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Abstract

The evolutionarily conserved lateral habenula (LHb) enables dynamic responses to continually
changing contexts and environmental conditions. A model is proposed to account for greater
mnemonic and contextual control over LHb-mediated response flexibility as vertebrate brains
became more complex. The medial prefrontal cortex (mPFC) provides instructions for context-
specific responses to LHb, which assesses the extent to which this response information matches
the motivation or internal state of the individual. LHb output either maintains a prior response
(match) or leads to alternative responses (mismatch). It may also maintain current spatial and
temporal processing in hippocampus (match), or alter such activity to reflect updated trajectory
and sequenced information (mismatch). A response flexibility function of the LHb is consistent
with poor behavioral control following its disruption (e.g., in depression).

A Core Mechanism Underlying Flexible Response Systems

A striking feature of behavioral adaptation is the rapidity with which one is able to switch
learned behavioral and cognitive strategies when a goal or context changes. This switch is
much faster than would be expected if use of the alternative strategy reflected new learning
by different memory systems. Instead, it is generally believed that multiple memory systems
must be operating in parallel (e.g., [1-3]). A challenge is to understand the mechanisms that
ensure rapid, seemingly automatic, dynamic, and accurate switches in responses when the
outcomes of a prior act or choice are not optimal or as expected based on memory. The
ability to switch responses according to response outcomes is a fundamentally important
behavior that has been attributed to the PFC [4-6]. While the PFC undoubtedly plays a
role, it is worth noting that animals without a defined PFC (e.qg., zebrafish [7,8]) are able
to quickly and flexibly respond in adaptive ways. Therefore, one possibility is that at least
an evolutionarily conserved element of the underlying neural circuitry mediating the ability
to dynamically switch responses is the diencephalic epithalamus structure, the habenula
(Box 1). A model presented later explains how LHb control of flexible behaviors is more
context-dependent and informed by existing memories in vertebrate animals.
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Complexities of the Mammalian Habenula

The mammalian habenula comprises medial and lateral divisions that can be defined by
distinct gene expression profiles [9,10] and patterns of afferent and efferent connections
[11,12]. As described in extensive reviews (e.g., [13-16]), the connectivity and functions of
the medial habenula (MHDb) or its homologs are highly conserved across vertebrate animals,
receiving input from the septum, the diagonal band of Broca, and nucleus accumbens, as
well as input from several sensory structures such as the pineal (vision), olfactory bulb
(olfaction), and lateral line/pretectum (electrosensation). Thus internal state and sensory
information comprise the bulk of MHb input. MHb efferent fibers make up a significant
portion of the fasciculus retroflexus [11], a prominent and evolutionarily conserved pathway,
to terminate within the interpeduncular nucleus of the midbrain [11]. MHb also projects to
its neighboring LHb, and this projection does not appear to be reciprocal in nature [17].

In contrast to the MHb, the LHDb is less highly conserved in terms of both the types of
inputs it receives and efferent target structures. While the MHb seems to be functionally
and anatomically comparable across vertebrate species, there is increasing complexity to the
LHb pattern of connectivity as one moves to more complex vertebrate brains. Reflecting
this complexity of connections, the LHb of mammals is often discussed as comprising
medial and lateral divisions of its own [18,19]. The increasing specializations of LHb are
thought to reflect broader connectivity with limbic and basal ganglia input (Figure 1) [20]
as well as broader input from several structures that relay internal state information [21-
23] (Figure 1). For example, in addition to input from the septum and diagonal band of
Broca, the rodent LHb receives input from the entopeduncular nucleus (EPN, or globus
pallidus in primates, a structure that provides emotional and motivational information [24—
26]), the lateral hypothalamus, and the lateral preoptic area (LH and LPOA, involved in
attention and emotional arousal, learning associations between cues and feeding behavior
[27,28]), and brain areas that support a dynamic arousal system [29]. Given this prominent
convergence of internal state information to the LHb, it is perhaps not surprising that the
LHb appears central in mediating stress-induced changes in behavior and sensory processing
[30]. Further, LHb activation is observed following exposure to stressors [31], and chronic
stress leads to LHb degeneration [32].

