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Working memory (WM), the capacity for short-term storage of small quantities of information for immediate use, is

thought to depend on activity within the prefrontal cortex. Recent evidence indicates that the prefrontal neuronal activity

supporting WM is driven by thalamocortical connections arising in mediodorsal thalamus (mdThal). However, the role of

these connections has not been studied using olfactory stimuli leaving open the question of whether this circuit extends to

all sensory modalities. Additionally, manipulations of the mdThal in olfactory memory tasks have yielded mixed results. In

the present experiment, we investigated the role of connections between the rat medial prefrontal cortex (mPFC) and

mdThal in the odor span task (OST) using a pharmacological contralateral disconnection technique. Inactivation of

either the mPFC or mdThal alone both significantly impaired memory performance in the OST, replicating previous find-

ings with the mPFC and confirming that the mdThal plays an essential role in intact OST performance. Contralateral dis-

connection of the two structures impaired OST performance in support of the idea that the OST relies on mPFC-mdThal

connections, but ipsilateral control infusions also impaired performance, complicating this interpretation. We also per-

formed a detailed analysis of rats’ errors and foraging behavior and found a dissociation between mPFC and mdThal inac-

tivation conditions. Inactivation of the mdThal and mPFC caused a significant reduction in the number of approaches rats

made per odor, whereas only mdThal inactivation or mPFC-mdThal disconnection caused significant increases in choice

latency. Our results confirm that the mdThal is necessary for performance of the OST and that it may critically interact

with the mPFC to mediate OST performance. Additionally, we have provided evidence that the mPFC and mdThal play

dissociable roles in mediating foraging behavior.

Working memory (WM) is the ability to maintain small amounts
of information over a brief delay period for use and manipulation.
The prefrontal cortex (PFC), particularly the primate dorsolateral
and rodent medial (mPFC) prefrontal cortices, has been shown to
play a critical role in maintaining WM information over a delay
period (Kamigaki and Dan 2017). The physiological mechanism
by which prefrontal neurons maintain stimulus representations
over a delay is a contested issue (Stokes 2015; Silvanto 2017;
Lundqvist et al. 2018), but a large body of evidence has led to the
popular view is that the information held in WM is encoded in
the form of prefrontal activitymanifested either in persistent firing
of individual neurons (Fuster and Alexander 1971) or transient ac-
tivity of groups of neurons that collectively “tile” the delay period
(Constantinidis et al. 2018).

In addition to cortical contributions to WM function, recent
work has begun to highlight the critical role played by subcortical
structures. The mediodorsal thalamus (mdThal) plays a significant
role in learning and memory (Mitchell and Chakraborty 2013;
Mitchell 2015; Parnaudeau et al. 2018) and has connections with
the PFC that also play an important role in learning and memory
(Mitchell 2015; Alcaraz et al. 2016). Deficits in these connections
are also present in psychiatric disorders. For instance, functional

connectivity between the PFC and thalamus, as well asWMperfor-
mance (Lee and Park 2005), is reduced in people with schizophre-
nia (Minzenberg et al. 2009). However, the role of the mdThal in
WM has been historically controversial (Wolff et al. 2015) with
some studies showing minimal effects of mdThal lesions on WM
(Zhang et al. 1998; Alexinsky 2001), only transient impairments
(Mumby et al. 1993), and impairments that could have resulted
fromdamage to adjacent thalamic nuclei (Young et al. 1996), dem-
onstrating that the mdThal may be only be selectively involved in
certain tasks or non-WM aspects of task performance (Wolff et al.
2015).

Several recent and prominent studies have demonstrated
that WM performance as well as persistent activity during WM
is supported by thalamocortical loops between the PFC and
mdThal (Floresco et al. 1999; Parnaudeau et al. 2013; Bolkan
et al. 2017; Bray 2017; Guo et al. 2017; Schmitt et al. 2017).
Bolkan et al. (2017) optogenetically inhibited projections from
the mdThal to the mPFC of mice during a delayed non-
match-to-sample (DNMTS) t-maze task and found that spatial
WM was impaired when these connections were inhibited
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specifically during the delay period. Schmitt et al. (2017) optoge-
netically inhibited mdThal projections to the mPFC during a task
in which mice were required to use an auditory cue presented
before a delay to use one of two “rules” to select either a visual
or auditory stimulus for a reward. Optogenetic inhibition of
the mdThal during the delay period impaired performance
in addition to dampening rule-selective responses in the PFC.
Collectively, these recent studies convincingly show a role for
mdThal projections to the mPFC in maintaining WM representa-
tions over a delay. However, no study has yet examined the role of
PFC-thalamus connections in an olfactory WM task.

The odor span task (OST) is an incrementing DNMTS task
with olfactory stimuli which is used in rodents to measure olfacto-
ry WM capacity (Davies et al. 2013a,b; Dudchenko et al. 2000,
2013; Scott et al. 2018). Previous work in our laboratory has
shown that performance of the OST relies on the mPFC and dor-
somedial striatum (Davies et al. 2017a,b). We have also recently
found that delay period spiking of mPFC neurons is predictive
of WM performance in the OST (De Falco et al. 2019), showing
an involvement of delay period activity in the mPFC. However,
we found in a separate experiment that performance of the OST
is independent of the parietal cortex (Scott et al. 2018), in contrast
to ample previous research showing an important role for the PC
in WM. This result brings into question whether other circuits
well known to be involved in WMmight be unnecessary for olfac-
tory WM.

