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Abstract

Spatial working memory, the ability to temporarily maintain an internal representation of spatial
information for use in guiding upcoming decisions, has been shown to be dependent upon a
network of brain structures that includes the hippocampus, a region known to be critical for spatial
navigation and episodic memory, and the prefrontal cortex (PFC), a region known to be critical for
executive function and goal directed behavior. Oscillatory synchronization between the
hippocampus and the prefrontal cortex (PFC) is known to increase in situations of high working
memory demand. Most of our knowledge about the anatomical connectivity between the PFC and
hippocampus comes from the rodent literature. Thus, most of the findings that will be discussed
here model human working memory using spatia/ working memory-dependent maze navigation
tasks in rodents. It has been demonstrated that the ventral midline thalamic nucleus reuniens (Re)
is reciprocally connected to both the infralimbic and prelimbic subregions of the PFC, collectively
referred to as the medial PFC (mPFC), and the hippocampus. Given that the Re serves as a major
anatomical route between the mPFC and hippocampus, it is perhaps not surprising that Re has
been shown to be critical for spatial working memory. This review will describe the latest findings
and ideas on how the Re contributes to prefrontal-hippocampal synchronization and spatial
working memory in rodents. The review will conclude with possible future directions that will
advance the understanding of the mechanisms that enable the Re to orchestrate long range
synchrony in the prefrontal-hippocampal network.

My interest in the ventral midline thalamic nucleus, the nucleus reuniens (Re) began in 2003

when | was writing my dissertation. | was struggling to explain an unexpected finding --

pharmacological inactivation of the anterior cingulate cortex, a subregion of the medial PFC

(mPFC), resulted in an elimination of extinction-related suppression of dorsal hippocampal

activity, which accompanied an extinction deficit in appetitive Pavlovian conditioning in the

rabbit (Griffin & Berry, 2004). In the early 2000’s, Robert Vertes was one of the few
researchers studying the ventral midline thalamic nuclei. Before reading Dr. Vertes’” work, |

