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A B S T R A C T   

The lateral septum (LS) has been implicated in a wide variety of functions, including emotional, motivational, 
and spatial behavior, and the LS may regulate interactions between the hippocampus and other regions that 
mediate goal directed behavior. In this review, we suggest that the lateral septum incorporates movement into 
the evaluation of environmental context with respect to motivation, anxiety, and reward to output an ‘integrated 
movement value signal’. Specifically, hippocampally-derived contextual information may be combined with 
reinforcement or motivational information in the LS to inform task-relevant decisions. We will discuss how 
movement is represented in the LS and the literature on the LS’s involvement in mood and motivation. We will 
then connect these results to LS movement-related literature and hypotheses about the role of the lateral septum. 
We suggest that the LS may communicate a movement-scaled reward signal via changes in place-, movement-, 
and reward-related firing, and that the LS should be considered a fundamental node of affect and locomotor 
pathways in the brain.   

1. Introduction 

An initial theory of the septohippocampal system, which includes the 
hippocampus (HPC), lateral septum (LS), and medial septum (MS), 
conceptualized the system as nodes of emotion and affect processing 
(MacLean, 1949; Papez, 1937). As a result of the cognitive map hy
pothesis and the subsequent discovery of place cells (O’Keefe, 1976; 
O’Keefe and Dostrovsky, 1971; Tolman, 1948), the hippocampus is now 
conceived as having a primary role in navigation, as well as in spatial 
and episodic memory (Eichenbaum et al., 1999; Foster and Knierim, 
2012; Hasselmo et al., 2002; Knierim, 2015; McNaughton et al., 2006). 

While the hippocampus sends a massive projection to the LS, this 
projection and the LS have been relatively understudied compared to the 
connection between the HPC and the MS. However, the LS has been 
implicated in a wide variety of functions, including emotional, moti
vational, and spatial behavior (Table 1). These functions may involve 
interactions between the hippocampus and other regions that mediate 
goal-directed behavior (Jiang et al., 2018; Luo et al., 2011; Sweeney and 
Yang, 2016; Vega-Quiroga et al., 2018; Wirtshafter and Wilson, 2019, 
2020; Wong et al., 2016). Specifically, hippocampally-derived contex
tual information may be combined with reinforcement or motivational 
information (Berridge, 2007; Berridge et al., 2009; Smith et al., 2011; 

Wyvell and Berridge, 2000) in the LS to inform task-relevant decisions 
(Wirtshafter and Wilson, 2019, 2020). The LS has additionally been 
studied in the regulation and control of mood and motivation (Anthony 
et al., 2014; Engin et al., 2016; Gray and McNaughton, 1983, 2003; 
Parfitt et al., 2017; Sheehan et al., 2004; Thomas et al., 1991; Yadin 
et al., 1993), with many contradictory results relating to the role of the 
LS in anxiety depending on type of task and exact experimental 
manipulation. 

In this review, we posit that these contradictory results can be 
explained by redefining the LS as a structure that incorporates move
ment into the evaluation of environmental context with respect to 
motivation, anxiety, and reward, rather than as a specific regulator of 
anxiety or motivation. First, we will summarize the anatomical con
nections of the LS. Then, in Section 3, we will review the current theories 
of LS function. In Section 4, we will discuss the literature implicating the 
LS in the regulation of mood, including the correlates of anxiety and 
theta rhythm in the LS. In Section 5, we will discuss how movement is 
represented in the LS and how this representation may affect naviga
tional strategies. In Section 6, we will review how space and context are 
represented in the LS, and the ways in which the LS may be important for 
matching context with behavior. In Section 7, we will discuss how the LS 
drives other limbic and dopaminergic brainstem targets to regulate 
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Table 1 
Table of representative LS studies. If a specific area of the LS was targeted, it is indicated. Main method(s) used in the study are indicated by the check boxes to the 
left of each citation, although we recognize there is some subjectivity involved in classification. Citations are listed in chronological order under each section to show 
the progression of research ideas and techniques.  

(continued on next page) 
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Table 1 (continued ) 
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behavior. In Section 8 and the conclusion, we will propose our inte
grated theory of septal function. We suggest that the LS may commu
nicate a movement-scaled reward signal via changes in place, 
movement, and reward-related firing, and that the LS should be 
considered a fundamental node of affect and locomotor pathways in the 
brain. 

2. Anatomy 

Broadly, the lateral septum is the primary non-cortical output of the 
hippocampus, which sends a projection to the LS from principal cells in 
all cornu ammonis (CA) subregions (Leroy et al., 2018; Risold and 
Swanson, 1997a, b). Although the LS is predominantly GABA-ergic 
(Risold and Swanson, 1997a), the ventral-most region may contain a 
small population of glutamatergic cells (Lin et al., 2003). 

The LS has been traditionally divided into three main divisions 
(Berger et al., 1976; Berger and Thompson, 1978) which are distinct in 
terms of their major afferents and efferents. It is unclear how much 
functional distinction exists between the areas, as many studies on the 
LS examine the structure in its entirety and do not differentiate between 
subdivisions when describing findings. Perhaps the strongest functional 
distinctions can be made between the dorsal (LSd) and ventral (LSv) 
regions of the LS: the LS is elegantly organized in that progressively 
more ventral regions of the HPC innervate progressively more ventral, 
and larger, regions of the LS (n.b., individual neurons in the LS likely 
receive projections from multiple hippocampal pyramidal cells) (Risold 
and Swanson, 1997b; Swanson and Cowan, 1977). 

This organization has functional implications for the LS, as dorsal 
and ventral HPC are believed to have broadly different functions. 
Compared to the ventral hippocampus, the dorsal hippocampus is more 
involved in spatial learning and memory, and contains a more stable and 
larger population of place fields. Dorsal hippocampus lesions are more 
disruptive to spatial learning than lesions to the ventral hippocampus 
(Hampson et al., 1999; Hock and Bunsey, 1998; Jung et al., 1994; Kei
nath et al., 2014; Royer et al., 2010). Conversely, the ventral hippo
campus is more involved in emotional, social, and non-spatial 
processing: lesions of the ventral hippocampus are anxiolytic (Kjelstrup 
et al., 2002), and manipulation of the ventral hippocampus or its cor
responding inputs and outputs can directly impact behaviors related to 
anxiety and fear such as defensive behaviors, predator approach, and 
behavioral inhibition (Felix-Ortiz et al., 2013; Gergues et al., 2020; 
Jimenez et al., 2018; Kheirbek et al., 2013; Padilla-Coreano et al., 2016; 
Parfitt et al., 2017; Yoshida et al., 2019; Zhang et al., 2014). Corre
spondingly, the LSv is more involved in regulation of ‘emotional’ be
haviors, including anxiety regulation, kinship, and defensive/aggressive 
behaviors, than the LSd (Albert and Wong, 1978; Blanchard et al., 1979; 
Clemens et al., 2020; Le Merrer et al., 2006). Conversely, the LSd, 
(which receives projections from the dorsal HPC and sends projections 
to the VTA), is more involved in mediating associations with re
inforcements such as cocaine (Jiang et al., 2018; Luo et al., 2011; Mahler 
and Aston-Jones, 2012; McGlinchey and Aston-Jones, 2018; Pantazis 
and Aston-Jones, 2020; Sartor and Aston-Jones, 2012). Although cells 
with spatially selective firing (place-like cells) are heavily concentrated 
in the caudodorsal LS (Wirtshafter and Wilson, 2020), they are found 
throughout the entirety of the LS (Leutgeb and Mizumori, 2002; Nishijo 
et al., 1997b; Takamura et al., 2006; Zhou et al., 1999). This wide dis
tribution of place-like cells suggests spatial information may be used in 
all LS processing, for example to direct reinforcement-related behavior 
in LSd regions and affective behavior in LSv (Fig. 1). 

In addition to dorsal/ventral differences, there are rostral/caudal 
differences in LS connections (Fig. 1), although the functional difference 
in these connections has been much less studied. While the entirety of 
the LS has connections with a variety of brainstem regions, the LSc is 
more heavily innervated by the brainstem than the rostral LS (LSr) 
(Risold and Swanson, 1997b). However, many of the brainstem regions 
that innervate the LSc send projections to hypothalamic regions that 

innervate the LSr (Risold and Swanson, 1997b). The LSr is noteworthy in 
that it has a large projection to the VTA (Jiang et al., 2018; Luo et al., 
2011). These connections, both efferent and afferent, of LSc and LSr to 
the brainstem, as well as the bidirectional LS connections with classic 
cortical and basal ganglia circuits involved in locomotor behavior and 
orientation, may contribute to the integration of movement information 
entering the LS. Movement-related processing in the LS may then in
fluence target regions involved in regulating behavior. 

Like spatial information, movement-related inputs and outputs are 
spread throughout the LS and may be a primary component of LS 
function. Through multiple pathways, the LS is a synapse away from the 
mesencephalic locomotor region (MLR), which is involved in the initi
ation and control of movement, and contains cells which, similar to the 
LS, are modulated by speed (Garcia-Rill et al., 1983; Ryczko et al., 
2017). The LS is additionally connected to many mesolimbic structures 
that represent both motivation and reinforcement (Berridge, 2007; 
Berridge et al., 2009; Smith et al., 2011; Wirtshafter and Stratford, 2010; 
Wyvell and Berridge, 2000), such as the VTA and striatum (Kremer et al., 
2020; Lindvall, 1975; Luo et al., 2011; Risold and Swanson, 1997b; 
Swanson and Cowan, 1979; Vega-Quiroga et al., 2018), and the LS has 
firing correlates for reward anticipation as well as reward receipt 
(Wirtshafter and Wilson, 2019), which may represent both motivation 
and reinforcement, respectively. 

More specifically, the LSr has reciprocal connections with the hy
pothalamus and suprammamillary nucleus, which are involved in 
arousal, the expression of voluntary movement, and defensive behaviors 
(Risold and Swanson, 1997b; Sinnamon, 1993; Swanson and Cowan, 
1979). The hypothalamus has connections through the thalamus with 
the cingulate cortex (involved in orientation) the entorhinal cortex 
(involved in path integration) and the periaqueductional gray (involved 
in defensive behavior and motor circuit regulation) (Bush et al., 2015; 
Frank et al., 2000; Hasselmo et al., 2002; Koutsikou et al., 2015; Risold 
and Swanson, 1997b; Tovote et al., 2016; Whishaw et al., 2001). A 
number of studies have shown that LSr lesions promote defensive be
haviors, which were not observed in studies with animals given LSc le
sions (Blanchard et al., 1979; Gray et al., 1981; Schnurr, 1972). 
However, it is important to note that a number of other studies claim 
that lesions of LSr or the entirety of the LS cause behaviors that have 
been interpreted to be anxiolytic (Drugan et al., 1986; Menard and Treit, 
1996; Pesold and Treit, 1992, 1996). 

The LSc is reciprocally connected to the suprammamillary nucleus, 
and receives additional inputs from multiple brainstem regions, 
including the laterodorsal tegmental nucleus, the raphe, the VTA, and 
the locus ceruleus, all regions known to be involved in the modulation of 
behavioral states such as arousal (Groessl et al., 2018; Kremer et al., 
2020; Lee and Dan, 2012; Risold and Swanson, 1997b). The vast ma
jority of LSfcinnervation by the hippocampus is from subregion CA3 
(Risold and Swanson, 1997b), suggesting a potential role of the LSc in 
pattern association-driven contextual behavior, functions attributed to 
CA3 (Ahn and Lee, 2014; Gilbert and Kesner, 2003; Kesner, 2013; Kesner 
et al., 2004). This function is supported by studies that show that the LSc 
connections with CA3 (afferent) and VTA (efferent) are specifically 
important for reward seeking and conditioned place preference (Jiang 
et al., 2018; Luo et al., 2011). 

We propose the main inputs of the LS can be divided into structures 
providing place and contextual information (the dorsal hippocampus), 
structures providing movement-related information (likely brainstem 
regions), and a number of connections with affectual (e.g. amygdala and 
ventral HPC), motivational, and reinforcement areas (e.g. VTA, hypo
thalamus, nucleus accumbens) (Fig. 2). These inputs are somewhat 
anatomically organized (Fig. 1), with LSd having heavier involvement in 
spatial processing, the LSv more involved in emotional processing, the 
LSr having possible involvement in determination of cue, and the LSc in 
context and contextual reinforcement behavior, with motor and navi
gational signals spread throughout the entirety of the LS. We contend 
that the functions of the septohippocampal system in emotional and 
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valence processing are intertwined with and related to the system’s 
function in movement and navigation. We will discuss how the hippo
campal system represents place and movement, and how movement 
may be affected by emotional and cue processing in detail below. 

3. current theories 

Prominent contemporary theories of LS function primarily fall into 
two groups: those implicating the LS in emotional and affectual pro
cessing, mainly in regards to anxiety, and those implicating the LS in 
movement and/or spatial processing (Table 1). The idea of the LS having 
a prominent role in anxiety was advanced by J.A. Gray’s seminal 1982 
work, which proposed a model in which the septohippocampal system is 
a primary modulator of anxiety-related behaviors. In this theory, the 
septohippocampal system reflects anxiety caused by mismatches be
tween actual sensory events and predicted events, and LS lesions are 
anxiolytic (Gray, 1982; Gray and McNaughton, 1983). However, mul
tiple experiments have shown that LS lesions can additionally increase 

fear- and anxiety-related behaviors (Blanchard et al., 1979; Brady and 
Nauta, 1953, 1955; Wong et al., 2016). This led Thomas, in 1988, to 
propose that the LS is actually involved in the suppression of emotion
ally aversive states (Thomas, 1988). While functional anatomy of the LS, 
including connections with the amygdala and hypothalamus, suggest LS 
involvement in anxiety, and an extensive body of work has been 
completed in the past decades showing the LS’s involvement in affective 
processing (Anthony et al., 2014; Chee et al., 2015; Degroot and Treit, 
2004; Engin et al., 2016; Guzman et al., 2013; Lamontagne et al., 2016; 
Le Merrer et al., 2006; Lee and Gammie, 2009; Leroy et al., 2018; Melia 
et al., 1992; Menard and Treit, 1996; Parfitt et al., 2017; Pesold and 
Treit, 1992; Singewald et al., 2011; Treit and Pesold, 1990; Trent and 
Menard, 2010; Yadin and Thomas, 1996; Yadin et al., 1993) (for an 
excellent review see (Sheehan et al., 2004)), it remains unresolved how 
and in what way the LS modulates emotional states. 

The most commonly studied potential neural correlate for anxiety in 
the LS is the theta rhythmic modulation of LS activity (Chee et al., 2014, 
2015; Engin et al., 2016; Gray et al., 1977; Korotkova et al., 2018). 

Fig. 1. LS inputs and functionality exists along dorsal/ 
ventral and rostral/caudal gradients. 
Diagrams of the LS at different rostral/caudal coordinates. The 
diagrams are labelled with the most anatomically distinct in
puts for each region. The LSd receives input from dorsal hip
pocampus, with progressively more ventral regions of the LS 
receiving input from progressively more ventral regions of the 
hippocampus. This leads to a functional segregation with more 
spatial information located dorsally in the LS (although place- 
like cells have been observed throughout the LS), and more 
emotional/affect information located more ventrally. The LSr 
receives a large innervation from the hypothalamus and is 
thought to function more in the regulation of affect (possibly 
including anxiety), and may function in the perception of cue 
valence. The LSc’s main hippocampal input is from the CA3, 
which has an important role in pattern separation and 
completion. The LSc also receives input from many brainstem 
nuclei, including the VTA. This connection has been shown to 
be important in reward seeking. Although many dopaminergic 
regions project to the LSc, spiking correlates of movement have 
been throughout the LS. (We additionally appreciate that the 
brainstem is important for functions beyond movement and 
reward seeking, but we are unaware of any studies showing 
these functions reflected in LS activity.).   

Fig. 2. The major inputs are functionally diverse and are 
important for different aspects of motivational behavior. 
Partial connectivity diagram of major LS inputs. Arrows show 
if connection is input only or bidirectional. Arrow color sig
nifies category of information that the structure provides the 
LS, although we appreciate the categories are not entirely 
distinct. Dotted lines signify debated projections. Grey arrow 
represents indirect LS connection. Spiking and LFP correlates 
of reward, affect, movement, and place can be found in the LS 
and are likely derived, at least in part, from the structures 
diagramed here.   
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Although theta rhythm is complex in its presentations (Kramis et al., 
1975; Vanderwolf et al., 1977), it is, broadly defined, a prominent 5− 12 
Hz oscillation often reflected in the local field potential and in the 
modulation of neural spiking in the hippocampus and some cortical and 
subcortical regions. Theta rhythm is present during a number of specific 
behavioral states, including locomotion, other voluntary movements, 
and rapid eye movement (REM) sleep (Jouvet, 1967; Kudrimoti et al., 
1999; Louie and Wilson, 2001; Poe et al., 2000; Vanderwolf and Heron, 
1964; Whishaw and Vanderwolf, 1973). Because theta is often elevated 
during periods of high anxiety, it is frequently used in conjunction with 
behavior to measure anxiety levels (Hsiao et al., 2013; Korotkova et al., 
2018; Mikulovic et al., 2018; Pape et al., 2005; Sainsbury et al., 1987a, 
b; Whishaw, 1972). 

The presence of theta in the LS is evidence for both the affectual 
theory of LS function and the idea that the LS plays an important role in 
movement and/or spatial processing. Multiple studies have shown a role 
for the LS in the regulation of theta and locomotion (Bender et al., 2015; 
Monaco et al., 2019; Tsanov, 2018; Wirtshafter and Wilson, 2019), but it 
is unclear whether lesions of the LS cause hyper- or hypo- activity, or if 
they even have an effect on general activity level (Albert and Richmond, 
1976; Gage et al., 1978; Grossman, 1977; Kohler and Srebro, 1980; 
Myhrer, 1989; Pesold and Treit, 1992; Sagvolden, 1976; Taghzouti et al., 
1986; Zucker, 1965). It has been proposed that the LS may control the 
regularity of locomotor speed, via effects on theta rhythm, rather than 
the speed of locomotion (Bender et al., 2015; Tsanov, 2018) (Fig. 3b). 
However, the LS interaction with locomotion is more complex than 
speed regulation, as animals with LS lesions can conditionally display 
highly regulated behaviors as well as behavioral perseverance (Dalland, 
1974; Pesold and Treit, 1992; Singewald et al., 2011; Thomas, 1972). 

In concert with movement processing, multiple studies have sug
gested that the LS links context with reward, an intuitive hypothesis 
given the LS’s anatomical location between the hippocampus and mul
tiple regions considered part of the classic reward system of the brain 
(Jiang et al., 2018; Le Merrer et al., 2007; Luo et al., 2011; Sotomayor 
et al., 2005; Vega-Quiroga et al., 2018; Wirtshafter and Wilson, 2020). 
However, these hypotheses and results fail to account for the LS’s 
obvious effect on and responsiveness to movement and affect. We will 
attempt to reconcile these different hypotheses of LS function below. 

4. LS role in mood 

In relation to mood, the LS system has been primarily studied in the 
context of the regulation of anxiety, although additional studies have 
implicated the LS in regulating a variety of other affects and moods, 
including fear, rage, depression, and even sexual responsiveness. How
ever, there is little consensus as to whether the LS positively or nega
tively regulates most of these states. For instance, a large body of lesion 
and pharmacologic studies have posited that LS-lesioned animals show 
lower levels of anxiety and LS stimulated animals show higher levels of 
anxiety, and thus that the LS is anxiogenic (Menard and Treit, 1996; 
Pesold and Treit, 1992; Trent and Menard, 2010). However, a similarly 
large body of work has contended that LS lesioned animals, or animals 
with GABA-antagonists injected into the LS, have higher levels of anx
iety, and that the LS is thus required for anxiolysis (Degroot et al., 2001; 
Yadin et al., 1993) Table 1. As explained in this section, these seemingly 
contradictory views are reconcilable if one accepts the hypothesis that 
the LS is involved in evaluating changes in valence as the result of 
movement, and an LS-lesioned animal is apt to respond incorrectly to 
many situations requiring context-action pairing, including by showing 
situationally inappropriate locomotor and movement responses (such as 
licking during a lick suppression test or exhibiting aggression towards a 
previously unthreatening target). 

