down by 
stimulus-number (2/3) and delay (0/6sec), each analysed 
at two levels, and group was used as a between-subject 
variable. Two rats were excluded. One did not complete 
training due to illness. The other failed to complete the 
/DWLQ�6TXDUH�GXH�WR�LQVXIÀFLHQW�GUXJ�WR�PDNH�XS�WKH�FRU-
rect dose on the last day of  testing. Data of  the remaining 
18 subjects were analysed.
 Statistical analysis was carried out using Windows 
versions of  SPSS (Version 15, SPSS, Chicago), using re-
peated-measures factorial Analysis of  Variance (ANO-
VA). Skewness and range of  values for each variable were 
checked using SPSS descriptive statistics, and given n is 
equal across all drug groups, homogeneity of  variance 
was not violated. Normality was checked using Whisker-
box-plots for any extreme outliers. Sphericity was checked 
using Mauchly’s test. When violated (p<0.05), if  Green-
house-Geisser estimate of  sphericity (Epsilon factor) is 
<0.75, Greenhouse-Geisser correction was used; if  Ep-
silon factor is >0.75, Huynh-Feldt correction was used. 
No serious violations of  any assumptions were found. 
S������ ZDV� FRQVLGHUHG� WR� EH� VWDWLVWLFDOO\� VLJQLÀFDQW��
+RZHYHU�������S�����ZHUH�DOVR�GLVFXVVHG�LI �LW�KHOSHG�WR�
interpret any drug effects observed. Dunnett’s test was 
XVHG�DV�D�SRVW�KRF�DQDO\VHV�IRU�DQ\�VLJQLÀFDQW�HIIHFWV�RI �
ANOVA of  dose, comparing each dose against vehicle. 
Tukey’s HSD was used as a post-hoc analyses investigat-
LQJ�EHWZHHQ�GRVH�RU�QRQ�GRVH�UHODWHG�VLJQLÀFDQW�RXWSXWV�
of  ANOVA.

3. Results

Percentage perfect trials

 Across the entire cohort, ANOVA revealed main 
effects of  stimulus-number (F(1,17)=379.717; p<0.001) 
and delay (F(1,17)=38.21; p<0.001), with lower per-
centage-perfect on delay and 3-stimulus trials relative to 
QR�GHOD\�DQG���VWLPXOXV�WULDOV��'XQQHWW·V�FRQÀUPHG�GHOD\�
LQWURGXFHG�D� VLJQLÀFDQW� UHGXFWLRQ� LQ�SHUFHQWDJH�SHUIHFW�
(p<0.05). This suggests both delay and stimulus-number 
YDULDWLRQV�VXFFHVVIXOO\�PDQLSXODWHG�WDVN�GLIÀFXOW\��DV�H[-
pected. 
 ANOVA revealed a stimulus-number × delay in-
teraction (F(1,17)=17.769; p<0.001), Dunnett’s post hoc 
tests showed delay had a greater impact on performance 
of  3-stimulus than on 2-stimulus trials (p<0.01), in line 
with the prediction that delay would increase working 
memory load to a greater extent for 3-stimulus trials com-
pared to 2-stimulus trials.
� 2QH� FRPSDULVRQ�ZDV� WR� VHH� LI �PRGDÀQLO� VHOHF-
tively improved performance of  the poor-baseline-per-
formers more than the good-baseline-performers. Using 
group as a between-subject variable, ANOVA revealed a 
QRQ�VLJQLÀFDQW� WUHQG� RI � GRVHêGHOD\êJURXS� LQWHUDFWLRQ�
(F(3,51)=2.596; p=0.063) (FIGURE 5). Linear contrast 
FRPSDULVRQ�UHYHDOHG�QR�VLJQLÀFDQW�OLQHDU�WUHQGV��S!������

Figure 5��(IIHFW�RI�PRGD¿QLO�RQ���RI�FRUUHFW�UHVSRQVHV�RQ�JURXSV�GLYLGHG�E\�
baseline performance.