naively thought of the thalamus as strictly a sensory relay and was unaware of the cognitive
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functions subserved by the nonsensory thalamic nuclei (Pereira de Vasconcelos & Cassel,
2015). Little did I know then that this one small midline thalamic nucleus would later
become a main focus of my research program. | was intrigued to learn that although there
are little to no direct projections from the medial prefrontal subregions, including anterior
cingulate cortex, prelimbic and infralimbic cortices to the hippocampus, there was a
prominent projection from mPFC to the Re (Vertes, 2002), which sends projections to the
hippocampus and subiculum (Dolleman-Van Der Weel & Witter, 1996; Vertes, Hoover, Do
Valle, Sherman, & Rodriguez, 2006; Wouterlood, Saldana, & Witter, 1990) There are, of
course, other anatomical routes by which the mPFC and hippocampus can interact (Vertes,
2006; Vertes et al., 2006). What makes the interaction via the Re special and unique is the
fact that the same Re neurons that receive input from mPFC also project to the hippocampus
(\Vertes, Hoover, Szigeti-Buck, & Leranth, 2007). Moreover, there is a small subset (3—9%)
of Re neurons that send collaterals to mPFC and hippocampus (Hoover & Vertes, 2007), a
finding that was corroborated by Varela and colleagues a few years later (Varela, Kumar,
Yang, & Wilson, 2014). In fact, they found that 25% of the Re neurons that project to
hippocampus also project to mPFC. The authors suggest that this relatively large number of
dual-projecting neurons within the population of hippocampal-projecting Re neurons might
enable mPFC activation to co-occur with the activation of hippocampal-projecting Re
neurons. This co-activation could enable or facilitate precisely-timed functional connectivity
between the hippocampus and mPFC. One other interesting finding from the anatomical
studies is that the only direct projection between hippocampus and the mPFC is from the
ventral hippocampus to the mPFC. Thus, interactions between dorsal hippocampus, from
which most recording studies in rodents are conducted, and mPFC are strictly multi-
synaptic. There is evidence that there are anatomical and functional differences along the
hippocampal septo-temporal axis. Dorsal hippocampus, which receives strong inputs from
polymodal sensory cortices, is linked to cognitive processes such as spatial navigation and
learning. By contrast, ventral hippocampus, which receives input from subcortical regions
like the amygdala and hypothalamus, is linked to emotional processes such as fear and
anxiety (Bannerman et al., 2003; Bannerman et al., 2014; Czerniawski, Yoon, & Otto, 2009;
Moser, Moser, & Andersen, 1993; Yoon & Otto, 2007). Because of its link to cognitive
processes like spatial working memory, this review will focus on the interactions between
dorsal region of hippocampus and the mPFC via the Re. Although this review will focus on
Re, I should note that there are other thalamic nuclei that are known to contribute to working
memory other than the Re. For example, the anterior thalamus nuclei (ATN) are reciprocally
connected to the hippocampal formation, specifically the dorsal subiculum (Christiansen et
al., 2016; Meibach & Siegel, 1977; Shibata, 1993; Wright, Erichsen, Vann, O’Mara, &
Aggleton, 2010). A recent study found that inhibition of ATN, dorsal subiculum, and the
projections between these two regions impaired T-maze alternation. (Nelson, Kinnavane,
Amin, O’Mara, & Aggleton, 2020). Another thalamic nucleus, the mediodorsal thalamic
nucleus (MD), is reciprocally connected with the mPFC (E. G. Jones, 2007). It was shown
that projections from MD to mPFC supporting the maintenance of spatial working memory
and the projections from mPFC to MD supporting retrieval. Moreover, optogentically
increasing MD excitability during the time period of working memory maintenance
enhanced working memory performance (Bolkan et al., 2017).
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Although we have known for years now that one of the main anatomical routes by which the
mPFC sends information to the dorsal hippocampus is through the Re, it is only in the last
few years that we have begun to understand the details of this interaction. | have been
fortunate to connect with a community of researchers interested in the limbic thalamus, most
of whom are included in this special issue. My fellow “limbic thalamus” researchers and |
had an invigorating meeting in the summer of 2018 in the beautiful city of Strasbourg,
France. Around that time, there had been somewhat of a surge in interest in the Re. One
fascinating discovery was that Re inactivation/activation enhanced/reduced fear memory
generalization, respectively (Xu & Sudhof, 2013). Another group found that the Re contains
head direction cells (Jankowski et al., 2014). Ito and colleagues had published a paper a few
years prior to the meeting that investigated trajectory -dependent firing of single units within
the prefrontal-thalamo-hippocampal circuit. (Ito, Zhang, Witter, Moser, & Moser, 2015).
Trajectory-dependent firing is defined as single neurons that exhibit different firing rates
depending on the trajectory of the animal. This phenomenon is thought to represent the
prospective representation of upcoming and/or past spatial trajectories. One of the features
of the anatomical connectivity between Re and dorsal hippocampus that is splendid from an
experimental standpoint is that Re projects to CA1, but not CA3. This anatomical
connectivity gave Ito and colleagues the advantage of being able to compare effects of Re
inactivation on CA1 and CAS3 trajectory coding. If trajectory dependent firing is a signal that
is conveyed from the mPFC to the dorsal hippocampus via the Re, one would expect that
trajectory —dependent firing would be less evident in CA3 than CA1 and that inactivation of
Re would greatly reduce CA1 trajectory coding. Indeed, that is exactly what Ito et al. (2015)
found.