We posit that many effects of LS disruption attributed to affective 
states are the result of disruptions in LS contextual interpretation of 
movement, which then drive inappropriate motor responses down
stream. These responses may additionally explain the tendency for LS- 

lesioned animals to be hyperactive (Albert and Wong, 1978), and may 
explain the conflict in the literature over whether LS-lesioned animals 
are hyperaggressive or hyperdefensive (Albert and Wong, 1978; Gage 
et al., 1978; Grossman, 1977). We will use this section to discuss how LS 
disruption may explain contradicting results related to different affects. 

4.1. The regulation of anxiety and theta rhythm by the LS 

Theta modulation of activity has been associated with the processing 
and encoding of information (Foster and Knierim, 2012; Foster and 
Wilson, 2007; Hasselmo and Stern, 2014; O’Keefe and Recce, 1993; 
Siegle and Wilson, 2014; Tingley and Buzsaki, 2018), and changes in 
theta-rhythm frequency and amplitude have been associated with 
changes in anxiety and arousal. Because theta rhythm can be present in 
situations of anxiety or arousal, such as during fear conditioning or 
approach by a predator, there may be a link between hippocampal theta 
modulation and fear or anxiety modulation (Hsiao et al., 2013; Kor
otkova et al., 2018; Mikulovic et al., 2018; Pape et al., 2005; Sainsbury 
et al., 1987a, b; Whishaw, 1972) (Fig. 3b). Theta coherence, in which 
theta is synchronized between different brain regions (Fig. 3c) is 
believed to coordinate communication between brain regions (Has
selmo, 2005; Jones and Wilson, 2005; Siapas et al., 2005; van der Meer 
and Redish, 2011; Wirtshafter and Wilson, 2019), and disruptions in 
theta coherence between the hippocampus and associated areas have 
been implicated in anxiety (Adhikari et al., 2010, 2011; Jacinto et al., 
2016; Lesting et al., 2013, 2011; Narayanan et al., 2007; Seidenbecher 
et al., 2003), although we could find no studies that examined HPC-LS 
coherence during anxiety. 

One way in which it has been suggested to modulate anxiety is via 
manipulations of theta rhythm. It has been argued that all effective 
anxiolytic agents, including barbiturates, SSRIs, and benzodiazepines 
(but not antipsychotics or sedatives) cause a reduction in theta fre
quency (McNaughton and Coop, 1991; McNaughton et al., 2007; Wells 
et al., 2013). Curiously, many anxiolytic drugs work on different phar
macological (GABAA, 5-HT1A, serotonin, etc.) and therefore anatomical 
targets, and their only commonality besides reduction of anxiety is 
dose-dependent reduction of theta frequency (McNaughton and Coop, 
1991; McNaughton et al., 2007). In corollary, increased theta rhythm 
frequency during running, in serotonin receptor knockout mice, is 
correlated with higher levels of anxiety (Gordon et al., 2005). 

If a reduction in theta frequency is a cause of anxiolysis, and in
creases in theta are correlated with higher levels of anxiety, we would 
expect to see that other perturbations that change theta frequency would 
additionally result in changes in anxiety levels. (The mechanism by 
which theta may modulate anxiety remains unclear, although it is hy
pothesized to potentially involve the nucleus incertus; see Korotkova 
et al., 2018 for a review.) While this has been consistently shown in the 
HPC and MS (Bannerman et al., 2004; Carpenter et al., 2017; Degroot 
et al., 2001; Lamprea et al., 2010; McEown and Treit, 2013; Menard and 
Treit, 1996; Pesold and Treit, 1992; Torras-Garcia et al., 2003; Zhang 
et al., 2017), perturbations of the lateral septum do not result in such a 
straightforward effect. Furthermore, in the LS, treatments have been 
found which dissociate changes in theta rhythm and anxiety, causing a 
decrease in anxiety but an increase in hippocampal theta frequency 
(Chee et al., 2014; Shin et al., 2009). 

Because the mechanism by which theta may modulate anxiety re
mains unclear, it is additionally unclear why some anxiolytics would be 
theta-correlated and others not. It has been suggested that anxiety is 
functionally segregated within the LS, and that anxiety modulation in 
some areas of the LS is coupled with a reduction in theta frequency, 
while in other areas it is not (Degroot and Treit, 2004; Sheehan et al., 
2004). It is possible that there is a dose-dependent effect with different 
pharmacological agents (Drugan et al., 1986), wherein some doses may 
affect theta rhythm while others do not. Finally, the results may be 
explained because it is possible that theta rhythm is confounded with 
processes or behaviors that often, but not always, coincide with anxiety, 
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such as respiratory rhythm (Tsanov et al., 2014). 
If, in the LS, reductions in anxiety are not dependent on changes in 

theta rhythm, could these reductions be tied to a specific function of the 
LS as anxiolytic or anxiogenic? This, too, appears unclear. A number of 
studies contend that animals with LS-lesions show lower levels of 

anxiety and reduced fear behaviors and that, as a corollary, LS stimu
lated animals show higher levels of anxiety and increased fear behaviors 
(Anthony et al., 2014; Degroot et al., 2001). While these studies imply 
the LS is anxiogenic, in other studies, LS lesioned animals have higher 
levels of anxiety and perform more fear behaviors, and LS stimulation 

Fig. 3. Cellular and LFP correlates of information represented in the LS. The LS may represent different behavioral considerations through changes in LFP 
properties (left column) and firing rate (middle and right columns). 
a. The LS is able to regulate theta phase coding, including preferred firing phase of LS cells, and cells exhibit phase precession (Monaco et al., 2019; Tingley and 
Buzsaki, 2018; Wirtshafter and Wilson, 2019). Phase information may be used to evaluate immediate information, such as reward gradients, and to plan future 
trajectories or movements (Foster and Knierim, 2012; Frank et al., 2000; Lisman and Redish, 2009; Olafsdottir et al., 2015; Pfeiffer and Foster, 2013; van der Meer 
and Redish, 2011), and may additionally be used to compute speed and acceleration correlates. 
b. Changes in theta frequency have been correlated to changes in affect, although the connection between theta frequency and anxiety in the LS remains unclear 
(Chee et al., 2014, 2015; Engin et al., 2016; Korotkova et al., 2018). Regularity of theta rhythm in the LS has been shown to regulate regularity of locomotor activity 
(Bender et al., 2015; Tsanov, 2018). Multiple studies have shown a role for the LS in the regulation of theta and locomotion (Bender et al., 2015; Monaco et al., 2019; 
Tsanov, 2018; Wirtshafter and Wilson, 2019), but it is again unclear whether lesions of the LS cause hyper- or hypo- activity, or if they even have an effect on general 
activity level (Albert and Richmond, 1976; Gage et al., 1978; Grossman, 1977; Kohler and Srebro, 1980; Myhrer, 1989; Pesold and Treit, 1992; Sagvolden, 1976; 
Taghzouti et al., 1986; Zucker, 1965). 
c. Theta rhythm coherence is believed to coordinate interactions between the HPC and extrahippocampal areas (Hasselmo, 2005; Jones and Wilson, 2005; Siapas 
et al., 2005; Wirtshafter and Wilson, 2019), and increased theta coherence between the HPC and LS has been observed during hippocampally-dependent tasks 
(Wirtshafter and Wilson, 2019). This coordination may extend to other areas down and upstream of the LS, such as the to the amygdala (Lesting et al., 2013; 
Seidenbecher et al., 2003). 
c. It has been suggested that hippocampal replay, which occurs during sharp wave ripples (SWRs) in wake and sleep, is used to plan trajectories and in memory 
consolidation (Csicsvari et al., 2007; Foster and Wilson, 2006; Ji and Wilson, 2007; Louie and Wilson, 2001). Cells in the LS (Wirtshafter and Wilson, 2019) increase 
firing during SWRs at latency that would be expected based on a HPC to LS to VTA pathway (Gomperts et al., 2015; Wirtshafter and Wilson, 2019). The LS may 
therefore be transmitting spatial, motivational, and movement related signals to the VTA during SWRs, which may then be used in learning and memory. 
d. Firing rate of LS cells is linearly correlated with the animal’s speed and/or acceleration during movement (Wirtshafter and Wilson, 2019). 
e. Place-like cells have been observed throughout the entirety of the LS (Bezzi et al., 2002; Kita et al., 1995; Leutgeb and Mizumori, 2002; Nishijo et al., 1997a; 
Takamura et al., 2006; Wirtshafter and Wilson, 2019, 2020; Zhou et al., 1999) and LS place fields are biased towards rewarded locations (Wirtshafter and Wilson, 
2020). 
f. Cells in the LS change firing rate to the CS and US in a variety of conditioning tasks (Berger and Thompson, 1977; Kita et al., 1995; Nishijo et al., 1997b; Thomas 
et al., 1991; Wirtshafter and Wilson, 2019; Yadin and Thomas, 1981), which may be integrated into cue and contextual representations for downstream decision 
making. 
g. There is evidence that LS firing response may be valence dependent, with cells increasing firing to stimuli with positive valences and decreasing firing to negative 
valences (Yadin and Thomas, 1981). 
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causes a reduction in anxiety (Parfitt et al., 2017; Yadin et al., 1993). 
These studies would suggest the LS is anxiolytic. In support of this view, 
LS lesioned animals exhibit “septal rage,” marked by increased aggres
siveness, hyperactivity, and hyperdefensive behaviors (Albert et al., 
1978; Albert and Richmond, 1976; Albert and Wong, 1978). 

If the LS is, in and of itself, not anxiogenetic or anxiolytic, it may be 
modulating 

anxiety indirectly in a way allowing for either anxiolytic or anxio
genic responses depending on the details of the experimental situation. 
As discussed, reductions in anxiety can be achieved with either an in
crease or decrease in hippocampal theta (Chee et al., 2014, 2015), 
suggesting that it is possible to decouple theta rhythm from anxiolysis. 
LS theta rhythm has been linked with a modulatory effect on locomotion 
(Bender et al., 2015). We suggest that the lateral septum is actually 
responsible for evaluating changes that occur during movement, which 
may result in differing anxiogenic or anxiolytic responses depending on 
context. 

4.2. The LS and other “moods” 

In a broad comparison of hippocampal and LS lesions, the biggest 
differences occur in comparisons of affective behavior (Gray and 
McNaughton, 1983). Animals with LS lesions or pharmacologic in
activations show many changes in affect and emotionality not seen in 
hippocampally lesioned animals (Gray and McNaughton, 1983; Lee and 
Gammie, 2009; Sheehan et al., 2004; Wong et al., 2016). Additionally, 
LS lesioned rats show changes in activity level and reactivity, not seen in 
HPC lesioned animals (Treit and Pesold, 1990). 

Similar to LS research on anxiety, there are inconsistent or contra
dictory data linking the LS to a number of other affective states. For 
example, antidepressants and antipsychotics both increase LS c-Fos ac
tivity (Nomikos et al., 1997; Semba et al., 1996; Wan et al., 1995; 
Yanagida et al., 2016), but have opposing behavioral effects during 
forced swim (Molina-Hernandez et al., 2012; Weiner et al., 2003). 
Another seemingly contradictory result is that LS damage causes hy
persexual behavior (Cavazos et al., 1997; Gorman and Cummings, 
1992), suggesting that the destruction of the LS disinhibits sexual urges, 
but sexually arousing cues can also cause LS activation (Ferris et al., 
2004; Pfaus and Heeb, 1997; Pfaus et al., 1993). There is additional 
debate as to whether rats with septal rage symptoms are displaying 
hyperdefensive or hyperaggressive behaviors (Albert et al., 1978; Albert 
and Richmond, 1976; Albert and Wong, 1978; Blanchard et al., 1979; 
Chee et al., 2015), and the conclusion may differ based on the exact type 
of perturbation performed (Clarke and File, 1982; Hakvoort Schwerdt
feger and Menard, 2008; Lamontagne et al., 2016; Leroy et al., 2018; 
Wong et al., 2016). 

The extreme reactivity seen during septal rage fits with a broader 
common pattern of decreased behavioral inhibition and heightened 
activity and reactivity in LS lesioned animals (Ellen and Powell, 1962; 
Grossman, 1977). Consistent with these observations, animals with LS 
lesions performed before task training have trouble withholding 
behavioral responses on water lick suppression tests. This response is 
often attributed to lower levels of anxiety in these animals, despite that 
animals actually lick less if the lesions are performed after task acqui
sition (Fox et al., 1964; Kaada et al., 1962; Yadin et al., 1993). We posit 
that decreased inhibition and increased reactivity may not be related to 
anxiety levels at all, but rather linked to the LS’s role in evaluating 
task-relevant changes in context that occur during movement, as dis
cussed below. If the LS is not directly involved in anxiety modulation but 
instead in context and movement evaluation, perturbations of the LS 
may cause dysregulation of an animal’s response, including exaggerated 
or subdued behaviors, depending on the exact context and perturba
tions. This interpretation would explain the discrepancies in results 
regarding whether the LS is anxiolytic or anxiogenic, as well as 

discrepancies in whether these animals are hyperdefensive vs. hyper
aggresive and hyperactive vs. hypoactive. 

5. LS role in locomotor movement & navigation 

As we have previously reported, the lateral septum contains cells 
whose firing rates correlate with acceleration and/or speed (Fig. 3e), 
and these correlations are not driven by the hippocampus or hippo
campal theta rhythm (Wirtshafter and Wilson, 2019). The LS does, 
however, have numerous direct connections (both efferent and afferent) 
with structures that display movement-correlated activity, including the 
lateral preoptic area, which may modulate locomotion (Sinnamon, 
1993; Subramanian et al., 2018) and the hypothalamus and supra
mmamillary nucleus, which may be involved in arousal and the 
expression of voluntary movement (Jones, 2003; Risold and Swanson, 
1997b; Sinnamon, 1993). Additionally, the LS has indirect connections 
with the MLR (Risold and Swanson, 1997b) (Fig. 2), which is involved in 
the initiation and control of movement (Garcia-Rill et al., 1983; Noga 
et al., 2017; Ryczko et al., 2017). It has been demonstrated that MLR 
contains cells whose firing rate is modulated by velocity (Ryczko et al., 
2017), much in the way LS cells are. 

It has been proposed that the LS’s modulation of theta may be used to 
control the regularity of running speed (Bender et al., 2015; Tsanov, 
2018). However, given that animals can display well-modulated 
behavior with a damaged LS and given the strong association between 
theta and anxiety modulation, it is likely that the LS’s role is more 
complicated that this suggestion. Rather, the LS speed and acceleration 
signal may be weighted or modified depending on the movement re
quirements of the task. 

There are compelling functional reasons why speed and acceleration 
may be communicated to the LS separately from hippocampal input and 
theta rhythm. In the hippocampus, the phase at which a cell fires during 
theta can communicate information about the current, prospective, or 
retrospective spatial location. For instance, during theta precession, 
firing of individual HPC place cells begins on a particular phase of theta 
rhythm and progressively shifts forward as the animal moves through 
the place field, a process termed theta phase precession (Foster and 
Wilson, 2007; Mizuseki et al., 2012; O’Keefe and Recce, 1993). In 
addition, populations of hippocampal place cells can fire in theta se
quences: ordered place cell sequences that occur during theta (Foster 
and Wilson, 2007; Wang et al., 2020). Theta sequences and phase pre
cession are thought to contribute to prospective or future state decoding 
used in planning (Foster and Knierim, 2012; Frank et al., 2000; Olafs
dottir et al., 2015; Pfeiffer and Foster, 2013). There is evidence that LS 
cells have firing phase preferences (Monaco et al., 2019; Tingley and 
Buzsaki, 2018; Wirtshafter and Wilson, 2019) and exhibit theta pre
cession (Tingley and Buzsaki, 2018) (Fig. 3a), and thus may exhibit 
prospective coding. This coding may be used to integrate movement and 
value signals over a short period of time, such as to make an immediate 
cost-benefit analysis or evaluate reward gradients at choice points 
(Lisman and Redish, 2009; van der Meer and Redish, 2011). Using 
prospective coding to plan or evaluate movement is supported by the 
evidence that speed coding in the LS slightly precedes actual movement 
(Wirtshafter and Wilson, 2019). Additionally, because theta is believed 
to coordinate interactions between the HPC and extrahippocampal areas 
(Hasselmo, 2005; Jones and Wilson, 2005; Siapas et al., 2005; van der 
Meer and Redish, 2011; Wirtshafter and Wilson, 2019), theta phase 
coordination may be used to pass information about future state to the 
lateral septum (Fig. 3a,c,e). 

5.1. Movement information in the LS contributes to navigational strategies 

Although spatial information is present in the LS, different LS per
turbations and different types of testing result in spatial deficits of 
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different magnitudes and types. Animals lesioned after acquiring an 
alternation task are able to maintain alternation levels only if the 
alternation is rewarded (Thomas, 1979). Lesions of the precomissural 
fornix, which is the pathway by which the HPC innervates the septum, 
cause similar deficits in alternation tasks, but the animals are largely 
able to recover during a rewarded task (Thomas, 1978). Because animals 
given LS lesions are able to recover back to pre-lesion levels of perfor
mance on rewarded tasks, animals may be switching task strategies to 
compensate for the deficits caused by the lesion. 

Suggestively, LS-lesioned rats perform no worse than controls in a 
task that does not require route memory or path integration. In an 
elegant experiment performed by Rawlins and Olton rats were trained 
on an alternation task where the rat first ran down the arm of a T-maze, 
and then had to select the opposite arm to run down in order to get 
rewarded (Rawlins and Olton, 1982). As predicted from previous ex
periments, rats with LS lesions performed worse than controls but 
improved over time (although a minority reached criterion and it took 
them double the amount of time to learn as control rats). In a subsequent 
experiment, instead of rats being allowed to choose the first arm to run 
to, rats were placed in the initial arm. They then had to remember that 
arm location and select the opposite arm to be rewarded. Both control 
rats and lesioned rats were worse at this task than the task where ani
mals were allowed to run to the initial arm. However, surprisingly, 
lesioned animals were no worse at this task than control animals 
(Rawlins and Olton, 1982). In other words, lesioned animals showed 
deficits on a task where they were able to use a strategy incorporating 
self-motion and route cues (egocentric navigation), but were compara
ble to controls when the only available strategy was to remember a 
specific location (allocentric navigation). 

These deficits and the recovery seen in lesioned animals during 
spontaneous alternation suggest that lesioned animals are over-reliant 
on an allocentric strategy of navigation. Consistent with this idea, ani
mals with LS lesions perseverate during alternation using “perseveration 
of places,” such as perseveration based on intra- and extra-maze cues 
and scent trails. This suggests that external places are overweighed in 
animals with LS lesions (Dalland, 1970; Gray and McNaughton, 1983; 
Thomas, 1972). (This is in contrast to animals with hippocampal lesions, 
which may be over-reliant on path navigation and allocentric navigation 
strategies, and display a “perseveration of body turns” (Dalland, 1970; 
Gray and McNaughton, 1983; Lash, 1964)). This idea is borne out 
further based on the finding that animals with LS lesions perseverate 
based on contextual cues in an X-maze, rather than based on body turns 
or sensorimotor responses (Thomas, 1972). 