Moreover, there remains considerable doubt regarding exactly
how the mdThal itself participates in olfactory perception, learn-
ing, and memory. The mdThal receives olfactory projections
(Powell et al. 1965) and has been referred to as the “olfactory thal-
amus” (Courtiol andWilson 2015, 2016), but the precise role of the
mdThal in olfactory processing remains unclear (Courtiol and
Wilson 2015). Neurons in the mdThal show single-unit activity
and increased expression of c-Fos in response to olfactory stimuli
(Courtiol and Wilson 2014; Fredericksen et al. 2019) as well as
task-related activity during olfactory discrimination (Courtiol
and Wilson 2016). However, lesions targeting the mdThal do not
cause anosmia in rats (Eichenbaum et al. 1980), and studies assess-
ing the effects of mdThal lesions on odor discrimination have pro-
duced mixed findings in which impairments are typically seen in
more difficult odor discriminations, are more severe with larger le-
sions, and manifest as a slower learning curve which can be over-
come with intensive training (Eichenbaum et al. 1980; Staubli
et al. 1987; Slotnick and Risser 1990). With respect to the role of
the mdThal in olfactory learning and memory, lesions of the
mdThal impair odor reversal learning (Slotnick and Kaneko 1981;
Staubli et al. 1987; Slotnick and Risser 1990; McBride and
Slotnick 1997), but produce discrepant results in olfactory
DNMTS (Koger and Mair 1994; Zhang et al. 1998).

In light of the discordant literature regarding the role of the
mdThal in WM and in olfactory processing, it stands as an open
question whether performance of the OST relies on the
mdThal-mPFC circuit. In the present experiment, we sought to in-
vestigate the role of interactions between the mdThal and the
mPFC in rats during the OST. We examined the behavioral effects
of mPFC or mdThal inactivation alone, as well as connections
between the two structures. In order to test the role of
mdThal-mPFC connections, we used a contralateral disconnec-
tion technique which has been previously used to investigate
the roles of interareal connections while preserving partial
function in each targeted structure (Davies et al. 2017a).
Additionally, we performed a detailed analysis of rats’ errors and
foraging behavior in order to further distinguish the types of im-
pairments caused by disruption of each structure. To the best of
our knowledge, these types of behavioral analyses have not
been reported for the OST to date.

Results

Cannulae placements
All rats had infusion sites acceptably within themPFC andmdThal
(Fig. 1). Infusions in the mPFC mainly targeted the prelimbic area.
All rats had damage to the cortex overlying themPFC infusion sites
as well as damage to the cortex and dorsal hippocampus overlying
the mdThal.

Inactivation of the medial prefrontal cortex

Memory performance
Mean (±SEM) Span and Best Trial for mPFC inactivations are
shown in Figure 2A. A repeated measures one-way ANOVA con-
ducted on Mean Span between Sham performance, Saline, and
M/B revealed a significant main effect of Drug treatment (F(2,56) =
35.44, P<0.0001). Tukey-corrected multiple comparisons revealed
that Mean Span was significantly lower in the M/B condition than
in the Sham condition (P<0.0001) and the Saline condition (P<
0.01). Interestingly, saline-treated rats were significantly worse
than the Sham condition (P<0.005). A repeatedmeasures one-way
ANOVA conducted on Best Trial between Sham performance,
Saline, and M/B revealed a significant main effect of Drug treat-
ment (F(2,56) = 33.83, P<0.0001). Tukey-corrected multiple com-
parisons revealed that Mean Span was significantly lower in the

A

B

Figure 1. (A) Approximate locations of infusions into the mPFC. (B)
Approximate locations of infusions into the mdThal. Illustrations were
adapted from Paxinos and Watson (2006), with permission from Elsevier
2019.
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M/B condition than in the Sham condition (P<0.0001) and the
Saline condition (P<0.001). Best Trial in the Saline condition
was also significantly lower than in the Sham condition (P<0.01).

Error position and foraging effects
Mean (±SEM) Choice Latency, mean error position (mEP), percent-
age of total odor approaches to the error odor (%AppE), and average
approaches per odor (App/O) after Saline orM/B infusions into the
mPFC are shown in Figure 3. A dependent t-test revealed no signifi-
cant difference in Choice Latency between Saline and M/B infu-
sions (t(18) = 1.1, P=0.29). After filtering by exclusion criteria for
our error analysis, the sample size was n=18 for Saline and n=10
for M/B for the mEP and App/O analyses and, for the %AppE anal-
ysis, n=17 for Saline and n =10 for M/B. Independent t-tests re-
vealed no statistically significant differences between Saline and

M/B on mEP (t(26) = 0.59, P=0.56) or %AppE
(t(25) = 1.66, P=0.11). In contrast, mean App/O
was significantly lower in the M/B condition
than the Saline condition (t(26) = 3.06, P< .01), in-
dicating that in theM/B condition, rats made sig-
nificantly fewer approaches to each odor.

Inactivation of the mediodorsal thalamus

Memory performance
Mean (±SEM) Span and Best Trial are shown in
Figure 2B. A repeated measures one-way ANOVA
revealed a significant main effect of Drug treat-
ment (F(2,56) = 13.92, P<0.0005). Tukey-corrected
multiple comparisons revealed that Mean Span
was significantly lower in the M/B condition
than in the Saline (P<0.005) or Sham (P<
0.0001) conditions and the Saline and Sham con-
ditions were not significantly different (P=0.98).
A one-way repeated measures ANOVA revealed
a main effect for Best Trial (F(2,56) = 18.98, P<
0.0001). Tukey post hoc tests revealed that rats’
Best Trial in the M/B condition was significantly
lower than both the Saline condition (P<0.001)
and the Sham Infusion condition (P<0.0001)
while there was no difference between the
Saline and Sham Infusion conditions (P<0.84).

