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The hypothesis of this article is that the interactions between the prefrontal cortex and
the hippocampus play a critical role in the modulation of goal-directed self-action and
the strengthening of episodic memories. We describe various theories that model a
comparator function for the hippocampus, and then elaborate the empirical evidence
that supports these theories. One theory which describes a prefrontal-hippocampal
comparator for voluntary action is emphasized. Action plans are essential for successful
goal-directed behavior, and are elaborated by the prefrontal cortex. When an action plan
is initiated, the prefrontal cortex transmits an efference copy (or corollary discharge) to the
hippocampus where it is stored as a working memory for the action plan (which includes
the expected outcomes of the action plan). The hippocampus then serves as a response
intention-response outcome working memory comparator. Hippocampal comparator
function is enabled by the hippocampal theta rhythm allowing the hippocampus to
compare expected action outcomes to actual action outcomes. If the expected and
actual outcomes match, the hippocampus transmits a signal to prefrontal cortex which
strengthens or consolidates the action plan. If a mismatch occurs, the hippocampus
transmits an error signal to the prefrontal cortex which facilitates a reformulation of the
action plan, fostering behavioral flexibility and memory updating. The corollary discharge
provides the self-referential component to the episodic memory, affording the personal
and subjective experience of what behavior was carried out, when it was carried out,
and in what context (where) it occurred. Such a perspective can be applied to episodic
memory in humans, and episodic-like memory in non-human animal species.

Keywords: prefrontal cortex, hippocampus, medial septum, episodic memory, comparator, volition, goal-directed
behavior, theta rhythm

INTRODUCTION

In its simplest form, a comparator is a device for making comparisons (usually comparing
something against a standard measure). A common use of this term in behavioral neuroscience
involves neural mechanisms used to compare the expected outcomes of behavior with the
actual outcomes of behavior (Numan, 1978, 2000). Neuronal comparators are often described as
match/mismatch detectors since they determine if actual behavioral outcomes agree (match) or
disagree (mismatch) with the expected outcomes of a behavioral action (Duncan et al., 2012).
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For example, Von Holst (1954) proposed that the initiation
of movement (efference) produced an efference copy (corollary
discharge) in the CNS. This efference copy, therefore, was a
working-memory of the planned movement and it included the
expected outcomes of the planned movement (Clearly, planning
is key here, as plans have a prospective focus on outcome
expectations). According to Von Holst, the actual outcomes of a
planned action (reafference) could now be compared against the
expected outcomes encoded in the efference copy, and planning
would be modified in case of a mismatch.

Miller et al. (1960) employed a comparator to explain how
organisms utilize an action plan to navigate cognitive maps.
Their comparator model was proposed to bridge the “theoretical
vacuum between cognition and action.” In this model, the
comparison process is called a “test” and the comparator was
a component of a feedback loop called the “Test-Operate-Test-
Exit” (TOTE) unit. If the test determines that the expected and
actual behavioral outcomes match, the behavior is terminated
(exit). If a mismatch occurs, behavior is continued until a match
is achieved. Thus, in their view, the operation of the TOTE unit
involves the execution (operate mode) and testing of behavioral
plans using working-memory. Based on the experimental data
available at that time, they hypothesized that the working-
memory for planned actions is formed in the prefrontal cortex,
and that the comparator testing occurs in the limbic system.

Anokhin (1969) developed a model of behavioral planning
and testing similar to those developed by Von Holst (1954) and
Miller et al. (1960). He emphasized the critical importance of
the comparator system for the formulation of future behavior;
a mismatch between expected and actual outcomes of behavior
would result in the formulation of a new program of action.

EARLY THEORIES OF A HIPPOCAMPAL
COMPARATOR

To my knowledge, Vinogradova (1970) was the first to formulate
a comprehensive description of a comparator function for the
hippocampus. She made unit recordings from hippocampal area
CA3 in rabbits. Approximately 60% of the neurons showed
inhibitory (I) responses to sensory stimuli (e.g., 500 Hz tone),
while 40% showed excitatory (E) responses. Following repeated
stimulus presentations these responses habituated (returned to
spontaneous activity levels). However, slight changes in the
stimulus (e.g., pitch change, stimulus duration change, etc.)
resulted in a resurgence of responding (E or I) in the habituated
neurons. For Vinogradova, these hippocampal neurons appeared
to be detecting “the absence of congruency between trace system
and actual stimulus.” Most of these neurons (~85%) were
multimodal, responding in the manner described to various
presented stimuli (tones, flashing lights, clicks, etc.).
Vinogradova (1970) suggested that the hippocampal neurons
that responded to a new stimulus with excitation were “novelty
detectors;,” while those that responded with inhibition were
“identity detectors.” The identity detectors are active when
sensory information matches sensory expectation (thus, a novel
stimulus inhibits the activity of these cells). This activity was

thought to inhibit the registration of this stimulus as new.
However, under mismatch conditions, these identity detectors
were inhibited, allowing the registration (memory formation) of
the new stimulus.

Vinogradova remained a staunch supporter of the
hippocampal comparator hypothesis, and updated her ideas
many times (e.g., 1975) including a final paper (2001) accepted
for publication in Hippocampus on June 1, 2001, 1 week prior to
her death (June 8, 2001). In that 2001 paper, she elaborated her
ideas, specifying CA3 as the location of the comparator which
compares sensory signals derived from two inputs: The cortex
(via perforant path>dentate gyrus>CA3), and the reticular
formation (via the medial septum). She also speculated that the
pacing of the hippocampal theta rhythm by the medial septum
would synchronize these two inputs, facilitating the comparison
process.

At about the same time that Vinogradova (1970, 1975)
developed her theory of a hippocampal comparator for the
detection of sensory novelty, Numan (1972, 1978, 2000)
developed his theory of a hippocampal response intention-
response outcome working-memory comparator. Numan’s
theory was influenced by the aforementioned work of Von Holst
(1954), Miller et al. (1960) and Anokhin (1969), as well as
Vanderwolf’s (1969, 1971) discovery of a correlation between
the hippocampal theta rhythm and voluntary movement in rats.
Like Miller et al. (1960), Numan (1972, 1978) focused on the
utility of an action plan (which he called a motor program) when
an organism interacted with its environment, and a mechanism
for evaluating the effectiveness of the motor program based
on feedback derived from the consequences of action. The
motor program was described as a molar concept; it did not
specify specific movements per se, but rather a general action
plan for achieving a goal. Numan (1978) hypothesized that the
dorsolateral prefrontal cortex (dIPFC; or its homolog in non-
primate species), medial septum-diagonal band (MSDB), and
dorsal hippocampus (posterior hippocampus in primates) were
the core areas of this system, in part, because of the similar
difficulties with response regulation (e.g., loss of behavioral
flexibility) following damage to these structures (see (Numan,
1978, 2000) for reviews). His theory postulated that the motor
program (action plan) was formulated by the dIPFC based
on the current environmental context, the motivational and
emotional state of the organism, and previous experiential factors
(stored memories). Once the motor program was formulated, the
dIPFC transmitted an efference copy (corollary discharge) of the
program to the hippocampus where it was temporarily stored
as a working-memory. This motor program included both an
action plan and the expected consequences of action. When the
motor program is initiated, the MSDB activates the hippocampal
theta rhythm, enabling the hippocampal comparator, allowing
reafference (response dependent sensory changes) transmitted to
the hippocampus to be compared against the efference copy.

Hence, in the hippocampus, the intended (expected) response
outcomes (encoded in the efference copy) are compared with
the actual response outcomes derived from reafference. If the
expected and actual outcomes match, the hippocampus transmits
a signal to dIPFC to strengthen (consolidate) the current action
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plan. In the case of a mismatch, an error signal is transmitted
to dIPFC and a new motor program is formulated based on the
consequences of the just completed action. This analysis suggests,
therefore, that both the dIPFC and the hippocampus store a
working memory (WM) for the action plan; the hippocampal
WM serving as a comparator which functions to signal match or
mismatch information to strengthen or modify, respectively, the
WM for the action plan stored in dIPFC.

In his initial formulation of this theory, Numan (1972) placed
the comparator in hippocampal area CA1. He hypothesized that
the efference copy was initially stored in hippocampal area CA3.
Then, upon response initiation and theta activation, the efference
copy was transferred to the hippocampal comparator in CA1.

In 1982, Gray published a monograph on the
septohippocampal system which presented a comparator
model similar to that described by Numan (1978). Gray located
his comparator in the subiculum. Here, information about the
current sensory environment, and intended movements in that
environment were derived from sensory association cortex and
prefrontal cortex, respectively. This information is transmitted
to the subiculum via the entorhinal cortex. Predictions about
expected outcomes of behavioral actions are also transmitted
to the subiculum from the thalamus, and cingulate, temporal
and prefrontal cortexes. Thus, this set of inputs provides
the comparator with sensory information about the current
environment, current and intended motor programs, and the
expected outcomes of behavior. Once the behavioral act is
initiated, the actual environmental outcomes are transmitted,
via entorhinal cortex, to the subiculum for comparison with the
expected outcomes. If there is a mismatch between these inputs,
an error signal is sent to higher level systems (presumably in
prefrontal cortex) that plan and execute motor programs to stop
or inhibit the current action program. In the case of a match, the
current motor program is maintained.