The initial deficits in alternation seen after lesions, coupled with 
behavioral recovery, could be the animal switching from a primarily 
egocentric or path integration-based navigational strategy to a primarily 
relational, allocentric strategy. This switch from an egocentric strategy 
after LS lesions may be required in order to compensate for a loss of 
movement-related information after LS lesions, further supporting the 
importance of movement-related information in the LS. 

6. LS role in space & context 

6.1. The LS represents contextual associations during navigational and 
non-navigational tasks 

Current theories of spatial representation in the LS are primarily in 
agreement that the LS is used to link context with rewarded or ‘pun
ished’ outcomes (Jiang et al., 2018; Leutgeb and Mizumori, 2002; Luo 
et al., 2011; McGlinchey and Aston-Jones, 2018). However, the exact 
function of the LS in this pathway, and the reconciliation of these results 
with the idea that the LS has a modulatory role on movement, has been 
minimally investigated. We suggest that the hippocampus is used to 
make a representation of a context that can be then associated with a 

stimulus, and that this association can then be used in evaluation of the 
behavioral responses by a structure outside of the hippocampus, such as 
the LS. We will expand on this idea below. 

Both the CA1 and CA3 regions of the hippocampus contain place cells 
that fire when the animal is in a specific location (Eichenbaum et al., 
1999; Mizuseki et al., 2012; O’Keefe and Dostrovsky, 1971; O’Keefe and 
Nadel, 1978), and the firing of these place cells can be used to map an 
animal’s location and trajectory (Davidson et al., 2009). In the HPC, 
these spatially modulated cells are additionally necessary for a variety of 
navigational tasks (Gray and McNaughton, 1983; Jarrard, 1993; 
McNaughton et al., 1989; Olton et al., 1978). 

While cells with spatially-specific firing fields (‘place-like cells’) are 
found in the LS (Fig. 3f), the number of place fields reported in the LS 
varies in different studies, with results showing that between 15 % and 
55 % of cells in the lateral septum have spatially selective firing (Bezzi 
et al., 2002; Kita et al., 1995; Leutgeb and Mizumori, 2002; Nishijo et al., 
1997a; Takamura et al., 2006; Wirtshafter and Wilson, 2019; Zhou et al., 
1999). (A single study found no place-like cells; we presume this result 
stems from a difference in sampling (Tingley and Buzsaki, 2018)). 
Analysis of other firing parameters, such as theta locking and respon
siveness to sharp-wave ripples (SWRs), strongly suggested that these 
place-like cells were hippocampally derived (Wirtshafter and Wilson, 
2019). 

Given that the place-like cells in the LS are hippocampally derived, 
the hippocampus is likely providing task-dependent spatial information 
to the LS during non-navigational tasks. There is ample evidence that the 
hippocampus and LS both modulate firing rate for a variety of stimuli 
during a variety of conditioned tasks: For example, in associative con
ditioning tasks, HPC and LS units both change firing rates upon pre
sentation of the conditioned stimulus during conditioning (Berger et al., 
1976, 1983; Berger and Thompson, 1977, 1978; Wirtshafter and Wilson, 
2019). It is hypothesized that the HPC is involved in providing contex
tual information to downstream structures such as the LS (Carreter
o-Guillen et al., 2015; Frohardt et al., 2000; Penick and Solomon, 1991). 

The connection from the HPC to the LS, consisting of glutamateric 
projections arising in the CA fields, plays a prominent role in contextual 
fear conditioning. Pharmacologic manipulations of LS glutamate levels 
and electrical manipulations of glutamatergic fibers from the HPC to the 
LS change animals’ response to conditioned freezing, with glutamate 
infusions and fimbria stimulation disrupting freezing during contextual 
conditioning (while glutamate infusions promote freezing during tone 
conditioning) (Calandreau et al., 2010; Vouimba et al., 1998). Opposite 
effects were seen with the infusion of glutamate agonists (Calandreau 
et al., 2010). This suggests that conditioning may be modulated by the 
connection between the HPC and LS and that the LS is necessary for 
contextual associations (Calandreau et al., 2007; Leutgeb and Mizumori, 
2002; Luo et al., 2011). 

The LS may contribute to contextual associations by over
representing task relevant contextual information. We recently reported 
that the fields of place-like LS cells are located more proximally to 
reward than hippocampal place cells (Wirtshafter and Wilson, 2020) 
(Fig. 3f). We suggested several circuit level mechanisms for this finding; 
most consistent with previous results was the idea that inputs from place 
cells coding for rewarded locations are prioritized over competing in
puts, such as speed information from brainstem regions, while 
non-reward-related place cells are not prioritized (Wirtshafter and 
Wilson, 2019, 2020). This model would explain the smaller proportion 
of place-like cells in the LS compared to the HPC, as well as how the LS 
has more reward-related fields. Consistent with this model is the finding 
that LS non-place-like cells were several times more likely to contain 
movement-correlated firing than LS place-like cells (Monaco et al., 
2019; Wirtshafter and Wilson, 2019). 

This overrepresentation of reward locations in the LS may reflect the 
LS’s emphasis of locations highly relevant for task performance and the 
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LS’s ability to attach value to a cue. This idea has support in both non- 
spatial and spatial tasks: in non-spatial conditioning tasks, LS cells 
changed firing to the conditioned stimulus (Thomas et al., 1991; 
Wirtshafter and Wilson, 2019; Yadin and Thomas, 1981). Similarly, 
while recording from monkey LS during place-dependent and 
object-decimation go/no-go tasks, experimenters found 
place-differential LS neurons with contingency-differential responses 
(Kita et al., 1995; Nishijo et al., 1997b), with some LS cells responding 
only to correct place-object associations (Kita et al., 1995). Importantly, 
the place-differential responses in the LS could predict the animals’ 
behavioral performance (Nishijo et al., 1997b). 

However, focusing on the LS’s role in contextual pairing, specifically 
of a stimulus and its valence, ignores the fact that LS-lesioned animals 
often present the ‘correct’ contextual response, but either display the 
behavior too frequently or display an exaggerated version of it (Sag
volden, 1976; Vouimba et al., 1998). This suggests that the LS may be 
fundamental in pairing the association with both the correct motor 
output and the correct timing or frequency of this motor output. The LS 
may accomplish this pairing by integrating incoming signals for reward, 
movement, future states, and context. This integration results in a firing 
rate signal in the LS which may reflect the value of potential movements. 
This value signal can be used to inform downstream responses. The 
failure of this integration may result in an inappropriate motor response, 
including the incorrect evaluation of movement-related responses to 
cue, as will be explained below. 

6.2. The lateral septum is important for matching context with behavior 

The septohippocampal system’s role in contextual processing may 
indicate a broader role for the LS in motivational processes, including 
during exploration. We suggest that the LS is likely using contextual 
information to inform task-related goal directed behavior, and that 
many of the deficits seen in animals with LS lesions result from the 
inappropriate pairing of context and movement response. 

Animals with non-specific septal lesions, including lesion that 
encompass the LS and MS, are unable to withhold responses on a variety 
of tasks, such as fixed interval conditioning, extinction trials, reversal 
learning, and go/no-go tasks (Ellen and Powell, 1962; Gray and 
McNaughton, 1983; Grossman, 1977). Animals given LS lesions before 
task acquisition are unable to normally suppress licking in a water lick 
suppression test (Fox et al., 1964; Kaada et al., 1962) and animals with 
LS lesions show increased reactivity to stimuli, whether the stimuli are 
neutral or negative (Gray and McNaughton, 1983), as well as profound 
hyperactivity, and inappropriate motor responses to a variety of tasks 
(Albert and Richmond, 1976; Albert and Wong, 1978; Gray and 
McNaughton, 1983). Animals with LS lesions show a decreased relative 
preference for novel objects, while, simultaneously, overall exploration 
was increased (Myhrer, 1989) and these examples of hyperactivity and 
hyperreactivity are unique to LS-lesioned animals (Albert et al., 1978; 
Gage et al., 1978; Gray and McNaughton, 1983). 

The conflicts in whether animals with LS lesions show increased or 
decreased exploratory behavior do not support a simple interpretation 
that the LS decreases or increases fear, curiosity, drive, or arousal. 
Instead, LS may modulate movement control, perhaps through dopa
minergic signaling originating in the brainstem (Taghzouti et al., 1986). 
Given that the LS firing correlates with movement, we suggest that many 
behavioral deficits and reactions seen with LS lesions are actually a 
failure of matching the appropriate movement-related response to 
context. When the septum is damaged and LS coding is disrupted, the 
animal may make incorrect contextual judgments and behavioral re
sponses. In support of this idea, LS lesioned animals show major im
pairments when attempting cued navigation and other cued tasks 
(M’Harzi and Jarrard, 1992) and LS lesions inhibit acquisition of a cued 
response task during which the LS firing is modulated by a conditioned 

cue (Yadin and Thomas, 1981). 

7. LS role in motivation & goal-directed behavior 

Some of the first evidence that the septohippocampal system is 
involved in motivation and reward was obtained in self-stimulation 
experiments (Olds and Milner, 1954). In these experiments, which 
have been replicated in many conditions (Cazala et al., 1988; Terman 
and Terman, 1975) and species (Oshima and Katayama, 2010; Sadowski 
and Dembinska, 1973), it was discovered that animals can be trained to 
perform an operant task with a reward of stimulation to the LS. This 
effect is not dependent on the induction of theta (Ball and Gray, 1971), 
although it is interesting that rats tend to bar press for hypothalamic 
stimulation at particular periods in the theta cycle (Buno and Velluti, 
1977). (While animals will also self-stimulate the hippocampal gyrus, it 
is at levels far below LS stimulation (Ursin et al., 1966)). The septum is 
additionally involved in the self-administration of addictive substances: 
The lateral septum, driven by the dorsal hippocampus and/or CA3, 
mediates context-induced reinstatement of cocaine and morphine 
seeking (Jiang et al., 2018; Luo et al., 2011; McGlinchey and 
Aston-Jones, 2018), and rats will self-administer morphine and cocaine 
into the LS (Cazala et al., 1998; Le Merrer et al., 2007). 

The self-stimulation and self-administeration experiments suggest 
that a possible role for the LS is to evaluate an animal’s interaction with 
rewarding stimuli. Reward- or reinforcement-related information is 
represented in the LS, through firing rate modulation, in multiple ways. 
For instance, place-like cell field locations in the LS tend to be highly 
concentrated around rewarded areas (Wirtshafter and Wilson, 2020). 
Additionally, cells in the LS can contingently code for reward-related 
locations and objects (Kita et al., 1995), and LS cells are responsive to 
both the CS and US during conditioning tasks (Thomas et al., 1991; 
Wirtshafter and Wilson, 2019; Yadin and Thomas, 1981). (It has been 
reported that this CS/US firing response is valence-dependent (Yadin 
and Thomas, 1981).) (Fig. 3g-h). While the source of these signals re
mains unclear, firing rate increases and decreases during conditioning 
are hippocampally associated (Wirtshafter and Wilson, 2019), and re
sponses during approach conditioning are similar to responses seen in 
the nucleus accumbens (Nicola et al., 2004; Wan and Peoples, 2006; 
Wirtshafter and Wilson, 2019), which is directly innervated by the LS, 
and innervates the LS through the VTA (Luo et al., 2011; Risold and 
Swanson, 1997b). 

Reward or valence information in the LS may then be integrated with 
other representations in the LS, such as speed or acceleration. These 
integrated representations may be used to regulate downstream 
behavioral response. This idea is supported by the fact that the LS, and to 
a lesser extent, the hippocampus, is involved in the acquisition and 
regulation of many ethologically natural reinforcements and behaviors, 
such as food intake (Jarrard, 1973; Sweeney et al., 2017; Sweeney and 
Yang, 2015, 2016), sexual behavior (Pfaus et al., 1993; Tsukahara et al., 
2014), appetite (Sweeney et al., 2017; Tracy et al., 2001), and thirst 
(Carey and Procopio, 1974; de Arruda Camargo et al., 2010; Jarrard, 
1973). Previous work has identified a pathway from the LS to VTA that 
regulates behaviors that require context-reward associations, such as 
cocaine seeking and conditioned place preference (Harasta et al., 2015; 
Jiang et al., 2018; Luo et al., 2011; Mahler and Aston-Jones, 2012; 
McGlinchey and Aston-Jones, 2018; Pantazis and Aston-Jones, 2020). 
The LS to hypothalamius circuit regulates food intake (Sweeney and 
Yang, 2015, 2016), and is additionally involved in conditioned place 
preference (Sartor and Aston-Jones, 2012). The hypothalamus and VTA 
may be receiving, from the LS, an ‘integrated movement value signal’, 
which incorporates cue and context (Wirtshafter and Wilson, 2019), to 
provide a cost and benefit analysis of potential actions and to influence 
goal-related firing. 

Much of the LS’s influence on downstream structures may occur by 
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modulating dopamine levels. It has been suggested that septal activity 
modulates dopaminergic systems through a GABAergic projection to the 
VTA, which terminates on GABAergic interneurons which, in turn, 
inhibit dopamine (DA) cells (Jiang et al., 2018; Luo et al., 2011). As a 
result of this “GABA-GABA” linkage, septal activation would be expected 
to disinhibit VTA DA cells. However, the LS’s influence on the VTA is not 
that simple: LS stimulation can cause either an increase or decrease in 
firing in VTA DA neurons (Maeda and Mogenson, 1981), although it 
tends to cause an overall increase in VTA DA levels (Vega-Quiroga et al., 
2018). The LS is potentially able to positively or negatively modulate the 
activity of VTA dopamine neurons by a variety of routes (Jiang et al., 
2018; Le Merrer et al., 2007; Sotomayor et al., 2005; Swanson and 
Cowan, 1979; Vega-Quiroga et al., 2018). For example, VTA DA cell 
activity may be suppressed by direct GABAergic inputs from LS cells, 
whereas activation of LS projections terminating on inhibitory VTA in
terneurons may disinhibit DA cells (Jiang et al., 2018; Luo et al., 2011). 
The latter result might also be expected if LS projections to nucleus 
accumbens (NAc) suppress the activity of GABAergic NAc cells projec
ting to VTA DA neurons (Sotomayor-Zarate et al., 2010; Swanson and 
Cowan, 1979). It is possible that the relative strengths of these stimu
latory and inhibitory effects might be influenced by the firing pattern of 
LS cells. Consistent with this idea, recent work has shown that DA 
neurons in the LS differentially respond to periods of movement/task 
engagement, versus non-engagement (Kremer et al., 2020). Because the 
LS contains DA receptors, and receives a large reciprocal DA input from 
the VTA (Risold and Swanson, 1997a, b), this circuit may involve a 
substantial amount of feedback. 

The LS may be additionally influencing dopaminergic firing in the 
VTA and in other regions, such as the NAc, through other pathways. The 
NAc exhibits similar firing to the LS during conditioning tasks (the 
predominant response is cue inhibition in both regions (Nicola et al., 
2004; Wan and Peoples, 2006)). The LS directly innervates the NAc and 
has a bidirectional connection to the VTA, which is bidirectionally 
connected to the NAc (Luo et al., 2011; Risold and Swanson, 1997b). 
However, DA antagonists injected directly into the NAc do not reduce 
NAc inhibition to cue (although VTA inactivation does), suggesting the 
crucial input for cue response is not, in fact, dopaminergic (du Hoffmann 
and Nicola, 2014; Yun et al., 2004). This leads us to suggest that a pri
mary driver of NAc cue response may come directly from the lateral 
septum’s GABAergic input into the NAc, which may be driven by output, 
either dopaminergic or GABAergic, from the VTA, combined with hip
pocampal output, which is modulated by cue and reward. The LS may, 
therefore, in this way, contribute to reward prediction and response 
during behavioral and conditioning tasks. 

The connection from the HPC to the VTA and other dopaminergic 
structures through the LS may be used in the planning and execution of 
action. Both theta sequences, as previously discussed, and hippocampal 
replay, which occurs during SWRs in wake and sleep, may contribute to 
trajectory planning and memory consolidation (Csicsvari et al., 2007; 
Foster and Wilson, 2006; Ji and Wilson, 2007; Louie and Wilson, 2001). 
Theta-phase spiking correlates and theta-phase locking in the LS 
(Monaco et al., 2019; Tingley and Buzsaki, 2018; Wirtshafter and Wil
son, 2019) may contribute to planning on a short-term time scale, such 
as at a decision point. Conversely, replay may be used for longer term 
planning and memory formation. Cells in both the LS (Wirtshafter and 
Wilson, 2019) and VTA (Gomperts et al., 2015; Martig and Mizumori, 
2011; Redila et al., 2015; Roesch et al., 2007; Valdes et al., 2015), in
crease firing rate during SWRs (Fig. 3d). Dopaminergic VTA cells spe
cifically reactivate during the replay of goal locations (Gomperts et al., 
2015) (which may be the result of input from LS place-like cells that are 
preferentially concentrated around goal locations (Wirtshafter and 
Wilson, 2020)), and the timing of SWR firing increases in the LS and VTA 
relative to the HPC occur at about the latency that would be expected 
based on a HPC-LS-VTA pathway (Gomperts et al., 2015; Wirtshafter 

and Wilson, 2019). The LS may therefore be transmitting spatial, 
motivational, and movement- related signals to the VTA during SWRs, 
and be involved in planning and memory consolidation during periods 
of quiet wake and sleep. 

8. Re-examining the septum: linking the LS to the selection of 
context-appropriate behavior 

The view that the septohippocampal system is the center of spatial 
cognition is often presented as orthogonal to the idea that the system has 
an essential role in affective and motivational responses and learning, 
and vice versa (Table 1). However, an alternative possibility is that 
having coding for spatial and movement information in the same 
structures as motivational and mood information is functionally 
important. The presence of these overlapping populations may allow the 
septohippocampal system to evaluate value-weighted cues in conjunc
tion with movement cost, or to integrate contextual information with 
movement information to evaluate the costs and benefits of context- 
specific behaviors. 

The LS’s anatomical position downstream from the HPC (providing 
information about context), and the brain stem (providing information 
about movement), may allow the LS to integrate context information 
with movement information to evaluate appropriate context-specific 
behaviors for use, downstream, in structures that modulate motiva
tion, arousal, and the execution of plans. Therefore, animals with LS 
lesions are apt to respond incorrectly to many situations requiring 
context-action pairing, including by showing situationally inappropriate 
responses, such as an inappropriate locomotor or movement response. 
Consistent with this theory, animals with LS lesions have problems 
matching a motor response to an appropriate cue. Not only are they 
unable to complete cued navigational tasks, but they are unable to 
withhold responses on a variety of tasks, such as fixed interval condi
tioning, extinction trials, and go/no-go tasks (Grossman, 1977). Addi
tionally, animals lesioned before task acquisition are unable to suppress 
licking in a water lick suppression test (Fox et al., 1964; Kaada et al., 
1962) and show hyperactivity during fixed intervals (Ellen and Powell, 
1962), both examples of an inability to modulate movement as required 
by the context and task. 

The LS may accomplish this evaluation by translating movement, 
context, cues, and valence into firing rate changes in overlapping LS cell 
populations. Here, we theorize that a combination of these firing rate 
changes may serve as a value signal incorporating valence and effortful 
cost. This ‘integrated movement value signal’ would allow an animal to 
weigh the cost or consequence of context-dependent movement with 
respect to expected reward. If this hypothesis were true, we would 
expect the LS to contain contextual and/or place information, movement 
information, and reinforcement-related information, such as reward 
location and/or object valence. Each of these signals can be found in the 
LS (Fig. 3) and are integrated in such a way as to provide a potential 
value signal for downstream areas such as the VTA. 

