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Brief Communication

Inactivation of medial prefrontal cortex or acute
stress impairs odor span in rats

Don A. Davies,' 2 Joel |. Molder,'"? Quentin Greba,' and John G. Howland'-3

"Department of Physiology, University of Saskatchewan, Saskatoon, Saskatchewan, Canada S7N 5ES

The capacity of working memory is limited and is altered in brain disorders including schizophrenia. In rodent working
memory tasks, capacity is typically not measured (at least not explicitly). One task that does measure working memory
capacity is the odor span task (OST) developed by Dudchenko and colleagues. In separate experiments, the effects of
medial prefrontal cortex (mPFC) inactivation or acute stress on the OST were assessed in rats. Inactivation of the mPFC pro-
foundly impaired odor span without affecting olfactory sensitivity. Acute stress also significantly reduced odor span. These
findings support a potential role of the OST in developing novel therapeutics for disorders characterized by impaired

working memory capacity.

Working memory, a type of short-term memory for storage and
manipulation of information necessary for higher order cogni-
tion (Goldman-Rakic 1996; Baddeley 2003; D’Esposito 2007), is
impaired in numerous brain-related disorders including schizo-
phrenia (Barch et al. 2009). Thus, preclinical research using the ap-
propriate tasks to measure working memory in rodents may lead to
improved therapeutics for these disorders (Dudchenko et al. 2012).
In the case of schizophrenia, working memory capacity is de-
creased (Chey et al. 2002; Gold et al. 2010) and the Cognitive
Neuroscience Treatment Research to Improve Cognition in
Schizophrenia (CNTRICS) group has identified capacity as a com-
ponent of working memory requiring more basic research before
being included in the translational battery (Barch and Smith
2008; Dudchenko et al. 2012).

In rodents, span tasks (Dudchenko et al. 2000; Young et al.
2007; Cuietal. 2011) are argued to offer the best potential for mea-
suring working memory capacity in translational models of schiz-
ophrenia (Dudchenko et al. 2012). In rats, odor span tasks (OST)
involve a modified serial delayed nonmatch to sample procedure
to receive food reward by either digging in small bowls filled
with scented sand (Fig. 1A; Dudchenko et al. 2000; Rushforth
et al. 2010, 2011) or displacing scented lids on bowls (MacQueen
etal. 2011; Galizio et al. 2013). Bowls are added one at a time dur-
ing a “span” and the novel bowl must be chosen for a reward to be
received. Systemically administered nicotinic receptor agonists in-
crease odor span (Rushforth et al. 2010) while the NMDA receptor
antagonist dizocilpine (MK-801) and GABA-A modulator chlordi-
azepoxide selectively impair performance of the OST (MacQueen
etal. 2011; Galizio et al. 2013). Rats that were administered a sub-
chronic regime of ketamine, to model schizophrenia symptoms,
are also impaired on the OST, an effect prevented by nicotine
(Rushforth et al. 2011).

Research regarding the neural substrates involved in the OST
is scarce. Previous research indicates that the OST does not depend
on the hippocampus, although a variant involving spatial cues
does (Dudchenko et al. 2000). As some researchers have speculated
that the OST depends on the prefrontal cortex (PFC) (Dudchenko
etal. 2012), the first goal of the present study was to assess the role

’These authors contributed equally to this work.

3Corresponding author

E-mail john.howland@usask.ca

Article is online at http://www.learnmem.org/cgi/doi/10.1101/Im.032243.113.

20:665-669; Published by Cold Spring Harbor Laboratory Press
ISSN 1549-5485/13; www.learnmem.org

of the PFC in the OST in rats. The medial PFC (mPFC) is involved in
working memory in rodents (Kolb 1990; Seamans et al. 1995;
Floresco et al. 1997; Aujla and Beninger 2001; Holmes and
Wellman 2009), although the tasks used in these experiments do
not directly measure working memory capacity (Dudchenko
2004; Dudchenko et al. 2012). In humans, the role of the PFC in
span tasks is controversial (D’Esposito and Postle 1999; Bor et al.
2006). Given these findings, we assessed the effect of temporary in-
activation of the mPFC (McFarland and Kalivas 2001; St. Onge and
Floresco 2010) on the OST in male rats. We also conducted a test of
odor sensitivity (Witt et al. 2009; Malkova et al. 2012) following in-
activation of the mPFC as odor sensitive neurons are found in the
prelimbic and infralimbic subregions (Nikaido and Nakashima
2011). In rodents, acute stress impairs working memory likely via
alterations in mPFC function (Diamond et al. 1996; Arnsten
2009; Holmes and Wellman 2009; Butts et al. 2011; Devilbiss
et al. 2012). To date, studies have not assessed the effects of acute
stress on working memory capacity per se, as measured by the
OST. Therefore, the second objective of the present experiments
was to test the effects of acute restraint stress (MacDougall and
Howland 2012) on the OST.

