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The Odor Span Task is an incrementing non-matching-to-sample procedure that permits the study of
behavior under the control of multiple stimuli. Rats are exposed to a series of odor stimuli and selec-
tion of new stimuli is reinforced. Successful performance thus requires remembering which stimuli have
previously been presented during a given session. This procedure has been frequently used in neurobi-
ological studies as a rodent model of working memory; however, only a few studies have examined the
effects of drugs on performance in this task. The present experiments explored the behavioral pharma-
cology of a modified version of the Odor Span Task by determining the effects of stimulant drugs meth-
ylphenidate and methamphetamine, NMDA antagonist ketamine, and positive GABAA modulator
flunitrazepam. All four drugs produced dose-dependent impairment of performances on the Odor
Span Task, but for methylphenidate and methamphetamine, these occurred only at doses that had simi-
lar effects on performance of a simple odor discrimination. Generally, these disruptions were based on
omission of responding at the effective doses. The effects of ketamine and flunitrazepam were more
selective in some rats. That is, some rats tested under flunitrazepam and ketamine showed decreases in
accuracy on the Odor Span Task at doses that did not affect simple discrimination performance. These
selective effects indicate disruption of within-session stimulus control. Overall, these findings support
the potential of the Odor Span Task as a baseline for the behavioral pharmacological analysis of
remembering.
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The most widely studied procedures used in
the behavioral pharmacology of remembering
are the delayed-matching- and non-matching-
to-sample (DMTS, DNMTS) procedures.
Manipulation of the delay between the offset
of the sample stimulus and the presentation of
the comparison stimuli generally leads to the
classic forgetting function wherein accuracy
decreases as the delay interval increases. Drugs
can alter the forgetting function with changes
in the slope generally interpreted as a drug

effect on the rate of forgetting (Galizio, 2016;
White, 2013). Variations of the basic DMTS/
DNMTS procedures used in behavioral phar-
macology include titrating arrangements in
which the delay interval is progressively
increased following successful performances
and decreased after errors. Titrating DMTS/
DNMTS permits analysis of drug effects on the
average delay at which stimulus control is lost
(e.g., Kangas, Vaidya, & Branch, 2010). Collec-
tively, these procedures are often used as
models for human “short-term-” or “working-
memory” processes, and certainly the forget-
ting functions obtained confer some degree of
validity in this regard.

Human memory researchers often note that
performances on short-term or working mem-
ory tasks are limited in the number of stimuli
that can be remembered—termed limited
capacity—as well as in the loss of accuracy after
temporal delays. Extension of DMTS/DNMTS
procedures to the analysis of multiple sample
stimuli thus has the potential to add transla-
tional validity to the approach (Wright, 2007).
One strategy is to present a list of sample sti-
muli to the subject followed by test trials on
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which comparison stimuli are available. These
stimuli are drawn from the list items previously
presented or are novel to the session with
responses to one key or lever reinforced for
list items (old) and a different response rein-
forced for novel (new) stimuli. Using such
procedures in pigeons, monkeys and humans,
accuracy has been shown to be a function of
the number of stimuli to remember (list
length), the interval between list presentation
and test (delay), and the serial position of sti-
muli in the list (Wright, 2007), but only a few
studies have assessed the effects of drugs on
such procedures (Aigner, Walker, & Mishkin,
1991; Castro, 1995; 1997).
A different procedure used to study drug

effects with multiple stimuli is the self-ordered
spatial search task (SOSS), which was designed
to study spatial working memory (Soto, Ator,
Rallipali, Biawat, Clayton, Cook, & Weed,
2013; Soto, Dallery, Ator, & Katz, 2013). As
used by Soto and colleagues, the SOSS
involves presentation of two, three, or four
identical objects on a touchscreen apparatus
in any of 16 spatial positions. Rhesus monkeys
were trained to touch each object on the
screen with each nonrepeating touch produ-
cing food and the first repetition ending the
trial. Touching all objects without a repetition
(which requires remembering which stimuli
were previously touched within the trial) was
defined as a correct response. Soto, Ator
et al. (2013) found that positive GABAA modu-
lators such as triazolam, zaleplon, and zolpi-
dem reduced SOSS accuracy. Additionally,
they showed that the effective dose and the
magnitude of the effect depended on the
number of stimuli presented on the screen—
trials with four objects were most sensitive to
drug effects and those with only two objects to
remember were least sensitive. Interestingly,
Soto, Ator et al. also studied the effects of the
same drugs on behavior under a DMTS proce-
dure. The GABAA modulators also reduced
DMTS accuracy, but the effects were inde-
pendent of the delay interval—that is, they did
not change the slope of the forgetting func-
tion. These data support the idea that behav-
ioral pharmacological analysis of behavior
controlled by multiple stimuli might be more
sensitive to the effects of amnestic drugs than
are DMTS baselines.
Additional support for that notion has been

provided by another procedure used to study

drug effects with multiple stimuli, the odor
span task (OST). The OST is a variation of the
non-matching-to-sample procedure in which
rodents are exposed to a series of odors in an
arena. Digging in a cup of scented sand
(Dudchenko, Wood, & Eichenbaum, 2000) or
removing a scented lid (MacQueen, Bullard, &
Galizio, 2011) produces a food reinforcer and
the odor presented also serves a sample for
subsequent trials. Thus, on the next trial two
cups are presented in the arena, one with the
original odor and the other a new odor. In
keeping with the nonmatching contingency,
only responding to the new odor is reinforced.
The session continues with a new odor (S+)
presented on each trial along with previously
presented comparison stimuli (S−). As the ses-
sion continues, the number of sample stimuli
to remember increases, and so the OST per-
mits the analysis of stimulus control by a pro-
gressively incrementing number of stimuli.

In the initial research with the OST in rats,
Dudchenko et al. (2000) found that accuracy
decreased through the session as the number of
odors to remember increased up to twelve and
that the average number of trials until the first
error was made (span length) was just over eight.
Since then, the OST has been used as a rodent
model for the study of working memory capacity
in a number of neurobiological studies in both
rats (Davies, Greba, & Howland, 2013; Davies,
Molder, Greba, & Howland, 2013; Turchi & Sar-
ter, 2000) and mice (Young et al., 2007). The
CNTRICS (Cognitive Neuroscience Treatment
Research to Improve Cognition in Schizophre-
nia) group nominated the OST as a benchmark
task to assess working memory capacity
(Dudchenko, Talpos, Young, & Baxter, 2013).