9. Conclusion 

Given the convergence of mood, movement, and motivation infor
mation in the LS system, it is worth considering whether the LS is a 
central nexus in the brain for integrating these disparate inputs. In this 
review, we have discussed the ways in which the lateral septum is 
involved in processing and representing a number of behaviorally 
relevant factors, including cue, context, movement, and reward (Figs. 3 
and 4). We suggest that many of the functions attributed to the LS, 
including the modulation of anxiety (Table 1), may instead be related to 
the LS’s function integrating movement signals with different cues and 
contexts, and that septal damage therefore results in situationally 
inappropriate movement responses, which appear as heightened or 

H.S. Wirtshafter and M.A. Wilson                                                                                                                                                                                                          



Neuroscience and Biobehavioral Reviews 126 (2021) 544–559

555

lessened anxiety, aggression, or perseveration. The integration of these 
factors into a single firing-rate code in the LS may allow for downstream 
structures to weigh the costs and benefits of action and to optimize task 
performance across a conjunction of these factors, particularly in com
plex and ethologically relevant environments with multiple consider
ations (Fig. 4). 
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and times for traversal can all be represented as 
cellular correlates in the LS: movement- and 
place- related signaling would allow the animal 
to incorporate the speed and time it would take 
to traverse possible paths, and cue and valence 
firing could be used to attach relevance and 
value to possible obstacles along the path. In 
this example, the rat must choose between two 
paths, each with multiple rewards and dangers. 
As explained in Fig. 3, cellular correlates in the 
LS allow the animal to weigh evaluate the 
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situation, as well as movement considerations 
(a selection of considerations is listed in the 

figure). The weighing of the costs and benefits of each context and movement may be integrated in the LS to provide guidance for downstream decisions.   

H.S. Wirtshafter and M.A. Wilson                                                                                                                                                                                                          

http://refhub.elsevier.com/S0149-7634(21)00146-9/sbref0005
http://refhub.elsevier.com/S0149-7634(21)00146-9/sbref0005
http://refhub.elsevier.com/S0149-7634(21)00146-9/sbref0005
http://refhub.elsevier.com/S0149-7634(21)00146-9/sbref0010
http://refhub.elsevier.com/S0149-7634(21)00146-9/sbref0010
http://refhub.elsevier.com/S0149-7634(21)00146-9/sbref0010
http://refhub.elsevier.com/S0149-7634(21)00146-9/sbref0015
http://refhub.elsevier.com/S0149-7634(21)00146-9/sbref0015
http://refhub.elsevier.com/S0149-7634(21)00146-9/sbref0015
http://refhub.elsevier.com/S0149-7634(21)00146-9/sbref0020
http://refhub.elsevier.com/S0149-7634(21)00146-9/sbref0020
http://refhub.elsevier.com/S0149-7634(21)00146-9/sbref0020
http://refhub.elsevier.com/S0149-7634(21)00146-9/sbref0025
http://refhub.elsevier.com/S0149-7634(21)00146-9/sbref0025
http://refhub.elsevier.com/S0149-7634(21)00146-9/sbref0025
http://refhub.elsevier.com/S0149-7634(21)00146-9/sbref0030
http://refhub.elsevier.com/S0149-7634(21)00146-9/sbref0030
http://refhub.elsevier.com/S0149-7634(21)00146-9/sbref0035
http://refhub.elsevier.com/S0149-7634(21)00146-9/sbref0035
http://refhub.elsevier.com/S0149-7634(21)00146-9/sbref0035
http://refhub.elsevier.com/S0149-7634(21)00146-9/sbref0040
http://refhub.elsevier.com/S0149-7634(21)00146-9/sbref0040
http://refhub.elsevier.com/S0149-7634(21)00146-9/sbref0045
http://refhub.elsevier.com/S0149-7634(21)00146-9/sbref0045
http://refhub.elsevier.com/S0149-7634(21)00146-9/sbref0045
http://refhub.elsevier.com/S0149-7634(21)00146-9/sbref0050
http://refhub.elsevier.com/S0149-7634(21)00146-9/sbref0050
http://refhub.elsevier.com/S0149-7634(21)00146-9/sbref0050
http://refhub.elsevier.com/S0149-7634(21)00146-9/sbref0055
http://refhub.elsevier.com/S0149-7634(21)00146-9/sbref0055
http://refhub.elsevier.com/S0149-7634(21)00146-9/sbref0060
http://refhub.elsevier.com/S0149-7634(21)00146-9/sbref0060
http://refhub.elsevier.com/S0149-7634(21)00146-9/sbref0060
http://refhub.elsevier.com/S0149-7634(21)00146-9/sbref0065
http://refhub.elsevier.com/S0149-7634(21)00146-9/sbref0065
http://refhub.elsevier.com/S0149-7634(21)00146-9/sbref0070
http://refhub.elsevier.com/S0149-7634(21)00146-9/sbref0070
http://refhub.elsevier.com/S0149-7634(21)00146-9/sbref0070
http://refhub.elsevier.com/S0149-7634(21)00146-9/sbref0075
http://refhub.elsevier.com/S0149-7634(21)00146-9/sbref0075
http://refhub.elsevier.com/S0149-7634(21)00146-9/sbref0080
http://refhub.elsevier.com/S0149-7634(21)00146-9/sbref0080
http://refhub.elsevier.com/S0149-7634(21)00146-9/sbref0085
http://refhub.elsevier.com/S0149-7634(21)00146-9/sbref0085
http://refhub.elsevier.com/S0149-7634(21)00146-9/sbref0090
http://refhub.elsevier.com/S0149-7634(21)00146-9/sbref0090
http://refhub.elsevier.com/S0149-7634(21)00146-9/sbref0090
http://refhub.elsevier.com/S0149-7634(21)00146-9/sbref0095
http://refhub.elsevier.com/S0149-7634(21)00146-9/sbref0095
http://refhub.elsevier.com/S0149-7634(21)00146-9/sbref0095
http://refhub.elsevier.com/S0149-7634(21)00146-9/sbref0100
http://refhub.elsevier.com/S0149-7634(21)00146-9/sbref0100
http://refhub.elsevier.com/S0149-7634(21)00146-9/sbref0100
http://refhub.elsevier.com/S0149-7634(21)00146-9/sbref0105
http://refhub.elsevier.com/S0149-7634(21)00146-9/sbref0105
http://refhub.elsevier.com/S0149-7634(21)00146-9/sbref0110
http://refhub.elsevier.com/S0149-7634(21)00146-9/sbref0110
http://refhub.elsevier.com/S0149-7634(21)00146-9/sbref0115
http://refhub.elsevier.com/S0149-7634(21)00146-9/sbref0115
http://refhub.elsevier.com/S0149-7634(21)00146-9/sbref0115
http://refhub.elsevier.com/S0149-7634(21)00146-9/sbref0120
http://refhub.elsevier.com/S0149-7634(21)00146-9/sbref0120
http://refhub.elsevier.com/S0149-7634(21)00146-9/sbref0120
http://refhub.elsevier.com/S0149-7634(21)00146-9/sbref0125
http://refhub.elsevier.com/S0149-7634(21)00146-9/sbref0125
http://refhub.elsevier.com/S0149-7634(21)00146-9/sbref0125
http://refhub.elsevier.com/S0149-7634(21)00146-9/sbref0130
http://refhub.elsevier.com/S0149-7634(21)00146-9/sbref0130
http://refhub.elsevier.com/S0149-7634(21)00146-9/sbref0130
http://refhub.elsevier.com/S0149-7634(21)00146-9/sbref0135
http://refhub.elsevier.com/S0149-7634(21)00146-9/sbref0135
http://refhub.elsevier.com/S0149-7634(21)00146-9/sbref0135
http://refhub.elsevier.com/S0149-7634(21)00146-9/sbref0135
http://refhub.elsevier.com/S0149-7634(21)00146-9/sbref0140
http://refhub.elsevier.com/S0149-7634(21)00146-9/sbref0140


Neuroscience and Biobehavioral Reviews 126 (2021) 544–559

556

Cazala, P., Galey, D., Durkin, T., 1988. Electrical self-stimulation in the medial and 
lateral septum as compared to the lateral hypothalamus: differential intervention of 
reward and learning processes? Physiol. Behav. 44, 53–59. 

Cazala, P., Norena, A., Le Merrer, J., Galey, D., 1998. Differential involvement of the 
lateral and medial divisions of the septal area on spatial learning processes as 
revealed by intracranial self-administration of morphine in mice. Behav. Brain Res. 
97, 179–188. 

Chee, S.S., Menard, J.L., Dringenberg, H.C., 2014. Behavioral anxiolysis without 
reduction of hippocampal theta frequency after histamine application in the lateral 
septum of rats. Hippocampus 24, 615–627. 

Chee, S.S., Menard, J.L., Dringenberg, H.C., 2015. The lateral septum as a regulator of 
hippocampal theta oscillations and defensive behavior in rats. J. Neurophysiol. 113, 
1831–1841. 

Clarke, A., File, S.E., 1982. Selective neurotoxin lesions of the lateral septum: changes in 
social and aggressive behaviours. Pharmacol. Biochem. Behav. 17, 623–628. 

Clemens, A.M., Wang, H., Brecht, M., 2020. The lateral septum mediates kinship 
behavior in the rat. Nat. Commun. 11. 

Csicsvari, J., O’Neill, J., Allen, K., Senior, T., 2007. Place-selective firing contributes to 
the reverse-order reactivation of CA1 pyramidal cells during sharp waves in open- 
field exploration. Eur. J. Neurosci. 26, 704–716. 

Dalland, T., 1970. Response and stimulus perseveration in rats with septal and dorsal 
hippocampal lesions. J. Comp. Physiol. Psychol. 71, 114–118. 

Dalland, T., 1974. Stimulus perseveration of rats with septal lesions. Physiol. Behav. 12, 
1057–1061. 

Davidson, T.J., Kloosterman, F., Wilson, M.A., 2009. Hippocampal replay of extended 
experience. Neuron 63, 497–507. 

de Arruda Camargo, G.M., de Arruda Camargo, L.A., Saad, W.A., 2010. On a possible 
dual role for the lateral septal area 5-HT(1A) receptor system in the regulation of 
water intake and urinary excretion. Behav. Brain Res. 215, 122–128. 

Degroot, A., Treit, D., 2004. Anxiety is functionally segregated within the septo- 
hippocampal system. Brain Res. 1001, 60–71. 

Degroot, A., Kashluba, S., Treit, D., 2001. Septal GABAergic and hippocampal cholinergic 
systems modulate anxiety in the plus-maze and shock-probe tests. Pharmacol. 
Biochem. Behav. 69, 391–399. 

Drugan, R.C., Skolnick, P., Paul, S.M., Crawley, J.N., 1986. Low doses of muscimol 
produce anticonflict actions in the lateral septum of the rat. Neuropharmacology 25, 
203–205. 

du Hoffmann, J., Nicola, S.M., 2014. Dopamine invigorates reward seeking by promoting 
cue-evoked excitation in the nucleus accumbens. J. Neurosci. 34, 14349–14364. 

Eichenbaum, H., Dudchenko, P., Wood, E., Shapiro, M., Tanila, H., 1999. The 
hippocampus, memory, and place cells: is it spatial memory or a memory space? 
Neuron 23, 209–226. 

Ellen, P., Powell, E.W., 1962. Effects of septal lesions on behavior generated by positive 
reinforcement. Exp. Neurol. 6, 1–11. 

Engin, E., Smith, K.S., Gao, Y., Nagy, D., Foster, R.A., Tsvetkov, E., Keist, R., Crestani, F., 
Fritschy, J.M., Bolshakov, V.Y., Hajos, M., Heldt, S.A., Rudolph, U., 2016. 
Modulation of anxiety and fear via distinct intrahippocampal circuits. eLife 5, 
e14120. 

Felix-Ortiz, A.C., Beyeler, A., Seo, C., Leppla, C.A., Wildes, C.P., Tye, K.M., 2013. BLA to 
vHPC inputs modulate anxiety-related behaviors. Neuron 79, 658–664. 

Ferris, C.F., Snowdon, C.T., King, J.A., Sullivan Jr., J.M., Ziegler, T.E., Olson, D.P., 
Schultz-Darken, N.J., Tannenbaum, P.L., Ludwig, R., Wu, Z., Einspanier, A., 
Vaughan, J.T., Duong, T.Q., 2004. Activation of neural pathways associated with 
sexual arousal in non-human primates. J. Magn. Reson. Imaging 19, 168–175. 

Foster, D.J., Knierim, J.J., 2012. Sequence learning and the role of the hippocampus in 
rodent navigation. Curr. Opin. Neurobiol. 22, 294–300. 

Foster, D.J., Wilson, M.A., 2006. Reverse replay of behavioural sequences in 
hippocampal place cells during the awake state. Nature 440, 680–683. 

Foster, D.J., Wilson, M.A., 2007. Hippocampal theta sequences. Hippocampus 17, 
1093–1099. 

Fox, S.S., Kimble, D.P., Lickey, M.E., 1964. Comparison of caudate nucleus and septal- 
area lesions on two types of avoidance behavior. J. Comp. Physiol. Psychol. 58, 
380–386. 

Frank, L.M., Brown, E.N., Wilson, M., 2000. Trajectory encoding in the hippocampus and 
entorhinal cortex. Neuron 27, 169–178. 

Frohardt, R.J., Guarraci, F.A., Bouton, M.E., 2000. The effects of neurotoxic hippocampal 
lesions on two effects of context after fear extinction. Behav. Neurosci. 114, 
227–240. 

Gage, F.H., Olton, D.S., Bolanowski, D., 1978. Activity, reactivity, and dominance 
following septal lesions in rats. Behav. Biol. 22, 203–210. 

Garcia-Rill, E., Skinner, R.D., Fitzgerald, J.A., 1983. Activity in the mesencephalic 
locomotor region during locomotion. Exp. Neurol. 82, 609–622. 

Gergues, M.M., Han, K.J., Choi, H.S., Brown, B., Clausing, K.J., Turner, V.S., 
Vainchtein, I.D., Molofsky, A.V., Kheirbek, M.A., 2020. Circuit and molecular 
architecture of a ventral hippocampal network. Nat. Neurosci. 

Gilbert, P.E., Kesner, R.P., 2003. Localization of function within the dorsal hippocampus: 
the role of the CA3 subregion in paired-associate learning. Behav. Neurosci. 117, 
1385–1394. 

Gomperts, S.N., Kloosterman, F., Wilson, M.A., 2015. VTA neurons coordinate with the 
hippocampal reactivation of spatial experience. eLife 4. 

Gordon, J.A., Lacefield, C.O., Kentros, C.G., Hen, R., 2005. State-dependent alterations in 
hippocampal oscillations in serotonin 1A receptor-deficient mice. J. Neurosci. 25, 
6509–6519. 

Gorman, D.G., Cummings, J.L., 1992. Hypersexuality following septal injury. Arch. 
Neurol. 49, 308–310. 

Gray, J.A., 1982. The Neuropsychology of Anxiety : an Enquiry Into the Functions of the 
Septo-hippocampal System. Clarendon Press; Oxford University Press, Oxford, New 
York.  

Gray, J.A., McNaughton, N., 1983. Comparison between the behavioural effects of septal 
and hippocampal lesions: a review. Neurosci. Biobehav. Rev. 7, 119–188. 

Gray, J.A., McNaughton, N., 2003. The neuropsychology of anxiety : an enquiry into the 
functions of the septo-hippocampal system. Oxford Psychology Series no. 33, 2nd ed. 
Oxford University Press, Oxford ; New York. p. 1 online resource.  

Gray, J.A., Feldon, J., Rawlins, J.N., Owen, S., McNaughton, N., 1977. The role of the 
septo-hippocampal system and its noradrenergic afferents in behavioural responses 
to none-reward. Ciba Found. Symp. 275–307. 

Gray, D.S., Terlecki, L.J., Treit, D., Pinel, J.P., 1981. Effect of septal lesions on 
conditioned defensive burying. Physiol. Behav. 27, 1051–1056. 

Groessl, F., Munsch, T., Meis, S., Griessner, J., Kaczanowska, J., Pliota, P., Kargl, D., 
Badurek, S., Kraitsy, K., Rassoulpour, A., Zuber, J., Lessmann, V., Haubensak, W., 
2018. Dorsal tegmental dopamine neurons gate associative learning of fear. Nat. 
Neurosci. 21, 952–962. 

Grossman, S.P., 1977. An experimental’ dissection’ of the septal syndrome. Ciba Found. 
Symp. 227–273. 

Guzman, Y.F., Tronson, N.C., Jovasevic, V., Sato, K., Guedea, A.L., Mizukami, H., 
Nishimori, K., Radulovic, J., 2013. Fear-enhancing effects of septal oxytocin 
receptors. Nat. Neurosci. 16, 1185–1187. 

Hakvoort Schwerdtfeger, R.M., Menard, J.L., 2008. The lateral hypothalamus and 
anterior hypothalamic nucleus differentially contribute to rats’ defensive responses 
in the elevated plus-maze and shock-probe burying tests. Physiol. Behav. 93, 
697–705. 

Hampson, R.E., Simeral, J.D., Deadwyler, S.A., 1999. Distribution of spatial and 
nonspatial information in dorsal hippocampus. Nature 402, 610–614. 

Harasta, A.E., Power, J.M., von Jonquieres, G., Karl, T., Drucker, D.J., Housley, G.D., 
Schneider, M., Klugmann, M., 2015. Septal glucagon-like peptide 1 receptor 
expression determines suppression of cocaine-induced behavior. 
Neuropsychopharmacology 40, 1969–1978. 

Hasselmo, M.E., 2005. What is the function of hippocampal theta rhythm?–Linking 
behavioral data to phasic properties of field potential and unit recording data. 
Hippocampus 15, 936–949. 

Hasselmo, M.E., Stern, C.E., 2014. Theta rhythm and the encoding and retrieval of space 
and time. Neuroimage 85 (Pt 2), 656–666. 

Hasselmo, M.E., Hay, J., Ilyn, M., Gorchetchnikov, A., 2002. Neuromodulation, theta 
rhythm and rat spatial navigation. Neural Netw. 15, 689–707. 

Hock Jr., B.J., Bunsey, M.D., 1998. Differential effects of dorsal and ventral hippocampal 
lesions. J. Neurosci. 18, 7027–7032. 

Hsiao, Y.T., Yi, P.L., Cheng, C.H., Chang, F.C., 2013. Disruption of footshock-induced 
theta rhythms by stimulating median raphe nucleus reduces anxiety in rats. Behav. 
Brain Res. 247, 193–200. 

Jacinto, L.R., Cerqueira, J.J., Sousa, N., 2016. Patterns of Theta activity in limbic anxiety 
circuit preceding exploratory behavior in approach-avoidance conflict. Front. Behav. 
Neurosci. 10, 171. 

Jarrard, L.E., 1973. The hippocampus and motivation. Psychol. Bull. 79, 1–12. 
Jarrard, L.E., 1993. On the role of the hippocampus in learning and memory in the rat. 

Behav. Neural Biol. 60, 9–26. 
Ji, D., Wilson, M.A., 2007. Coordinated memory replay in the visual cortex and 

hippocampus during sleep. Nat. Neurosci. 10, 100–107. 
Jiang, J.X., Liu, H., Huang, Z.Z., Cui, Y., Zhang, X.Q., Zhang, X.L., Cui, Y., Xin, W.J., 

2018. The role of CA3-LS-VTA loop in the formation of conditioned place preference 
induced by context-associated reward memory for morphine. Addict. Biol. 23, 
41–54. 

Jimenez, J.C., Su, K., Goldberg, A.R., Luna, V.M., Biane, J.S., Ordek, G., Zhou, P., Ong, S. 
K., Wright, M.A., Zweifel, L., Paninski, L., Hen, R., Kheirbek, M.A., 2018. Anxiety 
cells in a hippocampal-hypothalamic circuit. Neuron 97 (670–683), e676. 