In sum, the habenula of all vertebrate animals may generally serve to enable flexible
responding and choices in situations when sensory or internal state information change.
Indeed, the vertebrate habenula has been shown to be essential for the integration of such
information on a trial-by-trial basis to bias future responses (see below). As an adaptive
specialization in mammals, the LHb in particular may have evolved further to integrate the
more complex sensory and internal information needed to make more complex and timely
choices or behavioral responses.

Approach/Avoidance Behavioral Control by the Mammalian LHb

Much of the current literature on the behavioral significance of the LHb centers on its role
in processing reward and motivation information that is passed to the ventral tegmental
area (VTA) and the rostromedial tegmentum (RMTg; Figure 1) to control approach and

Trends Neurosci. Author manuscript; available in PMC 2024 November 16.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Mizumori and Baker

Page 3

avoidance behaviors (e.g., [13,19,22,33]). Briefly, primate research suggests that the LHb
passes on information that predicts aversive events and reward omission while being
inhibited by encounters with unexpected rewards [34-36]. It is thought that excitatory
signals from the LHb are passed on to the RMTg which in turn inhibits VTA dopamine
cellular activity to promote behavioral avoidance [37]. Indeed, it has been shown that
aversive stimulation activates LHb, followed by avoidance behaviors [38]. By contrast,
inhibition of the LHb (e.g., during positive prediction error signaling) promotes behavioral
activation. A more general interpretation of these findings could be that the LHb plays a role
in determining appropriate behaviors relative to recent choice outcomes [21,23,39].

Integrated LHb signals may be passed onto midbrain regions to execute (or not) future
actions via dopaminergic [40] and serotonergic [41] systems. For example, if the ongoing
response or strategy of the animal results in a specific predicted and desired outcome for a
given sensory and internal context, the LHb might cancel midbrain responses to the outcome
[42], as is seen when sensory input accurately predicts reward outcomes [43]. However,
when the ongoing response/strategy does not result in the expected outcomes, a mismatch
(or prediction error) signal is generated in these midbrain areas, and this could lead to
adjustments of past responses/strategies on future trials [44].

A Role for the LHb in Cortically Mediated Complex Behavior

As the cortex evolved to process more complex sensory and mnemonic information, the
LHb may have co-evolved to enable the more complex sensory and memory-dependent
perceptions to inform or fine-tune the ability to adaptively respond to context changes.

This is supported by descriptions of the nature of cortical afferent input to the LHb in
different species because those data show more intense innervation from the frontal cortex in
mammals, perhaps enabling more precise and reliable behavioral control over increasingly
more complex environmental situations.

Emerging functional evidence also suggests that the mammalian LHb may play a broader
role in behavioral control than in non-mammalian species because it appears to be important
in situations other than those needed to signal aversive events or prediction errors. Thus, a
more inclusive hypothesis is that the LHb plays a crucial role in the ability of an ability to
switch from the ongoing learned strategy when task or context contingencies change [21,45]
(Figure 2). For example, LHb lesioned rats perform poorly on a variable (but not simple)
escape platform water maze task, and this cannot be accounted for by altered attention,
motivation, activity, or perseveration [46] (interestingly, the lack of LHb lesion effect on
simple water maze training [30] contrasts with the significant impairment observed after
RMTg lesion [47], suggesting that although the LHb and RMTg are anatomically connected
[48] other inputs to these regions impact on their control over behavior). The LHb has also
been shown to mediate responses in complex appetitive tasks such as probability discounting
[49], as well as in spatial recognition and working memory tasks that are considered to
require intact hippocampal and/or mPFC function [50,51]. Importantly, the latter deficits
were not due to impaired spatial discrimination and associations per se, reward magnitude
discrimination, sensory processing, or changes in motor coordination [46], suggesting that
the mammalian LHb may play a key role in the general ability to change responses
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flexibly. This general hypothesis of LHb function is evaluated in the following sections
by considering a role for the LHb in component processes that are likely involved in the
ability of an animal to behaviorally adapt to changing goal conditions.