In both Numan’s (1978) and Gray’s (1982) models, the
inability to detect a mismatch (due to comparator dysfunction)
between expected and actual outcomes of behavior (i.e., error
detection) would lead to the maintenance of the current action
plan. This, of course, would result in an increased probability
of response perseveration, which is so common following
septohippocampal damage in a variety of species (Numan, 1978;
Gray, 1982).

However, it is well known that perseveration following
septohippocampal damage, does not typically occur when salient
environmental cues (exafference) are available to guide behavior
(see Numan, 1978, 2000). This underscores the importance
of the septohippocampal system for solving spatial problems
(O’Keefe and Nadel, 1978). However, a failure of error detection
leading to response perseveration following septohippocampal
damage also occurs in non-spatial tasks when salient external
cues are not available to guide behavior (e.g., DRL, Go/No-go; see
Numan, 1978, 2000; Numan and Klis, 1992; Numan et al., 1995).
Numan (1978) suggested that damage to the septohippocampal
system impairs behavioral flexibility, in both spatial and non-
spatial tasks, when salient external cues are not available to
guide behavior. When such salient external cues are available,
other brain regions can successfully detect errors and maintain

behavioral flexibility when the septohippocampal system is
compromised; behavior being regulated by environmental cues
that predict positive outcomes (Griffiths et al., 2014). While
not universal (e.g., see M'Harzi and Jarrard, 1992), numerous
experiments have reported that damage to the septohippocampal
system (MSDB, fornix, hippocampus) did not impair, and
sometimes facilitated, performance on tasks guided by salient
exteroceptive cues (Zola and Mahut, 1973; Aggleton et al., 1986;
Eichenbaum et al., 1988; Packard et al., 1989; Ennaceur and
Meliani, 1992; Kelsey and Vargas, 1993; Cho and Kesner, 1995;
Bussey et al., 1998; Gaffan et al., 2001; Janisewicz and Baxter,
2003).

In this regard, McDonald and White (1995) have suggested
that, for rats, spatial discrimination in a maze is dependent on
an intact hippocampus only if the cues identifying locations are
ambiguous and the rat is allowed to voluntarily move through the
maze. Hudon et al. (2003) tested fornix and sham lesioned rats on
a radial maze with either intramaze or extramaze cues that were
either fixed or variable. Fornix lesions impaired performance
only when variable extramaze cues were used. In this case, the
cues identifying locations were ambiguous, and control rats could
achieve efficient performance by remembering their movement
trajectory through the maze. However, the failure of a working
memory comparator for voluntary action would disrupt such
a strategy and impair the performance of the fornix lesioned
rats. As a corollary, Gaffan et al. (2003) found that rats with
fornix transection were just as efficient as controls in acquiring
incidental learning about allocentric spatial cues when navigation
was not required.

Gray (1982) suggests that the septohippocampal system
is not involved in working memory. Here, he focuses on
the perseverative impairments observed on operant DRL
(Differential Reinforcement of Low Rates of Responding) tasks
following septohippocampal damage, which he suggests cannot
be mediated by working memory. He states that “what changes
from moment to moment in a DRL task is not what the animal
must remember, but the requirement to respond or not to
respond.” However, a failure of response inhibition is not a
viable explanation for DRL perseverative responding following
septohippocampal lesions in rats (Ellen and Butter, 1969) and
cats (Numan and Lubar, 1974) because the lesioned animals show
normal response inhibition on this task when an external cue
signals the end of the DRL interval. In contrast, a failure of a
working memory comparator for voluntary action would prevent
the detection and correction of premature DRL responding,
leading to perseveration in the absence of a cue signaling the
end of the DRL interval. But, in the presence of such a cue, the
animal can simply sit and wait for the cue to elicit a stimulus-
response procedural habit (Griffiths et al., 2014; see also Young
and McNaughton, 2000).

In support of this WM idea, Numan et al. (2004) found that
rats with MSDB lesions could normally discriminate immediate
contingent (response dependent) reinforcement from non-
contingent (response independent) reinforcement, and decreased
lever pressing for contingent reinforcements, just like control
rats, when contingencies were shifted from positive toward
zero (equal probability of reinforcement for responding or
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not responding). However, such discrimination failed when
contingent reinforcements were delayed by 5-s. The lesion
effect appeared to be due to a failure for the working memory
for voluntary action, which impaired sensitivity to operant
contingencies when there was a delay between action and
outcome. This failure of volitional memory appears to be
mediated by MSDB modulation of hippocampal circuits, as
similar results have recently been reported in human patients
with damage to the medial temporal lobe (Foerde et al., 2013).

Moreover, Crystal et al. (2013) trained rats, in a radial
maze, to discriminate chocolate reward locations obtained by
experimenter placement of the rat at the food area vs. reward
location obtained by the rat voluntarily walking to the food area.
All rats learned this “source memory” by discriminating food
areas based on passive placement vs. active movement. Once this
task was well learned, temporary inactivation of hippocampal
area CA3 with lidocaine eliminated this “source memory”; rats
could no longer discriminate food locations based on passive vs.
active movement.

A series of experiments by Voss et al. (2011) found that
normal human subjects showed better memory for both object
recognition and object location when they could actively control
(volitional control) their viewing of the objects compared
to when they passively viewed the objects. Importantly,
predetermined movements to view the objects, lacking volitional
control, did not improve memory. Subsequently, human subjects
with hippocampal damage failed to show the memory benefit
derived from volitional control. Finally, fMRI analysis in normal
human subjects found that volitional control was associated with
enhanced coordination of activity between the hippocampus and
the prefrontal cortex (both dorsolateral and medial prefrontal
areas).

These findings suggest that an essential component of episodic
memory is the memory for the act of personal doing; not only
the memory for past doing (retrospective memory), but also the
planning of future doing (prospective memory; also see Gaesser
et al., 2013 for the role of human hippocampus and prefrontal
cortex in future planning). Such memory for self-referential
actions and plans places the self as a core component of episodic
memory.

What is the result of comparator failure? First, the match
function for correctly completed acts is unavailable and the action
plan cannot be strengthened, causing a failure to recall successful
task completion (e.g., did I take my pills this morning?).
Second, mismatch failure prevents an error signal for incorrect
actions, increasing the probability of perseveration. Under these
conditions behavior will come under the control of procedural
habits and/or semantic memory networks (Zola-Morgan and
Squire, 1993; Mishkin et al.,, 1997; Tulving and Markowitsch,
1998).

Most models of episodic memory focus on the integration of
cortically derived spatial, non-spatial, and temporal information
by the hippocampus (relational memory). Manns and
Eichenbaum (2006) present an excellent review of such neural
models of episodic memory. What is lacking from these models,
however, is the self-referential component of episodic memory.
Perhaps the interaction between the prefrontal cortex and the

septohippocampal system provides this self-referential core to
episodic memory. In Numan’s (1972, 1978, 2000) comparator
model, the corollary discharge from prefrontal cortex, stored
as a working memory efference copy in the hippocampus
provides such a self-referential component, “giving a sense of
‘self” during behavior” (Poulet and Hedwig, 2007). Such an idea
is supported by the work of Kelley et al. (2002) using fMRI in
human participants. They found that self-referential judgements
selectively engaged the medial prefrontal cortex and improved
memory for those judgements compared to other-referential
judgements. Moreover, Philippi et al. (2012) found that lesions of
the medial prefrontal cortex abolished this self-referential effect
on memory.

Klein (2013) also proposes that episodic memory involves not
only a sense of time and place but also autonoetic awareness:
a self-knowing sense of memory ownership and that episodic
memory involves an interaction between the prefrontal cortex
and the medial temporal lobe (see also Wheeler et al., 1997;
Tulving, 2002; Buckner and Carroll, 2007; Section Episodic
Memory of the current manuscript).

RECENT EVIDENCE FOR A HIPPOCAMPAL
COMPARATOR

Fyhn et al. (2002) provide evidence for a mismatch detector in
hippocampal area CAL1 of rats. They recorded unit activity from
CA1 pyramidal cells while rats learned to find an escape platform
in an annular water maze. Once learning was established, CA1
cells were relatively silent. Subsequently, movement of the escape
platform to a new location led to an increased firing rate of
the CA1 cells when the rat found the location of the moved
platform. They suggest that this increased activity is caused by
the difference in the new goal location compared to the stored
memory of the initially learned location. In contrast, CA1 cells
did not increase their firing rates when the platform location
was changed on every test trial, suggesting that novelty alone
was not responsible for the rate change. Thus, only novelty
that contrasted with previously acquired experience lead to an
increased firing rate of CA1 cells.

Lisman and Grace (2005) also provide evidence for a
comparator in dorsal hippocampal area CAl of rats. Their
comparator detects novelty by comparing expected events,
derived from prior memories and relayed to CA1 from CA3, with
actual current events (current reality) relayed to CAl from the
cerebral cortex.