Jones, B.E., 2003. Arousal systems. Front Biosci 8, s438–451. 
Jones, M.W., Wilson, M.A., 2005. Theta rhythms coordinate hippocampal-prefrontal 

interactions in a spatial memory task. PLoS Biol. 3, e402. 
Jouvet, M., 1967. The states of sleep. Sci. Am. 216, 62–68 passim.  
Jung, M.W., Wiener, S.I., McNaughton, B.L., 1994. Comparison of spatial firing 

characteristics of units in dorsal and ventral hippocampus of the rat. J. Neurosci. 14, 
7347–7356. 

Kaada, B.R., Rasmussen, E.W., Kveim, O., 1962. Impaired acquisition of passive 
avoidance behavior by subcallosal, septal, hypothalamic, and insular lesions in rats. 
J. Comp. Physiol. Psychol. 55, 661–670. 

Keinath, A.T., Wang, M.E., Wann, E.G., Yuan, R.K., Dudman, J.T., Muzzio, I.A., 2014. 
Precise spatial coding is preserved along the longitudinal hippocampal axis. 
Hippocampus 24, 1533–1548. 

Kesner, R.P., 2013. A process analysis of the CA3 subregion of the hippocampus. Front. 
Cell. Neurosci. 7, 78. 

Kesner, R.P., Lee, I., Gilbert, P., 2004. A behavioral assessment of hippocampal function 
based on a subregional analysis. Rev. Neurosci. 15, 333–351. 

Kheirbek, M.A., Drew, L.J., Burghardt, N.S., Costantini, D.O., Tannenholz, L., Ahmari, S. 
E., Zeng, H., Fenton, A.A., Hen, R., 2013. Differential control of learning and anxiety 
along the dorsoventral axis of the dentate gyrus. Neuron 77, 955–968. 

Kita, T., Nishijo, H., Eifuku, S., Terasawa, K., Ono, T., 1995. Place and contingency 
differential responses of monkey septal neurons during conditional place-object 
discrimination. J. Neurosci. 15, 1683–1703. 

Kjelstrup, K.G., Tuvnes, F.A., Steffenach, H.A., Murison, R., Moser, E.I., Moser, M.B., 
2002. Reduced fear expression after lesions of the ventral hippocampus. Proc. Natl. 
Acad. Sci. USA 99, 10825–10830. 

H.S. Wirtshafter and M.A. Wilson                                                                                                                                                                                                          

http://refhub.elsevier.com/S0149-7634(21)00146-9/sbref0145
http://refhub.elsevier.com/S0149-7634(21)00146-9/sbref0145
http://refhub.elsevier.com/S0149-7634(21)00146-9/sbref0145
http://refhub.elsevier.com/S0149-7634(21)00146-9/sbref0150
http://refhub.elsevier.com/S0149-7634(21)00146-9/sbref0150
http://refhub.elsevier.com/S0149-7634(21)00146-9/sbref0150
http://refhub.elsevier.com/S0149-7634(21)00146-9/sbref0150
http://refhub.elsevier.com/S0149-7634(21)00146-9/sbref0155
http://refhub.elsevier.com/S0149-7634(21)00146-9/sbref0155
http://refhub.elsevier.com/S0149-7634(21)00146-9/sbref0155
http://refhub.elsevier.com/S0149-7634(21)00146-9/sbref0160
http://refhub.elsevier.com/S0149-7634(21)00146-9/sbref0160
http://refhub.elsevier.com/S0149-7634(21)00146-9/sbref0160
http://refhub.elsevier.com/S0149-7634(21)00146-9/sbref0165
http://refhub.elsevier.com/S0149-7634(21)00146-9/sbref0165
http://refhub.elsevier.com/S0149-7634(21)00146-9/sbref0170
http://refhub.elsevier.com/S0149-7634(21)00146-9/sbref0170
http://refhub.elsevier.com/S0149-7634(21)00146-9/sbref0175
http://refhub.elsevier.com/S0149-7634(21)00146-9/sbref0175
http://refhub.elsevier.com/S0149-7634(21)00146-9/sbref0175
http://refhub.elsevier.com/S0149-7634(21)00146-9/sbref0180
http://refhub.elsevier.com/S0149-7634(21)00146-9/sbref0180
http://refhub.elsevier.com/S0149-7634(21)00146-9/sbref0185
http://refhub.elsevier.com/S0149-7634(21)00146-9/sbref0185
http://refhub.elsevier.com/S0149-7634(21)00146-9/sbref0190
http://refhub.elsevier.com/S0149-7634(21)00146-9/sbref0190
http://refhub.elsevier.com/S0149-7634(21)00146-9/sbref0195
http://refhub.elsevier.com/S0149-7634(21)00146-9/sbref0195
http://refhub.elsevier.com/S0149-7634(21)00146-9/sbref0195
http://refhub.elsevier.com/S0149-7634(21)00146-9/sbref0200
http://refhub.elsevier.com/S0149-7634(21)00146-9/sbref0200
http://refhub.elsevier.com/S0149-7634(21)00146-9/sbref0205
http://refhub.elsevier.com/S0149-7634(21)00146-9/sbref0205
http://refhub.elsevier.com/S0149-7634(21)00146-9/sbref0205
http://refhub.elsevier.com/S0149-7634(21)00146-9/sbref0210
http://refhub.elsevier.com/S0149-7634(21)00146-9/sbref0210
http://refhub.elsevier.com/S0149-7634(21)00146-9/sbref0210
http://refhub.elsevier.com/S0149-7634(21)00146-9/sbref0215
http://refhub.elsevier.com/S0149-7634(21)00146-9/sbref0215
http://refhub.elsevier.com/S0149-7634(21)00146-9/sbref0220
http://refhub.elsevier.com/S0149-7634(21)00146-9/sbref0220
http://refhub.elsevier.com/S0149-7634(21)00146-9/sbref0220
http://refhub.elsevier.com/S0149-7634(21)00146-9/sbref0225
http://refhub.elsevier.com/S0149-7634(21)00146-9/sbref0225
http://refhub.elsevier.com/S0149-7634(21)00146-9/sbref0230
http://refhub.elsevier.com/S0149-7634(21)00146-9/sbref0230
http://refhub.elsevier.com/S0149-7634(21)00146-9/sbref0230
http://refhub.elsevier.com/S0149-7634(21)00146-9/sbref0230
http://refhub.elsevier.com/S0149-7634(21)00146-9/sbref0235
http://refhub.elsevier.com/S0149-7634(21)00146-9/sbref0235
http://refhub.elsevier.com/S0149-7634(21)00146-9/sbref0240
http://refhub.elsevier.com/S0149-7634(21)00146-9/sbref0240
http://refhub.elsevier.com/S0149-7634(21)00146-9/sbref0240
http://refhub.elsevier.com/S0149-7634(21)00146-9/sbref0240
http://refhub.elsevier.com/S0149-7634(21)00146-9/sbref0245
http://refhub.elsevier.com/S0149-7634(21)00146-9/sbref0245
http://refhub.elsevier.com/S0149-7634(21)00146-9/sbref0250
http://refhub.elsevier.com/S0149-7634(21)00146-9/sbref0250
http://refhub.elsevier.com/S0149-7634(21)00146-9/sbref0255
http://refhub.elsevier.com/S0149-7634(21)00146-9/sbref0255
http://refhub.elsevier.com/S0149-7634(21)00146-9/sbref0260
http://refhub.elsevier.com/S0149-7634(21)00146-9/sbref0260
http://refhub.elsevier.com/S0149-7634(21)00146-9/sbref0260
http://refhub.elsevier.com/S0149-7634(21)00146-9/sbref0265
http://refhub.elsevier.com/S0149-7634(21)00146-9/sbref0265
http://refhub.elsevier.com/S0149-7634(21)00146-9/sbref0270
http://refhub.elsevier.com/S0149-7634(21)00146-9/sbref0270
http://refhub.elsevier.com/S0149-7634(21)00146-9/sbref0270
http://refhub.elsevier.com/S0149-7634(21)00146-9/sbref0275
http://refhub.elsevier.com/S0149-7634(21)00146-9/sbref0275
http://refhub.elsevier.com/S0149-7634(21)00146-9/sbref0280
http://refhub.elsevier.com/S0149-7634(21)00146-9/sbref0280
http://refhub.elsevier.com/S0149-7634(21)00146-9/sbref0285
http://refhub.elsevier.com/S0149-7634(21)00146-9/sbref0285
http://refhub.elsevier.com/S0149-7634(21)00146-9/sbref0285
http://refhub.elsevier.com/S0149-7634(21)00146-9/sbref0290
http://refhub.elsevier.com/S0149-7634(21)00146-9/sbref0290
http://refhub.elsevier.com/S0149-7634(21)00146-9/sbref0290
http://refhub.elsevier.com/S0149-7634(21)00146-9/sbref0295
http://refhub.elsevier.com/S0149-7634(21)00146-9/sbref0295
http://refhub.elsevier.com/S0149-7634(21)00146-9/sbref0300
http://refhub.elsevier.com/S0149-7634(21)00146-9/sbref0300
http://refhub.elsevier.com/S0149-7634(21)00146-9/sbref0300
http://refhub.elsevier.com/S0149-7634(21)00146-9/sbref0305
http://refhub.elsevier.com/S0149-7634(21)00146-9/sbref0305
http://refhub.elsevier.com/S0149-7634(21)00146-9/sbref0310
http://refhub.elsevier.com/S0149-7634(21)00146-9/sbref0310
http://refhub.elsevier.com/S0149-7634(21)00146-9/sbref0310
http://refhub.elsevier.com/S0149-7634(21)00146-9/sbref0315
http://refhub.elsevier.com/S0149-7634(21)00146-9/sbref0315
http://refhub.elsevier.com/S0149-7634(21)00146-9/sbref0320
http://refhub.elsevier.com/S0149-7634(21)00146-9/sbref0320
http://refhub.elsevier.com/S0149-7634(21)00146-9/sbref0320
http://refhub.elsevier.com/S0149-7634(21)00146-9/sbref0325
http://refhub.elsevier.com/S0149-7634(21)00146-9/sbref0325
http://refhub.elsevier.com/S0149-7634(21)00146-9/sbref0325
http://refhub.elsevier.com/S0149-7634(21)00146-9/sbref0330
http://refhub.elsevier.com/S0149-7634(21)00146-9/sbref0330
http://refhub.elsevier.com/S0149-7634(21)00146-9/sbref0335
http://refhub.elsevier.com/S0149-7634(21)00146-9/sbref0335
http://refhub.elsevier.com/S0149-7634(21)00146-9/sbref0335
http://refhub.elsevier.com/S0149-7634(21)00146-9/sbref0335
http://refhub.elsevier.com/S0149-7634(21)00146-9/sbref0340
http://refhub.elsevier.com/S0149-7634(21)00146-9/sbref0340
http://refhub.elsevier.com/S0149-7634(21)00146-9/sbref0345
http://refhub.elsevier.com/S0149-7634(21)00146-9/sbref0345
http://refhub.elsevier.com/S0149-7634(21)00146-9/sbref0345
http://refhub.elsevier.com/S0149-7634(21)00146-9/sbref0350
http://refhub.elsevier.com/S0149-7634(21)00146-9/sbref0350
http://refhub.elsevier.com/S0149-7634(21)00146-9/sbref0350
http://refhub.elsevier.com/S0149-7634(21)00146-9/sbref0350
http://refhub.elsevier.com/S0149-7634(21)00146-9/sbref0355
http://refhub.elsevier.com/S0149-7634(21)00146-9/sbref0355
http://refhub.elsevier.com/S0149-7634(21)00146-9/sbref0360
http://refhub.elsevier.com/S0149-7634(21)00146-9/sbref0360
http://refhub.elsevier.com/S0149-7634(21)00146-9/sbref0360
http://refhub.elsevier.com/S0149-7634(21)00146-9/sbref0360
http://refhub.elsevier.com/S0149-7634(21)00146-9/sbref0365
http://refhub.elsevier.com/S0149-7634(21)00146-9/sbref0365
http://refhub.elsevier.com/S0149-7634(21)00146-9/sbref0365
http://refhub.elsevier.com/S0149-7634(21)00146-9/sbref0370
http://refhub.elsevier.com/S0149-7634(21)00146-9/sbref0370
http://refhub.elsevier.com/S0149-7634(21)00146-9/sbref0375
http://refhub.elsevier.com/S0149-7634(21)00146-9/sbref0375
http://refhub.elsevier.com/S0149-7634(21)00146-9/sbref0380
http://refhub.elsevier.com/S0149-7634(21)00146-9/sbref0380
http://refhub.elsevier.com/S0149-7634(21)00146-9/sbref0385
http://refhub.elsevier.com/S0149-7634(21)00146-9/sbref0385
http://refhub.elsevier.com/S0149-7634(21)00146-9/sbref0385
http://refhub.elsevier.com/S0149-7634(21)00146-9/sbref0390
http://refhub.elsevier.com/S0149-7634(21)00146-9/sbref0390
http://refhub.elsevier.com/S0149-7634(21)00146-9/sbref0390
http://refhub.elsevier.com/S0149-7634(21)00146-9/sbref0395
http://refhub.elsevier.com/S0149-7634(21)00146-9/sbref0400
http://refhub.elsevier.com/S0149-7634(21)00146-9/sbref0400
http://refhub.elsevier.com/S0149-7634(21)00146-9/sbref0405
http://refhub.elsevier.com/S0149-7634(21)00146-9/sbref0405
http://refhub.elsevier.com/S0149-7634(21)00146-9/sbref0410
http://refhub.elsevier.com/S0149-7634(21)00146-9/sbref0410
http://refhub.elsevier.com/S0149-7634(21)00146-9/sbref0410
http://refhub.elsevier.com/S0149-7634(21)00146-9/sbref0410
http://refhub.elsevier.com/S0149-7634(21)00146-9/sbref0415
http://refhub.elsevier.com/S0149-7634(21)00146-9/sbref0415
http://refhub.elsevier.com/S0149-7634(21)00146-9/sbref0415
http://refhub.elsevier.com/S0149-7634(21)00146-9/sbref0420
http://refhub.elsevier.com/S0149-7634(21)00146-9/sbref0425
http://refhub.elsevier.com/S0149-7634(21)00146-9/sbref0425
http://refhub.elsevier.com/S0149-7634(21)00146-9/sbref0430
http://refhub.elsevier.com/S0149-7634(21)00146-9/sbref0435
http://refhub.elsevier.com/S0149-7634(21)00146-9/sbref0435
http://refhub.elsevier.com/S0149-7634(21)00146-9/sbref0435
http://refhub.elsevier.com/S0149-7634(21)00146-9/sbref0440
http://refhub.elsevier.com/S0149-7634(21)00146-9/sbref0440
http://refhub.elsevier.com/S0149-7634(21)00146-9/sbref0440
http://refhub.elsevier.com/S0149-7634(21)00146-9/sbref0445
http://refhub.elsevier.com/S0149-7634(21)00146-9/sbref0445
http://refhub.elsevier.com/S0149-7634(21)00146-9/sbref0445
http://refhub.elsevier.com/S0149-7634(21)00146-9/sbref0450
http://refhub.elsevier.com/S0149-7634(21)00146-9/sbref0450
http://refhub.elsevier.com/S0149-7634(21)00146-9/sbref0455
http://refhub.elsevier.com/S0149-7634(21)00146-9/sbref0455
http://refhub.elsevier.com/S0149-7634(21)00146-9/sbref0460
http://refhub.elsevier.com/S0149-7634(21)00146-9/sbref0460
http://refhub.elsevier.com/S0149-7634(21)00146-9/sbref0460
http://refhub.elsevier.com/S0149-7634(21)00146-9/sbref0465
http://refhub.elsevier.com/S0149-7634(21)00146-9/sbref0465
http://refhub.elsevier.com/S0149-7634(21)00146-9/sbref0465
http://refhub.elsevier.com/S0149-7634(21)00146-9/sbref0470
http://refhub.elsevier.com/S0149-7634(21)00146-9/sbref0470
http://refhub.elsevier.com/S0149-7634(21)00146-9/sbref0470


Neuroscience and Biobehavioral Reviews 126 (2021) 544–559

557

Knierim, J.J., 2015. From the GPS to HM: place cells, grid cells, and memory. 
Hippocampus 25, 719–725. 

Kohler, C., Srebro, B., 1980. Effects of lateral and medial septal lesions on exploratory 
behavior in the albino rat. Brain Res. 182, 423–440. 

Korotkova, T., Ponomarenko, A., Monaghan, C.K., Poulter, S.L., Cacucci, F., Wills, T., 
Hasselmo, M.E., Lever, C., 2018. Reconciling the different faces of hippocampal 
theta: the role of theta oscillations in cognitive, emotional and innate behaviors. 
Neurosci. Biobehav. Rev. 85, 65–80. 

Koutsikou, S., Watson, T.C., Crook, J.J., Leith, J.L., Lawrenson, C.L., Apps, R., Lumb, B. 
M., 2015. The periaqueductal gray orchestrates sensory and motor circuits at 
multiple levels of the neuraxis. J. Neurosci. 35, 14132–14147. 

Kramis, R., Vanderwolf, C.H., Bland, B.H., 1975. Two types of hippocampal rhythmical 
slow activity in both the rabbit and the rat: relations to behavior and effects of 
atropine, diethyl ether, urethane, and pentobarbital. Exp. Neurol. 49, 58–85. 

Kremer, Y., Flakowski, J., Rohner, C., Luscher, C., 2020. Context-dependent multiplexing 
by individual VTA dopamine neurons. J. Neurosci. 

Kudrimoti, H.S., Barnes, C.A., McNaughton, B.L., 1999. Reactivation of hippocampal cell 
assemblies: effects of behavioral state, experience, and EEG dynamics. J. Neurosci. 
19, 4090–4101. 

Lamontagne, S.J., Olmstead, M.C., Menard, J.L., 2016. The lateral septum and anterior 
hypothalamus act in tandem to regulate burying in the shock-probe test but not 
open-arm avoidance in the elevated plus-maze. Behav. Brain Res. 314, 16–20. 

Lamprea, M.R., Garcia, A.M., Morato, S., 2010. Effects of reversible inactivation of the 
medial septum on rat exploratory behavior in the elevated plus-maze using a test- 
retest paradigm. Behav. Brain Res. 210, 67–73. 

Lash, L., 1964. Response discriminability and the Hippocampus. J. Comp. Physiol. 
Psychol. 57, 251–256. 

Le Merrer, J., Cagniard, B., Cazala, P., 2006. Modulation of anxiety by mu-opioid 
receptors of the lateral septal region in mice. Pharmacol. Biochem. Behav. 83, 
465–479. 

Le Merrer, J., Gavello-Baudy, S., Galey, D., Cazala, P., 2007. Morphine self- 
administration into the lateral septum depends on dopaminergic mechanisms: 
evidence from pharmacology and Fos neuroimaging. Behav. Brain Res. 180, 
203–217. 

Lee, S.H., Dan, Y., 2012. Neuromodulation of brain states. Neuron 76, 209–222. 
Lee, G., Gammie, S.C., 2009. GABA(A) receptor signaling in the lateral septum regulates 

maternal aggression in mice. Behav. Neurosci. 123, 1169–1177. 
Leroy, F., Park, J., Asok, A., Brann, D.H., Meira, T., Boyle, L.M., Buss, E.W., Kandel, E.R., 

Siegelbaum, S.A., 2018. A circuit from hippocampal CA2 to lateral septum 
disinhibits social aggression. Nature 564, 213–218. 

Lesting, J., Narayanan, R.T., Kluge, C., Sangha, S., Seidenbecher, T., Pape, H.C., 2011. 
Patterns of coupled theta activity in amygdala-hippocampal-prefrontal cortical 
circuits during fear extinction. PLoS One 6, e21714. 

Lesting, J., Daldrup, T., Narayanan, V., Himpe, C., Seidenbecher, T., Pape, H.C., 2013. 
Directional theta coherence in prefrontal cortical to amygdalo-hippocampal 
pathways signals fear extinction. PLoS One 8, e77707. 