LHb Processes Context- and Goal-Predictive Cue Information

Contextual information that impacts on behavioral choices reflects conditions both internal
and external to an animal. The LHb is strategically located to process both types of

context information. As noted earlier, the LHb receives strong input from many brain
regions that process information about the current internal state in terms of motivation and
emotions (e.g., EPN, LH, and POA), and changes in motivational state (e.g., increased thirst)
have been shown to alter gene expression in the LHb [52]. Further, LHb lesions impair
physiological and behavioral responses to chronic stress, and stress induces neural atrophy
in the LHb [30,32]. In addition c-Fos expression increases in LHb after exposure to stressful
conditions such as being exposed to open fields, restraint, or lithium chloride-induced illness
[31]. There is emerging evidence that the LHb is exquisitely tuned to circadian cycles [53]:
the LHb (and MHb) expresses intrinsic circadian changes in spontaneous firing rates [54]
and receives direct input from the retina [55]. The impact of circadian rhythms on LHb
function is becoming more appreciated given findings that the LHb receives input from

the suprachiasmatic nucleus [56,57], and LHb neurons show higher firing rates during the
light phase of the light—dark cycle of rodents, while showing greater responses to retinal
stimulation during the dark phase [58].

Although the mechanism is not clear, the LHb also processes external context and goal-
predictive information. Such information could reflect particular stimuli or stimulus arrays
in the current sensory environment or it could reflect neural ensemble interpretations of

the current sensory environment. Supporting a role for the LHb in processing specific
sensory information, rodents with LHb lesions do not alter responses when the intensity of
an aversive stimulus changes, and LHb neurons respond to cues that signal aversive and
rewarding outcomes [10,59,60]. As evidence that LHb processes subjective interpretations of
external information, LHb neurons have been observed to track choice outcome information
[61]. In addition, LHb theta has been shown to co-modulate with hippocampal theta [50].
This is intriguing because of evidence that the sequencing of hippocampal neural activity
relative to the past, current, or future locations of an animal preferentially occurs during
theta (e.g., [62,63]) and sharp-wave ripple events (e.g., [64]) observed in the local field
potentials (LFPs). Thus, although there is no known direct connection between LHb and
hippocampus, communication about (expected, current, and past) spatial and temporal
context information between these structures may be governed by network oscillatory
activity.

The LHb Enables Flexible and Adaptive Behavioral Responses Following Changes in
Learned Associations Between Context or Cues and Behaviors

The LHb appears to process a wide range of current internal and external state information
that could be used to guide behavioral responses in the event that the expected outcomes
are not achieved. As supporting evidence, many studies describe findings where LHb
dysfunction led to an inability to change strategies and behaviors when goal, context, or
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sensory information changed. For example, LHb lesioned rats performed normally when
required to learn a constant hidden location in a water maze, but they had difficulty learning
a more complex version of the task where, on occasion, the hidden platform switched
locations [46,65]. Importantly, LHb lesioned rats learned an initial strategy but were unable
to learn to abandon that strategy in favor of a new one. Consistent with this pattern of
effects, Flagel et al. [66] showed that c-Fos expression increased in the LHb of rats who
learned a more complex version of a conditioning task, but not for rats who learned a simple
discrimination, despite the fact that the overt behaviors needed to solve the tasks were the
same in both groups.

Changes in behavioral strategies not only depend on the available cues or contextual
information but also depend on the subjective evaluation of choice conditions such as the
probability of achieving a goal or the effort/cost required to attain a goal. These evaluations
are considered subjective because there is no explicitly correct or incorrect choice. Instead,
choices reflect subjective preferences (e.g., level of risk tolerance). Evidence is emerging
that implicates the LHb as a key player in response-switching based on the subjective
evaluation of future choices. For example, LHb inactivation eliminates delay-discounting
behavior [49]. That is, it disrupts flexible responding that animals need to behaviorally
adjust to changing delay conditions. These LHb effects could not be attributed to changes in
reward magnitude discrimination or delay discrimination.