Error position and foraging effects
Mean (±SEM) Choice Latency, mEP, %AppE, and
App/O for mdThal inactivations are shown in
Figure 4. A dependent t-test on revealed that
rats had significantly higher Choice Latency in
the M/B condition than the Saline condition
(t(18) = 3.04, P<0.01). Due to this significant in-
crease inChoice Latency,we sought to determine
whether the impaired Mean Span may be related
to the increased latency. The relationship be-
tween Mean Span and Choice Latency is shown
in Figure 5A. Due to the fact that the distribution
of choice latencies following mdThal inacti-
vation violated normality (K2=7.51, P<0.05),
a Spearman correlation was conducted and re-
vealed that Mean Span was significantly nega-
tively correlated with Choice Latency (rs =
−0.57, P<0.05). After applying exclusion criteria
to the error analysis, the sample sizewas n=17 for
Saline and n=11 for M/B for the mEP analysis,
Saline=14 and M/B=11 for the %AppE analysis,
and Saline =19 and M/B=11 for the App/O anal-

ysis. Independent t-tests revealed no significant change in mEP
(t(26) = 1.86, P=0.07) or %AppE (t(23) = 1.74, P=0.09). The distribu-
tion of App/O following mdThal Saline infusions violated normal-
ity (K2=8.94, P<0.05), so a Mann–Whitney test was performed to
compare the Saline and M/B conditions and revealed that App/O
was significantly lower in the M/B condition (U=55, P<0.05), in-
dicating the rats made significantly fewer approaches per odor in
the M/B condition.

Contralateral disconnection of the medial prefrontal

cortex and mediodorsal thalamus

Memory performance
Mean (±SEM) Span and Best Trial for mPFC-mdThal disconnection
is shown in Figure 2C. One rat which had been included in the

B CA

Figure 2. (A) Mean (±SEM) Span and Best Trial after Sham, Saline, and after M/B infusions
into the mPFC. Infusions of M/B into the mPFC significantly impaired Mean Span and Best
Trial, replicating previous findings that the mPFC is critical for OST performance.
Interestingly, Saline infusions also caused a significant impairment relative to Sham infusions,
demonstrating that the Saline control is not, itself, entirely inert; (B) Mean (±SEM) Span and
Best Trial after Sham, Saline, and M/B infusions into the mdThal. Infusions of M/B into the
mdThal significantly reduced both Mean Span and Best Trial, demonstrating that the mdThal
is critical for intact OST performance. (C) Mean (±SEM) Span and Best Trial after Saline infusions,
Ipsilateral M/B infusions, or disconnection of the mPFC and mdThal. Disconnection caused a
significant impairment in both Mean Span and Best Trial, whereas Ipsilateral infusions caused
a significant impairment only in Mean Span relative to Saline, although both Mean Span and
Best Trial were impaired relative to Sham infusions. The results are not inconsistent with the in-
terpretation that mPFC-mdThal connections are necessary for the OST, but the impairment in
the Ipsilateral control condition means other explanations cannot be ruled out.
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previous analyses was excluded from analyses of memory perfor-
mance and foraging due to a lack of responding duringOST testing
following disconnection infusions. A repeated measures one-way
ANOVAconducted onMean Span revealed a significantmain effect
of Drug treatment (F(3,71) = 9.26, P<0.001). Tukey-corrected multi-
ple comparisons revealed thatMeanSpanwas significantly lower in
the Disconnection condition than in the Sham Infusion condition
(P<0.01) and the Saline condition (P<0.05). The Sham Infusion
and Saline conditions were not significantly different (P=0.99).
Additionally, the Ipsilateral Control had significantlyworse perfor-
mance than both the Sham Infusion (P<0.01) and Saline (P<0.05)
conditions. There was also no significant difference between the
Disconnection and Ipsilateral Control conditions (P= 0.99). A one-
way repeated measures ANOVA conducted on Best Trial revealed a
significant main effect for Best Trial (F(3,71) = 11.16, P<0.0001).
Tukey post hoc tests revealed that the Disconnection condition
was significantly impaired relative to Saline (P<0.01) and
Sham Infusion (P<0.001) conditions. The Sham Infusion and
Saline conditions were not significantly different (P>0.99).
Although Best Trial was significantly lower in the Ipsilateral
Control condition than the Sham Infusion condition (P< 0.05), it
was not significantly lower than the Saline condition (P=0.07) de-
spite a trend toward impairment. Finally, there was no significant
difference between the Disconnection and Ipsilateral Control con-
ditions (P=0.29).

Error position and foraging effects
Mean (±SEM) Choice Latency, mEP, %AppE, and App/O for
mPFC-mdThal disconnection are shown in Figure 6. The distribu-
tion of Choice Latency data violated normality in all conditions
(K2’s≥6.11, P’s<0.05), so a Friedman test was conducted to com-
pare latencies across conditions and produced a Friedman value
of 8.44 (P<0.05), indicating a significant change in Choice Laten-
cy. Dunn’s multiple comparisons revealed that Choice Latency
was only increased in the Disconnection condition relative to the
Saline condition (P<0.05) with no differences between Saline
and Ipsilateral (P=0.99) or Ipsilateral and Disconnection (P=
0.06). The relationship between Mean Span and Choice Latency
for the Disconnection condition is shown in Figure 5B. To deter-
mine whether Mean Span was correlated with Choice Latency in
theDisconnection condition, a Spearman correlationwas conduct-
ed and found no significant correlation (rs =−0.19, P=0.45). After
applying exclusion criteria to the error analysis, the sample size
was Saline =18, Disconnection=10, and Ipsilateral = 14 for the
mEP analysis, Saline=15, Disconnection=10, and Ipsilateral = 12
for the %AppE analysis, and Saline =18, Disconnection=10, and
Ipsilateral = 13 for the App/O analysis. One-way between subjects
ANOVAS revealed no significant main effects for mEP (F(2,41) =
0.46, P=0.64), %AppE (F(2,36) = 2.28, P=0.12), or App/O (F(2,40) =
1.47, P=0.24).

BA

DC

Figure 3. (A) Mean (±SEM) Choice Latency following infusions of Saline
or M/B into the mPFC. Rats’ Choice Latency was unaffected by mPFC in-
activation. (B) Mean (±SEM) mEP following infusions of Saline or M/B
into the mPFC. There was no shift in the mean error position caused by
mPFC inactivations. (C) Mean (±SEM) %AppE following infusions of
Saline or M/B into themPFC. Inactivation of the mPFC did not cause a stat-
istically significant change in the percentage of total odor approaches ac-
counted for by the error odor. (D) Mean (±SEM) App/O following infusions
of Saline or M/B into the mPFC. Inactivation of the mPFC caused rats to
make significantly fewer approaches per presented odor.