The OST has recently been used as a base-
line to study drug effects, but at present only a
few drugs have been evaluated. Several studies
have investigated the effects of N-methyl-D-
aspartate (NMDA) receptor antagonists on
OST performance. These compounds have
been of interest because an NMDA receptor
blockade prevents hippocampal long-term
potentiation, which is linked to learning and
memory, and because they have been shown to
interfere with a variety of memory tasks (see
Bannerman, Rawlins, & Good, 2006, for a
review). Perhaps surprisingly, although NMDA
antagonists interfere with DMTS accuracy, they
generally do so only in a delay-independent
fashion (Dix, Gilmour, Potts, Smith, &
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Tricklebank, 2010; Pontecorvo, Clissold,
White, & Ferkany, 1991; Smith et al., 2011; Will-
more, LaVecchia, & Wiley, 2001). So it is of
some interest that both MacQueen et al.,
(2011) and Galizio, Deal, Hawkey, and April
(2013) found that the non-competitive NMDA
antagonist MK-801 (dizocilpine) impaired OST
accuracy at doses that had no effect on a sim-
ple odor discrimination. In these studies, the
effects of the NMDA antagonist depended on
the number of stimuli to remember with
impairment of accuracy greatest as the number
of odors to remember was highest. Davies
et al. (2013) found similar impairment of OST
accuracy by the competitive NMDA antagonist
CPP at doses that had no effect on response
latency. Rushforth, Steckler, and Shoaib
(2011) also demonstrated interference with
OST performance after exposure to an NMDA
antagonist, but in this case, subchronic admin-
istration of ketamine was shown to produce
enduring reductions of span length in rats that
lasted for 10 days or more after ketamine
administration was discontinued.
The positive GABAA modulator chlordiaze-

poxide is the only additional drug that has
been shown to selectively interfere with odor
span. Galizio et al. (2013) found that chlordi-
azepoxide reduced span length at doses that
did not affect either overall OST accuracy or
simple discrimination performance. In con-
trast, potentially amnestic drugs such as
MDMA, morphine, and scopolamine impaired
OST performance only at doses that also pro-
duced comparable impairments in odor dis-
crimination (Galizio et al., 2013; Hawkey,
April, & Galizio, 2014). Finally, Rushforth and
colleagues have shown enhancement of OST
performance (increased span length) by nico-
tine (Rushforth, Allison, Wonnacut, & Shoaib,
2010; Rushforth et al., 2011).
The present study was designed to extend

the behavioral pharmacological analysis of the
OST to several additional drugs. One goal of
the present study was to determine whether
the enhancement of OST performance pro-
duced by nicotine could be observed with psy-
chomotor stimulant drugs methamphetamine
and methylphenidate. Another goal was to
determine whether selective effects of MK-801
and chlordiazepoxide previously shown in our
laboratory could be replicated with a different
NMDA antagonist (ketamine) and positive
GABAA modulator (flunitrazepam). Although

Rushforth et al. (2011) studied the effects of
subchronic ketamine, there is currently no
research on the acute effects of any of these
compounds on OST performance. As in previ-
ous research in our laboratory, the present
experiments used a version of the OST modi-
fied to include a simple discrimination task to
serve as a control for drug effects unrelated to
within-session remembering. The procedure
was also modified to include conditions
addressing the possibility of control by odors
other than the programmed stimulus odor
and to separate the potential confound
between the number of odors to remember
and the number of comparison stimuli pre-
sented on a given trial.

Methods

Subjects
Subjects were 19 adult male Holtzman

Sprague–Dawley albino rats ranging between
90–150 days old at the beginning of training.
All rats were individually housed on a 12 hr
light–dark cycle with free access to water. Food
was restricted to maintain stable body weights
of approximately 85% of free-feeding levels.
Animal care and procedures were approved by
the UNC Wilmington Animal Care and Use
Committee and followed national guidelines.

Apparatus
The apparatus was an elevated circular arena

94 cm in diameter, bordered by a 32 cm high
wall of sheet metal baffling. Eighteen holes,
5.5 cm in diameter, were placed in the arena
floor in two concentric circles. Twelve evenly
spaced holes formed an outer ring, 2.5 cm
from the arena wall, and six evenly spaced
holes formed an inner ring, 21.5 cm from the
arena wall (see Galizio et al., 2013 for more
details). Plastic cups (2 oz.) blocked each hole
during sessions. White noise (c. 74 dB) was
presented throughout the sessions and a digital
video camera recorded each trial. In order to
avoid cuing, the experimenter stood out of
view of the rat during trials and observed the
rat’s behavior on the video monitor.

Stimuli
Odorants were presented on plastic lids that

were stored in covered plastic containers
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containing a number of household spices and
scented oils: allspice, almond, anise, banana,
bay, bubble gum, caraway, carob, celery,
cherry, cinnamon, clove, coriander, cumin,
dill, fennel, fenugreek, garlic, ginger, grape,
marjoram, mustard, nutmeg, onion, oregano,
paprika, peach, pineapple, rosemary, sage,
savory, spinach, strawberry, sumac, thyme, tur-
meric, Worcestershire, and vanilla (most pur-
chased from Great American Spice Co). These
scented lids were placed over plastic cups filled
with approximately 1 cm sand and inserted
into the arena to serve as odor stimuli.

Procedure
Shaping. In an initial session, rats were habi-

tuated to the arena with each of the 18 stimu-
lus cups open and baited with a 45 mg sugar
pellet (BioServe). This procedure was
repeated until rats were reliably consuming
pellets from each cup location. A shaping pro-
cedure was then used to train removal of
unscented lids from the stimulus cups. Ini-
tially, trials consisted of a single stimulus cup
placed in a random location with a lid partially
covering the opening of the cup. On succes-
sive shaping trials, the lid was positioned to
more fully cover the opening of the cup until
rats consistently removed lids that completely
covered the cups (see Table 1 for summary of
training procedures).

Initial OST training. OST training began on
the session after shaping was complete.
Throughout the study the stimulus odors and
locations were assigned randomly and the defi-
nition of a response was the displacement of a
stimulus lid from the cup using the paws or
snout. A correction procedure was used such
that the trial continued until the correct lid
was removed. On the first trial of each session,
the arena contained one stimulus cup covered
with an odorant lid (Odor A) and baited with
a sugar pellet. The subject was then placed in
the arena until it removed the lid and con-
sumed the sucrose pellet or until 2 min
passed, whichever came first. The rat was then
removed from the arena and remained in a
holding cage during an ITI of approximately
1 min. On the second trial, two odorized lids
were placed over cups with one scented by
Odor A placed in a different spatial position,
and the other covered by a differently scented
lid (Odor B). To prevent scent marking to
serve as a possible cue, lids were only used
once per session. As the OST is an increment-
ing non-matching-to-sample procedure, rein-
forcement was available only for removal of
the lid scented with the new odor (B). Simi-
larly, on Trial 3, three lids covered cups in the
arena and responses to a new odor (C), but
not A or B, were reinforced. Again, the spatial
locations of cups on each trial were assigned
randomly. This incrementing procedure

Table 1

Training procedure.