Note. Data are shown as group mean ± SEM (within-subject experimental de-
VLJQ���)DFWRULDO�$129$�GLG�QRW�UHYHDO�DQ\�VLJQL¿FDQW�LQWHUDFWLRQ�ZKHQ�JURXS�
ZDV�XVHG�DV�D�EHWZHHQ�VXEMHFW�IDFWRU��DOWKRXJK�WKHUH�LV�D�QHDU�VLJQL¿FDQW�WUHQG�
�S �������RI�PRGD¿QLO¶V�GLIIHUHQWLDO�HIIHFW�RQ���RI�FRUUHFW�UHVSRQVHV�EHWZHHQ�
WKH�WZR�JURXSV��7KH�WUHQG�LV�LQWHUHVWLQJ�RQ�KDUGHU�GHOD\�WULDOV��ZKHUH�PRGD¿QLO�
KDG� OLWWOH�HQKDQFHPHQW�RQ�JRRG�JURXS�� WKRXJK� LPSURYHG�SRRU�JURXS¶V�SHUIRU-
PDQFH�GRVH�GHSHQGHQWO\��7KLV� LV�FRQVLVWHQW�ZLWK�WKH�K\SRWKHVLV� WKDW�PRGD¿QLO�
has greater cognitive-enhancing-effect on poor-baseline-performers on more 
GLI¿FXOW�WULDO�W\SHV�
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Error Analyses

 First-mistakes. For analysis of  which attempt in 
WLPH� LQ� D� ��VWLPXOXV� WULDO� WKH� ÀUVW�PLVWDNHV�ZHUH�PDGH��
there were main effects of  delay (F(1,17)=12.437; 
p=0.003), attempt (F(1,17)=56.196; p<0.01) and a de-
lay×attempt interaction (F(1,17)=13.699; p=0.002). All 
ZHUH�FRQÀUPHG�E\�OLQHDU�FRQWUDVW�FRPSDULVRQ�LQGLFDWLQJ�
VLJQLÀFDQW�OLQHDU�UHODWLRQVKLSV��S��������7XNH\·V�SRVW�KRF�
tests revealed that both delay and attempt had a signif-
LFDQW�HIIHFW�RQ�QXPEHU�RI �ÀUVW�PLVWDNHV�PDGH��DQG� WKH�
LQWHUDFWLRQ�ZDV�EHFDXVH�RQ�GHOD\�WULDOV�PRUH�ÀUVW�PLVWDNHV�
were made on attempt two, but on no-delay trials, more 
were made on attempt three.
 Factorial ANOVA of  which position on the screen 
ÀUVW�PLVWDNHV�LQ�D���VWLPXOXV�WULDO�UHYHDOHG�D�GHOD\êSRVL-
tion effect (F(2,34)=7.001; p=0.003). Using group as a be-
tween-subject variable, there was a delay×position×group 
effect (F(2,34)=3.481; p=0.043). Tukey’s post-hoc tests 
UHYHDOHG�RQ�GHOD\�WULDOV��ERWK�JURXSV�PDGH�PRUH�ÀUVW�PLV-
takes on the middle stimulus. In contrast, Tukey’s tests 
found on no-delay trials, whereas the good group made 
PRUH�ÀUVW�PLVWDNHV�RQ� WKH� ULJKW�DQG� IHZHVW�RQ� WKH� OHIW��
the poor group made more on the left and fewest in the 
PLGGOH��7KHUH�ZDV�QR�VLJQLÀFDQW�GLIIHUHQFH�EHWZHHQ�VH-
quencing for both groups between baseline and drug days 
(p>0.05). Sequencing data on drug days (TABLE 3) re-
vealed that the poor group, on delay trials, preferred to 
start in the middle (39.91%-MRL+MLR), but on no-de-
lay trials, preferred to start on the left (48.01% - LMR+L-
50���*LYHQ�ÀUVW�PLVWDNH�LV�WKH�ÀUVW�WLPH�D�UDW�UHYLVLWV�D�
previously visited location, the starting position is more 
likely to be revisited on following attempts. This shift in 
starting position preference from middle (delay) to left 
(no-delay) may account for the difference in number of  
ÀUVW�PLVWDNHV�PDGH�DW�HDFK�RI �WKHVH�ORFDWLRQV�RQ�GLIIHUHQW�
trial types.

Table 3. Sequencing analysis.

Notes. L=left, M=middle, R=right position on screen, in order of tapping of 
touchscreen. Data are shown as group mean with SEM in brackets.

 Preservative mistakes error rate. This was calcu-
ODWHG�E\�GLYLGLQJ�QXPEHU�RI �PLVWDNHV��H[FOXGLQJ�ÀUVW�PLV-

takes) by number of  imperfect trials. ANOVA showed 
VLJQLÀFDQW�PDLQ�HIIHFW�RI �GHOD\��)������ �������S ��������
/LQHDU� FRQWUDVW� FRPSDULVRQ� IRXQG� D� VLJQLÀFDQW� OLQHDU�
trend of  delay (p=0.034), and post-hoc Dunnett’s tests 
UHYHDOHG�D�VLJQLÀFDQW�HIIHFW�RI �GHOD\�LQFUHDVLQJ�SHUVHYHU-
ative-mistake-error-rate (p=0.034). ANOVA also found 
a dose×stimulus-number interaction (F(3,51)=2.96; 
S ��������'XQQHWW·V�WHVW�UHYHDOHG�D�VLJQLÀFDQW��S �������
difference between 16mg/kg and vehicle (FIGURE 6). 
Using group as a between-subject variable, there was 
QR� VLJQLÀFDQW� LQWHUDFWLRQ� RI � GRVHêVWLPXOXV�QXPEHU�
(F(3,51)=2.009; p=0.176).