A more recent experiment in rats (Lever et al., 2010) also
supports a comparator process for hippocampal area CAl (as
suggested above), rather than in the subiculum as suggested
by Gray (1982) and McNaughton (2006). Lever et al. found
that the firing of CA1 principal cells shifts to a later phase of
theta when the rat explores a novel environment. This effect
was not observed from cells recorded from the subiculum.
They suggest that this CAl firing theta shift correlates with
plasticity in the CA1 place cell representation, and may underlie
the neural mechanism required for detecting and encoding
novelty (the comparator is probably active in a completely novel
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environment, because expectations about that environment
have not yet been encoded; see our discussion in Section
Discussion).

In a series of experiments, using fMRI in human participants,
Kumaran and Maguire (2006, 2007a,b, 2009) also provide
evidence for associative match-mismatch processes in the
hippocampus. They suggest that the hippocampus detects
novelty by comparing current sensory input to stored memories;
novelty is detected when current sensory input does not
match with expectations derived from experience. In their
2006 study, participants first viewed a sequence of four objects
(pictures of animals, cars, household objects, etc.) in a specific
sequence (A>B>C>D). Following this experiential exposure
the participants viewed the same quartet of objects in one
of the following sequences: same (A>B>C>D), entirely new
(C>A>D>B), or partial novelty where the last two objects in
the sequence were reversed (A>B>D>C). They found that left
hippocampal activation was greatest in the case of partial novelty.
In contrast, hippocampal activation to the entirely new sequence
did not differ from activation produced by the same sequence.
They, therefore, conclude (as did the Fyhn et al., 2002 study
in rats cited above) that the hippocampus does not respond
to novelty per se, but rather to an associative match-mismatch
process. In the partial novelty condition, the first two objects
(A>B) activate the expectation, based on the representation of
initial exposure, that C>D should follow (pattern completion).
When this expectation is violated by the partial mismatch (D>C),
the hippocampus becomes activated and generates a mismatch
signal. In contrast, they found that the right perirhinal/entorhinal
cortex responds to novelty per se, showing equally enhanced
activation to both the entirely new sequence, and the partial
novelty sequence.

Duncan et al. (2009) used fMRI in human participants
engaged in a two-object working memory task. They found
activation in the posterior hippocampus for both matches
and mismatches, and they suggest that the hippocampus
maintains a representation of the goal during the delay period
for subsequent comparison with the probe. In a subsequent
study, Duncan et al. (2012) employed high resolution fMRI
in human participants to determine the hippocampal subfield
responsible for match/mismatch detection. They found that
only hippocampal field CA1 was involved in match/mismatch
processes. Interestingly, they found that some voxels in CAl
increased activity to mismatches, while others showed maximal
activity to perfect matches and decreased activity when a
mismatch occurred. Similar results have been reported by Chen
et al. (2011). These findings are compatible with Vinogradova’s
(1970) novelty and identity detectors, described earlier.

Zou et al. (2009) present data from rats suggesting that
hippocampal theta waves (local field potential, 6-9 Hz) reflect
the activity of a hippocampal comparator during navigation.
Here, a mismatch between expected and actual sensory input was
produced by placing rats on a treadmill that was attached to a
motor stage that moved along a track. While the rats ran in a
forward direction on the treadmill, the rats were moved backward
on the track by translocation. Theta power increased only in
this condition, not showing increases with forward translocation

nor backward translocation without locomotion. Aitake et al.
(2011) reported similar findings. In both of these cases, theta
power increased when there was a mismatch between forward
locomotion and backward idiothetic feedback.

These data suggest that the hippocampus serves as an
associative match-mismatch comparator under a variety of
conditions. However, perhaps the hippocampal comparator is
always “online” during these various test conditions, but is not
functionally essential for all of them. For example, Ferbinteanu
et al. (2011) tested rats in a + maze on a spatial task and a cue
task. Excitotoxic hippocampal lesions impaired performance on
the spatial task, but not the cue task. In another group of rats,
these authors recorded unit responses from dorsal hippocampal
CA1 cells while the rats performed either the spatial task or
the cue task. They found that journey-dependent activity of the
cells occurred during both the spatial task and the cue task,
and that such journey-dependent activity was disrupted on error
trials in both conditions. Hence, the hippocampus was “online”
during both spatial and cue conditions, but was only functionally
relevant for performance in the spatial task (as hippocampal
damage only impaired performance for the spatial condition).
These data are intriguing, and lend support to our view that the
hippocampus serves as a response intention-response outcome
working memory comparator. Dorsal hippocampal neurons
assess response intention-response outcome comparisons under
both spatial and the cue conditions. Such hippocampal
assessment, however, is only functionally relevant to the
spatial task as extra-hippocampal regions can mediate accurate
stimulus-response performance under discrete cue conditions via
procedural/reference memory systems (Numan, 2000).

FRONTO-HIPPOCAMPAL RELATIONS

Numan’s comparator theory (1978) states that the dorsolateral
prefrontal cortex formulates the action plan and transmits an
efference copy (corollary discharge) to the hippocampus. The
hippocampus holds this efference copy in working memory to
compare its encoded expected outcomes of behavior with actual
outcomes. When the hippocampal theta rhythm enables the
comparator, the match or mismatch outcomes were signaled
back to the prefrontal cortex where the action plan was either
strengthened (correct match signal) or modified (error mismatch
signal).

Central to this conceptualization, is the two-way
communication between the prefrontal cortex and the
hippocampus, as well as the theta rhythm enabling the
comparator function. There does not appear to be a direct
monosynaptic projection from the prefrontal cortex to the
hippocampus. However, like other regions of association cortex,
prefrontal projections can reach the hippocampus via the
entorhinal cortex (Van Hoesen et al., 1972), and perhaps via
other anatomical routes that may include the retrosplenial
cortex, and the nucleus reuniens of the thalamus (Morris et al.,
1999; Vertes, 2006; Vann et al., 2009; Aggleton, 2012; Prasad and
Chudasama, 2013; Miller et al., 2014; Griffin, 2015). In contrast,
it is now well known that the hippocampus has a monosynaptic
glutamatergic projection to prefrontal cortex. In the rat, this
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monosynaptic path originates in the ventral hippocampus
CA1l/subiculum and terminates in the medial (prelimbic and
medial orbital) prefrontal cortex (Jay and Witter, 1991; Thierry
et al., 2000).

This projection to PFC from ventral hippocampus, given the
current perspective, is potentially problematic. Numan (1978)
emphasized the role of the dorsal hippocampus in his model,
and additional reports support a dissociation of function along
the dorsoventral axis of the hippocampus, with the dorsal region
(posterior hippocampus in humans) mediating cognitive, spatial,
and working memory functions while the ventral region (anterior
hippocampus in humans) mediates affective behavior (Numan,
1978; Moser and Moser, 1998; Bannerman et al., 1999, 2003;
Fanselow and Dong, 2010). In this regard, O’'Neill et al. (2013)
studying mice on a spatial working memory task in a T-
maze, found that the medial prefrontal cortex and the dorsal
hippocampus became synchronized at theta frequency, and that
the degree of synchrony positively correlated with behavioral
performance. They suggest that the synchrony between the dorsal
hippocampus and medial prefrontal cortex may be mediated
by the ventral hippocampus, which is connected to the dorsal
hippocampus and projects directly to the medial prefrontal
cortex. In support, they found that if the influence of the
ventral hippocampus was computationally or experimentally
removed, the synchrony between dorsal hippocampus and
medial prefrontal cortex was reduced. This important role
of the ventral hippocampus, which mediates affective states,
makes sense if we assume that personal self-referential planning
contains an affective component.

Functional connectivity analysis has also found connectivity
between the dorsolateral prefrontal cortex and hippocampus
during navigation in humans (Brown et al, 2014), and
connectivity between the dorsomedial prefrontal cortex and
dorsal hippocampus in rats navigating a radial maze (Goto and
Grace, 2008). Benetti et al. (2009) found impaired performance
on a delayed match to sample task in human schizophrenics.
This impairment was associated with a decreased functional
connectivity between the right posterior hippocampus and the
right inferior frontal gyrus.

PLACE CELLS AND MOVEMENT

If the hippocampus serves as a response intention-response
outcome working memory comparator, then hippocampal
neurons should evidence response-related correlates. There is
now abundant evidence to support such a proposal.

The discovery of place cells in the dorsal hippocampal CA1
region of freely moving rats by O’Keefe and Dostrovsky (1971)
led to the seminal work of O’Keefe and Nadel (1978) emphasizing
the spatial mapping properties of the hippocampus, based
primarily on allocentric visual cues. However, non-visual cues
can also regulate place cell firing (Sharp et al., 1995), and Save
etal. (1998) found that place cell firing in early blind rats was very
similar to that recorded from sighted rats. Many investigators,
therefore, have suggested that information derived from self-
motion (including proprioceptive and vestibular cues, reafferent
cues, and corollary discharges) may play an important role in

both hippocampal place cell firing and navigation (Gothard et al.,
1996; Granger et al., 1996; McNaughton et al., 1996). The control
of navigation by self-motion cues is referred to as path integration
(Whishaw, 2000). In this regard, Foster et al. (1989) recorded
firing rates from hippocampal place cells while rats were allowed
to move freely, or when movement was restrained. They found
excellent place specificity for these cells when the rats were free
to move, but there was an almost complete suppression of place
specificity during restraint.