Leutgeb, S., Mizumori, S.J., 2002. Context-specific spatial representations by lateral 
septal cells. Neuroscience 112, 655–663. 

Lin, W., McKinney, K., Liu, L., Lakhlani, S., Jennes, L., 2003. Distribution of vesicular 
glutamate transporter-2 messenger ribonucleic Acid and protein in the septum- 
hypothalamus of the rat. Endocrinology 144, 662–670. 

Lindvall, O., 1975. Mesencephalic dopaminergic afferents to the lateral septal nucleus of 
the rat. Brain Res. 87, 89–95. 

Lisman, J., Redish, A.D., 2009. Prediction, sequences and the hippocampus. Philos. 
Trans. R. Soc. Lond., B, Biol. Sci. 364, 1193–1201. 

Louie, K., Wilson, M.A., 2001. Temporally structured replay of awake hippocampal 
ensemble activity during rapid eye movement sleep. Neuron 29, 145–156. 

Luo, A.H., Tahsili-Fahadan, P., Wise, R.A., Lupica, C.R., Aston-Jones, G., 2011. Linking 
context with reward: a functional circuit from hippocampal CA3 to ventral tegmental 
area. Science 333, 353–357. 

M’Harzi, M., Jarrard, L.E., 1992. Effects of medial and lateral septal lesions on 
acquisition of a place and cue radial maze task. Behav. Brain Res. 49, 159–165. 

MacLean, P.D., 1949. Psychosomatic disease and the ‘visceral brain’: recent 
developments bearing on the Papez theory of emotion. Psychosom. Med. 11, 
338–353. 

Maeda, H., Mogenson, G.J., 1981. Electrophysiological responses of neurons of the 
ventral tegmental area to electrical stimulation of amygdala and lateral septum. 
Neuroscience 6, 367–376. 

Mahler, S.V., Aston-Jones, G.S., 2012. Fos activation of selective afferents to ventral 
tegmental area during cue-induced reinstatement of cocaine seeking in rats. 
J. Neurosci. 32, 13309–13326. 

Martig, A.K., Mizumori, S.J., 2011. Ventral tegmental area and substantia nigra neural 
correlates of spatial learning. Learn. Mem. 18, 260–271. 

McEown, K., Treit, D., 2013. Alpha2 GABAA receptor sub-units in the ventral 
hippocampus and alpha5 GABAA receptor sub-units in the dorsal hippocampus 
mediate anxiety and fear memory. Neuroscience 252, 169–177. 

McGlinchey, E.M., Aston-Jones, G., 2018. Dorsal Hippocampus Drives context-induced 
cocaine seeking via inputs to lateral septum. Neuropsychopharmacol. 43, 987–1000. 

McNaughton, N., Coop, C.F., 1991. Neurochemically dissimilar anxiolytic drugs have 
common effects on hippocampal rhythmic slow activity. Neuropharmacology 30, 
855–863. 

McNaughton, B.L., Barnes, C.A., Meltzer, J., Sutherland, R.J., 1989. Hippocampal 
granule cells are necessary for normal spatial learning but not for spatially-selective 
pyramidal cell discharge. Exp. Brain Res. 76, 485–496. 

McNaughton, B.L., Battaglia, F.P., Jensen, O., Moser, E.I., Moser, M.B., 2006. Path 
integration and the neural basis of the’ cognitive map’. Nat. Rev. Neurosci. 7, 
663–678. 

McNaughton, N., Kocsis, B., Hajos, M., 2007. Elicited hippocampal theta rhythm: a 
screen for anxiolytic and procognitive drugs through changes in hippocampal 
function? Behav. Pharmacol. 18, 329–346. 

Melia, K.R., Sananes, C.B., Davis, M., 1992. Lesions of the central nucleus of the 
amygdala block the excitatory effects of septal ablation on the acoustic startle reflex. 
Physiol. Behav. 51, 175–180. 

Menard, J., Treit, D., 1996. Lateral and medial septal lesions reduce anxiety in the plus- 
maze and probe-burying tests. Physiol. Behav. 60, 845–853. 

Mikulovic, S., Restrepo, C.E., Siwani, S., Bauer, P., Pupe, S., Tort, A.B.L., Kullander, K., 
Leao, R.N., 2018. Ventral hippocampal OLM cells control type 2 theta oscillations 
and response to predator odor. Nat. Commun. 9, 3638. 

Mizuseki, K., Royer, S., Diba, K., Buzsaki, G., 2012. Activity dynamics and behavioral 
correlates of CA3 and CA1 hippocampal pyramidal neurons. Hippocampus 22, 
1659–1680. 

Molina-Hernandez, M., Tellez-Alcantara, N.P., Olivera-Lopez, J.I., Jaramillo, M.T., 2012. 
Intra-lateral septal infusions of folic acid alone or combined with various 
antidepressant drugs produce antidepressant-like actions in male Wistar rats forced 
to swim. Prog. Neuropsychopharmacol. Biol. Psychiatry 36, 78–84. 

Monaco, J.D., De Guzman, R.M., Blair, H.T., Zhang, K., 2019. Spatial synchronization 
codes from coupled rate-phase neurons. PLoS Comput. Biol. 15, e1006741. 

Myhrer, T., 1989. Exploratory behavior and reaction to novelty in rats: effects of medial 
and lateral septal lesions. Behav. Neurosci. 103, 1226–1233. 

Narayanan, R.T., Seidenbecher, T., Kluge, C., Bergado, J., Stork, O., Pape, H.C., 2007. 
Dissociated theta phase synchronization in amygdalo- hippocampal circuits during 
various stages of fear memory. Eur. J. Neurosci. 25, 1823–1831. 

Nicola, S.M., Yun, I.A., Wakabayashi, K.T., Fields, H.L., 2004. Cue-evoked firing of 
nucleus accumbens neurons encodes motivational significance during a 
discriminative stimulus task. J. Neurophysiol. 91, 1840–1865. 

Nishijo, H., Kita, T., Tamura, R., Eifuku, S., Terasawa, K., Ono, T., 1997a. Motivation- 
related neuronal activity in the object discrimination task in monkey septal nuclei. 
Hippocampus 7, 536–548. 

Nishijo, H., Kita, T., Tamura, R., Uwano, T., Terasawa, K., Ono, T., 1997b. Septal 
neuronal responses related to spatial representation in monkeys. Hippocampus 7, 
460–464. 

Noga, B.R., Sanchez, F.J., Villamil, L.M., O’Toole, C., Kasicki, S., Olszewski, M., Cabaj, A. 
M., Majczynski, H., Slawinska, U., Jordan, L.M., 2017. LFP oscillations in the 
Mesencephalic Locomotor Region during voluntary locomotion. Front. Neural 
Circuits 11, 34. 

Nomikos, G.G., Tham, C.S., Fibiger, H.C., Svensson, T.H., 1997. The putative atypical 
antipsychotic drug amperozide preferentially increases c-fos expression in rat medial 
prefrontal cortex and lateral septum. Neuropsychopharmacology 17, 197–201. 

O’Keefe, J., 1976. Place units in the hippocampus of the freely moving rat. Exp. Neurol. 
51, 78–109. 

O’Keefe, J., Dostrovsky, J., 1971. The hippocampus as a spatial map. Preliminary 
evidence from unit activity in the freely-moving rat. Brain Res. 34, 171–175. 

O’Keefe, J., Nadel, L., 1978. The Hippocampus As a Cognitive Map. Oxford University 
Press. 

O’Keefe, J., Recce, M.L., 1993. Phase relationship between hippocampal place units and 
the EEG theta rhythm. Hippocampus 3, 317–330. 

Olafsdottir, H.F., Barry, C., Saleem, A.B., Hassabis, D., Spiers, H.J., 2015. Hippocampal 
place cells construct reward related sequences through unexplored space. eLife 4, 
e06063. 

Olds, J., Milner, P., 1954. Positive reinforcement produced by electrical stimulation of 
septal area and other regions of rat brain. J. Comp. Physiol. Psychol. 47, 419–427. 

Olton, D.S., Walker, J.A., Gage, F.H., 1978. Hippocampal connections and spatial 
discrimination. Brain Res. 139, 295–308. 

Oshima, H., Katayama, Y., 2010. Neuroethics of deep brain stimulation for mental 
disorders: brain stimulation reward in humans. Neurol. Med. Chir. (Tokyo) 50, 
845–852. 

Padilla-Coreano, N., Bolkan, S.S., Pierce, G.M., Blackman, D.R., Hardin, W.D., Garcia- 
Garcia, A.L., Spellman, T.J., Gordon, J.A., 2016. Direct ventral hippocampal- 
prefrontal input is required for anxiety-related neural activity and behavior. Neuron 
89, 857–866. 

Pantazis, C.B., Aston-Jones, G., 2020. Lateral septum inhibition reduces motivation for 
cocaine: reversal by diazepam. Addict. Biol. 25, e12742. 

Pape, H.C., Narayanan, R.T., Smid, J., Stork, O., Seidenbecher, T., 2005. Theta activity in 
neurons and networks of the amygdala related to long-term fear memory. 
Hippocampus 15, 874–880. 

Papez, J.W., 1937. A proposed mechanism of emotion. Arch. Neurol. Psychiatry 38, 
725–743. 

Parfitt, G.M., Nguyen, R., Bang, J.Y., Aqrabawi, A.J., Tran, M.M., Seo, D.K., Richards, B. 
A., Kim, J.C., 2017. Bidirectional control of anxiety-related behaviors in mice: role of 
inputs arising from the ventral Hippocampus to the lateral septum and medial 
prefrontal cortex. Neuropsychopharmacology 42, 1715–1728. 

Penick, S., Solomon, P.R., 1991. Hippocampus, context, and conditioning. Behav. 
Neurosci. 105, 611–617. 

Pesold, C., Treit, D., 1992. Excitotoxic lesions of the septum produce anxiolytic effects in 
the elevated plus-maze and the shock-probe burying tests. Physiol. Behav. 52, 37–47. 

Pesold, C., Treit, D., 1996. The neuroanatomical specificity of the anxiolytic effects of 
intra-septal infusions of midazolam. Brain Res. 710, 161–168. 

Pfaus, J.G., Heeb, M.M., 1997. Implications of immediate-early gene induction in the 
brain following sexual stimulation of female and male rodents. Brain Res. Bull. 44, 
397–407. 

H.S. Wirtshafter and M.A. Wilson                                                                                                                                                                                                          

http://refhub.elsevier.com/S0149-7634(21)00146-9/sbref0475
http://refhub.elsevier.com/S0149-7634(21)00146-9/sbref0475
http://refhub.elsevier.com/S0149-7634(21)00146-9/sbref0480
http://refhub.elsevier.com/S0149-7634(21)00146-9/sbref0480
http://refhub.elsevier.com/S0149-7634(21)00146-9/sbref0485
http://refhub.elsevier.com/S0149-7634(21)00146-9/sbref0485
http://refhub.elsevier.com/S0149-7634(21)00146-9/sbref0485
http://refhub.elsevier.com/S0149-7634(21)00146-9/sbref0485
http://refhub.elsevier.com/S0149-7634(21)00146-9/sbref0490
http://refhub.elsevier.com/S0149-7634(21)00146-9/sbref0490
http://refhub.elsevier.com/S0149-7634(21)00146-9/sbref0490
http://refhub.elsevier.com/S0149-7634(21)00146-9/sbref0495
http://refhub.elsevier.com/S0149-7634(21)00146-9/sbref0495
http://refhub.elsevier.com/S0149-7634(21)00146-9/sbref0495
http://refhub.elsevier.com/S0149-7634(21)00146-9/sbref0500
http://refhub.elsevier.com/S0149-7634(21)00146-9/sbref0500
http://refhub.elsevier.com/S0149-7634(21)00146-9/sbref0505
http://refhub.elsevier.com/S0149-7634(21)00146-9/sbref0505
http://refhub.elsevier.com/S0149-7634(21)00146-9/sbref0505
http://refhub.elsevier.com/S0149-7634(21)00146-9/sbref0510
http://refhub.elsevier.com/S0149-7634(21)00146-9/sbref0510
http://refhub.elsevier.com/S0149-7634(21)00146-9/sbref0510
http://refhub.elsevier.com/S0149-7634(21)00146-9/sbref0515
http://refhub.elsevier.com/S0149-7634(21)00146-9/sbref0515
http://refhub.elsevier.com/S0149-7634(21)00146-9/sbref0515
http://refhub.elsevier.com/S0149-7634(21)00146-9/sbref0520
http://refhub.elsevier.com/S0149-7634(21)00146-9/sbref0520
http://refhub.elsevier.com/S0149-7634(21)00146-9/sbref0525
http://refhub.elsevier.com/S0149-7634(21)00146-9/sbref0525
http://refhub.elsevier.com/S0149-7634(21)00146-9/sbref0525
http://refhub.elsevier.com/S0149-7634(21)00146-9/sbref0530
http://refhub.elsevier.com/S0149-7634(21)00146-9/sbref0530
http://refhub.elsevier.com/S0149-7634(21)00146-9/sbref0530
http://refhub.elsevier.com/S0149-7634(21)00146-9/sbref0530
http://refhub.elsevier.com/S0149-7634(21)00146-9/sbref0535
http://refhub.elsevier.com/S0149-7634(21)00146-9/sbref0540
http://refhub.elsevier.com/S0149-7634(21)00146-9/sbref0540
http://refhub.elsevier.com/S0149-7634(21)00146-9/sbref0545
http://refhub.elsevier.com/S0149-7634(21)00146-9/sbref0545
http://refhub.elsevier.com/S0149-7634(21)00146-9/sbref0545
http://refhub.elsevier.com/S0149-7634(21)00146-9/sbref0550
http://refhub.elsevier.com/S0149-7634(21)00146-9/sbref0550
http://refhub.elsevier.com/S0149-7634(21)00146-9/sbref0550
http://refhub.elsevier.com/S0149-7634(21)00146-9/sbref0555
http://refhub.elsevier.com/S0149-7634(21)00146-9/sbref0555
http://refhub.elsevier.com/S0149-7634(21)00146-9/sbref0555
http://refhub.elsevier.com/S0149-7634(21)00146-9/sbref0560
http://refhub.elsevier.com/S0149-7634(21)00146-9/sbref0560
http://refhub.elsevier.com/S0149-7634(21)00146-9/sbref0565
http://refhub.elsevier.com/S0149-7634(21)00146-9/sbref0565
http://refhub.elsevier.com/S0149-7634(21)00146-9/sbref0565
http://refhub.elsevier.com/S0149-7634(21)00146-9/sbref0570
http://refhub.elsevier.com/S0149-7634(21)00146-9/sbref0570
http://refhub.elsevier.com/S0149-7634(21)00146-9/sbref0575
http://refhub.elsevier.com/S0149-7634(21)00146-9/sbref0575
http://refhub.elsevier.com/S0149-7634(21)00146-9/sbref0580
http://refhub.elsevier.com/S0149-7634(21)00146-9/sbref0580
http://refhub.elsevier.com/S0149-7634(21)00146-9/sbref0585
http://refhub.elsevier.com/S0149-7634(21)00146-9/sbref0585
http://refhub.elsevier.com/S0149-7634(21)00146-9/sbref0585
http://refhub.elsevier.com/S0149-7634(21)00146-9/sbref0590
http://refhub.elsevier.com/S0149-7634(21)00146-9/sbref0590
http://refhub.elsevier.com/S0149-7634(21)00146-9/sbref0595
http://refhub.elsevier.com/S0149-7634(21)00146-9/sbref0595
http://refhub.elsevier.com/S0149-7634(21)00146-9/sbref0595
http://refhub.elsevier.com/S0149-7634(21)00146-9/sbref0600
http://refhub.elsevier.com/S0149-7634(21)00146-9/sbref0600
http://refhub.elsevier.com/S0149-7634(21)00146-9/sbref0600
http://refhub.elsevier.com/S0149-7634(21)00146-9/sbref0605
http://refhub.elsevier.com/S0149-7634(21)00146-9/sbref0605
http://refhub.elsevier.com/S0149-7634(21)00146-9/sbref0605
http://refhub.elsevier.com/S0149-7634(21)00146-9/sbref0610
http://refhub.elsevier.com/S0149-7634(21)00146-9/sbref0610
http://refhub.elsevier.com/S0149-7634(21)00146-9/sbref0615
http://refhub.elsevier.com/S0149-7634(21)00146-9/sbref0615
http://refhub.elsevier.com/S0149-7634(21)00146-9/sbref0615
http://refhub.elsevier.com/S0149-7634(21)00146-9/sbref0620
http://refhub.elsevier.com/S0149-7634(21)00146-9/sbref0620
http://refhub.elsevier.com/S0149-7634(21)00146-9/sbref0625
http://refhub.elsevier.com/S0149-7634(21)00146-9/sbref0625
http://refhub.elsevier.com/S0149-7634(21)00146-9/sbref0625
http://refhub.elsevier.com/S0149-7634(21)00146-9/sbref0630
http://refhub.elsevier.com/S0149-7634(21)00146-9/sbref0630
http://refhub.elsevier.com/S0149-7634(21)00146-9/sbref0630
http://refhub.elsevier.com/S0149-7634(21)00146-9/sbref0635
http://refhub.elsevier.com/S0149-7634(21)00146-9/sbref0635
http://refhub.elsevier.com/S0149-7634(21)00146-9/sbref0635
http://refhub.elsevier.com/S0149-7634(21)00146-9/sbref0640
http://refhub.elsevier.com/S0149-7634(21)00146-9/sbref0640
http://refhub.elsevier.com/S0149-7634(21)00146-9/sbref0640
http://refhub.elsevier.com/S0149-7634(21)00146-9/sbref0645
http://refhub.elsevier.com/S0149-7634(21)00146-9/sbref0645
http://refhub.elsevier.com/S0149-7634(21)00146-9/sbref0645
http://refhub.elsevier.com/S0149-7634(21)00146-9/sbref0650
http://refhub.elsevier.com/S0149-7634(21)00146-9/sbref0650
http://refhub.elsevier.com/S0149-7634(21)00146-9/sbref0655
http://refhub.elsevier.com/S0149-7634(21)00146-9/sbref0655
http://refhub.elsevier.com/S0149-7634(21)00146-9/sbref0655
http://refhub.elsevier.com/S0149-7634(21)00146-9/sbref0660
http://refhub.elsevier.com/S0149-7634(21)00146-9/sbref0660
http://refhub.elsevier.com/S0149-7634(21)00146-9/sbref0660
http://refhub.elsevier.com/S0149-7634(21)00146-9/sbref0665
http://refhub.elsevier.com/S0149-7634(21)00146-9/sbref0665
http://refhub.elsevier.com/S0149-7634(21)00146-9/sbref0665
http://refhub.elsevier.com/S0149-7634(21)00146-9/sbref0665
http://refhub.elsevier.com/S0149-7634(21)00146-9/sbref0670
http://refhub.elsevier.com/S0149-7634(21)00146-9/sbref0670
http://refhub.elsevier.com/S0149-7634(21)00146-9/sbref0675
http://refhub.elsevier.com/S0149-7634(21)00146-9/sbref0675
http://refhub.elsevier.com/S0149-7634(21)00146-9/sbref0680
http://refhub.elsevier.com/S0149-7634(21)00146-9/sbref0680
http://refhub.elsevier.com/S0149-7634(21)00146-9/sbref0680
http://refhub.elsevier.com/S0149-7634(21)00146-9/sbref0685
http://refhub.elsevier.com/S0149-7634(21)00146-9/sbref0685
http://refhub.elsevier.com/S0149-7634(21)00146-9/sbref0685
http://refhub.elsevier.com/S0149-7634(21)00146-9/sbref0690
http://refhub.elsevier.com/S0149-7634(21)00146-9/sbref0690
http://refhub.elsevier.com/S0149-7634(21)00146-9/sbref0690
http://refhub.elsevier.com/S0149-7634(21)00146-9/sbref0695
http://refhub.elsevier.com/S0149-7634(21)00146-9/sbref0695
http://refhub.elsevier.com/S0149-7634(21)00146-9/sbref0695
http://refhub.elsevier.com/S0149-7634(21)00146-9/sbref0700
http://refhub.elsevier.com/S0149-7634(21)00146-9/sbref0700
http://refhub.elsevier.com/S0149-7634(21)00146-9/sbref0700
http://refhub.elsevier.com/S0149-7634(21)00146-9/sbref0700
http://refhub.elsevier.com/S0149-7634(21)00146-9/sbref0705
http://refhub.elsevier.com/S0149-7634(21)00146-9/sbref0705
http://refhub.elsevier.com/S0149-7634(21)00146-9/sbref0705
http://refhub.elsevier.com/S0149-7634(21)00146-9/sbref0710
http://refhub.elsevier.com/S0149-7634(21)00146-9/sbref0710
http://refhub.elsevier.com/S0149-7634(21)00146-9/sbref0715
http://refhub.elsevier.com/S0149-7634(21)00146-9/sbref0715
http://refhub.elsevier.com/S0149-7634(21)00146-9/sbref0720
http://refhub.elsevier.com/S0149-7634(21)00146-9/sbref0720
http://refhub.elsevier.com/S0149-7634(21)00146-9/sbref0725
http://refhub.elsevier.com/S0149-7634(21)00146-9/sbref0725
http://refhub.elsevier.com/S0149-7634(21)00146-9/sbref0730
http://refhub.elsevier.com/S0149-7634(21)00146-9/sbref0730
http://refhub.elsevier.com/S0149-7634(21)00146-9/sbref0730
http://refhub.elsevier.com/S0149-7634(21)00146-9/sbref0735
http://refhub.elsevier.com/S0149-7634(21)00146-9/sbref0735
http://refhub.elsevier.com/S0149-7634(21)00146-9/sbref0740
http://refhub.elsevier.com/S0149-7634(21)00146-9/sbref0740
http://refhub.elsevier.com/S0149-7634(21)00146-9/sbref0745
http://refhub.elsevier.com/S0149-7634(21)00146-9/sbref0745
http://refhub.elsevier.com/S0149-7634(21)00146-9/sbref0745
http://refhub.elsevier.com/S0149-7634(21)00146-9/sbref0750
http://refhub.elsevier.com/S0149-7634(21)00146-9/sbref0750
http://refhub.elsevier.com/S0149-7634(21)00146-9/sbref0750
http://refhub.elsevier.com/S0149-7634(21)00146-9/sbref0750
http://refhub.elsevier.com/S0149-7634(21)00146-9/sbref0755
http://refhub.elsevier.com/S0149-7634(21)00146-9/sbref0755
http://refhub.elsevier.com/S0149-7634(21)00146-9/sbref0760
http://refhub.elsevier.com/S0149-7634(21)00146-9/sbref0760
http://refhub.elsevier.com/S0149-7634(21)00146-9/sbref0760
http://refhub.elsevier.com/S0149-7634(21)00146-9/sbref0765
http://refhub.elsevier.com/S0149-7634(21)00146-9/sbref0765
http://refhub.elsevier.com/S0149-7634(21)00146-9/sbref0770
http://refhub.elsevier.com/S0149-7634(21)00146-9/sbref0770
http://refhub.elsevier.com/S0149-7634(21)00146-9/sbref0770
http://refhub.elsevier.com/S0149-7634(21)00146-9/sbref0770
http://refhub.elsevier.com/S0149-7634(21)00146-9/sbref0775
http://refhub.elsevier.com/S0149-7634(21)00146-9/sbref0775
http://refhub.elsevier.com/S0149-7634(21)00146-9/sbref0780
http://refhub.elsevier.com/S0149-7634(21)00146-9/sbref0780
http://refhub.elsevier.com/S0149-7634(21)00146-9/sbref0785
http://refhub.elsevier.com/S0149-7634(21)00146-9/sbref0785
http://refhub.elsevier.com/S0149-7634(21)00146-9/sbref0790
http://refhub.elsevier.com/S0149-7634(21)00146-9/sbref0790
http://refhub.elsevier.com/S0149-7634(21)00146-9/sbref0790