Figure 6��(IIHFW�RI�PRGD¿QLO�RQ�SHUVHYHUDWLYH�HUURU�UDWH�

Note��'DWD�DUH�VKRZQ�DV�JURXS�PHDQ���6(0��Q �����ZLWKLQ�VXEMHFW�H[SHU-
LPHQWDO�GHVLJQ���)DFWRULDO�UHSHDWHG�PHDVXUHV�$129$�IRXQG�D�VLJQL¿FDQW�
GRVHîVWLPXOXV�QXPEHU� LQWHUDFWLRQ� �)������ ������ S �������� 'XQQHWW¶V�
SRVW�KRF�IRXQG�D�VLJQL¿FDQW�GLIIHUHQFH�DW�GRVH���PJ�NJ�FRPSDUHG�WR�YH-
KLFOH��S �������� WKRXJK�QRW�DW�DQ\�RWKHU�GRVHV��S!��������GHQRWHV�WKH�
VLJQL¿FDQW�GLIIHUHQFH��S��������7KH�JUDSK�UHYHDOV�D�GLIIHUHQWLDO�HIIHFW�RI�
PRGD¿QLO�DFURVV���DQG���VWLPXOXV��2Q���VWLPXOXV�WULDOV����PJ�NJ�VLJQL¿-
FDQWO\�UHGXFHG�SHUVHYHUDWLYH�HUURU�UDWH��ORZHVW�DW���PJ�NJ���1R�VLJQL¿FDQW�
effects were found for 2-stimulus trials.

Latency Analyses

� 7KHUH�ZHUH�QR�VLJQLÀFDQW�PDLQ�HIIHFWV�RI �GUXJ�RU�
drug×stimulus-number for either correct-response-laten-
F\�RU�HUURU�ODWHQF\��S!�������$129$�UHYHDOHG�D�VLJQLÀ-
cant stimulus-number×drug interaction for reward-col-
lection-latency (F(3,51)=2.784; p=0.005) (FIGURE 7). 
'XQQHWW·V�SRVW�KRF�GLG�QRW�UHYHDO�DQ\�VLJQLÀFDQW�GLIIHU-
ence between any doses and vehicle (p>0.05). Tukey’s 
UHYHDOHG� D� VLJQLÀFDQW� GLIIHUHQFH� EHWZHHQ� ��PJ�NJ� DQG�
��PJ�NJ��S ��������$129$�IRXQG�QR�VLJQLÀFDQW�PDLQ�
effect of  drug when group was used as a between-subject 
variable (p=0.07).
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Figure 7��(IIHFW�RI�PRGD¿QLO�RQ�UHZDUG�FROOHFWLRQ�ODWHQF\�

Notes��'DWD�DUH�VKRZQ�DV�JURXS�PHDQ���6(0��Q �����ZLWKLQ�VXEMHFW�H[SHU-
LPHQWDO�GHVLJQ���'XQQHWW¶V�SRVW�KRF�WHVWV�UHYHDOHG�UHZDUG�FROOHFWLRQ�ODWHQF\�
DW�QRQH�RI�WKH�GRVHV�IRU�HLWKHU�VWLPXOXV�QXPEHU�ZHUH�VLJQL¿FDQWO\�GLIIHUHQW�
IURP� YHKLFOH� �S!�������7XNH\¶V� SRVW�KRF� WHVW� UHYHDOHG� WKHUH�ZDV� D� VLJQLI-
LFDQW� GLIIHUHQFH� EHWZHHQ� ��PJ�NJ� DQG� ��PJ�NJ� �S �������� GHQRWHG� E\� ��
The graph shows whereas 32mg/kg decreased reward collection latency on 
3-stimulus trials, it increased reward collection latency on 2-stimulus trials. 
For 2-stimulus trials, a relatively stable latency was observed across low dos-
es, with a sudden increase at 32mg/kg. In contrast, 3-stimulus trials showed 
JUHDWHVW�ODWHQF\�DW��PJ�NJ��ZKHUHDV�DW�KLJKHU�GRVHV�WKH�ODWHQF\�ZDV�FRPSD-
rable to vehicle.