Another type of complex subjective decision-making occurs in a probabilistic reversal task
where rats first learn that location A is associated with high-probability reward, and location
B with a low-probability reward. After the rat learns this discrimination, the locations of the
high- and low-probability rewards are switched. After the rat learns the new locations for
high- and low-probability rewards, the locations are switched back to the original locations.
Rats eventually demonstrate a switch back to the original preferences, and, when they do,
the locations are again reversed. The number of successful reversals within 200 trials was
significantly lower for LHb inactivated rats relative to controls [21]. Without a proper LHb,
rats also took longer to reach criterion after each reversal. The impaired performance on

the repeated probabilistic reversal task was not due to increased perseveration per se, or

to an inability to discriminate and remember associations between reward probabilities and
locations [21-23]. This LHb inactivation-induced impairment parallels neurophysiological
findings showing that LHb neurons respond to changed probabilities in a primate saccade-
based probabilistic reversal task [39]. Together, these data suggest that the LHb is
particularly important for implementing response changes when animals must track a
context-dependent learned strategy or choice pattern as it changes over time. In fact, win—
stay, lose—shift analyses have shown that LHb is crucial for monitoring behaviors and
outcomes on a trial-by-trial basis [21,39].

LHb Mediation of mPFC Response Selection

Like other complex processes, a network of structures probably cooperate to mediate

timely and specific responses. That is, the LHb is likely an important part of a response
implementation network, one that includes the mPFC because it is considered to be essential
for our ability to select appropriate responses when a current strategy must be overridden
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in favor of a new strategy for achieving a goal [5,6,67]. How the mPFC accomplishes and
implements response or strategy switches is not known. Of note, however, it was recently
reported that neural representational changes in mPFC occur before overt behavioral
changes, suggesting that mPFC efferent structures may gate mPFC signals that a change
in strategy is needed [68]. We suggest that the LHb may integrate such mPFC signals with
internal state information to ultimately implement (or not) mPFC instructions.

Insight into how mPFC-LHb communication operates can be gained by studying patterns

of task-relevant communication between mPFC and other connected regions such as the
hippocampus and striatum [68,69] (Box 2). For example, mPFC theta comodulates with
hippocampal or striatal theta, and this comodulation is related to decision-making phases

of task performance and choice accuracy. In the case of hippocampus, context-specific
information may be passed to mPFC because hippocampal theta leads theta recorded in
mPFC [70]. mPFC theta comodulation with striatal theta seems to be important for optimal
working memory functions [71,72]. Both forms of comodulation vary in strength and impact
depending on current task demands and outcomes. These variations in comodulation can

be reasonably expected to translate into phasic task-dependent coordination of patterns of
excitation and inhibition between mPFC and efferent targets, such as the LHb, to effect
behavioral changes needed for desired goal outcomes [44,73-76]. Indeed, through an elegant
series of disconnection studies, Mathis et a/. [77] showed that intact connections between
the mPFC and the LHb are essential for normal execution of adaptive delay-discounting
responses.

The mPFC directly and prominently innervates LHb neurons. Notably, mPFC-LHb
projecting neurons preferentially innervate the medial portion of the LHb (LHb-m), and

this dominates over other cortical inputs to this region [78]. This selective innervation
suggests that the mPFC-LHb projection serves to preferentially influence serotoninergic
brain regions because the LHb-m strongly projects to the serotonergic areas of the median
and dorsal raphe. By contrast, the lateral sector of LHb (LHb-I) receives largely basal
ganglia input and has more extensive efferent connections with the dopaminergic rather than
serotonergic system [10].