BA

DC

Figure 4. (A) Mean (±SEM) Choice Latency following infusions of Saline
or M/B into the mdThal. Inactivation of the mdThal caused a large and sig-
nificant increase in Choice Latency. (B) Mean (±SEM) mEP following infu-
sions of Saline or M/B into the mdThal. Inactivation of the mdThal caused
no significant change in mean error position. (C) Mean (±SEM)%AppE fol-
lowing infusions of Saline or M/B into the mdThal. Inactivation of the
mdThal caused no significant change in the percentage of total approach-
es accounted for by the error odor. (D) Mean (±SEM) App/O following in-
fusions of Saline or M/B into the mdThal. Inactivation of the mdThal
caused rats to make significantly fewer approaches per odor.
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Discussion

In the present experiment, we found that bilateral inactivation of
the mPFC or mdThal both produced severe impairments in mem-
ory capacity in the OST. The results replicate previous findings
from our laboratory involving mPFC inactivation (Davies et al.
2013a,b). We also provide the first finding, to our knowledge,
that the mdThal mediates OST performance, providing more evi-
dence for the uncertain role of the mdThal in WM and olfactory
processing (Courtiol and Wilson 2015; Wolff et al. 2015). OST
performance was also significantly impaired by contralateral dis-
connection of the mPFC and mdThal, but ipsilateral control infu-
sions also produced a similar impairment to disconnection. Thus,
the present results are more or less in line with previous research
demonstrating a role for this circuit in WM (Floresco et al. 1999;
Bolkan et al. 2017; Guo et al. 2017; Schmitt et al. 2017), but cannot
be conclusively explained as a result of disrupted mPFC-mdThal
connections. Additionally, we performed a detailed analysis of
rats’ foraging behavior and errors and revealed putative differences
in the respective roles of the mPFC and mdThal in mediating rats’
search strategies during the OST. Specifically, mPFC and mdThal
inactivations both significantly reduced the number of odor ap-
proaches rats made before making a choice, while only mdThal in-
activation and disconnection of the mdThal from the mPFC
caused a significant increase in Choice Latency. Neither contralat-
eral disconnection or ipsilateral control infusions had any signifi-
cant effects on errors or foraging.

The present results of mPFC inactivation in the OST replicate
previous findings from our laboratory (Davies et al. 2013b, 2017a)
as well as a large literature demonstrating the critical role of the
PFC in WM. Rats’ span capacity was significantly reduced follow-
ing infusions of M/B, confirming the finding that the mPFC is
critical for OST performance. We have previously demonstrated
that the impairment following mPFC inactivation is not due to
a loss of olfactory sensitivity (Davies et al. 2013b), meaning
that the present results are very unlikely to be the result of a def-
icit in olfactory perception. Additionally, we saw no change in la-
tency following mPFC inactivation. Our laboratory has found
that changes in latency are associated with larger infusion vol-
umes (Davies et al. 2013b) whereas smaller infusion volumes
like the one used presently do not increase latency (Davies
et al. 2017a). We did not manipulate the delay period in the
OST during this experiment, but previous research has produced
inconsistent findings with respect to the delay-dependence of
mPFC disruption-induced impairments with some authors find-
ing impairments at short/no delays (Joel et al. 1997; Davies

et al. 2017b) and others finding delay-dependent
effects (McAllister et al. 2013).

Interestingly, rats were impaired by both
Saline and M/B infusions into the mPFC relative
to preinfusion performance. We take this as evi-
dence that the mPFC is extremely sensitive to
any amount of manipulation including Saline in-
fusions. Our Saline was room temperature at the
time of infusion, meaning that it was not isother-
mic with the brain tissue into which it was being
infused and thus could have achieved some ther-
mal inactivation as a result (Lomber 1999).
Additionally, the insertion of steel infusion nee-
dles also causes minor tissue disruption as well
as aberrant neuronal activity and immediate early
gene expression (Gulbrandsen and Sutherland
2014). Thus, it should not be surprising that, in
a particularly vital and sensitive brain region, a
behavioral impairment can be elicited even from
a “control” infusion.

BA

Figure 5. (A) A scatterplot showing the relationship betweenMean Span and Choice Latency
following mdThal inactivation. Mean Span was significantly negatively correlated with Choice
Latency suggesting that the memory impairment following mdThal inactivation may be partly
explained by memory decay over increased latencies. (B) A scatterplot showing the relationship
between Mean Span and Choice Latency following disconnection of the mPFC and mdThal.
Mean Span and Choice Latency were not significantly correlated.

BA

DC

Figure 6. (A) Mean (±SEM) Choice Latency following disconnection of
the mPFC and mdThal. Choice Latency was significantly higher in the
Disconnection condition than in the Saline condition. (B) Mean (±SEM)
mEP following disconnection of the mPFC and mdThal. There was no
shift in the mean error position caused by disconnection of the two struc-
tures. (C) Mean (±SEM) %AppE following disconnection of the mPFC and
mdThal. Disconnection of the two structures did not cause a statistically
significant change in the percentage of total odor approaches accounted
for by the error odor. (D) Mean (±SEM) App/O following disconnection of
the mPFC and mdThal. Disconnection of the two structures caused no sig-
nificant change in the number of approaches rats made per odor.
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A large literature has previously demonstrated that the
mdThal plays a critical role in cognition (Mitchell and
Chakraborty 2013; Mair et al. 2015; Mitchell 2015). Although
there has been controversy regarding the role of the mdThal in
WM with many discrepant results (Wolff et al. 2015). Recent ev-
idence supports the view that it mediates persistent activity in the
PFC during WM tasks (Parnaudeau et al. 2013; Schmitt et al.
2017). However, olfactory stimuli have been shown to bypass
some circuitry typically associated with WM function such as
the posterior parietal cortex (Scott et al. 2018) and hippocampus
(Dudchenko et al. 2000), and research on the role of the mdThal
in olfactory memory has been produced inconsistent findings
(Slotnick and Risser 1990; Koger and Mair 1994; Zhang et al.
1998). The present results confirm that the mdThal plays a role
in the OST, contributing to the emerging understanding of the
role of the mdThal in olfactory learning and memory tasks
(Courtiol and Wilson 2015). Of note, we did not perform any
experiments to measure olfactory sensitivity or discrimination,
and some previous research has found impaired olfactory discrim-
ination for difficult odor comparisons following mdThal disrup-
tion (Eichenbaum et al. 1980; Slotnick and Risser 1990). In the
present study, mdThal inactivation did not reduce memory
span completely to zero, suggesting that rats at least had suffi-
cient olfactory discrimination abilities to achieve extremely low
spans.