Trajectory dependent firing in dorsal hippocampal neurons was first demonstrated in the
early 2000’s by separate labs (Ferbinteanu & Shapiro, 2003; Frank, Brown, & Wilson, 2000;
Wood, Dudchenko, Robitsek, & Eichenbaum, 2000) and has recently been shown to emerge
quickly and remain stable across multiple days (Kinsky et al., 2020), with the ensemble task
representation and task performance remaining stable despite changes in task correlates of
individual neurons (Levy, Kinsky, Mau, Sullivan, & Hasselmo, 2021). One puzzling aspect
of dorsal hippocampal trajectory dependent firing is that the task used in the Ito et al. 2015
and Wood et al. 2000 studies, continuous spatial alternation, does not depend on the integrity
of the dorsal hippocampus. Because continuous spatial alternation only requires that the rat
move in a continuous figure eight pattern, we should perhaps not be surprised that the task
can be completed successfully in hippocampal-lesioned animals (Ainge, van der Meer,
Langston, & Wood, 2007). However, a very subtle change to the task, adding a delay of only
a few seconds between trials, renders the task hippocampus-dependent (Ainge, van der
Meer, Langston, & Wood, 2007). When Ito and colleagues (2015) introduced a delay into
their task, dorsal CA1 and mPFC, but not Re neural ensembles showed retrospective coding
during the delay period. They also showed that dorsal CA1, mPFC, and Re showed
prospective coding as the rat approached the T-junction (i.e. “choice point”) of the maze.
Our lab has compared trajectory dependent firing across various T-maze tasks that seem
overtly similar, but yet show dramatic differences in trajectory dependent firing in the dorsal
hippocampus and mPFC. As we saw from the Ainge et al. (2007) study mentioned above,
just introducing a brief delay into the spatial alternation task dramatically changed the
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necessity of the hippocampus. Even more interesting, we found that introducing a delay into
the task eliminated trajectory coding seen on the continuous version of the task (Hallock &
Griffin, 2013).

Our lab has developed a T-maze task that we often use as a control task in our investigations
of the neural circuitry that supports spatial working memory. This task, a visuospatial
conditional discrimination, requires the rats to make goal arm choices depending on the
appearance and texture of a floor insert that is placed in the maze stem prior to each trial.
For example, the rat would learn to turn left when the flooring is black mesh and right when
the flooring is smooth wood. We discovered that the performance of this task does not
require the dorsal hippocampus, but instead depends on the integrity of the dorsal striatum.
We also confirmed that the opposite was true for the delayed spatial alternation task — the
dorsal hippocampus is required for delayed spatial alternation, whereas the dorsal striatum is
not (Hallock, Arreola, Shaw, & Griffin, 2013). Previously, we had discovered that trajectory
coding in dorsal hippocampus was not evident during the conditional discrimination task
even though the same neural ensembles show robust trajectory coding during continuous
spatial alternation (Griffin, Owens, Peters, Adelman, & Cline, 2012). During delayed spatial
alternation, the trajectory coding appears to “move” to the delay period (Hallock & Griffin,
2013). Other labs have found that dorsal CA1 neurons are active during the delay period.
Pastalkova and colleagues discovered what they called “cell assembly sequences” — dorsal
CAL cells that fired sequentially during the delay period in a sequence that corresponding to
an upcoming trajectory (Pastalkova, Itskov, Amarasingham, & Buzsaki, 2008). Gill and
colleagues also found dorsal CA1 neurons with “episode fields” — exhibiting differential
firing rates depending upon the upcoming trajectory(Gill, Mizumori, & Smith, 2011).
Moreover, Kraus and colleagues discovered what they called “time cells” — dorsal
hippocampal neurons that exhibited transient increases in firing rate at specific times as rats
ran on a treadmill during the delay period, creating a sequence of firing that represents the
different paths through the maze(Kraus, Robinson, White, Eichenbaum, & Hasselmo, 2013).
Sequential activation of neurons has been observed not only in hippocampus, but also in
mPFC, and in Re during the transition from down to up states in a study that recorded local
field potentials and single units in Re, mPFC, and hippocampus during slow oscillations in
anesthetized rats. Moreover, Re inactivation disrupted sequential firing of mPFC neurons
during the down to up state transition and of hippocampal neurons during sharp-wave ripple
events, suggesting that Re helps to organize internally generated sequences throughout the
prefrontal-hippocampal network (Angulo-Garcia et al., 2020).