Three separate groups of adult male Long-Evans rats (220—
380 g; Charles River, Quebec) were used. Rats were pair housed
in a colony room with a 12-h light-dark cycle (lights on at
07:00) with ad libitum access to food and water for 1 wk. Rats in
the OST experiments were subsequently individually housed
and food restricted to maintain 85% of their free feeding weight.
The experimenter testing the rats was blind to the treatment status
of the rats. Rats in the OST and odor sensitivity experiments had
cannulae implanted bilaterally in mPFC (AP +2.60 mm, ML
+0.70 mm, DV —3.60 mm, flat skull) using standard procedures
(Cazakotf and Howland 2011) and were permitted at least 7 d to
recover. Rats were handled for 3 d before testing. Placements of
the infusion needles were obtained postmortem using conven-
tional methods (Cazakoff and Howland 2011) with the aid of a
rat brain atlas (Paxinos and Watson 1997). All experiments were
conducted in accordance with the standards of the Canadian
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Figure 1. Effects of medial prefrontal cortex (mPFC) inactivation on
odor span capacity in rats. (A) Schematic of the apparatus and procedure
for the odor span task (see text for details; schematic based on Dudchenko
et al. 2000, 2012). Odors are denoted with letters. On subsequent trials,
the bowl (black circle) containing novel odor is rewarded (+) while the
other stimuli are not rewarded (—). Rats are tested on a series of trials
until an error is made. The number of bowls on the platform when an
error is made minus one is recorded as the span. Note that a given odor
is moved to a different position on the platform for each trial so that
spatial cues cannot be used to solve the task. (B) Placements (black
dots) of the infusion needle tips for rats in the mPFC inactivation and
odor span experiment (n = 13). Infusion sites were located in both the
prelimbic and infralimbic areas of the mPFC and impinged on the
dorsal peduncular cortex in four subjects. The distance each plate is ante-
rior to bregma is indicated in millimeters. (C) Mean (+ standard error of
the mean) odor spans during the 7 d of training immediately prior to
testing for rats in the mPFC inactivation experiment. (D) Mean spans for
the rats following each treatment of the mPFC inactivation experiment.
Musc/baclo refers to the muscimol /baclofen treatment to temporarily in-
activate the mPFC. (E) Correlation between spans and latencies to the first
choice in the olfactory span task for rats treated with muscimol/baclofen.
(*) Indicates a significant difference from all other groups (P < 0.05).

Council on Animal Care and were approved by the University of
Saskatchewan Animal Research Ethics Board.

Methods for the OST (Fig. 1A) closely followed those de-
scribed by Dudchenko et al. (2000). A black corrugated plastic
platform (91.5 cm?, 2.5-cm border, 95 ¢cm above the floor) sur-
rounded by an off-white curtain was used. Odors (0.5 g of dried
spice; allspice, anise seed, basil, caraway, celery seed, cinnamon,
cloves [0.1 g], cocoa, coffee, cumin, dill, fennel seed, garlic, ginger,
lemon and herb, marjoram, mustard powder, nutmeg, onion
powder, orange, oregano, paprika, sage, and thyme) were mixed
in Premium Play Sand (100 g; Quikrete Cement Products) and
placed in white porcelain bowls (4.5 cm in height, 9 cm in diam-
eter). The bowls were randomly placed in one of 24 equally spaced
locations along the perimeter of the platform marked with Velcro.