4. Discussion

 7KH�PDLQ�ÀQGLQJ�RI �WKLV�VWXG\�ZDV�WKDW�PRGDÀQLO�
VLJQLÀFDQWO\� UHGXFHG� HUURU�UDWH� VHOHFWLYHO\� RQ� WKH� PRUH�
GLIÀFXOW� ��VWLPXOXV� WULDOV��PLUURULQJ� WKH� HIIHFW� IRXQG� LQ�
KXPDQV�E\�0�OOHU�HW�DO���������7KHUH�ZDV�DOVR�D�QHDU�VLJ-
QLÀFDQW�LQFUHDVH�LQ�SHUFHQWDJH�SHUIHFW��RQO\�RQ�WKH�PRUH�
GLIÀFXOW�GHOD\�WULDOV�LQ�SRRU�EDVHOLQH�JURXS��1HLWKHU�ZDV�
accompanied by any changes in correct/error latencies. 
7KHUH� ZDV� D� VLJQLÀFDQW� HIIHFW� RI � PRGDÀQLO� RQ� UHZDUG�
FROOHFWLRQ�ODWHQF\��ZKLFK�PD\�UHÁHFW�FKDQJHV�LQ�PRWLYD-
WLRQ��7KH�HIIHFWV�RI �PRGDÀQLO�LQ�WKLV�VWXG\�DUH�GLVFXVVHG�
from both a psychological perspective by assessing its im-
plications for spatial working memory, as well as from a 
neurobiological perspective by hypothesizing the neural 
substrates underlying this cognitive enhancing effect.
� 7KH� ÀQGLQJ� RI � UHGXFHG� HUURU� UDWH� RQO\� RQ� WKH�
KDUGHU� ��VWLPXOXV� WULDOV� LV� FRQVLVWHQW� ZLWK� 0�OOHU� HW� DO�
������·V� ÀQGLQJ� LQ� KXPDQV�� ZKHUH� D� UHGXFHG� HUURU�UDWH�
ZDV�RQO\�IRXQG�RQ�WKH�PRUH�GLIÀFXOW�����DQG����ER[�OHY-
els of  CANTAB SWM task. From a psychological per-
VSHFWLYH�� WKLV� VXJJHVWV� PRGDÀQLO·V� SUR�FRJQLWLYH� HIIHFWV�
may only be observed when cognitive load on spatial 
working memory is above a critical threshold. This has 
been found in animal literature using T-maze (Beracochea 
et al., 2001, 2002, 2003) and Morris Water Maze (Shuman, 
Wood, & Anagnostaras, 2009). However, these previous 
studies only found enhanced performance at doses of  