Phase Description
Trials per
Session Criterion to Advance to Next Phase

Shaping • Lid removal response trained
• No odors

24 Remove lid to obtain reinforcement
on all trials in session

OST Initial Training • New odor (S+) presented on each
trial

• All previously presented odors in
arena as S−

• At first error, reset with a single
new odor (S+)

24 10 consecutive correct responses
within a session or two sessions
with 5 consecutive correct
responses

Baseline Training- OST
Only

• As in OST initial training for Trials
1–5

• On Trials 6–24, number of
comparisons remains constant at
5 (1 new S+, 4 previously
presented S−)

24 70% accuracy for two consecutive
sessions

Addition of SDC Trials
to Baseline

• As in OST Baseline Training with
6 SDC trials added at end of OST

30 Two consecutive days at 100%
accuracy on SDC trials

Final Baseline
Procedure

• 24 OST trials with 6 SDC trials
interspersed

30 Stability
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continued with each trial including one new
stimulus (reinforced) and all of the previously
presented stimuli (nonreinforced) until an
error was made—that is, until one of the S−
comparison lids was selected. On the first trial
after an error, only a single new odor was pre-
sented and the incrementing procedure then
continued. Session duration was 24 trials, thus
exposing the rat to 24 different odors. This
training procedure continued until the animal
met a criterion of 10 consecutive correct
responses within a session or two sessions with
5 consecutive correct responses.
Baseline OST training. The baseline OST

procedure, outlined in Table 1, was different
from that of initial training in three ways. First,
the number of comparison stimuli no longer
reset to one following an error. Second, while
the number of odors to remember continued
to increment up to 24 during each session, the
number of comparison stimuli presented in
the arena was permitted to increment to only
five. Thus, the procedure was identical to ini-
tial training until Trial 6. From Trials
6 through 24, the S+ comparison odor new to
the session was presented along with four pre-
viously encountered comparison S− odors.
These four were randomly selected on each
trial from the set of previously presented sti-
muli. In this way, the size of the array of com-
parison stimuli was held constant at five (from
Trial 5 on) while the number of stimuli to
remember continued to increment up to
23, thus removing the confound between the
number of stimuli to remember and the num-
ber of comparison stimuli which is present in
many OST studies.
The third difference between initial and

baseline training was the addition of a perfor-
mance control: a simple odor discrimination
using five scents not included in the pool for
OST trials. One of these was arbitrarily desig-
nated as S+ and the other four as S− such that
responses to S+ were always reinforced, but
responses to any of the S− stimuli were never
reinforced. The simple discrimination control
(SDC) was introduced after a criterion of at
least 70% accuracy for two consecutive sessions
was reached. Then six simple discrimination
trials were introduced at the end of each OST
session (integration of the SDC is shown in
Table 1). When animals were responding with
accuracy on both trial types, the six simple dis-
crimination trials were interspersed with the

24 OST trials making the final baseline proce-
dure 30 trials in duration. Training on this
baseline continued until each animal met a
10-session, 15% stability criterion (Perone,
1991) on both OST and simple discrimination
accuracy with five comparison stimuli before
continuing on to the drug administration
phase of the study. This criterion required that
the difference between mean percent correct
for Sessions 1–5 and 6–10 be less than 15% of
the overall 10-session mean. Number of ses-
sions required to meet this criterion are shown
in Table 2.

Pellet detection controls. To control for pos-
sible olfactory detection of the sugar pellet dur-
ing testing, unbaited control trials were
conducted as well. During one baseline train-
ing session per week, six randomly selected
trials were conducted without sugar pellets
present in the correct stimulus cup (S+).
Instead, the experimenter manually placed a
pellet in the correct stimulus cup after the trial
was completed, before the subject was removed
from the arena. Table 2 shows percent correct
on unbaited and baited trials on these sessions
for 17 of the 19 rats (two rats were not tested
with this procedure). Generally, accuracies on
baited trials were quite close to those obtained
on unbaited trials showing that behavior was
controlled by the scented lids and not the odor
of the pellet (see Table 2).

Drugs
Ketamine hydrochloride (Sigma), metham-

phetamine hydrochloride (Sigma), and methyl-
phenidate hydrochloride (Sigma) were
dissolved in 0.9% saline solution and adminis-
tered in a volume of 1 ml/kg. Flunitrazepam
(National Institute of Drug Abuse Research Sup-
ply Program, RTI) was dissolved in a vehicle of
20% ethanol, 40% propylene glycol and 40%
saline and administered in a volume of 1 ml/kg.

Drug Protocol
Once stability criteria were met, the drug

experiments began with the following testing
sequence. Sessions were conducted Monday
through Friday with i.p. injections adminis-
tered prior to the session onset on three ses-
sions per week—generally Tuesday, Thursday,
and Friday. One injection each week was
always saline or vehicle and the other two were

177DRUG EFFECTS & ODOR SPAN



doses of the drug to which the rat was
assigned. The first few injections for each rat
were saline or vehicle only, and the first deter-
mination of drug doses was administered in
ascending order beginning with a dose
expected to be without effect. Subsequent
determinations were ordered randomly with
the constraint that each dose was presented
before a new cycle of determinations was
begun. Doses were assigned with the goal of
identifying a dose that was without effect and
one that suppressed both OST and SDC accu-
racy for each rat. In some cases, this technique
resulted in the introduction of lower doses for
some rats and higher doses for others after
the initial cycle of determinations. Generally
two to four determinations were made of each
dose, depending on how much variability was
observed between determinations. If respond-
ing was completely eliminated on the first
determination of a high dose, it was not
repeated. Five of the rats were exposed to two
of the study drugs (see Table 2). In these
cases, 2 weeks of testing without injections
intervened between the two drug studies.

Behavioral Measures and Interrater
Reliability
The first response in each trial was used to

determine accuracy on both OST and SDC
trials. A failure to respond within 2 min was

considered a response omission and such trials
were removed from the denominator to calcu-
late percent correct. Programmed trials were
repeated following omissions and the session
was terminated following four consecutive
omissions. Span length was defined as the
number of consecutive correct trials until the
first error of the session (excluding Trial 1 on
which only a single stimulus was present). The
longest run of consecutive correct responses
was also recorded, as this was not always identi-
cal to the span length. For example, a rat
might make an error on Trial 2 producing a
span length of 1. The rat could then go on to
make correct responses on Trials 3–15 produ-
cing a run of 13 consecutive correct which
would be recorded as the longest run of the
session. Thus, the longest run is always greater
than or equal to the span length.

High doses of each drug generally increased
response omissions, but casual observations
during the study suggested that the topography
of behavior varied across drugs. To assess this
possibility, observers scored videos of all injec-
tion sessions with respect to several variables.
These included the number of visits to S− with-
out responding (approaching to within 1 cm
of S− lid), visits to S+ (approaching to within
1 cm of S+ lid) without responding, rearing
(both front paws off the floor), grooming
(touching fur with either paw or muzzle), bit-
ing cups, urinating, and defecating.

Table 2

Session and unbaited control data for rats in all experiments.

Rat ID Sessions to Criterion % Correct Unbaited % Correct Baited Drug(s)

A11 40 76.7 80.8 METH, FLZ
D2 39 91.7 92.4 METH
E1 51 84.5 86.7 FLZ
E2 37 95.8 89.3 KET, MPD
E4 35 92.1 91.9 KET
E5 25 84.9 88.0 KET
E13 26 93.8 94.9 KET
F16 49 71.3 78.4 FLZ
W20 69 94.8 93.5 METH, MPD
W21 43 90.8 90.1 MPD
W22 42 93.0 90.1 MPD, METH
W29 36 -- -- MPD
X3 38 -- -- MPD
Y2 58 83.2 80.3 FLZ
Y16 35 88.4 89.9 FLZ
Y17 46 85.8 86.0 FLZ
Y18 37 85.3 83.6 KET
Z3 39 83.3 82.8 KET, METH
Z12 60 96.9 96.4 METH
Mean 42.4 87.8 88.0
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To assess interrater reliability, two observers
independently scored the lid removal
responses, visits to S− without lid removal, visits
to S+ without lid removal, rears, and grooms
for 21 video-recorded sessions. This sample
was chosen pseudorandomly to include ses-
sions after saline injections and sessions after
several different drug manipulations. The pro-
portion of trials with 100% agreement
between observers was calculated for each
dependent measure for each session, resulting
in very strong interrater reliability for the lid
removal response (M = 1.0), visits to S+ with-
out lid removal (M = .95, SD = .12), rears
(M = .92, SD = .13), grooms (M = .97, SD =
.06), and visits to S− per session (M = .92,
SD = .06). For the most common behavior, vis-
its to the S− lid without lid removal, observers
demonstrated satisfactory reliability for pro-
portion of trials with 100% agreement per ses-
sion (M = .82, SD = .09). Grooming,
urination, defecation, and lid biting occurred
so rarely that they were not analyzed further.