Additionally, Choice Latency was significantly increased by
both bilateral mdThal inactivation and disconnection. Choice
Latency was also negatively correlated with Mean Span in the
mdThal inactivation condition. This presents a potential problem
in interpreting the impairment in Mean Span given that in-
creased response latency could presumably decrease accuracy by
overburdening maintenance processes. While not every rat with
a low Mean Span had high Choice Latency following mdThal in-
activation, not one rat with high latency obtained a high span.
This would suggest that at least some of the impairment in mem-
ory performance could be accounted for by memory decay over
extended choice latencies. However, it may also be the case
that rats achieving higher spans following mdThal inactivation
are simply also less impaired in their exploratory foraging behav-
ior and these variables are independent. Previous research has
shown that the effects of mdThal disruption on WM tasks can
be independent of delay (Mumby et al. 1993; Chauveau et al.
2005).

Despite this potential confound with respect to memory per-
formance, the result points to an interesting role of the mdThal in
foraging behavior. Previous research has found that inactivations
affecting the mdThal can cause reductions in exploratory motor
behavior. For example, Swerdlow et al. (2002) found that inactiva-
tion of the mdThal with TTX caused a reduction in motor activity
following prepulse inhibition testing, but no reduction in startle
magnitude, possibly indicating impaired exploratory motor
activity. Additionally, lesions of the mdThal have been shown to
attenuate the hyperlocomotor response to apomorphine is rats
with 6-hydroxydopamine denervation of the nucleus accumbens
(Swerdlow and Koob 1987). This involvement of the mdThal in lo-
comotor behavior is not limited to spontaneous exploration but
appears to be involved in goal-directed motor activity as well. An
early study by Mogenson and Wu (1988) examined the effects of
mdThal inactivation on food hoarding behavior during an open
field foraging task and found that mdThal inactivation reduced
the number of food pellets hoarded within a 30 min period. This
evidence, combined with the present findings, suggests that a sig-
nificant component of mdThal involvement in the OST may be in
mediating goal-directed foraging behavior.

Importantly, a cause of past controversy over the role of the
mdThal in WM has been the fact that the degree of impairment

is related to the spread of lesions or infusions to neighboring
brain structures with the most specific disruptions sometimes
causing minimal impairments (Wolff et al. 2015). Although we
did not directly verify the spread of our infusions, our inactiva-
tion protocol used similar coordinates and even smaller infusion
volumes than what has been previously shown to result in infu-
sate spread confined to the mdThal (Swerdlow et al. 2002).
Nonetheless, we cannot rule out the possibility that some adja-
cent brain structures could have been affected. Furthermore,
the role of the mdThal has been additionally controversial due
to effects of lesions that are not specific to WM impairments
(Wolff et al. 2015). In the present study, we observed significant
changes in rats’ foraging behavior which could have in turn
affected memory performance including a large increase in laten-
cy which correlated with memory capacity. Thus, our results
should be viewed conservatively as evidence of mdThal involve-
ment in the overall performance of the OST, but the involve-
ment is likely not specific to purely mnemonic processing in
the OST.

This is the first study, to our knowledge, to examine the role of
mdThal-mPFC connections in an olfactoryWM capacity task. Rats
had equally impaired Mean Span in the disconnection and ipsilat-
eral control conditions. Although Best Trial for the ipsilateral con-
trol was not significantly different than Saline, the trend is clearly
toward an impairment nearly as severe as the disconnection.
Hence, the present results certainly do not contradict the interpre-
tation that the mPFC-mdThal circuit is necessary for performance
of the OST, but the failure of our ipsilateral control leaves open the
possibility of several competing interpretations.

It is possible that contralateral projections between mdThal
and mPFC play as important a role as ipsilateral connections, uni-
lateral infusions were able to diffuse across the midline to have
some effect on the contralateral hemisphere, or that even a unilat-
eral infusion in one or both structures is sufficient to impair perfor-
mance. The first possibility appears highly unlikely given that
tracing studies have found that connections between the two
structures appear to be exclusively ipsilateral (Alcaraz et al. 2016).
Impairments from interhemispheric diffusion or unilateral inacti-
vation seem unlikely in the case of the mPFC given our lab’s previ-
ous finding that ipsilateral control infusions which include the
mPFC do not significantly impair OST performance (Davies et al.
2017a). Similarly for the mdThal, Floresco et al. (1999) pharmaco-
logically disconnected the mPFC and mdThal and found no im-
pairment in the radial arm maze following unilateral mdThal
inactivation at an infusion volume greater than ours. The remain-
ing possibility is that the OST is so sensitive to mdThal disruption
that unilateral inactivation possibly including some interhemi-
spheric diffusion is sufficient to impair performance and this
would require further experiments to rule out. In any case, the im-
pairments in our disconnection experiment are not conclusively
tied to a disruption of mPFC-mdThal connections per se and it is
even possible that the two structures are both independently crit-
ical for OST performance.