LHb Mediation of Flexible Responding During Goal-Directed Navigation

Given evidence linking mPFC and LHb for the purpose of enabling adaptive behavioral
responses, it is of interest to consider a possible role for the LHb in flexible decisions and
responses within a natural foraging context, in other words spatially extended environment
for rats. This type of environmental situation engages not only limbic but also several basal
ganglia structures (e.g., [79-85]). In addition, there is growing evidence for a functional
link between LHb neural activity and adaptive execution of hippocampus-mediated learning
and memory. As noted earlier, LHb lesions produce deficits in the hippocampus-dependent
spatial memory water maze [46] and in object recognition tasks [65]. An additional study
observed task-dependent theta and gamma coherence between hippocampus and LHb, and
the degree of theta coherence was related to the degree of object recognition [50]. LHb
inactivation was later found to disrupt spatial working memory, as demonstrated in a spatial
delayed nonmatch-to-place task, even though LHb inactivation did not affect simple spatial
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discrimination [77]. Because there is no direct projection from the hippocampus to the LHb,
mPFC may play a pivotal role in mediating information flow from hippocampus to LHb
because hippocampus projects to the general area of the PFC that in turn projects to the LHb
[78,86]. Although it has been shown that hippocampal leads theta comodulation with mPFC
[70,87] (Box 2), it is not known whether comodulation between mPFC and LHb theta exists,
and if it does, whether it is directional. The latter remains to be tested, but this is predicted
because information exchange between mPFC and the LHb is essential for flexible choice
behaviors [49]. Presently, however, it seems clear that the LHb plays an important role in
spatial tasks that engage the hippocampus, especially those that require flexible behavioral
choices.

A Proposed Model for a Limbic—LHb Response System

Based on the literature presented, Figure 3 presents a working hypothesis for a role the
LHb may play within a broader hippocampus—-mPFC—-LHb circuit that allows behavioral
adaptation to changing contextual (external and internal) information, such as when
task contingencies change during goal-direction navigation. According to this model,
hippocampus sends mPFC information about impending/recent behavioral sequences,
presumably during periods of theta comodulation and/or slow-wave rhythm events.
Information about the expected and actual goal outcomes of the most recent responses
are relayed to mPFC via orbital frontal cortex (OFC) [88] and/or striatum [89]. Working
memory capacities of mPFC enable its determination of whether expected goals were
achieved given the prior response. mPFC signals efferent structures including the LHb
as to whether the current response should continue or be adjusted to optimize future
goal acquisition. LHb integrates mPFC input with internal state information, for example
from the entopeduncular nucleus (EPN), to determine whether mPFC response-related
instructions are still relevant to the current internal state or motivation. If an outcome
occurs as expected for the response made, and if the internal signals indicate continued
motivation to seek the goal, a ‘match’ signal from LHb would enable continuation of
recent responses. However, when mPFC signals to maintain current strategic responses
conflict with internal state signals (e.g., of low motivation or high stress), LHb could
effectively disable mPFC instructions, resulting in reduced responding. If mPFC signals
that response adjustments are needed (perhaps because goal expectations were not met)
and motivation signals remain strong, LHb output would lead to the implementation of the
adjusted response via dopaminergic and serotonergic activation.

LHb feedback to hippocampus is at least disynaptic via the raphe [41] or the interpeduncular
nucleus [90]. Through this circuitry, LHb signals of a ‘match’ between mPFC instructions
and internal state conditions could inform hippocampus that the current spatial and temporal
context processing should continue. In the case of a “mismatch’ between the identification
of optimal responses by mPFC and subcortical internal state signals, LHb messages

to hippocampus may enhance plasticity mechanisms such that spatially and temporally
sequenced information can be modified to reflect altered experience-dependent trajectories
or responses. The degree of alteration is expected to coincide with the degree of LHb-
identified mismatch because the extent and type of hippocampal place-field reorganization
reflects the degree of context change (e.g., [91]). For instance, when only a subset of
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context features are altered, only some place fields may change (reflecting changed context
information) while others do not (reflecting constant context features). If the entire context is
altered, then more place fields reorganize.

The proposed loop of information flow between LHb, hippocampus, and mPFC undoubtedly
reflects a simplified version of actual neural circuit functions because each of these
structures continuously receives changing information of different types (e.g., sensory,
memory, movement, and/or decision information). As intrinsic neurocomputations are
updated with new input, the output message of each structure should reflect this dynamically
varying information processing over time. In this way, the three structures in our model

are expected to continually contribute unique information to the broader neural circuit
underlying behavioral flexibility as long as animals continue to make experience-dependent
choices in their ever-changing environments.