Results

Span Length and Longest Run
Figure 1 shows the mean span length and long-

est run of consecutive correct responses as a func-
tion of dose for each drug and reveals dose-
dependent decreases in each case. As in previous
research using the OST, mean span lengths were
close to eight odors under control (saline and
vehicle) conditions in three of the groups, but
note the higher control span for the rats in the
methylphenidate group. Note also that under
control conditions and at most drug doses, the
longest run was generally higher than the span
length. Because the span length is defined by the
first error in the session, a longest run that is
greater than span length indicates that the first
error of the session was not necessarily followed
by inaccurate performances. In most span studies
with humans, the span length (number of trials
to the first error) is also the longest run of correct
responses, so it is noteworthy that this was not the
case with rats in the OST. Individual subject data
presented in Appendices 3–6 indicate considera-
ble variability in both measures across subjects
and conditions, but longest runs were substan-
tially greater than span in almost every case.
The effects of all four drugs on span and

longest run were generally quite similar. There
was a slight increase in span length and longest

run at the 0.3 mg/kg dose of ketamine and in
longest run at the 0.3 mg/kg dose of metham-
phetamine, but otherwise each drug decreased
span length relative to vehicle and the greatest
declines were obtained at the highest doses
when span lengths approached zero for each
drug. One-way, repeated-measures ANOVAs
were performed and statistically significant out-
comes were obtained for each drug on both
measures (flunitrazepam span F(4, 20) =11.71,
longest run F(4,20) = 16.87; ketamine span
F(5,25) = 4.29, longest run F(5,25) = 9.30;
methamphetamine span F(5,25) = 6.16, longest
run F(5,25) = 30.03; methylphenidate span
F(3,15) = 8.55, longest run F(3,15) = 11.40;
p < .05 in all cases). Under saline/vehicle con-
ditions, the span lengths ranged from a low of
3.89 (Rat Z3, Appendix C) to 19.0 (Rat X3,
Appendix D) and longest runs from 6.44 (Rat
A11, Appendix A) to 19.7 (Rat W29, Appendix
D). Inspection of the individual subject data as
a function of drug dose reveals considerable
variability, but the dose-dependent decrease in
span length and longest run was evident in
every case. Increases in span length at the indi-
vidual subject level were rare, with substantial
increases occurring on only a few occasions
(e.g., methamphetamine, Rat Z12; ketamine,
Rats E13, Z3). In contrast, ketamine and meth-
amphetamine resulted in increased longest
runs in most rats at one or more of the low
doses. Another difference between the two
measures is evident in the effects of methyl-
phenidate, which produced a striking decrease
in span length even at the lowest dose (1.0 mg/
kg). However, longest run was much less
affected, dropping only slightly below the con-
trol mean until the higher doses were reached.

Reliable reductions in span lengths and long-
est runs generally occurred at high doses of each
drug and thus may reflect general disruptions in
responding. However, even at moderate doses
reduced spans might be due to multiple factors,
so analyses of percent correct in OST and SDC
are critical to the interpretation of the drug
effects. These analyses focus on individual sub-
ject data and with separate sections for each
drug condition shown in Figures 2–6 with base-
line data presented in Appendix E.

Flunitrazepam
Figure 2 shows individual subject data for

the flunitrazepam study. Under control
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conditions (vehicle-VEH), accuracy was high
(90% correct or better) on SDC trials and only
somewhat less so on OST trials (generally
75-85% correct). There was considerable varia-
bility across determinations along the flunitra-
zepam dose–response function. Still it is clear
that at high flunitrazepam doses, both OST
and SDC performances were disrupted in all
rats and most showed some response omis-
sions. The dose necessary to produce these
overall performance disruptions varied across
rats from 0.18 for Rat A11, 1.0 mg/kg for Rat
F16, 1.8 mg/kg for Y17 and Y2, and 3.0 mg/kg
for E1 and Y16.
At lower doses of flunitrazepam, disruption

in OST accuracy was seen at doses that did not

affect SDC accuracy in most of the rats. For
example, Rat Y17’s OST accuracy (Fig. 2,
upper left) dropped from above 80% under
control conditions almost to 60% at the 0.3
and 1.0 mg/kg doses, whereas the SDC
remained at control levels. Robust selective
effects were also observed in Rats Y2 and Y16
(middle panels of Fig. 2). Flunitrazepam pro-
duced a small decrease in OST accuracy in
Rat Y2 at the 0.1 mg/kg dose, but at the
0.3 mg/kg dose OST accuracy dropped nearly
to 50% correct with SDC performances
remaining only slightly below control levels.
OST accuracy continued to decline at higher
levels of flunitrazepam, but these doses were
accompanied by SDC effects and considerable
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variability as well. Unlike the other rats, Y2 did
not omit responding at any dose and,
although accuracy was low (below 40% cor-
rect) at the single determination of the high-
est dose given (1.8 mg/kg), even here it
remained at above 20% (chance levels) in
both tasks. Rat Y16 appeared less sensitive to
flunitrazepam, but showed large effects that
were selective to the OST at the 0.3 and
1.0 mg/kg doses; only at the 3.0 mg/kg doses
were both OST and SDC accuracies affected.
Rats E1 and F16 showed some evidence of

selective effects, but these were weaker than
those noted above. Rat E1 (upper right)
showed small declines in percent correct from
the 0.1 mg/kg flunitrazepam dose through
the 1.0 mg/kg dose, but SDC also dropped
below control levels at the 0.3 mg/kg dose
and there was considerable variability in
responding at all the higher doses. Rat F16
(bottom right) showed some evidence of an
OST impairment without SDC effects at the
0.18 and .3 mg/kg doses, but again, there was
considerable variability at both doses. Finally,
one rat (A11—bottom left) showed only non-
selective effects of flunitrazepam. Rat A11
seemed to be highly sensitive to flunitrazepam,
showing some decrease in percent correct in
both OST and SDC at every dose tested.
In summary, flunitrazepam tended to pro-

duce selective effects in most rats—that is, it
disrupted OST without affecting SDC accu-
racy. These selective effects were of fairly
large magnitude in three rats (Y17, Y2 and
Y16), but were weaker or less consistent in
two (E1 and F16) and were absent in Rat
A11. Interestingly, the doses which produced
selective effects varied across rats. For exam-
ple, consider that Rats Y17 and Y16 showed
no effects of flunitrazepam until the 0.3 mg/
kg dose was reached and although it was
selective for these two rats, this same dose
was high enough to disrupt both OST and
SDC performances in rats E1 and Y2 (as well
as A11). Given the varying sensitivity to fluni-
trazepam shown here, it is worth noting that
analysis based on group averages would fail to
detect the selective effects observed in the
individual subject analyses of overall accuracy.
However, group data presented for span
length and longest run showed statistically sig-
nificant effects even at the 0.1 mg/kg dose of
flunitrazepam, a dose that had minimal
effects on SDC.