PRGDÀQLO����PJ�NJ�RU���PJ�NJ��KLJKHU�WKDQ�WKH�SUHVHQW�
study, suggesting the current task may be more sensitive 
IRU�GHWHFWLQJ�PRGDÀQLO·V�HIIHFW�RQ�VSDWLDO�ZRUNLQJ�PHPR-
U\��7KH�VLJQLÀFDQW�UHGXFWLRQ�LQ�HUURU�UDWH�IRXQG�E\�0�OOHU�
et al (2013) was by using a clinically relevant plasma con-
FHQWUDWLRQ�RI �PRGDÀQLO�LQ�KXPDQV�����PJ���ZKLFK�WUDQV-
lates to around 10mg/kg in rodents (Yu et al. 2000), close 
WR�WKH�VLJQLÀFDQW�HIIHFW�REVHUYHG�DW���PJ�NJ�LQ�WKH�FXU-
rent study. This suggests the current novel touchscreen 
study is a successful translation of  the CANTAB SWM 
task in humans for use in preclinical animal studies, and 
LWV� LPSURYHG�VHQVLWLYLW\� WR�PRGDÀQLO·V�FRJQLWLYH�HQKDQF-
ing-effect makes it superior to existing paradigms assess-
ing spatial working memory in rodents.
� 7ZR�LQWHUHVWLQJ�ÀQGLQJV�DOVR�HPHUJHG�ZKHQ�FRP-
SDULQJ� PRGDÀQLO·V� HIIHFW� RQ� HUURU�UDWH� DQG� SHUFHQWDJH�
perfect measures. First, the cognitive enhancing effect 
for each measure was dependent on a different type of  
GLIÀFXOW\�PDQLSXODWLRQ��(UURU� UDWH�RQ� VWLPXOXV�QXPEHU��
percentage perfect on delay. Second, subject’s baseline 
SHUIRUPDQFH�RQO\�VHHPHG�WR�SUHGLFW�PRGDÀQLO·V�HIIHFW�RQ�
SHUFHQWDJH�SHUIHFW��UHÁHFWHG�E\�D�QHDU�VLJQLÀFDQW�LQWHUDF-
WLRQ�EHWZHHQ�GRVH��GHOD\�DQG�JURXS��ZKHUH�PRGDÀQLO�LP-
proved poor group’s performance on harder delay trials 
more than good performers. Baseline performance did 
QRW�DIIHFW�PRGDÀQLO·V�HIIHFW�RQ�HUURU�UDWH��2UWKRJRQDOL-
W\�EHWZHHQ�WKHVH�WZR�PHDVXUHV�VXJJHVWV�WKH\�PD\�UHÁHFW�
two different components of  spatial-working-memory. 
Spatial working memory is a complex cognitive process 
involving many components, such as planning and selec-
WLRQ�RI �PRVW�HIÀFLHQW�VWUDWHJ\�PHGLDWHG�E\�IURQWDO�OREH��
and the self  ordered sequencing nature of  the task would 
KDYH�DOVR�UHTXLUHG�HIÀFLHQW�PQHPRQLF�SURFHVVLQJ�DQG�DF-
curate sequencing encoding mediated by subcortical areas 
such as hippocampus. Therefore, the two performance 
PHDVXUHV�PD\� UHÁHFW� GLIIHUHQW� DVSHFWV� RI � VSDWLDO�ZRUN-
LQJ�PHPRU\��ZLWK�SHUFHQWDJH�SHUIHFW�UHÁHFWLQJ�HIÀFLHQ-
F\�RI �H[HFXWLYH�SODQQLQJ�DQG�HUURU�UDWH�UHÁHFWLQJ�TXDOLW\�
of  mnemonic encoding. This dissociation suggests each 
PHDVXUH�PD\� EH� DVVHVVLQJ� WKH� HIÀFLHQF\� RI � D� GLIIHUHQW�
node in neural network underlying spatial working mem-
RU\��7KH� IDFW� WKDW�PRGDÀQLO� LPSURYHG�SHUIRUPDQFH� DV-
sessed by both measures may imply that it improved over-
DOO�HIÀFLHQF\�RI �QHXUDO�QHWZRUN��UDWKHU�WKDQ�D�VLQJOH�QRGH��
� )XQFWLRQDO� LPDJLQJ� LQ� UDWV� VXSSRUWV� PRGDÀQLO·V�
enhancement of  this neural network. Gozzi et al. (2012) 
used pharmacological magnetic resonance imaging to 
PDS�FLUFXLWU\�DFWLYDWHG�E\�PRGDÀQLO�DW���PJ�NJ�DGPLQ-