Initially, rats were shaped to dig for a cereal reward (Kellogg’s
Froot Loops) in a bowl filled with 100 g of unscented sand. Rats
were trained until they would reliably dig for the reward regardless
of bowl placement on the platform (~1 wk). Rats were then
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trained on the nonmatching to sample task (NMS). In the sample
phase of a trial, the subject was presented with a bowl of scented
sand randomly located on the platform. After the subject dug
and retrieved the reward, it was removed from the platform and
placed behind the curtain. The experimenter then moved the
bowl to the opposite side of the platform and added a second
bowl with a different odor to the platform that contained a re-
ward. In the choice phase, the subject was placed on the platform
opposite both bowls and allowed to freely sample them. A choice
was scored when the subject dug or placed its paws or nose on the
sand. An error was scored if the rats chose the previous odor. The
subjects were given six NMS trials daily until the novel odor was
selected on five of the six trials for 3 d. Subsequently, rats were
trained on the OST. Trials were run as described for the NMS
task except that bowls containing novel odors (for that trial)
were added until the rat made an error (i.e., dug in any of the
bowls except the new one). The previously presented bowls were
randomly moved before each novel bowl was added to the plat-
form. The span for a given trial was scored as the number of
odor bowls correctly chosen minus one. During training, three
or four rats were transported to the testing room together. Each
rat performed three spans per day with a break between spans
while the other rats were tested. The average of the three spans
is reported. Once performance was stable (7-15 d of training),
the effects of mPFC inactivation or acute stress on span were as-
sessed using a within subjects design (see below). On test days,
rats were tested on three spans consecutively or for 30 min. To
confirm that the subjects were using odor to solve the task, two
probe sessions were conducted. The first probe session assessed
if the scent of the reward guided choice by omitting the reward
from all bowls on a trial. When the subject made a correct choice,
a food reward was dropped on top of the sand. The second probe
tested if the subjects marked the bowls when they sampled them
by replacing all the bowls with new ones containing new, scented
sand. Performance of the rats did not deteriorate during either of
these probe sessions (data not shown).

In the mPFC inactivation experiment, rats were tested on the
OST 15 min following three treatments in a counterbalanced or-
der: sham infusions, PBS infusions, and mPFC inactivation using
a combination of the GABA receptor agonists muscimol
(Sigma-Aldrich Canada) and baclofen (Sigma-Aldrich Canada)
(McFarland and Kalivas 2001; St. Onge and Floresco 2010). The
drugs were dissolved separately in PBS (500 ng/uL) and mixed to-
gether. Rats were habituated to the infusion process as described
previously (Cazakoff and Howland 2011) and trained for at least
2 d between treatments. Infusions (0.5 pL in 1 min via a PHD
2000 infusion pump, Harvard Apparatus) were performed by in-
serting custom-made needles (30-gauge stainless steel tubing and
PE-50 tubing) 1 mm past the end of the cannulae. In the sham con-
dition, shorter needles were used that did not exit the cannulae
and no solution was delivered. The infusion needles were left in
position for an additional minute after the infusion to allow for
diffusion.

Figure 1B shows the infusion sites of the rats in the mPFC le-
sion and OST experiment. Figure 1C displays the average span for
the 7 d immediately before the first infusions. A relatively stable
span of about seven odors was achieved, as reported previously
(Dudchenko et al. 2000; Rushforth et al. 2010, 2011). Figure 1D
shows the effects of sham, PBS, or muscimol/baclofen infusions
on odor span. A dramatic and significant reduction in span was
observed in rats following muscimol/baclofen infusions into the
mPFC compared to the other treatments. A repeated measures
ANOVA reveals a significant main effect of treatment (F(324) =
24.32, P < 0.001); post-hoc analyses (Newman-Keuls) indicated
that the muscimol/baclofen treatment resulted in significantly
lower spans than the other two groups (P < 0.05). The day after
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Figure 2. Effects of medial prefrontal cortex (mPFC) inactivation on ol-
factory sensitivity in rats. (A) Placements (black stars) of the infusion
needle tips for rats in the medial prefrontal cortex (mPFC) inactivation
and olfactory sensitivity experiment (n = 6). The distance each plate is an-
terior to bregma is indicated in millimeters. (B) Mean (+ standard error of
the mean) preference for the scented bowl compared to the unscented
bowl. Musc/baclo refers to the muscimol/baclofen treatment to tempo-
rarily inactivate the mPFC. (C) Mean latency for the rats to explore the
first bowl according to treatment.