Ketamine
Figure 3 shows individual subject data from

the ketamine study. Four animals (E2, E13, E5
and Z3) showed virtually no effects of keta-
mine until doses were reached that resulted in
a substantial percentage of omissions. Rat Z3
(middle left) was unaffected until the 5.6 mg/
kg dose of ketamine was reached at which
point most trials were omissions. Other rats
were less sensitive to ketamine. For Rat E2
(upper left) omissions were frequent at the
10.0 and 18.0 mg/kg doses, but responding
remained accurate when it occurred. Rats E13
and E5 (top and middle right) also began to
show effects only at the 10.0 mg/kg dose, but
in both cases nearly all trials were omissions at
this dose. Rat Y18 (bottom left) showed fewer
omissions even at the highest (18.0 mg/kg)
ketamine dose. There was a slight, albeit
inconsistent, drop in OST accuracy at the
10.0 mg/kg dose without a SDC decline, and a
further drop in OST accuracy at the 18.0 mg/
kg dose, but this drop was accompanied by a
highly variable SDC performance. Finally, Rat
E4 (bottom right) showed a clearly selective
effect of ketamine. Accuracy on the OST
dropped below control levels at the 10.0 mg/
kg and 18 mg/kg dose. Accuracy on SDC trials
was not affected at either dose and omissions
were rare at any dose. In sum, ketamine effects
were nonselective for most rats, but a weakly
selective effect was observed in Rat Y18 and a
strongly selective effect for Rat E4.

Methamphetamine
Percent correct after methamphetamine

injections are shown in Figure 4 and the out-
comes here were quite similar for all six rats.
In each subject, methamphetamine failed to
affect accuracy of responding on either OST
or SDC trials until doses were reached that
resulted in a high percentage of omissions.
No enhancement of accuracy was observed
on either OST or SDC trials at any dose; the
main effect observed was disruption of
responding.

Methamphetamine never really produced
an increase in errors in most rats, and even in
cases that did show a reduction in accuracy
(D2, W20 at 1.0 mg/kg), both SDC and OST
were affected and 40% or more of the trials
were omissions at this dose. The striking fea-
ture of these data was the increase in
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omissions at high doses in all six rats. Also of
note was that methamphetamine produced a
substantial number of omissions even at mod-
erate doses in most rats. For example, D2
failed to respond on over 10% of the trials at
the 0.1 mg/kg dose and both A11 and D2
omitted responding on over 10% of the trials
at the 0.3 mg/kg dose. In summary, metham-
phetamine did not produce selective effects at
any dose in any of the six rats.

Methylphenidate
The effects of methylphenidate were very

similar to those obtained with methampheta-
mine as is evident from Figure 5. Although
rats differed considerably in sensitivity to
methylphenidate, the general pattern was that
accuracy was affected only slightly and nonse-
lectively or not at all up through doses that
resulted in a high percentage of omissions.
No enhancement of either OST or SDC accu-
racy was obtained in any rat. Some decreases
in both OST and SDC accuracy were
observed, but generally these were either
quite variable (e.g., E2, W21 at 3.0 mg/kg) or
occurred only when doses that produced sub-
stantial omissions were reached. Rats X3 and
W22 were relatively sensitive to the disruptive
effects of MPD with X3 failing to respond on
over 75% of the trials at the 3.0 mg/kg dose
and W22 over 40% omissions at the 5.6 mg/
kg dose. Finally, rats W20 and W22 did show
some selective impairment of OST accuracy
(at the 5.6 mg/kg dose for W20 and the 10.0
mg/kg dose for W22), but unlike the selec-
tive effects noted with flunitrazepam, both
rats also omitted responses on more than
30% of the trials at these doses. As was noted
with methamphetamine, omitted responses
were observed even after low doses of methyl-
phenidate in several rats—particularly X3 and
W29. In sum, methylphenidate impaired OST
responding only at doses that also disrupted
SDC responding or (in the case of Rats W20
and W22) at doses that also produced fre-
quent response failures.

Observational Analyses
Although each drug produced a large num-

ber of omissions at moderate to high doses, it
was clear to the experimenters that the topog-
raphy of behavior on omission trials differed

as a function of drug. Video analysis was used
to develop a richer understanding of how each
drug was altering behavior. Some of the beha-
viors scored occurred at such a low rate that
data are not presented here (grooming, urina-
tion, defecation, and biting the cups). The
main outcomes are shown in Appendices A-D
and Figures 6 and 7. Under vehicle conditions,
rearing and visits to S+ without responding
were quite rare across all groups whereas visits
without responding to S− were relatively more
frequent. As Figure 6 clearly shows, methyl-
phenidate and methamphetamine increased
OST visits (both to S+ and S− lids) and rearing
in a dose-dependent fashion whereas these
measures were largely unaffected by ketamine
and flunitrazepam (Fig. 7). Inspection of
Appendices A-D confirms that the mean out-
comes shown in Figures 6 and 7 were gener-
ally representative of individual subject data.
One of the few exceptions was Rat W20 in the
methamphetamine study that showed an
increase in S− visits, but not rearing or S+ vis-
its. The other exception was Rat E2 that
showed some increase in S+ visits at the
10.0 mg/kg ketamine dose. It also should be
noted in Appendices A and B that at high
doses of both flunitrazepam and ketamine
most rats showed a decline in the number of S
− visits. This effect is not apparent in Figure 7
because the decreases in S− visits occurred in
some rats at doses not shown in the figures
(only doses to which all rats were exposed are
presented in the figures). Inspection of
Appendices A and B reveal that as higher
doses of ketamine and flunitrazepam were
reached, rats simply became inactive and visits
to all cups decreased. In sum, while all four
drugs in the present study produced response
failures at intermediate to high doses, the top-
ographical effects of the drugs were different.
Methamphetamine and methylphenidate
increased interim activities such as rearing and
visiting cups without lid removal, but ketamine
and flunitrazepam either had no effect or
reduced these activities.

Discussion

The present study demonstrated the feasibil-
ity of the OST as a baseline of interest in the
study of complex stimulus control. Rats were
trained to respond in this incrementing non-
match-to-sample procedure such that behavior
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was under the control of a progressively
increasing number of odor stimuli during
each session. Relatively high levels of accuracy
were obtained with up to 23 stimuli to remem-
ber in the present study. Importantly, a second
task involving a simple discrimination control
(SDC) with five odors not used in the OST
was included within each session without loss

of accuracy on either task. OST and SDC trials
were intermixed in the baseline and rats were
able to discriminate between the stimuli associ-
ated with each task and behave appropriately
by responding to the new odor on OST trials
and to the familiar S+ on SDC trials. Further,
the SDC condition provided an important
comparison with which to evaluate the nature
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of drug effects on behavior under complex
stimulus control. Stable baseline levels of accu-
racy on both tasks were obtained and main-
tained across well over 100 sessions in most
animals, making this procedure one that is

suitable for behavioral pharmacological
analysis.