Neuroscience and Biobehavioral Reviews 126 (2021) 544–559

558

Pfaus, J.G., Kleopoulos, S.P., Mobbs, C.V., Gibbs, R.B., Pfaff, D.W., 1993. Sexual 
stimulation activates c-fos within estrogen-concentrating regions of the female rat 
forebrain. Brain Res. 624, 253–267. 

Pfeiffer, B.E., Foster, D.J., 2013. Hippocampal place-cell sequences depict future paths to 
remembered goals. Nature 497, 74–79. 

Poe, G.R., Nitz, D.A., McNaughton, B.L., Barnes, C.A., 2000. Experience-dependent 
phase-reversal of hippocampal neuron firing during REM sleep. Brain Res. 855, 
176–180. 

Rawlins, J.N., Olton, D.S., 1982. The septo-hippocampal system and cognitive mapping. 
Behav. Brain Res. 5, 331–358. 

Redila, V., Kinzel, C., Jo, Y.S., Puryear, C.B., Mizumori, S.J., 2015. A role for the lateral 
dorsal tegmentum in memory and decision neural circuitry. Neurobiol. Learn. Mem. 
117, 93–108. 

Risold, P.Y., Swanson, L.W., 1997a. Chemoarchitecture of the rat lateral septal nucleus. 
Brain Res. Brain Res. Rev. 24, 91–113. 

Risold, P.Y., Swanson, L.W., 1997b. Connections of the rat lateral septal complex. Brain 
Res. Brain Res. Rev. 24, 115–195. 

Roesch, M.R., Calu, D.J., Schoenbaum, G., 2007. Dopamine neurons encode the better 
option in rats deciding between differently delayed or sized rewards. Nat. Neurosci. 
10, 1615–1624. 

Royer, S., Sirota, A., Patel, J., Buzsaki, G., 2010. Distinct representations and theta 
dynamics in dorsal and ventral hippocampus. J. Neurosci. 30, 1777–1787. 

Ryczko, D., Gratsch, S., Schlager, L., Keuyalian, A., Boukhatem, Z., Garcia, C., Auclair, F., 
Buschges, A., Dubuc, R., 2017. Nigral glutamatergic neurons control the speed of 
locomotion. J. Neurosci. 37, 9759–9770. 

Sadowski, B., Dembinska, M., 1973. Some characteristics of self-stimulation behavior of 
dogs. Acta Neurobiol. Exp. (Wars) 33, 757–769. 

Sagvolden, T., 1976. Free-operant avoidance behavior in rats with lateral septal lesions: 
effect of shock intensity. Brain Res. 110, 559–574. 

Sainsbury, R.S., Harris, J.L., Rowland, G.L., 1987a. Sensitization and hippocampal type 2 
theta in the rat. Physiol. Behav. 41, 489–493. 

Sainsbury, R.S., Heynen, A., Montoya, C.P., 1987b. Behavioral correlates of hippocampal 
type 2 theta in the rat. Physiol. Behav. 39, 513–519. 

Sartor, G.C., Aston-Jones, G.S., 2012. A septal-hypothalamic pathway drives orexin 
neurons, which is necessary for conditioned cocaine preference. J. Neurosci. 32, 
4623–4631. 

Schnurr, R., 1972. Localization of the septal rage syndrome in Long-Evans rats. J. Comp. 
Physiol. Psychol. 81, 291–296. 

Seidenbecher, T., Laxmi, T.R., Stork, O., Pape, H.C., 2003. Amygdalar and hippocampal 
theta rhythm synchronization during fear memory retrieval. Science 301, 846–850. 

Semba, J., Sakai, M., Miyoshi, R., Mataga, N., Fukamauchi, F., Kito, S., 1996. Differential 
expression of c-fos mRNA in rat prefrontal cortex, striatum, N. Accumbens and 
lateral septum after typical and atypical antipsychotics: an in situ hybridization 
study. Neurochem. Int. 29, 435–442. 

Sheehan, T.P., Chambers, R.A., Russell, D.S., 2004. Regulation of affect by the lateral 
septum: implications for neuropsychiatry. Brain Res. Brain Res. Rev. 46, 71–117. 

Shin, J., Gireesh, G., Kim, S.W., Kim, D.S., Lee, S., Kim, Y.S., Watanabe, M., Shin, H.S., 
2009. Phospholipase C beta 4 in the medial septum controls cholinergic theta 
oscillations and anxiety behaviors. J. Neurosci. 29, 15375–15385. 

Siapas, A.G., Lubenov, E.V., Wilson, M.A., 2005. Prefrontal phase locking to hippocampal 
theta oscillations. Neuron 46, 141–151. 

Siegle, J.H., Wilson, M.A., 2014. Enhancement of encoding and retrieval functions 
through theta phase-specific manipulation of hippocampus. eLife 3, e03061. 

Singewald, G.M., Rjabokon, A., Singewald, N., Ebner, K., 2011. The modulatory role of 
the lateral septum on neuroendocrine and behavioral stress responses. 
Neuropsychopharmacology 36, 793–804. 

Sinnamon, H.M., 1993. Preoptic and hypothalamic neurons and the initiation of 
locomotion in the anesthetized rat. Prog. Neurobiol. 41, 323–344. 

Smith, K.S., Berridge, K.C., Aldridge, J.W., 2011. Disentangling pleasure from incentive 
salience and learning signals in brain reward circuitry. Proc Natl Acad Sci U S A 108, 
E255–264. 

Sotomayor, R., Forray, M.I., Gysling, K., 2005. Acute morphine administration increases 
extracellular DA levels in the rat lateral septum by decreasing the GABAergic 
inhibitory tone in the ventral tegmental area. J. Neurosci. Res. 81, 132–139. 

Sotomayor-Zarate, R., Araya, K.A., Pereira, P., Blanco, E., Quiroz, G., Pozo, S., 
Carreno, P., Andres, M.E., Forray, M.I., Gysling, K., 2010. Activation of GABA-B 
receptors induced by systemic amphetamine abolishes dopamine release in the rat 
lateral septum. J. Neurochem. 114, 1678–1686. 

Subramanian, S., Reichard, R.A., Stevenson, H.S., Schwartz, Z.M., Parsley, K.P., Zahm, D. 
S., 2018. Lateral preoptic and ventral pallidal roles in locomotion and other 
movements. Brain Struct. Funct. 223, 2907–2924. 

Swanson, L.W., Cowan, W.M., 1977. An autoradiographic study of the organization of 
the efferent connections of the hippocampal formation in the rat. J. Comp. Neurol. 
172, 49–84. 

Swanson, L.W., Cowan, W.M., 1979. The connections of the septal region in the rat. 
J. Comp. Neurol. 186, 621–655. 

Sweeney, P., Yang, Y., 2015. An excitatory ventral hippocampus to lateral septum circuit 
that suppresses feeding. Nat. Commun. 6, 10188. 

Sweeney, P., Yang, Y., 2016. An inhibitory septum to lateral hypothalamus circuit that 
suppresses feeding. J. Neurosci. 36, 11185–11195. 

Sweeney, P., Li, C., Yang, Y., 2017. Appetite suppressive role of medial septal 
glutamatergic neurons. Proc. Natl. Acad. Sci. USA 114, 13816–13821. 

Taghzouti, K., Simon, H., Le Moal, M., 1986. Disturbances in exploratory behavior and 
functional recovery in the Y and radial mazes following dopamine depletion of the 
lateral septum. Behav. Neural Biol. 45, 48–56. 

Takamura, Y., Tamura, R., Zhou, T.L., Kobayashi, T., Tran, A.H., Eifuku, S., Ono, T., 
2006. Spatial firing properties of lateral septal neurons. Hippocampus 16, 635–644. 

Terman, M., Terman, J.S., 1975. Control of the rat’s circadian self-stimulation rhythm by 
light-dark cycles. Physiol. Behav. 14, 781–789. 

Thomas, J.B., 1972. Stimulus perseveration and choice behavior in rats with septal 
lesions. J. Comp. Physiol. Psychol. 80, 97–105. 

Thomas, G.J., 1978. Delayed alternation in rats after pre- or postcommissural 
fornicotomy. J. Comp. Physiol. Psychol. 92, 1128–1136. 

Thomas, G.J., 1979. Comparison of effects of small lesions in posterodorsal septum on 
spontaneous and rerun correction (contingently reinforced) alternation in rats. 
J. Comp. Physiol. Psychol. 93, 685–694. 

Thomas, E., 1988. Forebrain mechanisms in the relief of fear - the role of the lateral 
septum. Psychobiology 16, 36–44. 

Thomas, E., Yadin, E., Strickland, C.E., 1991. Septal unit activity during classical 
conditioning: a regional comparison. Brain Res. 547, 303–308. 

Tingley, D., Buzsaki, G., 2018. Transformation of a spatial map across the hippocampal- 
lateral septal circuit. Neuron 98 (1229–1242), e1225. 

Tolman, E.C., 1948. Cognitive maps in rats and men. Psychol. Rev. 55, 189–208. 
Torras-Garcia, M., Costa-Miserachs, D., Morgado-Bernal, I., Portell-Cortes, I., 2003. 

Improvement of shuttle-box performance by anterodorsal medial septal lesions in 
rats. Behav. Brain Res. 141, 147–158. 

Tovote, P., Esposito, M.S., Botta, P., Chaudun, F., Fadok, J.P., Markovic, M., Wolff, S.B., 
Ramakrishnan, C., Fenno, L., Deisseroth, K., Herry, C., Arber, S., Luthi, A., 2016. 
Midbrain circuits for defensive behaviour. Nature 534, 206–212. 

Tracy, A.L., Jarrard, L.E., Davidson, T.L., 2001. The hippocampus and motivation 
revisited: appetite and activity. Behav. Brain Res. 127, 13–23. 

Treit, D., Pesold, C., 1990. Septal lesions inhibit fear reactions in two animal models of 
anxiolytic drug action. Physiol. Behav. 47, 365–371. 

Trent, N.L., Menard, J.L., 2010. The ventral hippocampus and the lateral septum work in 
tandem to regulate rats’ open-arm exploration in the elevated plus-maze. Physiol. 
Behav. 101, 141–152. 

Tsanov, M., 2018. Differential and complementary roles of medial and lateral septum in 
the orchestration of limbic oscillations and signal integration. Eur. J. Neurosci. 48, 
2783–2794. 

Tsanov, M., Chah, E., Reilly, R., O’Mara, S.M., 2014. Respiratory cycle entrainment of 
septal neurons mediates the fast coupling of sniffing rate and hippocampal theta 
rhythm. Eur. J. Neurosci. 39, 957–974. 

Tsukahara, S., Kanaya, M., Yamanouchi, K., 2014. Neuroanatomy and sex differences of 
the lordosis-inhibiting system in the lateral septum. Front. Neurosci. 8, 299. 

Ursin, R., Ursin, H., Olds, J., 1966. Self-stimulation of hippocampus in rats. J. Comp. 
Physiol. Psychol. 61, 353–359. 

Valdes, J.L., McNaughton, B.L., Fellous, J.M., 2015. Offline reactivation of experience- 
dependent neuronal firing patterns in the rat ventral tegmental area. 
J. Neurophysiol. 114, 1183–1195. 

van der Meer, M.A., Redish, A.D., 2011. Theta phase precession in rat ventral striatum 
links place and reward information. J. Neurosci. 31, 2843–2854. 

Vanderwolf, C.H., Heron, W., 1964. Electroencephalographic waves with voluntary 
movement. Study in the Rat. Arch Neurol 11, 379–384. 

Vanderwolf, C.H., Kramis, R., Robinson, T.E., 1977. Hippocampal electrical activity 
during waking behaviour and sleep: analyses using centrally acting drugs. Ciba 
Found. Symp. 199–226. 

Vega-Quiroga, I., Yarur, H.E., Gysling, K., 2018. Lateral septum stimulation disinhibits 
dopaminergic neurons in the antero-ventral region of the ventral tegmental area: 
role of GABA-A alpha 1 receptors. Neuropharmacology 128, 76–85. 

Vouimba, R.M., Garcia, R., Jaffard, R., 1998. Opposite effects of lateral septal LTP and 
lateral septal lesions on contextual fear conditioning in mice. Behav. Neurosci. 112, 
875–884. 

Wan, X., Peoples, L.L., 2006. Firing patterns of accumbal neurons during a pavlovian- 
conditioned approach task. J. Neurophysiol. 96, 652–660. 

Wan, W., Ennulat, D.J., Cohen, B.M., 1995. Acute administration of typical and atypical 
antipsychotic drugs induces distinctive patterns of Fos expression in the rat 
forebrain. Brain Res. 688, 95–104. 

Wang, M., Foster, D.J., Pfeiffer, B.E., 2020. Alternating sequences of future and past 
behavior encoded within hippocampal theta oscillations. Science 370, 247–250. 

Weiner, I., Schiller, D., Gaisler-Salomon, I., Green, A., Joel, D., 2003. A comparison of 
drug effects in latent inhibition and the forced swim test differentiates between the 
typical antipsychotic haloperidol, the atypical antipsychotics clozapine and 
olanzapine, and the antidepressants imipramine and paroxetine. Behav. Pharmacol. 
14, 215–222. 

Wells, C.E., Amos, D.P., Jeewajee, A., Douchamps, V., Rodgers, J., O’Keefe, J., 
Burgess, N., Lever, C., 2013. Novelty and anxiolytic drugs dissociate two components 
of hippocampal theta in behaving rats. J. Neurosci. 33, 8650–8667. 

Whishaw, I.Q., 1972. Hippocampal electroencephalographic activity in the Mongolian 
gerbil during natural behaviours and wheel running and in the rat during wheel 
running and conditioned immobility. Can. J. Psychol. 26, 219–239. 

Whishaw, I.Q., Vanderwolf, C.H., 1973. Hippocampal EEG and behavior: changes in 
amplitude and frequency of RSA (theta rhythm) associated with spontaneous and 
learned movement patterns in rats and cats. Behav. Biol. 8, 461–484. 

Whishaw, I.Q., Maaswinkel, H., Gonzalez, C.L., Kolb, B., 2001. Deficits in allothetic and 
idiothetic spatial behavior in rats with posterior cingulate cortex lesions. Behav. 
Brain Res. 118, 67–76. 

Wirtshafter, D., Stratford, T.R., 2010. Evidence for motivational effects elicited by 
activation of GABA-A or dopamine receptors in the nucleus accumbens shell. 
Pharmacol. Biochem. Behav. 96, 342–346. 

Wirtshafter, H.S., Wilson, M.A., 2019. Locomotor and hippocampal processing converge 
in the lateral septum. Curr. Biol. 29, 3177–3192. 