The impairments we observed in OST memory performance
may be explained by factors other than deficits in memory capac-
ity per se. Our version of the OST involves a procedure in which
odor stimuli are added after each successful choice such that the
ratio of familiar odors to the correct novel choice increases in ev-
ery trial iteration. This attribute has the effect of increasing the
number of distractors in addition to increasing memory load
such that distractor susceptibility may confound the analysis of
memory capacity in addition to underestimating rats’ actual
memory capacity, a problem that can be overcome by holding
constant the number of presented comparison stimuli and
computing memory accuracy and distractor susceptibility inde-
pendently (April et al. 2013). For example, Galizio et al. (2019)
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recently demonstrated that the MK-801 impairment in the
OST is partly explained by increased distractor susceptibility.
Therefore, it is possible that the present results might similarly
be a combined result of impaired memory capacity in addition
to increased distractor susceptibility. This interpretation is
perhaps supported by our finding that both mPFC and mdThal
inactivation caused a reduction in the mean number of ap-
proaches per odor which could, in our case, be explained by
rats falsely detecting novelty in familiar odors and ending their
search. Alternatively, this pattern is consistent with an increase
in impulsivity or decrease in behavioral inhibition, an effect pre-
viously observed following mPFC disruption (Hardung et al.
2017; Feja and Koch 2014), which could manifest in the OST as
a tendency to prematurely choose an odor before searching
sufficiently.

As previously mentioned, it is unclear whether the OST im-
pairments caused by mPFC or mdThal inactivation are delay-
dependent, which may also be problematic for the interpretation
that the impairments are specific to mnemonic processes (Wolff
et al. 2015). Given the changes in foraging behavior and the possi-
bility that rats were afflicted with increased distractor susceptibil-
ity, the present findings may be in line with the interpretation
that the mPFC-mdThal circuit is playing an “executive,” as op-
posed to “mnemonic” role consistent with themodel of this circuit
as an “executive” system (Wolff et al. 2015). Memory capacity for
odors may be mediated by the relevant sensory areas, as is suggest-
ed by sensory recruitment accounts ofWM (Scimeca et al. 2018). It
is not known precisely where odor representations in the OST are
stored, but candidate structures include primary olfactory cortex
such as the piriform (Stettler and Axel 2009) and/or other areas re-
ceiving olfactory projections that are relevant to the reward value
of stimuli such as the orbitofrontal cortex (Illig 2005) and amygda-
la (Sosulski et al. 2011).

We attempted to elucidate whether disruption of themPFCor
mdThal affected which odors rats were likely to incorrectly choose
when making an error as a function of their position in the se-
quence of presented odors and, while finding no effect of our ma-
nipulations on mEP, we feel this aspect of the OST warrants
discussion. Rats are most likely to incorrectly choose odors that
are ∼70% of the way through the odor sequence and considerably
less likely to incorrectly choose odors occurring nearer the begin-
ning or end of the sequence. It is tempting to make an analogy
here to primacy and recency effects present in human WM tasks
(Stephane et al. 2010; Botto et al. 2014) and in rats during perfor-
mance of the radial arm maze (Kesner and Novak 1982; Dimattia
and Kesner 1984).

However, our version of the OST allows early-presented
odors to be revisited by the rat during each trial iteration violating
the serial order of odor presentation. Due to the fact that the most
recent odor presented before rats’ make an error is only presented
in a single trial iteration, it could be argued that the “recency ef-
fect” we observe is truly comparable to the recency effect found
in humans (Stephane et al. 2010; Botto et al. 2014) and in the se-
rial position curve findings in the radial arm maze (Kesner and
Novak 1982; Dimattia and Kesner 1984). In contrast, the “prima-
cy effect” is very likely confounded by repeated rehearsal of famil-
iar odors located early in the sequence. This is evidenced by the
prominent skewing of the curve in which the “primacy effect”
appears to be of a greater magnitude than the “recency effect.”
Indeed, previous research controlling when and how often rats
are able to revisit familiar odors suggests that the relative familiar-
ity of odors contributes significantly to whether an error is made
(April et al. 2013). As such, it is likely inappropriate to make a di-
rect comparison to serial position effects. Nonetheless, we believe
this phenomenon in the OST may be of interest to future
research.

Conclusions

The present study examined the relative contributions of themPFC
and mdThal to performance of the OST, an olfactory WM task.
Although our laboratory has previously shown that the mPFC is
critical for OST performance (Davies et al. 2013b, 2017a), no other
study to our knowledge has examined how the mdThal, or its con-
nectionswith themPFC, contributes to theOST, and the role of the
mdThal in WM and olfactory processing has been controversial
(Courtiol and Wilson 2015; Wolff et al. 2015). Inactivation of ei-
ther the mPFC or the mdThal significantly impaired odor span ca-
pacity, as did contralateral disconnection of the two structures.
However, ipsilateral control infusions caused an almost equal im-
pairment in memory performance, meaning that impairments in
the disconnection may be a result of either interrupted thalamo-
cortical communication or the result of unilateral disruption of
one or both structures in an independent fashion. Nonetheless,
the results add to previous literature disrupting these connections
in other WM tasks and support the view that these connections
participate in WM function across sensory modalities. Additional-
ly, these results provide some evidence of dissociations in the ef-
fects of mPFC or mdThal inactivation on rats’ foraging behavior
whereby mdThal inactivations or disconnection cause a reduction
in exploratory motor activity in the task similar to previous re-
search on the role of the mdThal in foraging behavior (Mogenson
and Wu 1988).

Materials and Methods

Subjects
Nineteenmale Long-Evans rats (Charles River Laboratories) weigh-
ing 300–500 g were used. Rats were individually housed in stan-
dard ventilated cages and kept on a 12-h light–dark cycle (lights
on at 0700). Individual housing was used throughout the experi-
ment to prevent cage mates from tampering with one another’s
surgical implants and to preclude the possibility of feeding compli-
cations such as dominant cage mates depriving submissive cage
mates of food. Rats were maintained at 85%–90% of their free-
feeding weight with water available ad libitum. All experiments
were approved by the University of Saskatchewan Animal
Research Ethics Board and conformed to the guidelines of the
Canadian Council on Animal Care.