Concluding Remarks

There is an increasing urgency to solve the question of the cognitive and behavioral
significance of the LHb because there is growing evidence that LHb dysfunction is

related to disorders in which a person is not able to switch behaviors adaptively despite
negative outcomes, as in the case of depression or addiction [10,92]. For example, cocaine
exposure has been shown to degrade both the LHb as well as the fasciculus retroflexus,

it primary efferent pathway [92]. Given the obvious role that response flexibility plays in
demonstrating learned behaviors, a better understanding of LHb functions will also likely
inform future therapies for memory disorders. Thus, investigation of our model should
reveal new insights into a fundamental network that, when dysfunctional, can contribute to a
wide range of clinical disorders characterized by poor control of behaviors.
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Trends

The complex function of the habenular complex is highly conserved across vertebrate
evolution to enable flexible responding (on a trial by trial basis) in the face of changing
goal expectations and internal states.

Interactions between mPFC, hippocampus, and LHb are essential for flexible and
adaptive behavior during complex, but not simple, task performance.

Hippocampal theta synchrony with PFC and LHb occurs during hippocampus- and PFC-
dependent decision-making.

A model is proposed that accounts for the relative contributions of the hippocampus,
PFC, and LHb to the response biases of the animal. It incorporates the extent to which
context-dependent goal and response expectations of an individual match their current
internal state (e.g., of motivation, emotion, or biological rhythm).
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Box 1

Evolutionarily Conserved Habenula Integration of Sensory and Internal
State Information Guides Behavioral Responses

The habenula (derived from the Latin word Aabena, or ‘little rein’) is a small, elongated
midline structure located on the dorsal tip of the thalamus. Especially in the earliest
vertebrates, this bilateral nucleus is asymmetric in that one side is larger than the other.
The right habenula nucleus of lamprey, for example, is much larger than the left habenula
[99]. The habenula is also conspicuously asymmetric in fish [100], amphibians [101],
and reptiles [102], but less so in birds [103] and mammals [100]. Rather than structural
asymmetry, rodent and human habenula may be functionally asymmetric in that right
and left habenula show differential activation [33,104]. Additional work is needed to
understand the significance of such anatomical or functional asymmetries. One intriguing
hypothesis [33] is that the structural (size) asymmetry may facilitate rapid and accurate
control over binary behaviors such as freezing versus escaping, whereas functional
lateralization may allow greater degrees of freedom in terms of information processing
when controlling more complex behavioral situations and/or social interactions. In all
species, however, the habenula receives sensory and internal state information, and has
major projections to dopamine and serotonergic systems that are known to directly
impact overt actions of animals. Thus, a common function ascribed to the habenula
complex is that it serves as an integration center whereby motor output can be regulated
by current sensory and internal state information [13,15,23,105,106]. Hence, habenula

is considered to be essential to allow animals to switch responses as needed when
environments and motivational states change.

Although the general function of the habenula may be similar across vertebrate phyla,
species-specific differences in the intrinsic organization, chemistry, and connectivity
patterns of its subnuclei suggest that it has continued to evolve, perhaps enabling the
evolution of more complex processing by sensory, association, and motor structures, such
as those in the cortex. The earliest vertebrate animals show compartmentalized habenular
nuclei that reflect segregated patterns of input. Evolutionary changes in these nuclei

are associated with proportional changes in output systems such as the size of efferent
pathways (e.g., the fasicularis retroflexis [107]). The habenula of lamprey may contain
homologues of medial and lateral divisions [99,108] that are more prominent in mammals
[41,108]. However, the entire fish habenula (also described as having medial and lateral
divisions) has been suggested to be homologous to only the medial habenula division of
the habenular complex of reptiles and mammals [15,109]. More research is needed to
understand how compartmentalizations within mammalian habenula evolved.

Trends Neurosci. Author manuscript; available in PMC 2024 November 16.