One theme that has emerged from the many studies that have investigated the dorsal
hippocampal correlates of memory is that just because a specific striking activity pattern is
exciting to the researcher, that does not mean that the neurons are coding what we as
researchers think is important. For example, apparent encoding of task correlates in a
memory sequence task by mPFC neurons was found to be better explained by overt
behavioral patterns than by internal cognitive operations(Euston & McNaughton, 2006). As
experimenters, we need to be cautious about ascribing neural activity patterns to particular
cognitive processes. | learned this lesson during my postdoctoral fellowship. We predicted
that trajectory coding would be even more robust in a known hippocampus-dependent task
than it was in the continuous alternation task. We selected the commonly-used and
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hippocampus-dependent delayed nonmatch to position T-maze task. Like delayed spatial
alternation, this task requires that rats alternate visits to the left and right goal arms. Unlike
delayed spatial alternation, each trial of this task includes two traversals that are separated by
a brief delay: a sample traversal in which one of the goal arms is blocked, forcing the rat to
choose to enter the opposite goal arm and a choice traversal in which the rat is free to choose
a goal arm but only rewarded for choosing the goal arm opposite to the arm visited on the
sample traversal. Surprisingly, trajectory coding was very weak in this task. Instead, dorsal
hippocampal neurons were sensitive to a sample or choice traversal, with some neurons
firing preferentially during sample traversals and some firing preferentially during choice
traversals (Griffin, Eichenbaum, & Hasselmo, 2007). One way to decrease the likelihood of
misattributing neural activity patterns to cognitive operations is to compare neural activity
patterns across tasks that vary only in their reliance on the particular cognitive process of
interest. In an attempt to accomplish this for a spatial working memory task, we developed a
version of the conditional discrimination task that engages spatial working memory by
shortening the length of the floor inserts so that they covered only the first two-thirds of the
maze stem. This subtle change in the task made the task much more difficult to learn (Edsall,
Gemzik, & Griffin, 2017) and importantly, made the task dependent upon the mPFC (Urban,
Layfield, & Griffin, 2014) and the Re (Hallock, Wang, Shaw, & Griffin, 2013). We can now
compare neural activity patterns across these two variants of the conditional discrimination
task to identify neural firing patterns and cross-regional oscillatory interactions that are
selective to working memory by ruling out other possible confounding factors that may be at
play. To date, there have been no investigations that have examined neural ensemble
sequences in the presence and absence of Re influence in a task with a delay (e.g. delayed
nonmatch to position or delayed spatial alternation). Such studies would answer the question
of whether/how Re contributes to the prospective and retrospective coding of mPFC and
dorsal CA1 ensembles and maybe answer the question of why task correlates vary
dramatically with subtle changes to the structure of the task.

In 2015, | wrote a review paper that covered what we knew at the time about prefrontal-
hippocampal interactions during spatial working memory and hypothesized that the Re
could be critical for meditating these interactions (Griffin, 2015). Briefly, we knew that
prefrontal-hippocampal synchronization as measured by mPFC unit phase locking to
hippocampal theta and theta coherence between the mPFC and dorsal hippocampus
increased during exploration and spatial working memory tasks (Hyman, Zilli, Paley, &
Hasselmo, 2005; M. W. Jones & Wilson, 2005; Siapas, Lubenov, & Wilson, 2005) and
decreased on error trials (Hyman, Zilli, Paley, & Hasselmo, 2010). We also knew that spatial
working memory was dependent upon both the mPFC, the hippocampus, and the
connections between them (Churchwell & Kesner, 2011; Floresco, Seamans, & Phillips,
1997) and that the integrity of the Re was important for win/shift performance in a radial
arm maze and delayed nonmatch-to-position lever-pressing task, both of which are also
impaired by hippocampal and mPFC-lesions (Hembrook & Mair, 2011; Hembrook, Onos, &
Mair, 2012). A recent study showed that both spatial working memory and behavioral
flexibility were impaired after Re inactivation (Viena, Linley, & Vertes, 2018).

My review paper ended with a question that had been unexplored: Does Re inactivation
decrease prefrontal-hippocampal theta synchrony? To answer this question, we performed
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simultaneous recordings from mPFC and dorsal hippocampus while rats performed the
delayed spatial alternation and conditional discrimination tasks. By comparing theta
synchronization (coherence, unit phase locking, phase-amplitude coupling) across tasks, we
were able to identify times during the task when theta synchrony between the medial PFC
and dorsal hippocampus was significantly elevated for the working memory dependent
delayed spatial alternation task compared to the working memory independent conditional
discrimination task. We found that for the delayed spatial alternation task, theta coherence
was elevated at the T-junction of the maze and that mPFC unit phase locking was elevated
during the delay period. In a separate group of rats, we then recorded from medial PFC and
dorsal hippocampus before and after inactivating the Re with muscimol to investigate
whether or not suppressing Re would reduce this spatial working memory specific theta
synchrony. As predicted, Re inactivation decreased all of the measures of theta synchrony
that were selective to the working memory dependent delayed spatial alternation task. This
finding led us to tentatively conclude that Re was the orchestrator of prefrontal-hippocampal
synchrony (Hallock, Wang, & Griffin, 2016).