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istered intravenously in rats. They found stimulation of  
fronto-cortical areas involved in higher cognitive func-
tion, and activation of  other subcortical areas (e.g. thal-
DPXV�DQG�KLSSRFDPSXV��� VXJJHVWLQJ�PRGDÀQLO�GRHV�DFW�
on the neural substrates associated with spatial working 
memory. Note the dosage chosen is clinically relevant and 
can be easily translated to human studies.
� 1HXURELRORJLFDO� HIIHFWV� RI � PRGDÀQLO� RQ� VSD-
tial working memory has also been assessed in human 
patients with frontal lobe lesions, temporal lobe lesions 
and amygdalo-hippocampectomy, using SWM task with 
4/6/8 boxes (Owen, Sahakian, Semple, Polkey, & Rob-
bins, 1995). Whereas frontal lobe patients displayed im-
SDLUPHQW�DFURVV�DOO�GLIÀFXOW\�OHYHOV�GXH�WR�IDLOXUH�WR�DGRSW�
WKH� PRVW� HIÀFLHQW� VHTXHQFLQJ� VWUDWHJ\�� WHPSRUDO� DQG�
amygdalo-hippocampectomy groups only showed im-
pairment at the most challenging level, and was unrelated 
WR�VWUDWHJ\�VHOHFWLRQ�EXW�UDWKHU�UHÁHFW�D�PRUH�IXQGDPHQWDO�
disruption of  mnemonic processing. This study also sug-
gested a spatial working memory network consisting of  
cortical and subcortical nodes. Top-down control exerted 
by prefrontal cortex is responsible for selecting the most 
HIÀFLHQW� VWUDWHJ\� WR� VROYH�D�SUREOHP��DQG� WKH�HIÀFLHQF\�
of  each strategy depends on bottom-up feedback of  
mnemonic processing by subcortical regions. Therefore, 
selective enhancement observed on harder 3-stimulus tri-
DOV� LQ�WKH�FXUUHQW�VWXG\�VXJJHVWV�WKDW�PRGDÀQLO�SHUKDSV�
HQKDQFHG�WKH�HIÀFLHQF\�RI �VXEFRUWLFDO�QRGHV�WR�LPSURYH�
mnemonic processing, and improved coding accuracy 
of  more complex sequences on harder trials, improving 
quality of  bottom-up feedback. 
 Owen, Downes, Sahakian, Polkey, & Robbins 
(1990), using an automated Tower of  London task, found 
patients with frontal lobe lesion could solve the most 
GLIÀFXOW�YHUVLRQV�EXW�UHTXLUHG�PRUH�PRYHV�SHU�SUREOHP�
WKDQ� PDWFKHG� FRQWUROV�� VXJJHVWLQJ� LQHIÀFLHQW� SODQQLQJ�
DQG�VHOHFWLRQ�RI �VHTXHQFLQJ�VWUDWHJ\��7KHUHIRUH�PRGDÀQLO�
could have also improved frontal lobe’s top-down control 
WR�SODQ� DQG� VHOHFW� WKH�PRVW� HIÀFLHQW� VHTXHQFLQJ� VWUDWH-
gy to minimize load on spatial working memory, and re-
duced error rate on harder 3-stimulus trials. Owen et al. 
(1990) also found that frontal lobe patients did not show 
DQ�LQFUHDVH�LQ�ODWHQF\�EHIRUH�ÀUVW�PRYH�RQ�DQ\�WULDO��EXW�
there was an increase in latency accompanying correct re-
sponses on subsequent moves. The authors interpreted 
this as increased impulsivity to respond before forming 
DQ�HIÀFLHQW�VHTXHQFLQJ�SODQ��WKHUHIRUH��WR�HQVXUH�VXEVH-
quent responses are correct, more time is spent thinking 