Wiener and Korshunov (1995) recorded unit responses from
dorsal CA1 place cells while rats searched for rewards in a
square arena. They found that cell firing best correlated with
the execution of task behaviors rather than specific spatial
locations.

Hetherington and Shapiro (1993) also suggested that
movement through a spatial location might be crucial for
the maintenance of hippocampal place cell firing. Muller and
Kubie (1989) presented evidence that hippocampal place cells
may regulate the selection of movement trajectories because
their firing pattern correlates best with the rat's subsequent
position in space; the spikes appeared to predict where the rat
would go. Markus et al. (1995) have shown that the directional
tuning of hippocampal place cells codes for a planned trajectory
between points of special significance, and that the place
cells have episodic characteristics; the place fields being stable
under constant task parameters, but the fields change when
task parameters change. Wood et al. (2000) recorded cellular
responses from dorsal CAl pyramidal cells, which had place
fields on the central stem of a T-maze, while rats performed a
continuous spatial delayed alternation task. Approximately 70%
of these cells fired differentially on left turn and right turn trials.
Frank et al. (2000) also recorded from dorsal CA1 pyramidal
cells, which had place fields on the central arm of a W-track,
while rats performed a continuous spatial alternation task. Many
of these neurons showed either prospective or retrospective
coding, firing at different rates depending on where the rat would
go (prospective) or where it had just come from (retrospective).
They suggest that prefrontal inputs to entorhinal cortex and
hippocampus mediate the prospective coding.

Ferbinteanu and Shapiro (2003), recording from CAl
pyramidal cells during a T-maze task in rats, were able to
classify some cells as typical place cells. However, many of
pyramidal cells had prospective coding, signaling response
intention (e.g., the firing of these cells in the start arm of the
maze predicted the subsequent goal arm choice). Yet other
cells had retrospective coding, firing in the goal arm at the
completion of the path traveled. Allen et al. (2012) tested rats
on a continuous alternation task in a T-maze. They found that
left and right choices were encoded by changes in the firing rates
of hippocampal place cells, even though the actual place field
remained constant. Importantly, they found that firing rate was
an excellent predictor of response choice on correct trials, but not
on error trials. They suggest a dual role of the hippocampus on
this task, providing both allocentric spatial information and task
contingent information supporting the rats’ behavior. Ainge et al.
(2012) tested rats on a conditional discrimination in a T-maze.
Their results suggested that the firing of hippocampal CA1 place
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cells was not controlled by the conditional stimulus, but rather by
the intended trajectory of the animal.

Song et al. (2005) recorded neural activity from dorsal
hippocampal CA1/CA3 cells while rats either actively ran or
passively rode in a motorized cart on a circular track. The
spatial informational content of place cells was significantly
lower under passive compared to active movement, even though
the external sensory inputs were virtually identical in both
conditions. They suggest that the better spatial resolution during
active movement may be related to motor commands, efference
copy, and proprioceptive feedback along with the concomitant
involvement of the prefrontal cortex. Similar findings were
reported by Terrazas et al. (2005). These findings are reminiscent
of the results reported in humans by Voss et al. (2011), described
earlier, showing that volitional control improves memory.

Dayawansa et al. (2006) recorded unit activity from CA1 place
cells while rats moved on a motion stage along two routes in
a Figure-8 pattern. In some cases the rats ran on a treadmill
attached to the motion stage, in the same direction and at the
same rate as the motion stage. In other cases, such locomotion
on the treadmill was not allowed. They found that 85.2% of place
cells, with place fields on the central stem, showed different firing
patterns for the two routes when the rats were allowed to run
on the treadmill. However, such route-dependent neural activity
was lost when the treadmill was stopped (preventing running),
even though the motion stage continued its movement along
the routes. Thus, the route-correlated activity was locomotion
dependent.

Clearly, these results support the critical role of movement for
the activity of hippocampal pyramidal cells. Moreover, the firing
of these cells appears to be episodic in nature, and correlates with
response intention and perhaps response outcomes.

It may be that the hippocampus plays important roles in
both pure spatial mapping and for the encoding of movement
trajectories through the mapped space. Rondi-Reig et al. (2006)
tested mice on a water star-maze task. Normal mice used
either (or both) allocentric and sequential egocentric (multiple
body turns) strategies to solve the task. Mice with knockout
of the gene for the NR1 subunit of the NMDA receptor in
the CA1 region of the hippocampus were impaired in using
both strategies, and the impairment could not be explained by
impairments of response inhibition. Interestingly, the knockout
mice could acquire a simple egocentric strategy of one body
turn. Perhaps anterior cortex-hippocampal relations mediate
sequential egocentric strategies, posterior cortex-hippocampal
relations mediate allocentric strategies, and cortico-striatal
relations mediate simple egocentric strategies (see also Numan,
2000; Jacobs and Schenk, 2003; Griffiths et al., 2014).

THETA, HIPPOCAMPUS, AND
PREFRONTAL CORTEX

The hippocampal theta rhythm is a rhythmic sinusoidal EEG
activity with a frequency range between 3 and 12Hz (Bland,
2000). The GABAergic and cholinergic projections form the
MSDB to the hippocampus play a critical role in the regulation

of this rhythm (Lewis and Shute, 1967; Amaral and Kurz, 1985;
Bland, 2000). Damage to the MSDB disrupts the hippocampal
theta rhythm (Green and Arduini, 1954; Donovick, 1968; Bland,
1986, 2000) and results in behavioral impairments similar to
those produced by direct damage to the hippocampus (Numan,
1978; Olton et al., 1982; Givens and Olton, 1990; Walsh, 2000;
Pang et al, 2011). Hence, the integrity of the circuitry that
maintains the theta rhythm appears to be critical for the normal
function of the hippocampus. There have been many hypotheses
about the behavioral correlates of the hippocampal theta rhythm,
including attention, information processing, sensory-motor
integration, voluntary movement, match/mismatch detection,
and memory (see Vanderwolf, 1971; Bland, 2000; Hasselmo, 2000;
Vinogradova, 2001; Buzsaki, 2002, 2005 for reviews). Buzsaki
(2005) concludes that theta “is the temporal means of navigation
in both neuronal space during episodic memory and real space
during self-motion.”

Importantly, for our discussion, a number of reports have
linked the theta rhythm to hippocampal-prefrontal interactions.
Jones and Wilson (2005) recorded hippocampal theta activity
as well as unit responses in dorsal CA1 and medial prefrontal
cortex (mPFC) while rats performed a continuous alternation
task. They found that unit responses in both CA1 and medial
prefrontal cortex were phase locked to the theta rhythm,
suggesting a neuronal interaction between the hippocampus and
prefrontal cortex. Importantly, they also found that correlated
unit spike timing, theta phase locking, and theta coherence
between the dorsal CA1 and mPFC were strongest during the
working memory component of the task, especially when the
end result was a correct response. These data suggest that
better communication between mPFC and dorsal hippocampus
correlates with better working memory. They also suggest,
since the mPFC receives input from ventral CAl/subiculum,
that the dorsal CA1 interacts with the mPFC via the ventral
CAl/subiculum. This idea is supported by the findings O'Neill
et al. (2013) described earlier.

Siapas et al. (2005) reported findings similar to those reported
by Jones and Wilson (2005). In further support, Benchenane
et al. (2010) studied theta coherence between medial prefrontal
cortex and hippocampus in rats during a Y-maze task. The
theta coherence increased at the maze choice point and the
greater the coherence, the better the performance. Carr et al.
(2011), also studying rats, found that theta coherence between the
hippocampus and prefrontal cortex is greatest at locations where
the animals executed memory-guided decisions.

Hyman et al. (2011), testing rats on a DNMS (Delayed Non-
Match to Sample) lever-press task, found that the firing of some
neurons in rat medial prefrontal cortex become entrained to the
hippocampal theta rhythm (theta cells), while others (about 1/3)
did not (never theta cells). The theta cells appeared to be related
to correct performance, as theta entrainment occurred for correct
choices. In contrast the never theta cells appeared to predict
errors as their response rates increased for incorrect choices.

Cardoso-Cruz et al. (2013), using partial directed coherence
in rats tested on a working memory task, found bi-directional
flow of information between the medial prefrontal cortex and
dorsal CA1, at the theta frequency band, when the rat is in the
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choice zone of the maze. Additionally, most prefrontal neurons
increased their firing rates in the choice zone when the rat
performed a correct response. In contrast the CAl neurons
decreased their activity in the choice zone when the rat performed
an error response.