One drawback of the delayed spatial alternation task is that it is impossible to know if
deficits in task performance arise due to an inability to encode new information, maintain the
information over a delay, or retrieve previously-encoded information at the exact time of a
goal arm choice. The Gordon lab has used the delayed honmatch to position task in mice
coupled with optogenetic manipulation to dissociate between the encoding, maintenance,
and retrieval of spatial information (Bolkan et al., 2017; O’Neill, Gordon, & Sigurdsson,
2013; Sigurdsson, Stark, Karayiorgou, Gogos, & Gordon, 2010; Spellman et al., 2015;
Tamura, Spellman, Rosen, Gogos, & Gordon, 2017). They have found that ventral
hippocampal input to mPFC was critical for spatial working memory encoding (Spellman et
al., 2015). A later study showed that the mediodorsal thalamus was critical for spatial
working memory maintenance (Bolkan et al., 2017). Inspired by this approach, we used the
delayed nonmatch to position task in rats to investigate the role of the Re in spatial working
memory encoding, maintenance and retrieval. We found that Re optogenetic suppression
impaired spatial working memory encoding, leaving maintenance and retrieval unaffected
(Maisson, Gemzik, & Griffin, 2018). This finding suggests that Re output, a large majority
of which goes to mPFC and hippocampus (Vertes et al., 2007), is necessary for acquiring
salient to-be-remembered spatial cues for use in upcoming decisions.

Although we have made a great deal of progress in our understanding of the prefrontal-
thalamo-hippocampal circuit in spatial working memory (See Fig. 1), there are many
remaining questions:

1. Is oscillatory synchronization within prefrontal-thalamo-hippocampal circuit
specific to spatial working memory, or is spatial working memory just one
example of many cognitive functions subserved by this functional connectivity?
Recent work, for example, has shown that Re is critical for and trace fear
conditioning (Lin, Chiou, & Chang, 2020), contextual fear memory persistence
(Quet et al., 2020) and that both Re and mPFC projections to Re are critical for
the extinction of contextual fear conditioning (Bouton, Maren, & McNally, 2020;
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Ramanathan, Jin, Giustino, Payne, & Maren, 2018; Ramanathan & Maren, 2019)
and signaled active avoidance (Moscarello, 2020).

2. Are there times when prefrontal-hippocampal theta synchrony should be low? In
other words, would there be situations in which functional connectivity would
need to be temporarily inhibited? Perhaps theta synchrony would need to be low
during times when it is necessary to pay attention to external cues instead of
internally generated information. One hypothesis is that Re bidirectionally
modulates prefrontal-hippocampal theta synchrony based on whether new
information is being encoded or old information is being retrieved. Future studies
could test this hypothesis using a combination of circuit-based suppression
techniques (i.e. optogenetics or chemogenetics) combined with high-density
multi-site recordings.

3. What is the functional role of the convergence of inputs to CA1 and mPFC? Re
and entorhinal cortex both terminate in stratum lacunosum moleculare of CAL.
In a pair of related studies, (Dolleman-Van der Weel, Lopes da Silva, & Witter,
1997, 2017), stimulated Re-CALl afferents in the anesthetized rat while evoked
potentials and unit activity were recorded from CAL. The results showed that Re
plays a modulatory role in the excitation of CA1 pyramidal cells and elicits
spiking in inhibitory interneurons. Another study stimulated Re and entorhinal
cortex simultaneously and found a nonlinear subthreshold response in CAL,
indicating that entorhinal cortex and Re synapse on the same cellular
compartment (Dolleman-van der Weel et al., 2017). Many testable hypotheses
arise from these findings. First, elimination of either Re or entorhinal input to
CA1 should have consequences for memory task performance, particularly tasks
that rely on interactions within the larger prefrontal-thalmo-hippocampal
network. Similarly, task-correlates of dCA1 neurons should be altered as well.
Similarly, Re and hippocampal projections both terminate in mPFC layers 1 and
5/6. Little is known about the electrophysiological response profile of these two
inputs and the associated behavioral correlates. It should also be noted that
entorhinal cortex and Re are densely interconnected and both give rise to
terminals that project to the mPFC and hippocampus (Dolleman-van der Weel et
al., 2019; Vertes, 2006; Vertes et al., 2006).