per move to compensate for lack of  pre-planning. 
 Perhaps the difference in baseline performance 
EHWZHHQ�WKH�JURXSV�UHÁHFWHG�D�GLIIHUHQFH�LQ�WKHLU�IURQWDO�
OREH� H[HFXWLYH� SODQQLQJ� HIÀFLHQF\�� 3RRU� EDVHOLQH� JURXS�
may require more thinking time before beginning of  next 
attempt to ensure a correct response. If  this increased 
planning of  the next move can take place during delay 
and complete before the re-presentation of  stimuli for 
the next attempt in any trial, it could account for why 
QHDU�VLJQLÀFDQW�HIIHFW�RI �LQFUHDVHG�SHUFHQWDJH�SHUIHFW�LV�
observed only across delay trials, and why this was un-
matched by any changes in correct response latency be-
cause thinking was completed during the delay. However, 
this account predicts that on no delay trials, this increased 
thinking should result in an increase in correct response 
latency, but this was not observed. This suggests modaf-
inil’s cognitive enhancing effect is more complex than 
VLPSO\� LQFUHDVLQJ� IURQWDO� OREH·V� SODQQLQJ� HIÀFLHQF\�� DQG�
JLYHQ�WKDW�EDVHOLQH�SHUIRUPDQFH�GLG�QRW�DIIHFW�PRGDÀQLO·V�
HIIHFW�RQ�HUURU�UDWH��LW�LPSOLHV�PRGDÀQLO�GLG�QRW�DFW�VROHO\�
on frontal lobe, but also on subcortical areas in the net-
work underlying spatial working memory. 
 Finally, enhancement in performance was not ac-
companied by any changes in correct/error latency mea-
sures, inconsistent with Turner et al. (2003)’s proposal 
RI �PRGDÀQLO� VKLIWLQJ� VSHHG�DFFXUDF\� WUDGH�RII��+RZHY-
er, perhaps speed accuracy trade-off  was not as import-
ant a factor in optimizing performance for the current 
non-speeded spatial working memory task, compared 
to reaction tasks (e.g. Stop-Signal) used by Turner et al. 
(2003) where subjects were under greater time pressure. 
0RGDÀQLO�GLG�DIIHFW� UHZDUG�FROOHFWLRQ� ODWHQF\��7KLV�ZDV�
not a change in general motor readiness or feeding, which 
should have affected all latencies across all trial types con-
sistently, but was not observed in the present study. In 
DGGLWLRQ��WKH�VXJJHVWHG�DQRUH[LJHQLF�HIIHFW�RI �PRGDÀQLO�
(Nicolaidis & De Saint Hilaire, 1993) lacks replication 
(Morgan, Crowley, Smith, LaRoche, & Dopheide, 2007), 
making it an unlikely explanation. Perhaps higher doses 
made the harder 3-stimulus trials more enjoyable and in-
FUHDVHG�PRWLYDWLRQ��0�OOHU�HW�DO��������IRXQG�SDUWLFLSDQWV�
UDWHG� WKH� WDVN�DV�PRUH�HQMR\DEOH�DIWHU� WDNLQJ�PRGDÀQLO��
although subjective ratings are not easy to assess in rats. 
One potential measure for general motivation is the num-
ber of  trials completed within each session, although this 
analysis was not possible as nearly all subjects completed 
all trials within each session.
 The current study did not include any biochemi-
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FDO�DVVD\V�WR�LQYHVWLJDWH�PRGDÀQLO�LQGXFHG�QHXURFKHPLFDO�
changes, but some potential underlying neurotransmitter 
pathways are discussed. Catecholamines are involved in 
regulation of  arousal, and stimulants (e.g. amphetamine) 
often work by increasing presynaptic release of  dopamine 
DQG�QRUDGUHQDOLQH��,Q�FRQWUDVW��PRGDÀQLO�KDV�EHHQ�SUR-
posed to work post-synaptically as a putative noradren-
ergic receptor agonist, binding to and enhancing activity 
of  alpha-1 receptors (Akaoka, Roussel, Lin, Chouvet, & 
Jouvet, 1991) and beta receptors (Lin et al., 1992). Modaf-
inil’s effect on dopaminergic system is more controversial. 
Some animal studies suggested it had little impingement 
on dopaminergic activity (Redrobe, Bull, & Plath, 2010; 
Waters, Burnham, O’Connor, Dawson, & Dias, 2005), has 
low abuse potential and less effect on extrapyramidal mo-
tor activities compared to amphetamine, making it safer 
WR�XVH��+RZHYHU��PRGDÀQLO�PD\�PRGXODWH�GRSDPLQHUJLF�
DFWLYLW\�LQGLUHFWO\��VXFK�DV�E\�LQÁXHQFLQJ�HQ]\PDWLF�DFWLY-
ity involved in formation of  dopamine from Levo-Dopa 
(Murillo-Rodríguez, Haro, Palomero-Rivero, Millán-Al-
daco, & Drucker-Colín, 2007). Studies using dopamine 
receptor antagonists such as SCH23390 (D1-receptor-an-
tagonist) and raclopride (D2-receptor-antagonist) have 
JHQHUDWHG� PL[HG� ÀQGLQJV�� 6RPH�� XVLQJ� NQRFNRXW� PLFH�
PRGHOV��DUJXHG�PRGDÀQLO�HQKDQFHG�GRSDPLQH�DFWLYLW\�E\�
directly binding to D1 and D2 receptors (Young, Koois-
tra, & Geyer, 2011; Young, 2009). Others suggested indi-
rect activity by inhibiting dopamine transporters (DAT), 
mimicking the effect of  GBR12909 (selective DAT inhib-
itor) (Young & Geyer, 2010). The latter has been replicat-
HG�LQ�KXPDQV�XVLQJ�FOLQLFDOO\�UHOHYDQW�GRVHV�RI �PRGDÀQLO�
�9RONRZ�HW� DO��� �������'RSDPLQH� LQÁXHQFHV�PRWLYDWLRQ��
Young & Geyer (2010) found an increased motivation 
XVLQJ�PRGDÀQLO�DW���������DQG���PJ�NJ��VLPLODU�WR�GRVHV�
used in the current study. 
 If  faster reward collection latency indicated high-
er motivation, then the present study only partially sup-
SRUWV�PRGDÀQLO·V� UROH� LQ�HQKDQFLQJ�PRWLYDWLRQ� VLQFH� OD-
tency decreased only for 3-stimulus trials, and increased 
for 2-stimulus trials. Perhaps increased dopamine trans-
mission led to aberrant salience attribution to irrelevant 
cues in the environment (Kapur, 2003), which distracts 
focused attention. This may be more problematic on eas-
ier 2-stimulus than harder 3-stmulus trials, as the former 
has lower cognitive load so the subject may be more eas-
ily distracted. An alternative hypothesis is rats may have 
experienced increased anxiety, distracting from limited 
executive resources for controlling sustained attention 