1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Mizumori and Baker

Page 16

Box 2

Correlated Neural Activity across the Hippocampus, Prefrontal Cortex, and
Lateral Habenula

Complex behavioral functions likely rely on the integration of information across

distal brain areas. Communication between connected areas is thought to be reflected

in coordinated neural activity. Attempts to identify such coordinated activity include
recording simultaneously from the brain areas of interest at the single cell (red box,
middle trace) or population levels (red box, top and bottom traces). The most consistently
reported coordinated activity has been at the population level, in particular with regard
to coordinated waves of activity at the theta frequency (610 Hz). The left panel (Figure
1A) exemplifies such synchronized theta as a rat approaches a choice point on a maze.
Such phase-locked theta rhythms have been reported to occur between the hippocampus
and prefrontal cortex, and between the hippocampus and lateral habenula, when making
a decision [e.g., 50,70]. Given the pattern of anatomical and functional connectivity
described in the literature (see text for more details), it is predicted that the theta
rhythm of the lateral habenula is also phase locked to the prefrontal theta that occurs
when deciding between choices on the maze. Such coordinated activity may temporally
orchestrate periods of neural plasticity across a network of brain structures to enable
flexible and adaptive behavioral responses. By contrast, when animals do not need to
make behavioral choices, shown in the right panel (Figure 1B), theta rhythms across the
hippocampus, prefrontal cortex, and lateral habenula do not occur in synchrony (Figure

).
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Outstanding Questions

Several challenges stand in the way of a greater understanding of how the LHb
accomplishes the integration of sensory, mnemonic, motivation, and movement
information to guide future responding. In addition to continuing research on the role
of the LHb in basal ganglia-mediated responses, future research should focus on the
topics listed below.

i Identifying specific details of the sources and combinatorial patterns of
extrinsic cortical connections with LHb, clearer identification of the intrinsic
connectivity patterns of the LHb, as well as connectivity with the MHb,
and discovery of the neural signatures and functions of the heterogeneous
collection of LHb neurons. What we know so far about these issues is
intriguing. For example, relative to the MHb, LHb neurons contain more
elaborate dendritic arborization with postsynaptic spines [93,94], indicating
that its neurons integrate more diverse information than MHb neurons. In
addition, it has been reported that morphologic heterogeneity is not obviously
related to the electrophysiological properties of the LHb neurons [93], such as
the post-inhibitory rebound excitatory burst firing reported for LHb neurons
[95]. This is surprising, but suggests that there is strong afferent control in
determining neural firing patterns.

ii. The inclusion of behavioral tasks that allow more direct comparisons across
laboratories and species, and tasks that allow direct comparison of basal
ganglia and limbic contributions to LHb-mediated responding. Together, these
types of new information and approaches will assist efforts to understand the
nature of LHb neural computations, which in turn will shed new light on
the contribution of the LHb to fundamental behavioral capacities such as the
ability to respond adaptively to changed situations.

iii.  Understanding how the proposed LHb function might impact on other
proposed models of behavioral flexibility that include the medial prefrontal
and orbital frontal cortex, as well as the amygdala and striatum. For example,
there is an extensive literature that demonstrates the necessity of frontal
cortical regions for behavioral flexibility [4-6,67,96-98]. The inclusion of the
LHb within a broader understanding of the neural mechanisms of behavioral
flexibility should expand our understanding of the important components of
this process. For instance, in contrast to many frontal cortical models, the
existing literature suggests that the LHb is particularly important for the type
of behavioral flexibility based on trial-by-trial evaluation of goal expectations
and internal states. Such results indicate that behavioral flexibility functions
are scalable.