Kaplan et al. (2012) tested human male participants as they
pressed a key to move around a virtual environment and pick
up objects along the way. Once well learned, they were shown
an object cue, and now their task was to press the key to
navigate to the remembered location of that object in the virtual
environment. Using MEG and fMRI, they found a significant
increase in theta power, in both the medial prefrontal cortex and
the hippocampus, with movement onset compared to stationary
periods. They also found a significant memory-related increase
in theta power during object cue presentation; theta power at
that time being greater for accurate compared inaccurate location
choices. Also in humans, Anderson et al. (2010) used intracranial
electroencephalogram to detect theta coherence between the
lateral prefrontal cortex and the medial temporal lobe during
the recall of a list of words. During recall, the theta coherence
between the lateral prefrontal cortex and the medial temporal
lobe was significantly greater than during a control baseline
procedure. Granger causality analysis indicated a bidirectional
flow of information between the lateral prefrontal cortex and
the medial temporal lobe, but with a greater influence from the
medial temporal lobe to the lateral prefrontal cortex.

These findings are relevant because the synchronization of
oscillatory phases between different brain regions appears to
facilitate both working memory and long term memory processes
(Fell and Axmacher, 2011). Moreover, Sauseng et al. (2010)
suggest that prefrontal theta coupled with gamma phase in
other brain regions might provide a comparator function during
working memory processes.

Taken together, these results support an important role for the
theta rhythm in mediating interactions between the prefrontal
cortex and hippocampus, and perhaps in the strengthening
of correct actions and the weakening of incorrect actions.
This conclusion is strengthened by data showing that tetanic
stimulation of the hippocampus in rats induces LTP in the
medial prefrontal cortex while low frequency stimulation of the
hippocampus induces LTD or depotentiation (reversal of LTP) in
the medial prefrontal cortex (Laroche et al., 2000; Vertes, 2006).

EPISODIC MEMORY

Wheeler et al. (1997) review a large body of data which argue
that episodic memory depends upon autonoetic consciousness,
which is the capacity to mentally represent and become aware
of the self and its personal, subjective experiences across time:
the present, past and future. Their review also supports the view
that the prefrontal cortex is the primary brain region responsible
for autonoetic consciousness, and hence essential for episodic
memory.

While Wheeler et al. (1997) believe that autonoetic
consciousness, and hence episodic memory, is a distinctly human
capacity, our view is that the corollary discharge from prefrontal
cortex to hippocampus, in non-human animal species, is the

evolutionary precursor for autonoetic consciousness, allowing
for episodic-like memory. Whishaw and Wallace (2003) agree,
arguing that self-movement cues (including corollary discharge)
in non-human animal species may be the antecedent to episodic
memory. They suggest that “it is likely that self-movement
information provides the animal with information about what it
itself did at a particular time and place just as autobiographical
memory allows humans to know what they did at a particular
time and place.” Crystal (2010, 2012), Eacott and Easton (2012)
and Martin-Ordas and Call (2013) review a large body of data
supporting both episodic-like memory and prospective cognition
in non-human animal species. Importantly, Veyrac et al. (2015)
report that episodic-like memory in rats depends upon an
intact hippocampus, and that the recollection of such memories
correlates with hippocampal-prefrontal activation.

A number of studies have supported an interaction between
the prefrontal cortex and the medial temporal lobe during
episodic memory and prospective cognition in humans. Buckner
and Carroll (2007) argue that episodic memory is involved
in the projection of the self into the past (retrospective
episodic memory) or the future (prospective cognition), and
is mediated by an interaction between the prefrontal cortex
and the medial temporal lobe (also see Simons and Spiers,
2003; Schacter et al., 2012). Botzung et al. (2008) used fMRI
to study brain activation while human participants retrieved
past episodic memories or while they planned future projects.
Both the memory task and the future planning task activated
the dorsolateral prefrontal cortex, the medial prefrontal cortex,
and the hippocampus. As already noted, Anderson et al. (2010)
found that theta coherence between the lateral prefrontal cortex
and the medial temporal lobe increased during memory recall in
humans.

Gerlach et al. (2011) used fMRI to study brain activation while
human participants mentally simulated how they would solve a
personal problem. This was a goal directed task that involved
both self-referential and planning processes. They point out that
the default network, which includes many structures including
the medial temporal lobe, the medial prefrontal cortex, and the
posterior cingulate cortex, is usually active during self-referential
thought. In contrast, the dorsal attention network, which
includes many structures including the dorsolateral prefrontal
cortex, is active during focused attention. Usually, activity in
these two networks is anticorrelated (also see Spreng et al,
2010). However, for their mentally simulated personal problem
solving task, both networks were activated, including dorsolateral
prefrontal cortex, medial prefrontal cortex, posterior cingulate
cortex, and hippocampus. Moreover, functional connectivity
analysis found strong connectivity between the dorsolateral
prefrontal cortex and the posterior cingulate cortex. Therefore,
the posterior cingulate, a component of retrosplenial cortex,
may be a critical hub between the dorsolateral prefrontal cortex
and the hippocampus (Vann et al., 2009; Fornito et al., 2012;
Schacter et al.,, 2012; Mizumori and Jo, 2013; Miller et al.,
2014).

Kim (2012) used a meta-analysis of imaging studies to support
the view that autobiographical memory involves a self-referential
component and an episodic memory component. He developed
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a dual system concept whereby the self-referential component
involves the anteromedial prefrontal cortex and the memory
component involves the medial temporal lobe.

These findings can be integrated with Numan’s (1978) views
by suggesting that a planned act of personal doing sends
an efference copy from the dorsolateral prefrontal cortex to
hippocampal area CA3 (the episodic memory component).
When the action is initiated (along with increased theta
coherence between prefrontal cortex and hippocampus), dorsal
hippocampal area CA3 transfers the efference copy to dorsal
hippocampal area CAl (our comparator). When dorsal CAl
receives the efference copy, it activates ventral hippocampal
area CAl (Penley et al, 2013; Yang et al, 2014), which
in turn activates the ventromedial prefrontal cortex which
provides the self-referential component. This possibility makes
sense if we assume that self-referential processes involve an
affective component mediated by the ventral hippocampus
and ventromedial prefrontal cortex. Alternatively, dorsolateral
prefrontal cortex might activate the ventromedial prefrontal
cortex at the same time that it sends the corollary discharge
to hippocampus. This latter alternative receives some support
from a recent fMRI study in humans by Hare et al. (2014).
These authors, using Dynamic Causal Modeling, found increased
effective connectivity from the left dorsolateral prefrontal cortex
(dIPFC) to the ventromedial prefrontal cortex (vmPFC) during
decisions to wait for larger delayed rewards in a temporal
discounting task. They conclude that the influence of the dIPFC
on the vmPFC is critical for effective self-control during goal-
directed behavior.

THE MEDIAL SEPTUM-DIAGONAL BAND

If the hippocampus serves as a response intention-response
outcome working memory comparator, and if the comparator is
enabled by the hippocampal theta rhythm, then damage to the
MSDB which abolishes the theta rhythm, should also disable the
comparator.

The MSDB projects cholinergic, GABAergic and
glutamatergic terminals to the hippocampus (Roland et al,
2014) and is a critical subcortical structure for the pacing
of the hippocampal theta rhythm (Bland, 2000; Buzsaki,
2002; Goutagny et al., 2008). Damage to the MSDB abolishes the
hippocampal theta rhythm and results in behavioral impairments
similar to those observed following direct damage to the
hippocampus (see Numan, 1978, 2000; Gray, 1982 for reviews).
Hence, the functions of the MSDB and hippocampus are
intimately interrelated. Numan (1972, 1978, 2000) hypothesized
that the pacing of the hippocampal theta rhythm by the MSDB
enabled the hippocampal response intention-response outcome
working memory comparator. Hence, damage to MSDB would
disable the hippocampal comparator, and mimic many of
the behavioral effects of direct damage to the hippocampus. A
hallmark of septohippocampal damage is response perseveration.
The failure of the response intention-response outcome working
memory comparator would prevent the strengthening of correct
responses (match) and the weakening of incorrect responses
(mismatch). Both of these failures would lead to increased

response perseveration errors compared to control subjects with
an intact comparator system.

Numan and Quaranta (1990) assessed the effects of MSDB
electrolytic lesions in rats on a delayed alternation (DA) task
conducted in operant chambers with left and right levers.
All testing was conducted post-operatively using three delay
conditions (0, 10, and 20s). MSDB lesions did not impair
performance at the 0-s delay, indicating that the rats acquired
the basic task rules, and that procedural/reference memory
was intact. However, the MSDB lesioned rats were significantly
impaired at the 10 and 20-s delays, indicating an impairment
in working memory. The rats were then maintained at the 20-s
delay, but a cue light was continuously illuminated above the left
lever in order to reduce the spatial requirement of the task. This
cue condition did not improve the performance of the MSDB
lesioned rats, and they remained severely impaired compared
to the sham-operated controls. However, in the next phase of
the experiment, when a cue light was illuminated above the
correct lever at the end of each 20-s delay (which eliminated the
working memory requirement of the task), the MSDB lesioned
rats dramatically improved their performance, which was now
indistinguishable from the sham-operated controls.