Odor span task
The OST was performed in a similar fashion to previous experi-
ments from our laboratory (Davies et al. 2013a,b; Murray et al.
2017; Scott et al. 2018) and used a “lid-flipping” procedure adapt-
ed fromMacQueen et al. (2011). The training was conducted on a
table (plywood painted black; 0.84 m2) with a 2.5 cm high border
around the edges and elevated 95 cm above the floor with a metal
frame and casters. Between trials, the rats were placed in an opa-
que Plexiglas enclosure (32 cm W×50 cm H×35 cm D) located
on one side of the table. During trials, the rats were let out of
the enclosure and allowed to explore the table. Rewards were pre-
sented in plastic Dixie cups (59 mL) containing a small amount
of sand with two reward pellets (45 mg rodent purified dustless
precision pellets; Bio-Serv) sitting on top of the sand. The portion
cups were covered with scented, opaque plastic Dixie cup lids sit-
ting loosely on top of them. The table was lined with 24 holes
(5.5 cm diameter) drilled into the plywood tabletop along the
borders of the open field 3.5 cm from the table edge and 7.5
cm from one another. During testing, the portion cups were
placed inside of these holes. The lids were scented with odors
by storing them in Tupperware containers containing various
spices (allspice, anise, basil, cacao, caraway, celery salt, cinnamon,
clove, coffee, cumin, dill, fennel, garlic, ginger, lemon, marjoram,
mustard, nutmeg, onion, orange, oregano, paprika, sage, and
thyme). Lids were replaced each time rats made physical contact
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with them in order to prevent rats from
mediating their performance by leaving
olfactory cues on the stimuli.

Training consisted of three phases:
The first stage was initial shaping, in
which rats were habituated to the table
and trained to flip lids off the cups to ob-
tain a reward. This was done by first pre-
senting an open cup with a reward and,
after each correct trial (the rat successfully
obtaining the reward within 5 min), an
unscented lid was placed on the cup cov-
ering incrementally more of the opening
(1/2 covered, 3/4 covered, fully covered).
This stage continued with each rat receiv-
ing three trials per day until they could
successfully obtain three rewards in 1 d
from fully covered cups.

The second phase of training was
DNMTS training. This stage was conduct-
ed by presenting a cup with a sample
odor and allowing the rat to obtain the re-
ward. After a delay of ∼40 sec (the time be-
tween stimulus presentations), a second
cup containing a reward with a novel
odor (S+) along with an unbaited cup
with the original sample odor (S−) were
placed on the table. Importantly, the loca-
tions of the novel and familiar odors were
shuffled to remove any spatial cues from
the task and to prevent rats from visually
tracking where the novel odor was placed
on the table. Rats were given six trials per
day (with an intertrial interval (ITI) of 60
sec) of DNMTS until they performed with 80%–100% accuracy
for three out of four consecutive days with the fourth day being
no <50% accuracy, or until 10 d of DNMTS training had elapsed,
at which point rats were moved to OST training regardless of
whether they had reached criterion in DNMTS Rats that were
slow learners in DNMTS learned the OST after extensive training
even if they had not mastered DNMTS within 10 d.

An illustration of the basic procedure used in the OST is
shown in Figure 7A. The OST was performed in the same manner
as DNMTS; however, after each correct choice, an additional
odor was added to the table in serial fashion until the rat made
an error at which point that particular trial was ended and an ITI
began before commencing the next trial. As with DNMTS, the lo-
cations of the odors were thoroughly shuffled during the ∼40 sec
delay to remove spatial cues from the task and prevent visually
guided mediating strategies. Each rat was trained in this task for a
maximumof three trials per day (with no repetition of odors across
different trials) or a maximum of 30 min, whichever criterion was
met first. Rats were trained for 6–7 wk ∼5 times/wk before being
tested with infusions. During training, the span performance, er-
rors, and latency to make a choice were recorded by hand, and la-
tency was tracked manually with a stopwatch. Additionally, video
recordings of OST sessions were obtained using a camera located
above the arena.

Stereotaxic surgery and intracranial infusions
Intracranial cannulae implantation as well as the basic infusion
procedure were conducted in the same manner described in our
previous papers (Davies et al. 2013a, 2017b; Scott et al. 2018).
Briefly, rats were implantedwith two sets of 23-gauge stainless steel
guide cannulae with one set aimed bilaterally at the mPFC (AP
+3.00 mm; ML ±0.70 mm; DV −3.20 mm) and another set aimed
bilaterally at the mdThal (AP −2.90 mm; ML ±0.70 mm; DV
−5.00 mm). Before infusions were conducted, rats were habituated
to the infusion procedure for three consecutive days. Habituation
consisted of bringing rats into the infusion room, removing and re-
placing their dummy stylets, and performing “sham” infusions in
which a shortened infusion needlewas inserted into the guide can-

nulae without piercing the target area and the infusion pump
(Harvard Apparatus) was run. On infusion days, rats received infu-
sions of combined muscimol and baclofen (M/B; each 0.5 mg/mL,
mixed together in a 1/1 ratio (Davies et al. 2013b; Scott et al. 2018))
at a rate of 0.3 µL/min to a total infusion volume of 0.3 µL. The in-
fusionswere conducted using 30-gauge stainless steel infusionnee-
dles connected to Hamilton syringes with PE50 tubing. The tips of
the infusion needles extended 1mmpast the tips of the guide can-
nulae when fully inserted. Infusions into the mdThal were per-
formed with M/B diluted to half the concentration of that
used for the mPFC (0.25 mg/mL) due to our observation that the
0.5 mg/mL concentration used in the mdThal frequently resulted
in severe locomotor impairments characterized by mild ataxia
and hypotonia with a drastic reduction in exploratory behavior.
Contralateral disconnections were performed according to the ge-
neral procedure used in Davies et al. (2017a). M/B was infused uni-
laterally into contralateral sides of the mPFC and mdThal
simultaneously, leaving half of each structure undisturbed, but in-
capable of communicating with the other structure within hemi-
spheres. The hemisphere (left or right) was counterbalanced
between rats. Ipsilateral control infusions were performed by uni-
laterally infusing M/B into ipsilateral sides of the mPFC and
mdThal simultaneously in order to control for potential effects
of unilateral inactivation.