(Eysenck, 1979), and human subjects high in trait anxiety 
were prone to greater distraction by task-irrelevant stimu-
li (Deffenbacher & Hazaleus, 1985; Forster, Elizalde, Cas-
tle, & Bishop, 2013). This seems less plausible than the 
DEHUUDQW�VDOLHQFH�DFFRXQW�� VLQFH�PRGDÀQLO�KDV�QRW�EHHQ�
shown in animal studies to have anxiogenic effects (Si-
mon, Panissaud, & Costentin, 1994), and it is unlikely that 
PRGDÀQLO�ZRXOG�VHOHFWLYHO\�LQFUHDVH�DQ[LHW\�RQ���VWLPXOXV�
trials but not on 3-stimulus trials within the same session. 
+RZHYHU��D�ELRFKHPLFDO�DVVD\�DVVHVVLQJ�PRGDÀQLO·V�HIIHFW�
on dopamine transmission is needed to test these specu-
lations.

Limitations

 Within-subject design minimised limitations of  
small sample size on statistical power. However, when 
group was used as a between-subject variable, sample size 
was halved which reduced statistical power, so larger sam-
ple size would have been favourable. To use difference in 
number of  trials completed as a measure of  motivation, 
either session length should be decreased or number of  
trials increased to prevent completion of  all trials within 
each session. A time-out should be added so a response 
made outside a certain time frame is counted as incorrect. 
This requires subjects to respond quickly to maximize 
performance, analogous to human reaction-time tasks 
(e.g. Stop-Signal) used by Turner et al. (2003), allowing 
EHWWHU�DVVHVVPHQW�RI �PRGDÀQLO·V�HIIHFW�RQ�VSHHG�DFFXUD-
cy-trade-off.

Future Experiments

 Two further experiments are proposed based on 
current data interpretation. To assess the contribution of  
cortical and subcortical structures to performance and 
ZKHWKHU�PRGDÀQLO�DIIHFWV�HDFK�UHJLRQ�GLIIHUHQWO\��D�OHVLRQ�
study can be used, with frontal lobe lesion and hippo-
campus lesion compared against sham lesioned animals. 
Receptor antagonists to noradrenergic and dopaminergic 
receptors can also be used in combination to central mi-
FURLQIXVLRQV� RI �PRGDÀQLO� LQWR� WKH� SUHIURQWDO� FRUWH[� WR�
LQYHVWLJDWH�WKH�QHXURELRORJLFDO�VSHFLÀFLW\�XQGHUO\LQJ�WKH�
PHFKDQLVPV�RI �PRGDÀQLO�
� $� VHFRQG� H[SHULPHQW�PRGLÀHV� WKH� WRXFKVFUHHQ�
task to assesses whether any differences observed in per-
formance on 2 and 3-stimlus trials is attributable to a dif-
ference in working memory load imposed by trial type, 
RU�H[HFXWLYH�IXQFWLRQ�JRYHUQLQJ�ÁH[LEOH�HQFRGLQJ�RI �SR-
sitions poked to always minimize working memory load. 
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To succeed in the current self-ordered-sequencing-task, 
subject can either choose to encode the position poked 
or unpoked within a given trial. For 2-stimulus trials, both 
strategies require memory of  one location with no differ-
ence on memory load. However, for 3-stmulus trials, dif-
ferent strategies generate different working memory load. 
A correct attempt two can be achieved by either remem-
bering one previously poked location, or two unpoked 
locations, the former minimises working memory load. 
The reverse is true for attempt three. Therefore, subjects 
ZKR� ÁH[LEO\� FKDQJH� WKHLU� VWUDWHJ\� WR� DOZD\V� PLQLPL]H�
their working memory load across attempts within the 
same trial may perform better on harder 3-stimlus trials, 
and across delays. The difference between good and poor 
performers may not be one of  working memory but of  
H[HFXWLYH�FRQWURO��VXJJHVWLQJ�PRGDÀQLO�PD\�HQKDQFH�H[-
HFXWLYH�FRQWURO�E\�LQFUHDVH�ÁH[LELOLW\�LQ�FRGLQJ�VWUDWHJ\�LQ�
poor baseline performers. 
� 7R�DVVHVV� LI � WKLV�ÁH[LEOH�HQFRGLQJ�DIIHFW�SHUIRU-
mance, a 4-stimulus trial type can be introduced. Attempt 
three in the 4-stimulus trial always requires encoding 
of  two locations no matter what coding strategy used, 
which serves as a baseline for comparison since attempts 
two and four require encoding of  either one (easier than 
attempt three) or three locations (harder than attempt 
three). None of  the attempts within a 3-stimulus trial can 
be used as a baseline, and therefore it is necessary to use 
��VWLPXOXV�WULDOV��,I �DQLPDOV�FDQ�ÁH[LEO\�FKDQJH�WKHLU�FRG-
ing strategy to always minimize working memory load, 
then error-rate on attempts two and four should be less 
than for attempt three (always encoding one rather than 
two locations), suggesting the task assesses executive 
function. If  animals do not change coding strategy and 
the task is purely assessing working memory, then de-
pending on whether the animals chooses to encode plac-
es poked or unpoked, more errors should be made on 
attempts four and two, relative to attempt three, respec-
tively. This predicted difference in pattern of  error rate 
HQDEOHV� IXUWKHU� VSHFLÀFDWLRQ�RI � WKH� FRJQLWLYH�SURFHVVHV�
underlying this task. 
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