The MSDB lesioned rats did not emit more perseverative
errors compared to controls during the 0-s delay or during the
20-s delay when a cue light signaled the correct lever response.
Hence, perseveration did not occur when working memory was
not required. In contrast, the MSDB lesioned rats did emit
significantly more perseverative errors than controls during the
10 and 20-s delay phases, as well as during the 20-s delay phase
where a cue light was continuously illuminated above the left
lever. Hence, perseveration only occurred in the MSDB lesioned
rats when working memory was required. We then removed
all perseverative errors from our data analysis (for both MSDB
lesioned and control rats), counting only initial errors. The
MSDB rats were still impaired, compared to controls, during the
working memory phases of the task at both the 10 and 20-s delays.
Taken together, these results suggest that a working memory
impairment, rather than response perseveration, is the primary
effect of the MSDB lesion. Hence, perseveration is a secondary
consequence of the working memory failure.

Since the MSDB lesioned rats acquired the alternation rule,
as indicated by their performance at the 0-s delay, then the
impairment produced by adding a delay suggests a working
memory failure for either their pre-delay response or their
planned post-delay response. Hence the probability of repeating
the same response following the delay would approximate 50%.
This would result in an increase in both initial errors as well
as perseverative errors when compared to control subjects. This
analysis suggests, therefore, that perseverative errors are no
different from initial errors: they are both due to a failure
of working memory, leading to a random selection of lever
responses following the delay which leads to an increased
probability (compared to controls with intact working memory)
of emitting the same response.

Finally, the two cue conditions, one which reduced the spatial
requirement of the task but did not improve performance of
the MSDB lesioned rats, and the other which reduced the
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working memory requirement of the task and did improve the
performance of the lesioned rats, argue that the lesion disrupted
some aspect of working memory, and that neither the spatial
aspect of the task nor a failure of response inhibition were
essential factors for the observed impairment.

In a subsequent experiment, Numan (1991) showed that
MSDB lesioned rats are impaired on a delayed lever alternation
task even after they acquired efficient delay performance
preoperatively. This finding further supports a lesion induced
failure of working memory, as task performance should be
impaired irrespective of preoperative experience, so long as task
performance is working memory dependent.

Since two levers (left and right) were employed in our
delayed alternation experiments, it might be argued that a
lesion induced spatial memory impairment could not be entirely
ruled out. Moreover, since our hypothesis proposes a specific
failure of the working memory for voluntary responses, we
still needed to determine if other types of working memory
remain intact after MSDB lesions. Therefore, we conducted
two go/no-go tasks in operant chambers using only a single
lever. The use of only one lever eliminated the left-right spatial
component of the delayed alternation experiments described
above. Both experiments included a non-delay condition (to
assess procedural/reference memory) and a delay condition (to
assess working memory). In the first experiment (Numan and
Klis, 1992), the effects of MSDB lesions on stimulus working
memory were assessed, whereas the effects of these lesions
on response working memory were determined in the second
experiment (Numan et al., 1995).

In the first experiment (Numan and Klis, 1992) a 2800 Hz
tone and a 10Hz flashing light served as “go” and “no-go”
stimuli, respectively. A discrete trial procedure with symmetrical
reinforcement was employed. At the beginning of each test
session the chamber was dark except for back-illumination of a
central press panel. Depression of the panel extinguished its back
light and initiated the random presentation of either the “go”
stimulus (tone) or the “no-go” stimulus (flashing light) for 3,
after which the stimulus was terminated and the delay period was
initiated. At the end of the delay, a white cue lamp was turned
on above the lever for 2 s to indicate its functional availability for
only 2 s. If, during this 2-s period, the rat pressed the lever on “go”
trials or refrained from pressing it on “no-go” trials, a food pellet
was delivered. At the end of the 2-s lever availability period, or
following a lever press, the lever cue lamp was extinguished, and
the central press panel was again back-illuminated to begin the
next trial.

MSDB lesioned and sham-operated control rats were tested
for 45 sessions, first using a 0-s delay (20 sessions) followed by 25
sessions employing an 8-s delay. The groups did not differ at the
0-s delay, both performing at about 90% correct during the last 5
days of testing. These results indicate intact reference/procedural
memory in the MSDB lesioned rats. When the delay phase
was initiated, performance fell to chance levels in both groups,
but they improved over the 25 day testing period. However, in
this external cue working memory task the MSDB lesioned rats
performed significantly better that the sham-operated controls.
During the last 5 days of the 8-s delay phase, the MSDB lesioned

rats averaged 71% correct responding and the controls averaged
61% correct (p < 0.001).

These results cannot be explained by spatial theories of
septohippocampal function (only one lever was used and discrete
exteroceptive cues signaled the appropriate response) nor by
a general process working memory impairment produced by
the MSDB lesion (as the lesion facilitated performance during
the working memory component of the task). Since our
hypothesis proposes that the MSDB lesions result in impaired
working memory for voluntary responses, it is possible that
such an impairment would result in a compensatory reliance
on exteroceptive cues to guide behavior, and hence facilitated
performance, compared to controls, on this stimulus based
working memory task. If this view is correct, then a go/no-go task
that depends on response working memory, rather than stimulus
working memory, should be impaired by MSDB lesions.

Numan et al. (1995) tested MSDB lesioned and sham-operated
rats on a single lever operant go/no-go task similar to the one
just described. However, external stimuli were not employed to
signal the correct response, rather the rats were simply required
to alternate “go” and “no-go” responses, first at a 0-s delay (20
sessions) and then at a 15-s delay (35 sessions). Again, a discrete
trial procedure with symmetrical reinforcement was used.

In order to perform well on this task, the rat must acquire the
go/no-go alternation rule and remember the response it emits
on any given trial and alternate that response on the subsequent
trial. Hence, the delay phase places a specific demand on response
working memory (either holding the pre-delay response or the
planned post-delay response in working memory).

Both the lesioned and control rats efficiently (>80% correct)
acquired the task at the 0-s delay, and their performance
did not significantly differ. These results suggest intact
reference/procedural memory. In contrast, the MSDB rats
were significantly impaired, compared to controls, during the 15-
s delay phase of this task. Of particular interest is the dissociation
of the effects of the MSDB lesions on the two versions of the
delayed go/no-go task. When salient exteroceptive cues signaled
the “go” and “no-go” trials, the MSDB lesioned rats performed
better than controls. When such salient cues were lacking,
however, and performance depended on response working
memory, the MSDB lesioned rats were impaired. Clearly, these
results do not support a general process working memory
impairment following MSDB lesions. Rather, the impairment
is specific for the working memory of voluntary responses, and
can be expressed independently from spatial factors or response
perseveration per se.

Next we assessed if damage to the MSDB would impair
the rats ability to distinguish between response-dependent
and response-independent reinforcement under conditions of
a working memory load. In that experiment (Numan et al.,
2004), MSDB lesioned rats and sham-operated controls were
tested on a single lever operant task to assess the effects
of non-contingent reinforcement (response independent food
pellet delivery) on response rates for contingent reinforcement
(response dependent food pellet delivery). MSDB lesioned rats
performed identically to controls under conditions of immediate
contingent reinforcement (food pellet delivery immediately
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follows the lever press). Like control rats, they decreased their
response rates for contingent reinforcements as the probability
of non-contingent reinforcement increased. This normal action-
outcome association is probably mediated by the striatum
(Humphries and Prescott, 2010).

In contrast, when contingent reinforcement was delayed
by 5-s (requiring working memory to bridge the response-
reinforcement interval), the MSDB lesioned rats continued
to press the lever for contingent reinforcement even as
the probability of non-contingent reinforcement increased.
Conversely, under these conditions of delayed contingent
reinforcement, the control subjects remained sensitive to the
increased probability of non-contingent reinforcement, and
decreased their response rates for contingent reinforcement.
It should be emphasized that this lesion effect was not due
to the delay, per se. We found that under conditions of a
high probability of delayed contingent reinforcement, but in
the absence of non-contingent reinforcement presentations, the
performance of the sham and septal lesioned rats was virtually
identical. This ability to make action-outcome associations under
conditions of delayed contingent reinforcement is also probably
mediated by the striatum, especially the nucleus accumbens core
(Cardinal, 2006).

Thus, the impaired sensitivity to the effects of non-contingent
reinforcement presentations, evidenced by the MSDB lesioned
rats, occurred only when both delayed contingent reinforcement
and the presentation of non-contingent reinforcement occurred
together; either alone did not differentially affect the MSDB
lesioned rats.

Therefore, we concluded that these results reflected a
failure of voluntary response working memory in the MSDB
lesioned rats. This memory failure produced ambiguity
between contingent (response-dependent) and non-contingent
(response independent) reinforcement only when the contingent
reinforcements were delayed, reducing the sensitivity of the
MSDB lesioned rats to the response suppressing effects of the
non-contingent reinforcements under these delay conditions.