All four drugs produced dose-dependent
reductions in span length, longest run, and
overall accuracy, but the nature of the effects
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was different across drugs. Methamphetamine
and methylphenidate decreased span length
and longest run at moderate to high doses,
but it would be a mistake to conclude that
these effects were related to within-session
remembering as they were not selective to the
OST. Rather, these same doses tended to
result in response omissions on both SDC and
OST trials and when an increase in errors was
noted, this was generally nonselective with
both OST and SDC accuracy impaired. This
point is of some importance because many
OST studies use only span length as the
dependent measure of interest and do not
include an SDC or comparable control condi-
tion (e.g., Rushforth et al., 2010; 2011). With-
out such controls drug effects may be
misattributed to within-session remembering
(working memory). There was little evidence
for selective impairment of within-session stim-
ulus control by methamphetamine or methyl-
phenidate in the present study.
The results from the ketamine study were

more complex, and provided evidence for a
selective effect on remembering only in two
rats. Although mean span length and longest
run declined sharply at the 10 mg/kg keta-
mine dose, three of the six rats (E5, E13 &
Z3) virtually stopped responding at that dose
and another (Rat E2) failed to respond on
over 1/3 of the trials. However, Rats E4 and
Y18 did not show impaired SDC accuracy or
frequent omissions at the 10 mg/kg ketamine
dose, and OST performance was impaired in
both. In the case of Rat E4, OST accuracy was
consistently below control levels at both
10 and 18 mg/kg doses. For Rat Y18, however,
the effect was less consistently selective.
In contrast, flunitrazepam produced selec-

tive impairments of OST performance in sev-
eral rats. Flunitrazepam reduced OST
accuracy without increasing omissions in all six
rats and robust effects were obtained at doses
with little or no effect on the SDC in three
rats, with less consistent selective effects
observed in two others. Also consistent with
the claim that flunitrazepam selectively
affected OST performance was the finding
that both span length and longest run were
disrupted even at the lowest flunitrazepam
doses that had little or no effect on accuracy
on SDC trials (with the exception of Rat A11).
It may be of importance that the rat which
failed to show selective effects of

flunitrazepam (Rat A11) on any measure also
showed the least accurate OST baseline levels
of any rat studied here. Perhaps the weak con-
trol under baseline conditions was the basis of
this rat’s heightened, but nonselective, sensitiv-
ity to flunitrazepam.

There is little previous research on psychos-
timulant drugs using the OST, but it is note-
worthy that neither methylphenidate nor
methamphetamine enhanced accuracy at any
dose. Amphetamines and methylphenidate
have a long history of use as treatments for
Attention-Deficit-Hyperactivity-Disorder with
the expectation that they enhance working
memory and attention. Generally, animal
research has not supported a role for either
drug in the enhancement of remembering.
For example, studies of methylphenidate and
amphetamines on delayed-matching-to-sample
performances have generally found only
delay-independent impairment (Baron,
Wright, & Wenger, 1998; Harper, Wisnewski,
Hunt, & Schenk, 2005; Wright & White,
2003). These results closely parallel the pres-
ent findings with multiple stimuli to remem-
ber in the OST—generally impairment that
was task-independent and often occurred at
relatively low doses was found. These findings
were also quite similar to a previous study
from our laboratory which found that MDMA
also produced only nonselective impairment
of responding with the OST/SDC procedure
(Hawkey, April, & Galizio, 2014). Although
none of the rats showed increased accuracy
after either methamphetamine or methyl-
phenidate, it must be noted that baseline
levels were high in both tasks and it is possi-
ble that a ceiling effect may have obscured
observation of enhancement. Supporting this
possibility was the finding that methampheta-
mine increased span and longest run in at
least one dose for four of the six rats tested
(see Appendix C). Perhaps these measures of
consecutive correct responses are more sensi-
tive to the performance- enhancing proper-
ties of stimulant drugs in this procedure.
However, the finding that ketamine also
increased span and longest run in several rats
at low doses and that methylphenidate gener-
ally failed to do so raises questions about
such an interpretation.

Perhaps the most surprising finding was the
failure of ketamine to consistently produce
selective OST impairment, because there is
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considerable evidence that OST performance
can be disrupted by NMDA antagonists. Using
procedures similar to those of the present
study, previous research has demonstrated that
the uncompetitive NMDA receptor antagonist
MK-801 (dizocilpine) and the competitive
NMDA antagonist CPP reduced OST accuracy
at doses which had no effect on SDC accuracy
(Davies et al., 2013; Galizio et al., 2013; Mac-
Queen et al., 2011). Other studies support an
important role of NMDA receptor activity in
OST performance. For example, central block-
ade of NMDA receptors in prefrontal cortex
(Davies et al., 2013) and subchronic exposure
to ketamine (Rushforth et al., 2011) have also
been shown to impair OST performances.
Although the present study is the first to look
at acute ketamine effects, based on the above
literature, we expected to see more consistent
evidence of disruption of OST by the noncom-
petitive NMDA antagonist ketamine. That said,
researchers using a variety of behavioral pre-
parations have found that NMDA antagonists
such as ketamine, MK-801, phencyclidine and
others do not always produce common behav-
ioral effects despite similar mechanisms of
action (e.g., Dix et al., 2010; Smith et al.,
2011). It is apparent that further research with
various compounds active at the NMDA recep-
tor will be important to determine its role in
within-session remembering (Bannerman
et al., 2006).
Flunitrazepam produced the most consist-

ent evidence for selective effects on OST per-
formance in the present study and this finding
is consistent with previous work showing
amnestic effects of benzodiazepine drugs
across a variety of procedures. There is only
one previous study of benzodiazepine effects
using the OST and it showed that chlordiaze-
poxide reduced span length at doses that did
not affect SDC or produce response omissions
(Galizio et al., 2013). However, in that study
the effects of chlordiazepoxide were relatively
weak, whereas the effects of flunitrazepam
were, at least in some rats, rather large. Inter-
estingly, these results closely parallel the find-
ings of Soto, Ator et al. (2013) in monkeys
where various positive GABAA modulators
impaired accuracy using the SSOS procedure
that also assesses remembering of multiple sti-
muli. It certainly appears that benzodiazepine
and related drugs warrant further exploration
in the OST, as well as related tasks that can

examine performance as a function of the
number of stimuli to remember.