4. What is the role of the Re neurons that send collaterals to the hippocampus and
mPFC and how does this small population of Re neurons compare to neurons
that project only to either the hippocampus or mPFC? It is possible that these
dual-projecting collaterals enhance prefrontal-hippocampal oscillatory synchrony
by enabling excitation of mPFC neurons precisely at the same time that
projection neurons from Re to hippocampus are active. Targeting the dual-
projecting Re population with optogenetic or chemogenetic approaches could
partially answer this question. Coupling suppression/activation of this dual-
projecting population with multisite recordings along the prefrontal-thalamo-
hippocampal network would shed even more “light” on the role of this small but
unique subpopulation of Re neurons.
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In conclusion, spatial working memory requires both encoding of task-relevant information
at the appropriate time and subsequent retrieval of that information at the exact moment it is
needed (Eichenbaum, 2017; Place, Farovik, Brockmann, & Eichenbaum, 2016; Spellman et
al., 2015). Working memory deficits may involve a disruption of this precise timing such
that information encoding and/or retrieval fail to occur at the appropriate time. We now
know that both spatial working memory and prefrontal-hippocampal theta coherence are
impaired by Re suppression (Hallock et al., 2016). Working memory impairments are
common in various neurodevelopmental and neuropsychiatric disorders, such as
schizophrenia and epilepsy and are associated with impaired interactions between the
hippocampus and PFC (Dolleman-van der Weel & Witter, 2020). These interactions are
known to be reduced in both human clinical populations (Argyelan et al., 2014; Bassett,
Nelson, Mueller, Camchong, & Lim, 2012; Lawrie et al., 2002; A. Meyer-Lindenberg et al.,
2001; A. S. Meyer-Lindenberg et al., 2005; Venkataraman, Whitford, Westin, Golland, &
Kubicki, 2012) and a rodent models of schizophrenia (Dickerson, Wolff, & Bilkey, 2010;
Sigurdsson et al., 2010). Interestingly, the Re was recently shown to undergo significant
neuron loss in a rodent model of fetal alcohol spectrum disorders (Gursky, Spillman, &
Klintsova, 2020). Re neurons were also shown to be hyperexcitable in rodent model of
Alzheimer’s disease, which may contribute to hyperexcitability within the prefrontal-
hippocampal network (Walsh, Brown, & Randall, 2020). Thus, understanding of how
information is exchanged within the prefrontal-thalamo-hippocampal circuit may lead to
better treatments and interventions for cognitive dysfunction.
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Highlights
. The nucleus reuniens reciprocally connects the hippocampus and prefrontal
cortex.
. The nucleus reuniens is critical for spatial working memory in rodents.
. Inactivation of reuniens disrupts hippocampal-prefrontal synchronization.
. Questions remain about communication in the prefrontal-thalamo-

hippocampal circuit.
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Encoding Phase — Critical Brain Regions/Pathways

* Nucleus Reuniens (Maisson, Gemzik, Griffin, 2018)
» Ventral Hippocampus input to mPFC (Spellman et al., 2015)

Maintenance Phase

g — > * Mediodorsal thalamus input to mPFC (Bolkan et al., 2017)
=

— > + mPFC input to Mediodorsal thalamus (Bolkan et al., 2017)

Figure 1.
Schematic of the T-maze Delayed Nonmatch to Position task (left) with the brain regions

and pathways that have been shown to be critical for task performance (right). The task
consists of three phases: an encoding phase in which the rodent is forced to turn into one of
the two goal arms, a maintenance phase, in which the rodent is confined to the start box, and
a retrieval phase, in which the rodent must chose the opposite goal arm from the previously-
visited arm in order to receive reward. Note that Spellman et al., 2015 and Bolkan et al.,
2017 used a traditional T-maze in their experiments, instead of the T-maze modified with
return arms used in Maisson, Gemzik and Griffin, 2018 that is depicted in the figure.
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