Our views are not meant to argue against spatial (O’'Keefe
and Nadel, 1978) or relational (Eichenbaum and Cohen,
2001) theories of septohippocampal function, but rather to
complement them, suggesting that one component of such
learning-memory systems involves a voluntary response working
memory system modulated, in part, by relations between the
prefrontal cortex, hippocampus, and MSDB.

PLAUSIBLE MECHANISMS

Our hypothesis has focused on the interaction between the
prefrontal cortex and hippocampus for the encoding of the
memory for goal-directed voluntary actions, and that this
“action memory” is an essential component of episodic memory.
We argue that the prefrontal cortex develops the action
plan and transmits an efference copy (corollary discharge) to
the hippocampus. This corollary discharge provides the self-
referential component to the memory, making it episodic.

We also argue that this “action memory” is strengthened
(consolidated) or modified (behavioral/cognitive flexibility) by

interactions between a hippocampal comparator and prefrontal
cortex. We have presented evidence that the dorsal CAl
region of the hippocampus functions as a response intention-
response outcome working memory comparator, and that the
comparator is enabled by the hippocampal theta rhythm. When
response outcomes match the response intention, the current
action plan is strengthened; when there is a mismatch between
the response intention and the actual response outcomes, the
current action plan is weakened and a new action plan is
formulated.

We hypothesize that an intention to act (based on an action
plan) is mediated by the dorsolateral prefrontal cortex and its
anatomical relations with cortical motor regions (Paus, 2001; Lau
et al., 2004; Miyachi et al., 2005) and that the memory of that
intention (the corollary discharge) is stored in the hippocampus
(Belchior et al., 2014).

The dorsolateral prefrontal cortex transmits the efference
copy (corollary discharge) to dorsal hippocampal area CA3.
The activation of the response intention (preparation for an
overt behavioral response) transfers the efference copy to dorsal
hippocampal area CAl (our comparator) and increases theta
power in the hippocampus (Belchior et al., 2014). It is possible
that this theta activation is mediated by projections from dorsal
CA1l to the dorsomedial region of the lateral septum, which
in turn projects to the theta control regions of the MSDB
and supramammillary nucleus (Fanselow and Dong, 2010; see
also Numan and Lubar, 1974). During new learning, this
increased baseline theta power, across the dorso-ventral axis of
the hippocampus (Penley et al., 2013; Yang et al., 2014; Long
etal, 2015), promotes increased theta coherence between ventral
CA1l/subiculum and medial prefrontal cortex to strengthen the
new learning (Benchenane et al., 2010), and perhaps to instantiate
the self-referential tag for the new learning (Philippi et al,
2012).

We propose that this increased theta power during new
learning serves as a baseline, and that changes from this
baseline theta power can signal subsequent comparator outcomes
in dorsal CAl. Here, the efference copy (response intention
memory) arrives over the trisynaptic path (entorhinal cortex >
dentate gyrus > CA3 > CA1l), and when the action is initiated,
the actual response outcomes are transmitted over the direct path
from entorhinal cortex > CA1l. These two inputs are compared
in dorsal CA1. Recall that Zou et al. (2009) and Aitake et al.
(2011) found that when there was a mismatch between response
intention and response outcome, dorsal hippocampal theta
power increased above baseline levels. Perhaps this increased
theta power serves as a mismatch signal to facilitate behavioral
switching. In support of this idea, Schmidt et al. (2013) found
an increase in theta power in dorsal hippocampus when rats
were required to shift a behavioral strategy in a + maze task.
Moreover, Penley et al. (2013) found that both theta power and
coherence increased in hippocampal area CA1, between electrode
sites across the entire dorso-ventral axis of the hippocampus,
when rats traversed a maze that was different from a maze they
were previously exposed to. These findings suggest the functional
integration of this associative mismatch signal across the dorso-
ventral axis of the hippocampus. If so, this mismatch signal can
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be transmitted from ventral CAl/subiculum, over the known
monosynaptic path, to the medial prefrontal cortex, and perhaps
also instantiate a self-referential tag. But, how can the action plan
now be modified in in dorsolateral prefrontal cortex? Cavanagh
etal. (2009), testing human subjects on a Flanker task, found that
theta power increased in medial prefrontal cortex immediately
after an error, and that theta phase synchronization between
medial prefrontal cortex and dorsolateral prefrontal cortex also
dramatically increased on these error trials. The degree of these
power and synchronization changes predicted the subsequent
behavioral adjustments.

Clearly, our analysis is speculative, and much additional
research is necessary to strengthen our position. Other brain
regions also produce error signals, such as the ventral tegmental
area (Schultz, 2002) and the anterior cingulate cortex (Holroyd
and Coles, 2002). How our proposed mechanisms interact
with these brain regions to foster behavioral flexibility and
episodic memory remains to be determined. What is crucial
to our hypothesis is that the fronto-hippocampal comparator
is only essential for behavioral flexibility and episodic memory
under conditions of a working memory load when salient
external stimuli are not reliably available to guide behavior.
When the working memory load is minimal, and /or when
salient stimuli are available to guide responding, other neural
systems can effectively regulate the learning and memory of
these stimulus-response associations (van der Meer et al,
2012). If, as our hypothesis suggests, increases in hippocampal
theta power reflect the engagement of our comparator during
hippocampal dependent learning, then such power changes

should not occur on hippocampal independent tasks. In support,
Olvera-Cortés et al. (2002) and Sakimoto et al. (2013) found
increases in hippocampal theta power when rats were tested
on a hippocampal dependent task, but not when tested on a
hippocampal independent task.

DISCUSSION

Our hypothesis integrates a large body of data supporting
the view that a prefrontal-hippocampal comparator system
facilitates the formation of episodic memory and its self-
referential tag, and fosters behavioral flexibility and memory
updating during goal-directed behavior. Behavioral planning to
achieve a goal, voluntary action toward that goal, corollary
discharge, and an associative match/mismatch comparator are
central components of our hypothesis (see Figure1). The
brain regions that play a central role in our hypothesis
include the prefrontal cortex (behavioral planning, action
activation, and self-referential tag), the hippocampus (action-
outcome working memory comparator), and the medial septum
diagonal band (pacing the hippocampal theta rhythm). The
hippocampal theta rhythm facilitates neural interaction between
the hippocampus and prefrontal cortex, and signals comparator
outcomes. This neural system appears to be functionally relevant
under conditions of a working memory load when external
stimuli are not available to guide behavior. In this section,
I integrate the major findings in support of this hypothesis.
Table1 summarizes the research findings supporting our
analysis.
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FIGURE 1 | A schematic diagram of the prefrontal-hippocampal comparator model presented in the text; dIPFC, dorsolateral prefrontal cortex; HPC,
hippocampus; mPFC, medial prefrontal cortex.
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TABLE 1 | Summary of major proposals and experimental results

supporting the hypothesis.

Proposal

Support

CA1 serves as an associative
match-mismatch comparator

Fyhn et al., 2002; Lisman and Grace,
2005; Kumaran and Maguire, 2006;
Duncan et al., 2009

Voluntary movement strengthens
episodic memory

Numan et al., 1995, 2004; Dayawansa
et al., 2006; Voss et al., 2011; Allen et al.,
2012; Crystal et al., 2013

Autonoetic awareness is
mediated

by prefrontal-hippocampal
interactions

Wheeler et al., 1997; Buckner and Carroll,
2007; Botzung et al., 2008; Gerlach et al.,
2011; Schacter et al., 2012; Veyrac et al.,
2015

Ventral hippocampus may
instantiate the self-referential tag
in mPFC

Kelley et al., 2002; Goto and Grace, 2008;
Philippi et al., 2012; O’Neill et al., 2013;
Brown et al., 2014

Theta rhythm signals comparator
activation and hippocampal-PFC

Jones and Wilson, 2005; Siapas et al.,
2005; Cavanagh et al., 2009; Zou et al.,

interactions 2009; Benchenane et al., 2010; Aitake

et al., 2011; Schmidt et al., 2013

Schizophrenia symptoms may be
due to a failure of corollary
discharge

and PFC-hippocampal
abnormalities

Feinberg, 1978; Frith and Done, 1988;
Friston and Frith, 1995; Feinberg and
Guazzelli, 1999; Fletcher et al., 1999; Ford
and Mathalon, 2004; Wolf et al., 2007;
Stephan et al., 2009; Whitford et al., 2012;
Ledoux et al., 2013; Thakkar et al., 2015

Hippocampal Area CA1 Serves as an

Associative Match-mismatch Comparator

The research reported by Fyhn et al. (2002), Lisman and
Grace (2005) and Lever et al. (2010) in rats, and Kumaran
and Maguire (2006) and Duncan et al. (2009) in humans
support the view that hippocampal area CA1 functions as an
associative match-mismatch comparator. In other words, the
CA1 comparator does not respond to novelty per se, but rather to
a novel event that deviates from previously acquired experience.
Thus, the comparator compares expected behavioral outcomes,
derived from prior memories for the present context, with
the actual current behavioral outcomes. One would expect,
however, that the comparator would also be functional during the
initial learning trials of a completely novel experience, perhaps
indicated by an increase in theta power, which would strengthen
this new learning. As learning stabilizes, and the experiential
outcomes remain the same (signaled by comparator matches),
the maintenance of this baseline theta power would foster the
consolidation of the episodic memory for this experience via
theta coherence between the hippocampus and prefrontal cortex
(Jones and Wilson, 2005; Siapas et al., 2005; Benchenane et al.,
2010), and subsequently via reciprocal anatomical connections
between the prefrontal cortex and other regions of association
cortex (Numan, 1978; Frankland and Bontempi, 2005). Now,
if the contextual experiential outcomes change (e.g., reversal
learning, placing the escape platform in a new water maze

location, etc.), expected outcomes will no longer match actual
outcomes of behavior, and hippocampal theta power will increase
over the baseline level, signaling a mismatch (Zou et al,
2009; Aitake et al., 2011; Schmidt et al., 2013). Again, via
theta coherence between hippocampus and prefrontal cortex,
and prefrontal relations to other regions of association cortex,
behavioral flexibility (e.g., response switching) and memory
updating will be fostered (Kroes and Fernandez, 2012).

