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Abstract

Inactivation of the rodent medial prefrontal cortex (mPFC) and hippocampus or disconnection of
the hippocampus from the mPFC produces deficits in spatial working memory tasks. Previous
studies have shown that delay length determines the extent to which mPFC and hippocampus
functionally interact, with both structures being necessary for tasks with longer delays and either
structure being sufficient for tasks with shorter delays. In addition, inactivation of the nucleus
reuniens (Re) / rhomboid nucleus (Rh) of the thalamus, which has bidirectional connections with
the mPFC and hippocampus, also produces deficits in these tasks. However, it is unknown how
delay duration relates to the function of Re/Rh. If Re/Rh are critical in modulating mPFC-
hippocampus interactions, inactivation of the RE/Rh should produce a delay-dependent
impairment in spatial working memory performance. To investigate this question, groups of rats
were trained on one of three different spatial working memory tasks: continuous alternation (CA),
delayed alternation with a five-second delay (DAD5), or with a thirty-second delay (DA30). The
Re/Rh were inactivated with muscimol infusions prior to testing. The results demonstrate that
inactivation of RE/Rh produces a deficit only on the two DA tasks, supporting the notion that the
Re/Rh is a critical orchestrator of mPFC-HC interactions.

1. Introduction

Working memory is a specific type of memory requiring the active maintenance of
information that is pertinent to ongoing behavior (Baddeley, 2003). One brain region
involved in working memory is the medial prefrontal cortex (mPFC) (Euston et al., 2012).
Lesions of the mPFC produce deficits in tasks that are thought to require the maintenance of
relevant action-guiding information (Eichenbaum et al. 1983; Kolb et al.1994; Floresco et al.
1997; Urban et al. 2014). The hippocampus is another important structure for working
memory in addition to its role in declarative memory (Squire, 1992; Squire, 2004) and
spatial cognition (O'Keefe and Nadel, 1978; Morris et al., 1982; for review see Hartley et al.,
2014). Specifically, lesions of hippocampus produce deficits in delayed alternation tasks
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(Ainge et al., 2007; Czerniawski et al., 2009; Hallock et al., 2013), which depend on a
working memory strategy for successful performance.

Electrophysiological studies in rodents have shown that neurons in both the mPFC and
hippocampus demonstrate firing patterns that correlate with task relevant information (Jung
et al., 1998; Ainge et al., 2007; Pastalkova et al., 2008). Moreover, the hippocampus and
mPFC functionally synchronize during working memory tasks (Jones and Wilson 2005,
Gordon, 2011, O'Neill et al., 2013), indicating that these regions form a neural circuit that is
important for working memory performance. The hippocampus sends efferent projections
from its ventral/intermediate subregion directly to all subregions of the mPFC (Ferino et al.,
1987; Jay and Witter, 1991; Floresco & Grace, 2003; Ishikawa & Nakamura, 2003).
Although there are no return projections from the mPFC to the hippocampus, a prominent
indirect bidirectional pathway between these two regions includes the reuniens and
rhomboid nuclei of the ventral midline thalamus (Re/Rh), which are reciprocally connected
to both hippocampus and mPFC (Vertes, 2006; Vertes et al., 2007). In line with the
neuroanatomical data, inactivation of Re/Rh produces deficits in the performance of spatial
working memory tasks, which are similar to deficits seen after hippocampus and mPFC
lesions or inactivation (Hembrook & Mair, 2011; Cholvin et al., 2013; Hembrook et al.,
2012; Hallock et al., 2013).

Results from behavioral studies suggest that the mPFC and hippocampus interact in working
memory tasks with longer inter-trial delays and act in parallel during tasks with shorter
delays. These findings suggests that delay length is a factor that determines the reliance of
mPFC-hippocampus interactions on task performance (Floresco et al., 1997; Lee & Kesner,
2003). To explicitly test this notion, Churchwell and Kesner (2011) disconnected the mPFC
and intermediate CAL of the hippocampus using a crossed unilateral muscimol inactivation
approach while rats performed a spatial delayed non-match to sample working memory task
with a ten second delay or a 5 minute delay. They found that pharmacological disconnection
of intermediate CA1 from mPFC impairs task performance for the longer delay but not for
the shorter delay.