iv. The role of the LHb in translating memory into action. If it is found with
further study that a key function of the LHb is indeed to interpret and then
implement cortical signals indicating that a change in response is needed, a
longstanding and unresolved issue in memory research may benefit. While
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it has been clear for some time that different brain areas specialize in
computations specific for particular types of learning and memory, it has not
been clear how such mnemonic processing is translated into actions. Perhaps
an underappreciated construct is that implementation of a memory or decision
requires a determination that the memory or decision is consistent with the
motivational or emotional state of an individual before an action occurs. The
LHb may play this essential role.
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Figure 1. [llustration of the Many Afferent and Efferent Connections of the L ateral Habenula
(LHb)
The structures shaded dark green (prefrontal cortex, PFC; entopeduncular nucleus, EPN;

suprachiasmatic nucleus, SCN; vertical limb of the diagonal band of Broca, vDBB; and
the lateral preoptic area, LPO) comprise major inputs of sensory, response, and internal
state information to both medial (red) and lateral (blue) sectors of the LHb. The lateral
hypothalamus (LH) also provides strong input regarding internal state and motivation,

but primarily to the medial LHb. The medial and lateral LHb have overlapping and
separate projections to mostly midbrain regions (ventral tegmental area, VTA; rostromedial
tegmentum, RMTg; median raphe, MnR; dorsal raphe, DR; interpeduncular nucleus, IPN;
and the periacqueductal grey, PAG). Of these, the MnR and IPN provide direct feedback

to the hippocampus, which in turn directly connects with PFC, thereby completing the
information loop across the hippocampus, PFC, and the LHb.
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Figure 2. Maze-Based Tasks Reveal a Rolefor the Lateral Habenula (LHb) in Adaptive Decision

Making

(A) The LHb determines whether the ongoing strategy should continue to be employed
based on currently available internal and external information, or whether the strategy
should be replaced by an alternative. Current information can include the presence of danger
such as the possibility of shock or predator odors, information cues such as tones or lights
to guide choices, or the reward history of the ongoing strategy. In a maze-based context,
many of these task conditions have been utilized to clarify the role of the LHb in adaptive
decision-making [21,23,110,111]. (B) One such example is the utilization of tones to guide
choice behaviors [23]. Using a trained rat, a low tone was played when the rat was in the
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stem arm of a T-maze, indicating that it should turn left to receive reinforcement. This tone
choice pairing was repeated for three to six trials. (C) When the auditory cue was switched
to a high tone, the opposite arm choice resulted in reinforcement. Over the course of a
single training session a rat experienced 16 switches in tones, requiring a high level of
adaptive choice behavior. (D) Inactivation of the LHb with baclofen/muscimol (Bac/Mus)
resulted in chance-level performance in this task. (E) This impairment was characterized by
an increased likelihood of rats to ignore the auditory cues and continue to make the same
arm choice as measured by a choice-bias score (the number of errors for a single arm choice
over the total number of choice errors). Data in (D,E) are adapted from [23].
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Figure 3. A Working Hypothesis Describing the Hippocampus, Medial Prefrontal Cortex
(mPFC), and Lateral Habenula (LHb) asa Core Neural Circuit That Enables Animals To
Respond Adaptively as Task Conditionsand the External and Internal Contexts Change

The mPFC integrates information about recent action sequences and response outcomes

to determine whether the current strategy or responses should continue. If the response
outcomes are not as expected, the next response may need to be adjusted to achieve a
desired goal. Instructions about whether to stay the course or adjust the response are fed
forward to the LHb, which ultimately maintains a current response or enables a changed
response depending on the extent to which information about current internal state (e.g.,
motivation or stress levels) warrants a behavioral switch. For example, an animal may

have knowledge of what behaviors are necessary to achieve a goal such as food, but the
degree of hunger or level of stress may determine whether the optimal choice is worth the
perceived risks. LHb indirect (dashed line) innervation of dopaminergic and/or serotonergic
systems could bias responses to stay the course or engage new behaviors. The LHb may
also (via indirect connections; dashed line) inform hippocampus of the extent to which
responses, recent outcomes, and internal state information occur as expected (i.e., match),
which in turn can help to define the current and expected context for subsequent mnemonic
processing. Abbreviations: DA, dopamine; EPN, entopeduncular nucleus; 5HT, serotonin;
OFC, orbitofrontal cortex; SCN, suprachiasmatic nucleus.
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