Observational analysis of behaviors during
OST trials revealed some interesting features
both about the OST baseline and the drug
effects. Under baseline conditions, all rats
showed similar patterns of behavior character-
ized by multiple visits to S− comparisons and
virtually no visits to S+ (recall that visits were
defined as approach to within 1 cm of the stim-
ulus cup, but not removing the lid). First, the
rarity of S+ visits may provide an indication of
the nature of the stimulus control topography
of the OST. One type of stimulus control that
could develop in the OST would involve selec-
tion of the least familiar odor among the group
of five comparisons. If this were the case, then
presumably rats would visit each stimulus cup
before responding. However, in every experi-
ment, rats averaged about 1.5 S− cup visits per
trial in control sessions. This, coupled with a
virtual absence of S+ cup visits, argues against
the notion that stimulus control by relative
familiarity of the five comparisons was opera-
tive. Rather, it appears that the first time rats
approach S+ on a given trial, they are highly
likely to respond regardless of how many other
cups have been visited. This seems to indicate a
more absolute form of temporal control
(no response if odor has been smelled during
the current session, but respond if it has not).
One caveat regarding this conclusion is that vis-
its, as defined in the present analysis, may not
have been necessary for detection of some
odors. Given that there were five comparison
cups available (at least on OST Trials 5–24),
1.5 S− cup visits are fewer than would be
expected if S− cup visits were determined by
chance alone. This suggests that rats are able
to smell the odorants on at least some cups
from a distance of greater than 1 cm. Further
research and analysis of the topographical pat-
terns of behavior in the OST is needed to bet-
ter characterize the nature of the stimulus
control in this procedure (see also April,
Bruce, & Galizio, 2013; Branch, Galizio, &
Bruce, 2014, for related discussions).

The observational analyses also revealed some
interesting differences in drug effects. All four
drugs tended to produce response omissions at
higher doses, but the absence of operant
responding was accompanied by substantial dif-
ferences in other behaviors. Both psychostimu-
lant drugs produced dose-dependent increases
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in both S+ and S− visits as well as in rearing
behavior. Although rats were visiting more cups
at high doses of methamphetamine and methyl-
phenidate, these doses appeared to disrupt stim-
ulus control of operant responding by cup odor
and, as well, appear to have produced an
increase in general activity or perhaps adjunc-
tive behavior. In contrast, such effects were
rarely produced by ketamine or flunitrazepam.
Patterns of cup visits and rearing were unaf-
fected by either drug until doses that suppressed
overall activity were reached.
In summary, the OST appears to have poten-

tial value in the analysis of complex stimulus
control and the behavioral pharmacology of
remembering. Much remains to be learned
about the stimulus control topography that is
developed using this procedure and many drug
classes remain to be studied. The procedure
has the potential to combine interpolated
delay intervals with variations in the number of
stimuli to remember; such manipulations
might allow analysis of the ways in which com-
binations of these variables determine drug
effects. An obvious limitation of the OST is the
manual (and labor-intensive) nature of the
procedure, which requires special controls to
address the problems of potential control by
unauthorized odors and experimenter cuing.
The OST procedure could, in principle, be
automated using olfactometer technology
(Prichard, Panoz-Brown, Bruce, & Galizio,
2015; Slotnick, 2001) and future research
could exploit these techniques to enhance the
study of remembering multiple stimuli.
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Appendix B

Span, longest run, visits and rears in the
ketamine (KET) study.

Appendix A

Span, longest run, visits and rears in the
flunitrazepam (FLZ) study.

Table 3

Rat &
FLZ
Dose

Span
Length

Longest
Run

S−
Visits

S+
Visits-
OST Rears

Y16
VEH 8.79 11.86 1.55 0.00 0.04
0.1 3.25 7.50 1.69 0.00 0.05
0.18 2.67 8.33 1.92 0.00 0.03
0.3 0.67 4.00 1.76 0.00 0.07
1 2.00 4.33 1.58 0.00 0.04
3 0.00 3.00 0.00 0.00 0.00
Y17
VEH 8.71 12.71 1.73 0.01 0.14
0.1 5.00 8.33 1.57 0.13 0.79
0.18 4.33 8.67 1.88 0.11 0.32
0.3 0.33 6.67 1.82 0.06 0.12
1 0.67 7.00 1.73 0.01 0.17
1.8 0.00 6.00 0.40 0.00 0.00
Y2
VEH 8.79 11.86 1.18 0.00 0.04
0.1 0.33 6.00 1.13 0.00 0.00
0.18 0.33 4.33 1.67 0.00 0.00
0.3 0.33 4.33 1.17 0.00 0.01
1 0.67 2.67 1.65 0.01 0.00
1.8 0.00 4.00 1.58 0.00 0.00
A11
VEH 4.56 6.44 1.34 0.01 0.04
0.1 4.33 7.33 1.19 0.05 0.05
0.18 1.33 3.67 0.74 0.01 0.03
0.3 0.50 2.00 0.65 0.00 0.07
1 1.67 2.33 0.19 0.01 0.04
E1
VEH 6.33 12.75 1.60 0.06 0.37
0.1 4.00 7.00 1.20 0.00 0.16
0.18 5.67 8.00 1.26 0.00 0.21
0.3 3.50 5.75 1.03 0.01 0.20
1 3.50 7.25 0.65 0.00 0.04
3 0.00 2.00 0.90 0.02 0.09
F16
VEH 8.50 11.17 1.28 0.02 0.11
0.1 10.00 10.00 1.37 0.01 0.22
0.18 3.33 5.33 1.34 0.00 0.09
0.3 3.67 8.00 1.57 0.00 0.00
1 1.00 1.50 0.65 0.00 0.09

Table 4

Rat &
KET
Dose

Span
Length

Longest
Run

S−
Visits

S+
Visits Rears

E13
SAL 9.40 17.80 1.28 0.00 0.02
0.3 19.50 19.50 1.33 0.00 0.02
1 14.00 18.00 1.31 0.00 0.02
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Appendix C

Span, longest run, visits and rears in the
methamphetamine (METH) study.

Appendix D

Span, longest run, visits and rears in the
methylphenidate (MPD) study.

Table 4

Continued

Rat &
KET
Dose

Span
Length

Longest
Run

S−
Visits

S+
Visits Rears

3 9.33 13.33 1.31 0.00 0.00
5.6 0.33 17.33 1.31 0.02 0.00
10 0.33 3.00 * * *
E5
SAL 9.43 13.57 1.32 0.00 0.02
0.3 9.25 12.50 0.84 0.02 0.15
1 1.67 16.67 1.21 0.00 0.13
3 0.67 15.00 0.88 0.00 0.04
5.6 10.00 13.33 1.17 0.00 0.00
10 0.00 0.00 0.00 0.00 0.00
Y18
SAL 7.06 10.35 2.10 0.04 0.61
0.3 7.75 12.00 1.98 0.04 0.42
1 7.33 9.67 1.64 0.08 0.14
3 7.25 11.00 1.79 0.00 0.13
5.6 4.25 9.75 1.51 0.07 0.17
10 4.67 10.00 1.65 0.09 0.06
18 0.00 7.00 1.29 0.00 0.02
Z3
SAL 2.44 7.33 1.75 0.00 0.17
0.3 4.67 9.67 1.49 0.03 0.51
1 5.00 6.67 1.73 0.00 0.27
3 6.33 13.33 1.38 0.00 0.13
5.6 10.00 10.00 1.23 0.00 0.04
10 0.00 0.00 0.00 0.33 0.33
E4
SAL 14.00 14.33 1.36 0.01 0.00
0.3 14.00 16.5 1.11 0.00 0.00
1 7.50 11.00 1.46 0.00 0.00
3 14.00 14.00 1.46 0.00 0.00
5.6 14.50 14.50 1.06 0.02 0.00
10 2.50 7.50 1.19 0.04 0.00
18 0.50 7.50 1.34 0.11 0.00
E2
SAL 9.25 12.13 1.62 0.03 0.30
0.3 14.00 18.67 1.42 0.00 0.15
1 1.25 16.75 1.33 0.02 0.23
3 7.67 12.33 1.86 0.04 0.17
5.6 3.33 10.33 1.42 0.10 0.00
10 0.25 6.25 1.41 0.61 0.00
18 0.00 8.00 1.08 0.00 0.00