The extent to which Re/Rh nuclei are necessary for communication between hippocampus
and mPFC over a range of delays is not known. Therefore, the current study investigated the
role of the Re/Rh in working memory by inactivating Re/Rh prior to the performance of one
of three spatial alternation tasks: continuous alternation (CA), delayed alternation with a
five-second delay (DADS), or with a thirty-second delay (DA30). The results showed that
inactivation of Re/Rh did not disrupt CA task performance. However, DA30 task
performance was impaired across all muscimol doses and DAS task performance was
impaired only for the highest muscimol dose. These results add evidence to the growing
body of literature implicating Re/Rh activity in coordinated information transfer between
PFC and hippocampus, setting the stage for future studies to determine the functional role of
the Re/Rh in cross-regional synchronization and working memory.
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2. Methods

2.1 Subjects

Adult male Long-Evans hooded rats (Harlan, Indianapolis) were individually housed in a
temperature and humidity-controlled colony room on a 12 h light/dark cycle. Rats were food
restricted in order to maintain an 80-90% ad libitum body weight and given ad libitum
access to water. All animal procedures were carried out in accordance with the University of
Delaware Institutional Animal Care and Use Committee.

2.2 Apparatus

Tasks were performed on a wooden T-maze, which consisted of a central stem (116 x 10
cm), two return arms (112 x 10 cm each), and two goal arms (56.5 x 10 cm each) and
surrounded by 6 cm high wooden walls. Plastic bottle caps were located at the end of each
goal arm containing the chocolate sprinkle reward. For the delayed alternation (DA) tasks,
rats were confined to a start box located at the base of the maze between trials using a large,
removable wooden barrier.

2.3 Handling, Pretraining, and Behavioral Training

2.4 Surgical

The handling and pre-training procedures were performed as previously described (Hallock
et al., 2013). After completing pretraining, rats were assigned to one of three tasks: CA, DA
with a five-second delay (DADb), or a thirty-second delay (DA30) (see Figure 1a). In the CA
task, rats were required to run in a continuous “figure 8” pattern alternating visits to the left
and right goal arms to obtain the chocolate sprinkle reward. Similarly, rats were required to
alternate between the left and the right goal arms in the DA tasks. However, rats were
confined to the start box for five (DA5) or thirty (DA30) seconds between trials. Each CA
and DA session began with a free choice trial, during which both goal arms were baited,
followed by 24 alternation trials.

Procedures

Rats were anesthetized with isoflurane (1.5 - 3% in oxygen) and placed in a stereotaxic
frame. A scalp incision was made and bone screws were secured to the skull with dental
acrylic (Lang Dental, Wheeling, Illinois.) A hole was then drilled 1.8 mm posterior to
bregma and 2.0 mm lateral to the midline. An 8.0 mm guide cannula (PlasticsOne, Roanoke,
Virginia) was lowered 6.5 mm ventral to the surface of the brain at a 15-degree angle. The
cannula was cemented to the skull and the bone screws with dental acrylic, and a dummy
cannula with a 1.0 mm projection was inserted. Banamine (2.5 mg/kg) was injected
subcutaneously thirty minutes prior to the end of surgery for pain relief. Post-surgery,
children's lIbuprofen (20 mg/ml) was mixed into each rat's drinking water for 2 days. Rats
recovered for 5 days post-surgery.

2.5 Behavioral Testing

Following the post-surgery recovery period, rats were retrained on their designated tasks
until they reached a performance criterion of >80% correct choices for three consecutive
sessions. The following day after meeting criterion, 0.5 pl of vehicle (phosphate-buffered
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saline (PBS)) was infused, and choice accuracy was measured. Immediately prior to the next
session, one of three concentrations of the GABA receptor agonist muscimol (in PBS) was
infused and choice accuracy measured. Muscimol was given in three concentrations: 0.125
(62.5 ng), 0.25 (125 ng), and 0.5 ug/ul (250 ng). The order of infusions was counterbalanced
and rats were given infusion-free sessions between muscimol infusions until they reached at
least 80% choice accuracy.

2.6 Infusion Protocol

The dummy cannula was removed, and an internal cannula made to fit the guide cannula
with a one-millimeter projection was inserted. The internal cannula was attached to a plastic
tube that contained either phosphate-buffered saline (PBS) or muscimol. A polyethylene
tube was attached to a microinfusion syringe (Hamilton), and placed into an automated
infusion pump (World Precision Instruments) with a controlled infusion rate and volume of
(0.25 pl/minute and 0.5 pl, respectively). The position of the infusate was monitored,
marking an air bubble that separated the infusate from distilled water. Internal cannulae
remained in brain for two minutes post-infusion to avoid capillary diffusion. Rats were
placed back in their home cages for twenty minutes prior to behavioral testing.