Voluntary Movement Strengthens Episodic

Memories for Goal-directed Behavior

The prefrontal cortex plays an essential role in the planning
of behavior to obtain a goal (Numan, 1978; Miller and Cohen,
2001). Our hypothesis proposes that the prefrontal cortex
interacts with cortical motor areas to organize and initiate
goal-directed actions, and transmits a corollary discharge to
the hippocampus. This efference copy is stored as a working
memory in the hippocampus to serve as an action-outcome
comparator. I propose that the actual “doing” of behavior, and
the assessment of the outcomes that follow, play a significant
role in goal-directed behavior, behavioral flexibility, and the
strengthening of the episodic memory for the experience. The
importance of such behavioral “doing” is supported by the
research of Voss et al. (2011) who found that volitional control in
humans improves memory, and that this effect depends upon an
intact hippocampus and correlates with hippocampal-prefrontal
interactions. This view finds further support from the work of
Crystal et al. (2013), showing that hippocampal lesions in rats
impair source memory derived from active voluntary movement
toward a goal vs. passive placement at the goal. Moreover,
in a non-spatial operant task, Numan et al. (2004) found
that damage to the septohippocampal system in rats impaired
their ability to distinguish contingent (response dependent)
from non-contingent (response independent) reinforcement.
We have also described a number of experiments supporting
important movement-related correlates for hippocampal “place
cells.” Foster et al. (1989) found excellent place specificity for
“place cells” under conditions of active movement, but not during
restraint. Song et al. (2005) and Dayawansa et al. (2006) found
better spatial informational content, and route-dependent neural
firing, respectively, in hippocampal “place cells” recorded in rats
during active movement compared to passive movement, even
though the external environmental cues were constant for the
active and passive conditions. A number of other experiments
reported that “place cell” firing predicts movement trajectories
(Muller and Kubie, 1989; Wood et al., 2000; Allen et al., 2012).

Episodic Memory and Autonoetic

Awareness

Many theories of episodic memory argue that episodic memory
depends on autonoetic consciousness: the capacity to mentally
represent the self across time and that autonoetic awareness
depends upon the prefrontal cortex and its interaction with the
hippocampus (Wheeler et al., 1997; Tulving, 2002; Buckner and
Carroll, 2007; Schacter et al., 2012). We propose that the substrate
for such autonoetic consciousness, mediating episodic memory

Frontiers in Behavioral Neuroscience | www.frontiersin.org

13

November 2015 | Volume 9 | Article 323


http://www.frontiersin.org/Behavioral_Neuroscience
http://www.frontiersin.org
http://www.frontiersin.org/Behavioral_Neuroscience/archive

Numan

Prefrontal-Hippocampal Comparator

in humans and episodic-like memory in animals, is the corollary
discharge from prefrontal cortex to hippocampus. A number
of studies, using fMRI in humans, found that the retrieval of
episodic memories and even the mental simulation (thoughts
about an action plan and its consequences) about solving a
personal problem correlates with activation of the prefrontal
cortex (both dIPFC and mPFC) and the hippocampus (Botzung
et al,, 2008; Gerlach et al, 2011). Importantly, Veyrac et al.
(2015) reported that episodic-like memory in rats depends upon
the hippocampus, and that the recollection of such memories
correlates with hippocampal-prefrontal interactions. In humans,
the medial prefrontal cortex appears to play a critical role in self-
referential memory (Kelley et al., 2002) and lesions of the medial
prefrontal cortex abolish this self-referential effect on memory
(Philippi et al., 2012).

The Ventral Hippocampus and the
Self-referential Component of Episodic
Memory

There is a dissociation of function along the dorsoventral
(posterior-anterior in primates) axis of the hippocampus with the
dorsal region mediating cognitive, spatial and working memory
functions and the ventral region mediating various aspects of
affective behavior (Moser and Moser, 1998; Bannerman et al.,
1999, 2003; Fanselow and Dong, 2010). We propose that the
contextual components of episodic memory are mediated by
projections from dIPFC to dorsal hippocampus, and that the
self-referential component of episodic memory (which likely has
an affective component) is initiated by the corollary discharge
and instantiated by interactions between dorsal hippocampus
and ventral hippocampus, and the direct projection from ventral
hippocampus to medial prefrontal cortex. This conceptualization
is supported by the by the work of Goto and Grace (2008) in rats,
O’Neill et al. (2013) in mice, and Brown et al. (2014) in humans,
as well as the research described in Section Episodic Memory and
Autonoetic Awareness.

The Hippocampal Theta Rhythm

The hippocampal theta rhythm is a local field potential of the
hippocampus that correlates with memory functions, sensory-
motor integration, and voluntary movement. We have given
theta a critical role in our hypothesis. While theta may be
recorded from the hippocampus under a variety of conditions,
especially during voluntary movement, we propose that theta
power increases when subjects are exposed to a hippocampal-
dependent learning experience (Olvera-Cortés et al, 2002;
Sakimoto et al., 2013) and that this increased theta power
(which we refer to as baseline theta power) strengthens correct
responses (comparator match) through hippocampal-prefrontal
interactions. In contrast, error responses (comparator mismatch)
cause a further increase (above baseline) in theta power,
providing a mismatch signal to the prefrontal cortex fostering
behavioral flexibility and memory updating. The MSDB is an

important pacemaker for the hippocampal theta rhythm; damage
to the MSDB disrupts theta and results in behavioral impairments
similar to those produced by direct hippocampal damage. Jones
and Wilson (2005) recorded both unit responses and theta
waves from dorsal CAl and mPFC while rats performed an
alternation task. The unit responses from both regions were
phase locked to theta, and this phase locking as well as theta
coherence between CAl and mPFC were strongest during the
working memory component of the task. They suggest, as
we have above (Section The Ventral Hippocampus and the
Self-Referential Component of Episodic Memory), since the
mPFC receives input from the ventral hippocampus, that the
dorsal hippocampus interacts with the mPFC via the ventral
hippocampus. In my laboratory, we found that MSDB lesions in
rats, which presumably disrupted the hippocampal theta rhythm,
impaired the working memory for voluntary actions (Numan
et al,, 1995) and diminished the ability of rats to discriminate
response-dependent contingent reinforcement from response-
independent non-contingent reinforcement (Numan et al,
2004).

Schizophrenia

A fertile area for future investigation, in support of our
hypothesis, comes from the study of schizophrenia patients.
Research has indicated that: (a) some of the symptoms of
schizophrenia can be interpreted as a failure of corollary
discharge, (b) schizophrenia patients have episodic memory
impairments, and (c) abnormalities in prefrontal cortex,
hippocampus, and/or disconnection between these brain regions
may mediate these findings. It has been hypothesized that
a failure of corollary discharge, and its concomitant self-
referential tag, could contribute to the positive symptoms
of schizophrenia (e.g., delusions, hallucinations); the patient
being unable to distinguish their self-generated thoughts and
actions from those externally generated (Feinberg, 1978; Frith
and Done, 1988; Feinberg and Guazzelli, 1999; Stephan et al.,
2009; Whitford et al., 2012; Thakkar et al., 2015). Importantly,
the failure of this self-referential tag appears related to a
disruption of communication between prefrontal cortex and the
temporal cortex/hippocampus (Frith and Done, 1988; Friston
and Frith, 1995; Fletcher et al., 1999; Ford and Mathalon, 2004).
Wolf et al. (2007) found that impaired episodic memory in
schizophrenia patients correlated with disrupted connectivity
between the dIPFC and temporal/parahippocampal regions. A
number of reviews (Heckers, 2001; Boyer et al., 2007; Ranganath
et al,, 2008) also emphasize episodic memory impairments
in schizophrenia and concomitant structural and functional
impairments in hippocampus and in prefrontal-hippocampal
relations. Importantly, Ledoux et al. (2013) reported impaired
episodic memory and impaired navigation (in a virtual
environment) in schizophrenia patients. These impairments were
associated with abnormal activations (fMRI) in the left middle
frontal gyrus and both the left and right posterior hippocampus.
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