Infusions were conducted in a semi-counterbalanced fashion
over a period of 7 d in the following order: (1) 2 d of mdThal in-
fusions in which rats received Saline or M/B in counterbalanced
order; (2) 2 d of mPFC infusions with counterbalanced Saline
and M/B conditions; (3) 2 d of contralateral disconnections in
counterbalanced order, and; (4) 1 d of ipsilateral control infu-
sions. This protocol resulted in a total of seven infusions per
rat with up to four infusions conducted at any one infusion
site. Although a portion of the subjects were administered infu-
sions on consecutive days, we interspersed infusion days with
washout days involving normal OST training in a subset of
rats and observed no significant loss of performance on the wash-
out days. We have used this general protocol in previous experi-
ments involving pharmacological disconnection (Davies et al.
2017a,b).

A

B

Figure 7. (A) Illustration showing the basic procedure used in the OST. The OST is an incrementing
DNMTS task using olfactory stimuli that is used as a measure of olfactory WM capacity in rodents
(Dudchenko et al. 2013). (B) Frequency histogram of errors in the OST as a function of percentage
of progress through the sequence of presented odors compiled from pooled data from Saline-infused
rats. The OST exhibits a striking pattern of error frequency as a function of the sequential position of
the incorrectly chosen odor in odor presentations. Incorrectly chosen odors are typically those
located ∼70% of the way through the odor sequence, while odors occurring nearer the beginning
or end of the sequence are less likely to be incorrectly chosen.
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Perfusions and histology
After the conclusion of behavioral testing, rats were perfused intra-
cardially with either saline (0.9%) followed by 30% formalin or
with a solution of formalin, glacial acetic acid, and methanol
(FAM). Although two different methods of perfusion were used,
we expected there to be no confound caused by the difference in
perfusion procedure as we were examining only cannula place-
ment and did not perform any volumetric analyses. Before section-
ing, brains were transferred to a cryoprotectant solution of 0.1%
sodium azide and 30% sucrose and left until they were no longer
buoyant. Brains were sectioned coronally at 40 µm on a freezing
sliding microtome (Leica) and the sections were mounted to glass
slides. Assessment of infusion placements was performed by com-
paring mounted sections to a rat brain atlas (Paxinos and Watson
2006).

Analysis of behavior

Span capacity
Memory capacity in the OST was defined as the mean number
across trials of odors rats could reachminus the first odor presented
and the final odor if the rat made an error on that trial, resulting in
a “Mean Span” variable. Additionally, the variable “Best Trial”was
used to express span capacity on rats’ Best Trial during a given test-
ing session.

Choice Latency
ChoiceLatencywasmeasured fromthebeginningof a trial iteration
towhen the ratmade a choice (flipped a lid off of a cup) and report-
ed as an average across all trial iterations for a given session.

Error position and foraging
In addition to our analysis of span capacity and latency, we sought
to interrogate more subtle effects on rats’ exploration of odors, by
quantifying the number of times rats “approached” each odor. An
“approach” was operationally defined as any instance in which a
rat’s nose was within ∼2 cm of an odor cup with a heading within
∼180° of the odor cupwithout displacing the lid andwas identified
visually by human raters. A rat’s nose entering this zone and leav-
ing was counted as a single approach irrespective of how long the
rat’s nose remained within the zone and a second approach was
not counted until the rat’s nose left the zone and then subse-
quently reentered it. We measured several variables related to
rats’ foraging and errors: (1) As shown in Figure 7B, our particular
variant of the OST exhibits a striking “error frequency curve” in
which rats under control conditions most often make errors by in-
correctly choosing odors that are presented ∼60%–70% of the way
through the odor sequence.We compared the mean error position
(mEP) by standardizing the serial position of “error odors” (the
odor that was incorrectly chosen) as a percentage of progress
through the full sequence of presented odors. For instance, if a
rat made an error during the fourth trial iteration by incorrectly
choosing the second odor from the sequence, the serial position
of this error would be 50%; (2) We quantified what percentage of
total odor approaches was comprised by approaches to the error
odor (%AppE) as ameasurement of howmuch rats were benefitting
from repeated “rehearsal” of familiar odors in the sequence; (3)We
quantified the average number of approaches per odor (App/O) in
the sequence as a measure of how much rats were revisiting/com-
paring between odors in the sequence. Sessions in which rats
achieved a Best Trial of less than two were excluded from these
analyses case-wise because of the extremely restricted variability
in serial position on span lengths any shorter than this.
Additionally, some sessions contained no errors and thus could
not be used for any error analysis but were included in the analysis
of App/O. Unfortunately, the location of the error odor was also
not clear in a small subset of videos, making these unusable for
the %AppE analysis.

Statistical analysis
Mean Span and Best Trial were analyzed as one-way repeated mea-
sures ANOVAS with sham infusion performance (taken 1 d prior
to beginning of infusions), saline infusion performance, and M/B
infusion performance. Choice Latency was analyzed using depen-
dent t-tests for mPFC and mdThal bilateral inactivations compar-
ing only Saline and M/B conditions, whereas a one-way repeated
measures ANOVA was used to analyze the disconnection experi-
ment to compare Saline, Ipsilateral Control, and Disconnection
groups. Due to unequal sample sizes in the mEP, %AppE, and
App/O analyses, the Saline and M/B conditions were treated as a
between-subjects, rather than paired, conditions and were ana-
lyzed using independent t-tests in the case of mPFC and mdThal
inactivations and using one-way between-subjects ANOVAS for
the disconnection experiment. The distribution of data within
conditions frequently violated assumptions of normality (as deter-
mined by D’Agostino-Pearson tests) and homogeneity of variance
(as determined by Bartlett’s tests), particularly in the inactivation
conditions, so applicable nonparametric tests were performed
and those results reported in cases where the outcome differed
from the parametric tests.
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