2.7 Histology

After behavioral testing, rats were given an infusion (0.5 pl volume) of fluorophore-
conjugated BODIPY TMR-X muscimol (Life Technologies, Carlshbad, CA) to visualize the
spread of muscimol (Allen et al. 2008). The fluorescent muscimol was diluted to a
concentration of 0.25 pg/ul in solution with equal parts PBS and vehicle DMSO. Twenty
minutes after infusion of the fluorescent muscimol, rats were transcardially perfused with
0.9% saline followed by 10% buffered formalin. Brains were removed and allowed to sit in
10% buffered formalin for two days, and were then transferred to a 30% sucrose solution
(30 mg sucrose/100 ml PBS). After sinking, the brains were sectioned (40 um) with a
cryostat and mounted on slides. Half the slides were stained with cresyl violet (0.5%) and
photographed using a camera mounted microscope. The other half of the slides were stained
with ProLong Gold with DAPI (Life Technologies, Carlsbad, CA), and visualized with a
confocal microscope. Cannula placement and spread of the fluorescent muscimol was
characterized by placing digital plates from the Paxinos and Watson (2005) rat brain atlas
over pictures of the cresyl-stained and DAPI-stained brain slices using Adobe Illustrator.

2.8 Data Analysis

A mixed-factor 3 (delay) x 4 (muscimol) ANOVA was used to compare choice accuracy on
saline and muscimol sessions between the CA, DA5 and DA30 groups, followed by posthoc
one-way repeated-measures ANOVASs on each group. Post-hoc Bonferroni multiple
comparison tests were then used to compare choice accuracy between each of the muscimol
sessions and the saline session.
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3. Results

3.1 Cannula Placements

Twenty two rats were confirmed to have placements in the Re/Rh, with nine rats in the
DA30 group, seven rats in the DA5 group, and ten rats in the CA group (see Figure 2A). The
majority of cannula placements were in the Re/Rh. Two rats, one from DA5 and one from
DA30 group had cannula placements localized to ventral Re. Two rats from the CA group
had cannula terminations partially in the paraxiphoid nucleus, though the spread of the
muscimol from the cannula terminations was largely confined to Re/Rh nuclei (see Fig 2B).

3.2 Inactivation of Re significantly impairs DA30 and DA5

A 3 x 4 mixed-factor ANOVA on the percentage of correct choices revealed a significant
main effect of delay (F(2,24) = 7.602, p = .003), a significant main effect of muscimol
(F(3,72) = 17.689, p < .001), and a significant delay x muscimol interaction (F(6,73) =
3.435, p =.005) (see Figure 1B). Posthoc repeated measures one-way ANOVAs followed by
Bonferroni multiple comparisons tests for each task revealed that for the CA task, choice
accuracy on the saline-infusion session did not significantly differ from any of the
muscimol-infusion sessions (p>.1 in all cases). For the DADS task, choice accuracy on the
saline-infusion session did not differ from the choice accuracy on the 62.5 ng session (p =.
314) or the 125 ng session (p = 1.000), but was significantly greater than choice accuracy on
the 250 ng session (p = .013). For the DA30 task, choice accuracy on saline-infusion
sessions was significantly better than choice accuracy on each of the muscimol-infusion
sessions (62.5 ng (p =.007), 125 ng (p = .011), 250 ng (p = .013)). Choice accuracy on the
muscimol-infusion sessions did not differ from one another on any of the tasks.