treatment, spans recovered in all rats (mean span, 8.00 £ 1.4). The
latency for subjects to dig in the first bowl was greater for rats fol-
lowing mPFC inactivation (57.31 £+ 21.0 sec) than the other two
treatments (sham, 2.88 £ 0.6 sec; PBS, 1.92 + 0.2 sec, F 04 =
8.11, P =0.002; Newman-Keuls post hoc, P < 0.05). Inspection
of the latency data following mPFC inactivation (Fig. 1E) revealed
a bimodal distribution, with some rats (n = 6) displaying long la-
tencies (>50 sec) and others (n = 7) displaying latencies similar to
those following sham and PBS treatments. A correlation per-
formed on latency vs. span length revealed no relationship be-
tween the latency for rats to make a choice and span length (r =
0.11, P=0.73) (Fig. 1E).

The olfactory sensitivity test was used to detect deterioration
of olfactory function following mPFC inactivation (Witt et al.
2009; Malkova et al. 2012). Testing occurred in a 40-cm x
40-cm x 60-cm (height) white corrugated plastic open field. Two
bowls containing 100 g of sand were used for each trial; one was
unscented and the other was scented with 0.5 g of a randomly
chosen odor. A separate group of rats (n = 6) was infused with ei-
ther PBS or the GABA agonists and individually placed in the
empty open field for 15 min. The bowls were then placed in
opposite corners of the box and the behavior of the rats was record-
ed for 3 min. All rats were tested once in the PBS condition and
once in the GABA agonist condition with 1 wk between the two
tests (order was counterbalanced). Latency to approach the first
bowl and total exploration time of each bowl was scored in a man-
ner similar to object exploration using stopwatches (Cazakoff and
Howland 2011).

Figure 2A shows the placements of the infusions for the rats
tested in the olfactory sensitivity test. Rats spent significantly
more time exploring the scented bowl than the unscented bowl,
irrespective of treatment condition (one-sample t-test vs. O or
equal exploration of the bowls; PBS, ¢, = 3.64, P = 0.015; musci-
mol/baclofen, ts, = 3.32, P = 0.021) (Fig. 2B). Treatment did not

Www.learnmeonrg

significantly affect the preference of the rats for the scented bowl
(paired t-test, ts) = —0.20, P = 0.85). Furthermore, there was no
significant difference as a result of treatment in the amount of
time spent exploring either the scented bowl (PBS=5.61 +1.0
sec, muscimol/baclofen =7.47 £ 0.9 sec). In this experiment,
mPFC inactivation had no effect on latency in this test of sponta-
neous olfactory-related behavior (paired t-test, fs)=0.68, P =
0.53) (Fig. 2C).

The effects of acute stress on the OST were tested in a third
experiment. Figure 3A shows the mean span of the rats during
the 7 d preceding acute stress. Acute stress was achieved by immo-
bilizing rats in a Plexiglas restraint tube (544-RR, Fisher Scientific)
in a brightly lit novel room for 30 min (MacDougall and Howland
2012). All rats were transported from the room where stress was
administered to the room for the OST and span testing began
shortly afterward. Acute stress significantly reduced span when
compared to either the day prior or the day after stress (repeated
measures ANOVA, F(y 15y = 4.44, P = 0.036; Newman-Keuls post
hoc, P < 0.05) (Fig. 3B).

The present study yielded a series of novel results. Our first ex-
periment demonstrates that inactivation of the mPFC impairs per-
formance of the OST (Fig. 1). Rats tested in our laboratory
displayed similar acquisition rates and mean spans to those in pre-
vious reports that have used the version of the OST that requires
the rats to dig in sand-filled bowls (Dudchenko et al. 2000;
Rushforth et al. 2010, 2011). The involvement of the mPFC has
been reported for a variety of working memory tasks (Holmes
and Wellman 2009) including delayed alternation (Kolb 1990;
Baeg et al. 2003) and the delayed win-shift task on the radial arm
maze (Seamans et al. 1995, 1998; Floresco et al. 1997; Aujla and
Beninger 2001; Lapish et al. 2008), although these tasks do not spe-
cifically measure working memory capacity as the OST does.
Working memory capacity is a complex cognitive construct that
is incompletely understood (Barch and Smith 2008; Dudchenko
et al. 2012) but requires appropriate allocation of attentional re-
sources (Leonard et al. 2013). Rats with mPFC lesions are severely
impaired on tasks which measure attention such as the five-choice
serial reaction time task (Chudasama and Robbins 2004) raising
the possibility that an attentional impairment may underlie the re-
duction in span capacity observed. However, working memory im-
pairments following mPFC lesions have also been proposed to
result from impaired inhibitory response control (Holmes and
Wellman 2009).