H.S. Wirtshafter and M.A. Wilson                                                                                                                                                                                                          

http://refhub.elsevier.com/S0149-7634(21)00146-9/sbref0795
http://refhub.elsevier.com/S0149-7634(21)00146-9/sbref0795
http://refhub.elsevier.com/S0149-7634(21)00146-9/sbref0795
http://refhub.elsevier.com/S0149-7634(21)00146-9/sbref0800
http://refhub.elsevier.com/S0149-7634(21)00146-9/sbref0800
http://refhub.elsevier.com/S0149-7634(21)00146-9/sbref0805
http://refhub.elsevier.com/S0149-7634(21)00146-9/sbref0805
http://refhub.elsevier.com/S0149-7634(21)00146-9/sbref0805
http://refhub.elsevier.com/S0149-7634(21)00146-9/sbref0810
http://refhub.elsevier.com/S0149-7634(21)00146-9/sbref0810
http://refhub.elsevier.com/S0149-7634(21)00146-9/sbref0815
http://refhub.elsevier.com/S0149-7634(21)00146-9/sbref0815
http://refhub.elsevier.com/S0149-7634(21)00146-9/sbref0815
http://refhub.elsevier.com/S0149-7634(21)00146-9/sbref0820
http://refhub.elsevier.com/S0149-7634(21)00146-9/sbref0820
http://refhub.elsevier.com/S0149-7634(21)00146-9/sbref0825
http://refhub.elsevier.com/S0149-7634(21)00146-9/sbref0825
http://refhub.elsevier.com/S0149-7634(21)00146-9/sbref0830
http://refhub.elsevier.com/S0149-7634(21)00146-9/sbref0830
http://refhub.elsevier.com/S0149-7634(21)00146-9/sbref0830
http://refhub.elsevier.com/S0149-7634(21)00146-9/sbref0835
http://refhub.elsevier.com/S0149-7634(21)00146-9/sbref0835
http://refhub.elsevier.com/S0149-7634(21)00146-9/sbref0840
http://refhub.elsevier.com/S0149-7634(21)00146-9/sbref0840
http://refhub.elsevier.com/S0149-7634(21)00146-9/sbref0840
http://refhub.elsevier.com/S0149-7634(21)00146-9/sbref0845
http://refhub.elsevier.com/S0149-7634(21)00146-9/sbref0845
http://refhub.elsevier.com/S0149-7634(21)00146-9/sbref0850
http://refhub.elsevier.com/S0149-7634(21)00146-9/sbref0850
http://refhub.elsevier.com/S0149-7634(21)00146-9/sbref0855
http://refhub.elsevier.com/S0149-7634(21)00146-9/sbref0855
http://refhub.elsevier.com/S0149-7634(21)00146-9/sbref0860
http://refhub.elsevier.com/S0149-7634(21)00146-9/sbref0860
http://refhub.elsevier.com/S0149-7634(21)00146-9/sbref0865
http://refhub.elsevier.com/S0149-7634(21)00146-9/sbref0865
http://refhub.elsevier.com/S0149-7634(21)00146-9/sbref0865
http://refhub.elsevier.com/S0149-7634(21)00146-9/sbref0870
http://refhub.elsevier.com/S0149-7634(21)00146-9/sbref0870
http://refhub.elsevier.com/S0149-7634(21)00146-9/sbref0875
http://refhub.elsevier.com/S0149-7634(21)00146-9/sbref0875
http://refhub.elsevier.com/S0149-7634(21)00146-9/sbref0880
http://refhub.elsevier.com/S0149-7634(21)00146-9/sbref0880
http://refhub.elsevier.com/S0149-7634(21)00146-9/sbref0880
http://refhub.elsevier.com/S0149-7634(21)00146-9/sbref0880
http://refhub.elsevier.com/S0149-7634(21)00146-9/sbref0885
http://refhub.elsevier.com/S0149-7634(21)00146-9/sbref0885
http://refhub.elsevier.com/S0149-7634(21)00146-9/sbref0890
http://refhub.elsevier.com/S0149-7634(21)00146-9/sbref0890
http://refhub.elsevier.com/S0149-7634(21)00146-9/sbref0890
http://refhub.elsevier.com/S0149-7634(21)00146-9/sbref0895
http://refhub.elsevier.com/S0149-7634(21)00146-9/sbref0895
http://refhub.elsevier.com/S0149-7634(21)00146-9/sbref0900
http://refhub.elsevier.com/S0149-7634(21)00146-9/sbref0900
http://refhub.elsevier.com/S0149-7634(21)00146-9/sbref0905
http://refhub.elsevier.com/S0149-7634(21)00146-9/sbref0905
http://refhub.elsevier.com/S0149-7634(21)00146-9/sbref0905
http://refhub.elsevier.com/S0149-7634(21)00146-9/sbref0910
http://refhub.elsevier.com/S0149-7634(21)00146-9/sbref0910
http://refhub.elsevier.com/S0149-7634(21)00146-9/sbref0915
http://refhub.elsevier.com/S0149-7634(21)00146-9/sbref0915
http://refhub.elsevier.com/S0149-7634(21)00146-9/sbref0915
http://refhub.elsevier.com/S0149-7634(21)00146-9/sbref0920
http://refhub.elsevier.com/S0149-7634(21)00146-9/sbref0920
http://refhub.elsevier.com/S0149-7634(21)00146-9/sbref0920
http://refhub.elsevier.com/S0149-7634(21)00146-9/sbref0925
http://refhub.elsevier.com/S0149-7634(21)00146-9/sbref0925
http://refhub.elsevier.com/S0149-7634(21)00146-9/sbref0925
http://refhub.elsevier.com/S0149-7634(21)00146-9/sbref0925
http://refhub.elsevier.com/S0149-7634(21)00146-9/sbref0930
http://refhub.elsevier.com/S0149-7634(21)00146-9/sbref0930
http://refhub.elsevier.com/S0149-7634(21)00146-9/sbref0930
http://refhub.elsevier.com/S0149-7634(21)00146-9/sbref0935
http://refhub.elsevier.com/S0149-7634(21)00146-9/sbref0935
http://refhub.elsevier.com/S0149-7634(21)00146-9/sbref0935
http://refhub.elsevier.com/S0149-7634(21)00146-9/sbref0940
http://refhub.elsevier.com/S0149-7634(21)00146-9/sbref0940
http://refhub.elsevier.com/S0149-7634(21)00146-9/sbref0945
http://refhub.elsevier.com/S0149-7634(21)00146-9/sbref0945
http://refhub.elsevier.com/S0149-7634(21)00146-9/sbref0950
http://refhub.elsevier.com/S0149-7634(21)00146-9/sbref0950
http://refhub.elsevier.com/S0149-7634(21)00146-9/sbref0955
http://refhub.elsevier.com/S0149-7634(21)00146-9/sbref0955
http://refhub.elsevier.com/S0149-7634(21)00146-9/sbref0960
http://refhub.elsevier.com/S0149-7634(21)00146-9/sbref0960
http://refhub.elsevier.com/S0149-7634(21)00146-9/sbref0960
http://refhub.elsevier.com/S0149-7634(21)00146-9/sbref0965
http://refhub.elsevier.com/S0149-7634(21)00146-9/sbref0965
http://refhub.elsevier.com/S0149-7634(21)00146-9/sbref0970
http://refhub.elsevier.com/S0149-7634(21)00146-9/sbref0970
http://refhub.elsevier.com/S0149-7634(21)00146-9/sbref0975
http://refhub.elsevier.com/S0149-7634(21)00146-9/sbref0975
http://refhub.elsevier.com/S0149-7634(21)00146-9/sbref0980
http://refhub.elsevier.com/S0149-7634(21)00146-9/sbref0980
http://refhub.elsevier.com/S0149-7634(21)00146-9/sbref0985
http://refhub.elsevier.com/S0149-7634(21)00146-9/sbref0985
http://refhub.elsevier.com/S0149-7634(21)00146-9/sbref0985
http://refhub.elsevier.com/S0149-7634(21)00146-9/sbref0990
http://refhub.elsevier.com/S0149-7634(21)00146-9/sbref0990
http://refhub.elsevier.com/S0149-7634(21)00146-9/sbref0995
http://refhub.elsevier.com/S0149-7634(21)00146-9/sbref0995
http://refhub.elsevier.com/S0149-7634(21)00146-9/sbref1000
http://refhub.elsevier.com/S0149-7634(21)00146-9/sbref1000
http://refhub.elsevier.com/S0149-7634(21)00146-9/sbref1005
http://refhub.elsevier.com/S0149-7634(21)00146-9/sbref1010
http://refhub.elsevier.com/S0149-7634(21)00146-9/sbref1010
http://refhub.elsevier.com/S0149-7634(21)00146-9/sbref1010
http://refhub.elsevier.com/S0149-7634(21)00146-9/sbref1015
http://refhub.elsevier.com/S0149-7634(21)00146-9/sbref1015
http://refhub.elsevier.com/S0149-7634(21)00146-9/sbref1015
http://refhub.elsevier.com/S0149-7634(21)00146-9/sbref1020
http://refhub.elsevier.com/S0149-7634(21)00146-9/sbref1020
http://refhub.elsevier.com/S0149-7634(21)00146-9/sbref1025
http://refhub.elsevier.com/S0149-7634(21)00146-9/sbref1025
http://refhub.elsevier.com/S0149-7634(21)00146-9/sbref1030
http://refhub.elsevier.com/S0149-7634(21)00146-9/sbref1030
http://refhub.elsevier.com/S0149-7634(21)00146-9/sbref1030
http://refhub.elsevier.com/S0149-7634(21)00146-9/sbref1035
http://refhub.elsevier.com/S0149-7634(21)00146-9/sbref1035
http://refhub.elsevier.com/S0149-7634(21)00146-9/sbref1035
http://refhub.elsevier.com/S0149-7634(21)00146-9/sbref1040
http://refhub.elsevier.com/S0149-7634(21)00146-9/sbref1040
http://refhub.elsevier.com/S0149-7634(21)00146-9/sbref1040
http://refhub.elsevier.com/S0149-7634(21)00146-9/sbref1045
http://refhub.elsevier.com/S0149-7634(21)00146-9/sbref1045
http://refhub.elsevier.com/S0149-7634(21)00146-9/sbref1050
http://refhub.elsevier.com/S0149-7634(21)00146-9/sbref1050
http://refhub.elsevier.com/S0149-7634(21)00146-9/sbref1055
http://refhub.elsevier.com/S0149-7634(21)00146-9/sbref1055
http://refhub.elsevier.com/S0149-7634(21)00146-9/sbref1055
http://refhub.elsevier.com/S0149-7634(21)00146-9/sbref1060
http://refhub.elsevier.com/S0149-7634(21)00146-9/sbref1060
http://refhub.elsevier.com/S0149-7634(21)00146-9/sbref1065
http://refhub.elsevier.com/S0149-7634(21)00146-9/sbref1065
http://refhub.elsevier.com/S0149-7634(21)00146-9/sbref1070
http://refhub.elsevier.com/S0149-7634(21)00146-9/sbref1070
http://refhub.elsevier.com/S0149-7634(21)00146-9/sbref1070
http://refhub.elsevier.com/S0149-7634(21)00146-9/sbref1075
http://refhub.elsevier.com/S0149-7634(21)00146-9/sbref1075
http://refhub.elsevier.com/S0149-7634(21)00146-9/sbref1075
http://refhub.elsevier.com/S0149-7634(21)00146-9/sbref1080
http://refhub.elsevier.com/S0149-7634(21)00146-9/sbref1080
http://refhub.elsevier.com/S0149-7634(21)00146-9/sbref1080
http://refhub.elsevier.com/S0149-7634(21)00146-9/sbref1085
http://refhub.elsevier.com/S0149-7634(21)00146-9/sbref1085
http://refhub.elsevier.com/S0149-7634(21)00146-9/sbref1090
http://refhub.elsevier.com/S0149-7634(21)00146-9/sbref1090
http://refhub.elsevier.com/S0149-7634(21)00146-9/sbref1090
http://refhub.elsevier.com/S0149-7634(21)00146-9/sbref1095
http://refhub.elsevier.com/S0149-7634(21)00146-9/sbref1095
http://refhub.elsevier.com/S0149-7634(21)00146-9/sbref1100
http://refhub.elsevier.com/S0149-7634(21)00146-9/sbref1100
http://refhub.elsevier.com/S0149-7634(21)00146-9/sbref1100
http://refhub.elsevier.com/S0149-7634(21)00146-9/sbref1100
http://refhub.elsevier.com/S0149-7634(21)00146-9/sbref1100
http://refhub.elsevier.com/S0149-7634(21)00146-9/sbref1105
http://refhub.elsevier.com/S0149-7634(21)00146-9/sbref1105
http://refhub.elsevier.com/S0149-7634(21)00146-9/sbref1105
http://refhub.elsevier.com/S0149-7634(21)00146-9/sbref1110
http://refhub.elsevier.com/S0149-7634(21)00146-9/sbref1110
http://refhub.elsevier.com/S0149-7634(21)00146-9/sbref1110
http://refhub.elsevier.com/S0149-7634(21)00146-9/sbref1115
http://refhub.elsevier.com/S0149-7634(21)00146-9/sbref1115
http://refhub.elsevier.com/S0149-7634(21)00146-9/sbref1115
http://refhub.elsevier.com/S0149-7634(21)00146-9/sbref1120
http://refhub.elsevier.com/S0149-7634(21)00146-9/sbref1120
http://refhub.elsevier.com/S0149-7634(21)00146-9/sbref1120
http://refhub.elsevier.com/S0149-7634(21)00146-9/sbref1125
http://refhub.elsevier.com/S0149-7634(21)00146-9/sbref1125
http://refhub.elsevier.com/S0149-7634(21)00146-9/sbref1125
http://refhub.elsevier.com/S0149-7634(21)00146-9/sbref1130
http://refhub.elsevier.com/S0149-7634(21)00146-9/sbref1130


Neuroscience and Biobehavioral Reviews 126 (2021) 544–559

559

Wirtshafter, H.S., Wilson, M.A., 2020. Differences in reward biased spatial 
representations in the lateral septum and hippocampus. eLife 9. 

Wong, L.C., Wang, L., D’Amour, J.A., Yumita, T., Chen, G., Yamaguchi, T., Chang, B.C., 
Bernstein, H., You, X., Feng, J.E., Froemke, R.C., Lin, D., 2016. Effective modulation 
of male aggression through lateral septum to medial hypothalamus projection. Curr. 
Biol. 26, 593–604. 

Wyvell, C.L., Berridge, K.C., 2000. Intra-accumbens amphetamine increases the 
conditioned incentive salience of sucrose reward: enhancement of reward “wanting” 
without enhanced “liking” or response reinforcement. J. Neurosci. 20, 8122–8130. 

Yadin, E., Thomas, E., 1981. Septal correlates of conditioned inhibition and excitation in 
rats. J. Comp. Physiol. Psychol. 95, 331–340. 

Yadin, E., Thomas, E., 1996. Stimulation of the lateral septum attenuates immobilization- 
induced stress ulcers. Physiol. Behav. 59, 883–886. 

Yadin, E., Thomas, E., Grishkat, H.L., Strickland, C.E., 1993. The role of the lateral 
septum in anxiolysis. Physiol. Behav. 53, 1077–1083. 

Yanagida, S., Motomura, K., Ohashi, A., Hiraoka, K., Miura, T., Kanba, S., 2016. Effect of 
acute imipramine administration on the pattern of forced swim-induced c-Fos 
expression in the mouse brain. Neurosci. Lett. 629, 119–124. 

Yoshida, K., Drew, M.R., Mimura, M., Tanaka, K.F., 2019. Serotonin-mediated inhibition 
of ventral hippocampus is required for sustained goal-directed behavior. Nat. 
Neurosci. 22, 770–777. 

Yun, I.A., Wakabayashi, K.T., Fields, H.L., Nicola, S.M., 2004. The ventral tegmental area 
is required for the behavioral and nucleus accumbens neuronal firing responses to 
incentive cues. J. Neurosci. 24, 2923–2933. 

Zhang, W.N., Bast, T., Xu, Y., Feldon, J., 2014. Temporary inhibition of dorsal or ventral 
hippocampus by muscimol: distinct effects on measures of innate anxiety on the 
elevated plus maze, but similar disruption of contextual fear conditioning. Behav. 
Brain Res. 262, 47–56. 

Zhang, Y., Jiang, Y.Y., Shao, S., Zhang, C., Liu, F.Y., Wan, Y., Yi, M., 2017. Inhibiting 
medial septal cholinergic neurons with DREADD alleviated anxiety-like behaviors in 
mice. Neurosci. Lett. 638, 139–144. 

Zhou, T.L., Tamura, R., Kuriwaki, J., Ono, T., 1999. Comparison of medial and lateral 
septal neuron activity during performance of spatial tasks in rats. Hippocampus 9, 
220–234. 

Zucker, I., 1965. Effect of lesions of the septal-limbic area on the behavior of cats. 
J. Comp. Physiol. Psychol. 60, 344–352. 

H.S. Wirtshafter and M.A. Wilson                                                                                                                                                                                                          

http://refhub.elsevier.com/S0149-7634(21)00146-9/sbref1135
http://refhub.elsevier.com/S0149-7634(21)00146-9/sbref1135
http://refhub.elsevier.com/S0149-7634(21)00146-9/sbref1140
http://refhub.elsevier.com/S0149-7634(21)00146-9/sbref1140
http://refhub.elsevier.com/S0149-7634(21)00146-9/sbref1140
http://refhub.elsevier.com/S0149-7634(21)00146-9/sbref1140
http://refhub.elsevier.com/S0149-7634(21)00146-9/sbref1145
http://refhub.elsevier.com/S0149-7634(21)00146-9/sbref1145
http://refhub.elsevier.com/S0149-7634(21)00146-9/sbref1145
http://refhub.elsevier.com/S0149-7634(21)00146-9/sbref1150
http://refhub.elsevier.com/S0149-7634(21)00146-9/sbref1150
http://refhub.elsevier.com/S0149-7634(21)00146-9/sbref1155
http://refhub.elsevier.com/S0149-7634(21)00146-9/sbref1155
http://refhub.elsevier.com/S0149-7634(21)00146-9/sbref1160
http://refhub.elsevier.com/S0149-7634(21)00146-9/sbref1160
http://refhub.elsevier.com/S0149-7634(21)00146-9/sbref1165
http://refhub.elsevier.com/S0149-7634(21)00146-9/sbref1165
http://refhub.elsevier.com/S0149-7634(21)00146-9/sbref1165
http://refhub.elsevier.com/S0149-7634(21)00146-9/sbref1170
http://refhub.elsevier.com/S0149-7634(21)00146-9/sbref1170
http://refhub.elsevier.com/S0149-7634(21)00146-9/sbref1170
http://refhub.elsevier.com/S0149-7634(21)00146-9/sbref1175
http://refhub.elsevier.com/S0149-7634(21)00146-9/sbref1175
http://refhub.elsevier.com/S0149-7634(21)00146-9/sbref1175
http://refhub.elsevier.com/S0149-7634(21)00146-9/sbref1180
http://refhub.elsevier.com/S0149-7634(21)00146-9/sbref1180
http://refhub.elsevier.com/S0149-7634(21)00146-9/sbref1180
http://refhub.elsevier.com/S0149-7634(21)00146-9/sbref1180
http://refhub.elsevier.com/S0149-7634(21)00146-9/sbref1185
http://refhub.elsevier.com/S0149-7634(21)00146-9/sbref1185
http://refhub.elsevier.com/S0149-7634(21)00146-9/sbref1185
http://refhub.elsevier.com/S0149-7634(21)00146-9/sbref1190
http://refhub.elsevier.com/S0149-7634(21)00146-9/sbref1190
http://refhub.elsevier.com/S0149-7634(21)00146-9/sbref1190
http://refhub.elsevier.com/S0149-7634(21)00146-9/sbref1195
http://refhub.elsevier.com/S0149-7634(21)00146-9/sbref1195

	Lateral septum as a nexus for mood, motivation, and movement
	1 Introduction
	2 Anatomy
	3 current theories
	4 LS role in mood
	4.1 The regulation of anxiety and theta rhythm by the LS
	4.2 The LS and other “moods”

	5 LS role in locomotor movement & navigation
	5.1 Movement information in the LS contributes to navigational strategies

	6 LS role in space & context
	6.1 The LS represents contextual associations during navigational and non-navigational tasks
	6.2 The lateral septum is important for matching context with behavior

	7 LS role in motivation & goal-directed behavior
	8 Re-examining the septum: linking the LS to the selection of context-appropriate behavior
	9 Conclusion
	Author contributions
	Declaration of Competing Interest
	Acknowledgements
	References