4. Discussion

The hypothesis of the current study was that the extent of Re/Rh involvement in working
memory increases with the delay interval over which information needs to be held, which
would implicate the Re/Rh in mediating hippocampal-mPFC interactions. We tested this
hypothesis by comparing the effects of Re/Rh inactivation on choice accuracy on three
versions of a spatial alternation task: CA, which has no delay between trials, and two
variants of a DA task, one with a short intertrial delay (DA5) and one with a long intertrial
delay (DA30). Consistent with our predictions, inactivation of Re/Rh impaired choice
accuracy only on DA5 and DA30, leaving CA performance unaffected. Moreover, only the
highest dose of muscimol produced a performance deficit on DAS5, while all three doses of
muscimol produced deficits on DA30. This difference in dose-response curves between the
DAD5 and DA30 groups suggests a gradient of sensitivity to Re/Rh inactivation that parallels
the increase in delay length. These results are in agreement with other studies demonstrating
that Re/Rh are necessary for spatial working memory tasks (Hembrook et al., 2011; Hallock
et al., 2013). Our results extend these previous results showing that the DA task not only
requires Re/Rh for successful performance, but also that its dependence upon Re/Rh
increases with longer delays.
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One of the likely functions of Re/Rh, based on its anatomical connections, is its modulation
of communication between hippocampus and mPFC, two regions believed to be crucial for
spatial working memory (Colgin, 2011; Gordon, 2011). Re/Rh neurons make direct synaptic
connections onto mPFC and hippocampus neurons and mPFC fibers synapse onto
hippocampal projecting neurons, suggesting that Re/Rh is positioned to directly affect
mPFC and hippocampus activity (Vertes et al. 2007). It has been demonstrated that DA is
dependent on the hippocampus (Ainge et al. 2007; Czerniawski, Yoon, and Otto, 2009;
Hallock et al. 2013) and is also dependent on the mPFC (Kolb et al. 1994). Previous studies
have demonstrated that the duration of the delay determines whether hippocampus and
mPFC work together or independently during task performance, with either structure being
sufficient for tasks with shorter delays, but hippocampus-PFC communication being
necessary for tasks with longer delays (Lee & Kesner, 2003; Churchwell & Kesner, 2011).
How Re/Rh affects mPFC-hippocampus communication is not known, as there has yet to be
a study directly investigating the role of Re/Rh in mPFC-hippocampus interactions. Previous
findings suggest that Re/Rh activity is important only if the task requires both mPFC and
hippocampus, but not hippocampus or mPFC individually (Cholvin et al., 2013; Hembrook
etal., 2012).

Although the Re/Rh have been implicated in non-cognitive behavioral functions, including
reproduction (Iwasaki et al. 2010), nociception (Gholami et al., 2006; Bullitt, 1990;
Dostrovsky and Guilbaud, 1990), and feeding (Wilmot et al. 1988; Chait et al., 1995),
attention has largely shifted to its role in higher-level cognition, with Re/Rh activity being
linked to attention, executive functions (i.e. impulse control, behavioral flexibility), and
spatial memory consolidation (for review see Cassel et al. 2013). The Re/Rh has also been
shown to be one of many loci of head direction cells (Jankowski et al. 2014). Another
hypothesis of Re/Rh function based on its involvement in spindle generation and cortical
arousal is that the Re/Rh is part of a hippocampo-cortico-thalamic network underlying
consolidation of declarative memories (Pereira de Vasconcelos & Cassel, 2015). Recent
work shows that Re/Rh is necessary for trajectory-specific firing of hippocampal CAl
neurons during a spatial alternation task, suggesting that Re/Rh serves as a crucial
component of a hippocampal-mPFC circuit responsible for goal-directed behavior (Ito et al.
2015). This notion is consistent with an earlier study showing that Re is part of a circuit
involving the mPFC and hippocampus that determines the extent of fear memory
generalization (Xu and Sidhof, 2013). Further investigation into the function of Re/Rh and
its role in the hippocampal-mPFC circuit will further our understanding of the mechanisms
responsible for spatial working memory, and more generally, help us to understand how
thalamic nuclei modulate synchrony across cortical and subcortical structures.
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Highlights
We show that inactivation of the ventral midline thalamus impairs working memory.
Task performance was disrupted in a delay-dependent manner.

The findings suggest that this region regulates prefrontal-hippocampal synchrony.
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Fig 1.

(AE; Task schematic; all tasks were performed on the same T-maze. For each task, rats were
required to run up the central stem, choose a goal arm, and consume the chocolate sprinkle
reward (the black dots). Rats were rewarded for alternating between the left and right goal
arms on successive trials. For the CA task, the start box was blocked off from the rest of the
maze, and the rat was required to run in a figure eight pattern. For both of the DA tasks, rats
waited in the start box between trials (5 seconds for DA5, 30 seconds for DA30). (B)
Percentage correct for CA (green), DA5 (orange), and DA30 (blue) across the saline and 3
muscimol sessions. Error bars represent £SEM.
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Fig 2.

(A) Coronal plates showing cannula terminations for all three groups (CA —rectangle, DA5 —
circle, and DA30 — star). Numbers next to each plate indicate distance from bregma in mm.
(B) Representative coronal slice detailing the spread of the fluorophore-conjugated
muscimol (green). Plate shows the regions of the thalamic nuclei, and that the spread of the
fluorescent muscimol is largely confined to RE/Rh. All plates are re-printed with permission
from The Rat Brain in Sterotaxic Coordinates: 5th ed., pp. 87-100, by G. Paxinos and C.
Watson, 2005, Burlington, MA, Elsevier Academic Press. Copyright 2005 by Elsevier
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