*no video available

Table 5

Rat &
METH
Dose

Span
Length

Longest
Run

OST
Visits

S+
Visits-
OST Rears

W22
SAL 9.00 12.44 1.73 0.04 0.00
0.1 9.00 12.75 1.66 0.12 0.00
0.3 5.50 12.25 2.02 0.35 0.00

Table 5

Continued

Rat &
METH
Dose

Span
Length

Longest
Run

OST
Visits

S+
Visits-
OST Rears

0.56 0.75 11.25 2.71 0.51 0.00
1 3.33 12.67 4.32 1.15 0.11
3 0.00 0.00 0.00 3.33 0.00
W20
SAL 9.56 15.22 1.45 0.04 0.09
0.03 7.00 16.67 1.28 0.00 0.03
0.1 10.00 10.67 1.50 0.00 0.05
0.3 4.67 16.00 1.39 0.25 0.48
0.56 8.33 16.00 1.89 0.22 0.93
1 1.00 5.67 2.92 1.15 9.15
3 0.00 0.00 2.33 3.00 17.00
Z12
SAL 7.00 13.50 1.52 0.01 0.04
0.03 15.67 15.67 1.37 0.00 0.04
0.1 10.33 17.00 1.37 0.00 0.04
0.3 20.00 20.00 1.27 0.00 0.01
0.56 9.33 13.67 1.58 0.03 0.00
1 2.67 11.00 1.70 0.03 0.01
3 0.00 1.00 0.80 0.20 0.00
Z3
SAL 3.89 7.67 1.56 0.05 0.30
0.03 1.50 8.75 1.65 0.07 0.33
0.1 5.33 8.67 1.32 0.00 0.50
0.3 5.75 15.00 2.22 0.12 0.73
0.56 0.50 12.00 2.22 0.15 0.99
1 0.50 5.50 3.04 0.93 5.09
3 0.00 0.00 2.67 3.00 5.33
A11
SAL 5.47 8.47 1.40 0.01 0.06
0.1 4.33 7 4.59 0.02 0.00
0.3 3.33 8.33 2.65 0.36 1.48
0.56 6.67 7.33 1.33 0.04 0.26
1 1.25 4.00 3.64 1.20 5.60
3 0.00 0.00 * * *
D2
SAL 10.78 13.61 1.49 0.06 0.28
0.03 3.00 11.00 1.33 0.00 0.17
0.1 9.50 10.25 1.43 0.08 0.34
0.3 0.00 13.50 2.02 0.50 0.80
0.56 3.75 11.00 2.46 0.40 1.02
1 0.00 5.00 3.15 3.51 1.39
3 0.00 0.00 4.30 2.67 11.30

*no video available

Table 6

Rat &
MPD
Dose

Span
Length

Longest
Run

S−
Visits

S+
Visits Rears

W22
SAL 8.64 15.36 1.85 0.01 0.20
1 6.00 9.00 2.23 0.00 0.23
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Appendix E

Mean percent correct and standard deviation
on baseline sessions during each of the drug

studies.

Table 6

Continued

Rat &
MPD
Dose

Span
Length

Longest
Run

S−
Visits

S+
Visits Rears

1.8 6.33 13.00 2.13 1.14 0.33
3 8.00 14.33 2.15 0.19 0.08
5.6 2.00 4.00 1.73 4.00 3.10
10 0.00 0.00 2.79 2.00 2.79
18 0.00 0.00 1.83 5.00 9.67
W29
SAL 15.20 19.70 1.36 0.00 0.15
1 15.33 15.67 2.64 1.22 6.07
1.8 7.00 12.50 2.32 0.36 4.18
3 14.33 14.33 3.19 1.15 7.04
5.6 8.67 8.67 2.71 1.37 11.01
10 12.00 12.00 2.03 1.59 10.75
18 3.00 3.00 2.70 1.04 12.40
X3
SAL 19.00 19.22 1.33 0.01 0.09
1 11.25 19.00 1.82 0.19 0.32
1.8 4.00 7.60 2.71 0.57 1.59
3 1.00 3.00 2.79 2.13 4.97
10 0.00 0.00 2.33 1.33 7.00
W21
SAL 7.40 12.80 1.68 0.01 0.01
1 5.33 14.00 0.50 0.00 0.00
3 7.75 10.50 3.54 0.19 0.99
10 0.00 0.00 1.00 2.00 8.50
W20
SAL 13.09 15.45 1.37 0.00 0.09
1 7.25 11.50 1.13 0.17 0.21
1.8 6.67 13.67 1.92 0.21 0.06
3 14.33 15.67 1.79 0.17 0.02
5.6 6.67 9.67 1.96 1.29 3.82
10 3.33 6.00 2.80 0.79 5.67
18 0.00 0.00 0.42 1.70 15.20
E2
SAL 14.00 15.40 1.36 0.01 0.08
1 7.50 10.00 1.40 0.02 0.02
3 5.50 10.75 2.43 0.46 1.15
10 0.00 4.00 4.52 0.25 2.70

Table 7

Ketamine
Rat # OST SDC

E2 89.1 (7.2) 96.9 (6.6)
Y18 85.4 (5.3) 97.3 (6.2)
Z3 83.9 (7.6) 75.1 (4.4)
E5 88.0 (5.8) 100.0 (0)
E13 97.2 (3.7) 92.2 (10.7)
E4 88.3 (8.5) 98.3 (5.3)

Flunitrazepam
Rat # OST SDC

Y17 83.3 (8.7) 94.7 (9.7)
Y16 89.7 (5.4) 95.6 (7.5)
Y2 83.6 (6.6) 89.8 (13)
A11 77.5 (11.6) 94.1 (10.1)
E1 86.5 (5.9) 98.8 (4.4)
F16 77.3 (8.2) 87.8 (11.7)

Methamphetamine
Rat # OST SDC

W22 88.3 (6.6) 98.8 (4.4)
W20 92.4 (5.3) 96.9 (6.7)
Z3 80.1 (8.4) 96.2 (8.5)
Z12 87.9 (7.5) 95.7 (7.4)
A11 78.8 (9.2) 93.6 (8.4)
D2 91.5 (4.6) 95.8 (9.2)

Methylphenidate
Rat # OST SDC

W22 89.8 (5.9) 93.8 (10.8)
W29 95.8 (4.7) 100.0 (0)
X3 94.1 (4.9) 100.0 (0)
W21 91.0 (6.9) 96.7 (8.7)
W20 92.5 (6.0) 99.1 (3.8)
E2 92.8 (6.2) 98.6 (4.9)
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