Inactivation of the mPFC dramatically increased the latency
of six out of 13 rats to dig in the first bowl (Fig. 1E). While a nonse-
lective effect of the infusion on brain function may have increased
thelatency, thisis unlikely as latency was unaffected following PBS
infusions in the OST or the olfactory sensitivity test following
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Figure 3. Effects of acute stress on odor span capacity in rats. (A) Mean
(+ standard error of the mean) odor spans during the 7 d of training im-
mediately prior to testing for rats in the acute stress and odor span exper-
iment (n = 7). (B) Mean spans for the day before stress, day of stress, and
day after stress. (*) Indicates a significant difference from all other groups
(P<0.05).
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infusions of either PBS or the GABA receptor agonists (Fig. 2B). Itis
worth noting that the rats tested in the OST were subjected to a ste-
reotyped training schedule for days before their infusions while
rats in the olfactory sensitivity test were not. In previous reports us-
ing other maze tasks that require significant training, mPFC inac-
tivations did not affect response latencies (Floresco et al. 1997),
although in operant-based tasks, increases in latencies have been
observed (St. Onge and Floresco 2010). Latency was not correlated
with performance of the OST (Fig. 1E); thus, it is unlikely that this
was a critical determinant of the results obtained. Given that odor
sensitive neurons are found in the mPFC (Nikaido and Nakashima
2011), another possible explanation for the dramatically reduced
span observed is that rats were anosmic following mPFC inactiva-
tions. However, rats with mPFC inactivations performed normally
on the olfactory sensitivity test (Fig. 2B), consistent with results
demonstrating that olfactory recognition is intact in mice with le-
sions of the mPFC (Devito and Eichenbaum 2011).

Immediately following acute restraint stress, performance of
the OST was impaired, while 24 h after stress, mean spans returned
to levels similar to those before stress (Fig. 3B). These findings dem-
onstrate that performance of the OST, like other working memory
tasks (Diamond et al. 1996; Arnsten and Goldman-Rakic 1998;
Buttsetal. 2011; Devilbiss etal. 2012), is sensitive to the short-term
effects of acute stress. Acute stress causes rapid changes in the phys-
iology of mammals, including the release of catecholamines and
glucocorticoid hormones in a timeframe of minutes (Joels and
Baram 2009; Koolhaas et al. 2011) that aligns with the behavioral
effects observed on the OST. The actions of both catecholamines
(particularly dopamine) and glucocorticoids (corticosterone) in
the mPFC have been implicated in the disruptive effects of acute
stress on working memory (Arnsten 2009; Holmes and Wellman
2009; Butts et al. 2011). Thus, given that mPFC inactivation dis-
rupted performance on the OST, the neural substrates mediating
the effects of acute stress on the OST may include the mPFC.
These data are consistent with the growing literature showing
that acute stress impairs a range of executive functions mediated
by the mPFC (Holmes and Wellman 2009; Butts et al. 2013).
However, it should be noted that some aspects of executive func-
tioning, such as reversal learning, are facilitated by acute stress
(Graybeal et al. 2011; Thai et al. 2013).

The CNTRICS group has identified working memory capacity
as a construct requiring more basic research before being included
in the translational battery for drug development (Barch and
Smith 2008; Dudchenko et al. 2012). The results of the present
study contribute to this goal by demonstrating that memory ca-
pacity, as measured by the OST in rats, is sensitive to inactivation
of the mPFC and the short-term effects of acute stress. Future ex-
periments designed to assess the validity of putative cognitive en-
hancers for the brain disorders such as schizophrenia (Rushforth
et al. 2011) may benefit from including the OST in their test bat-
tery (Young et al. 2009; Dudchenko et al. 2012).
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