
 ORCA – Online Research @ Cardiff

This is a n  Op e n  Acces s  doc u m e n t  dow nloa d e d  fro m  ORCA, Ca r diff U nive r si ty 's

ins ti t u tion al r e posi to ry:h t t p s://o rc a.c a r diff.ac.uk/id/ep rin t/12 5 4 5 8/

This  is t h e  a u t ho r’s ve r sion  of a  wo rk  t h a t  w as  s u b mi t t e d  to  / a c c e p t e d  for

p u blica tion.

Cit a tion  for  final p u blish e d  ve r sion:

Dilling h a m,  Ch ris top h e r  M. a n d  Vann,  S e r alynn e  D. 2 0 1 9.  Why Isn ' t  t h e  h e a d-

di r ec tion  sys t e m  n e c e s s a ry for  di r ec tion?  Lessons  fro m  t h e  la t e r al  m a m milla ry

n uclei. F ro n ti e r s  in N e u r al  Circ uit s  1 3  , 6 0.  1 0.3 38 9/fncir.201 9.00 0 6 0  file 

P u blish e r s  p a g e:  h t t p s://doi.or g/10.3 38 9/fncir.201 9.00 0 6 0  

Ple a s e  no t e:  

Ch a n g e s  m a d e  a s  a  r e s ul t  of p u blishing  p roc e s s e s  s uc h  a s  copy-e di ting,  for m a t ting

a n d  p a g e  n u m b e r s  m ay  no t  b e  r eflec t e d  in t his  ve r sion.  For  t h e  d efini tive  ve r sion  of

t his  p u blica tion,  ple a s e  r efe r  to  t h e  p u blish e d  sou rc e .  You a r e  a dvis e d  to  cons ul t  t h e

p u blish e r’s ve r sion  if you  wis h  to  ci t e  t his  p a p er.

This  ve r sion  is b eing  m a d e  av ailabl e  in a cco r d a nc e  wi th  p u blish e r  policies.  S e e  

h t t p://o rc a .cf.ac.uk/policies.h t ml for  u s a g e  policies.  Copyrigh t  a n d  m o r al  r i gh t s  for

p u blica tions  m a d e  av ailabl e  in  ORCA a r e  r e t ain e d  by t h e  copyrigh t  hold e r s .



PERSPECTIVE
published: 13 September 2019
doi: 10.3389/fncir.2019.00060

Edited by:

Kate J. Jeffery,

University College London,

United Kingdom

Reviewed by:

Paul A. Dudchenko,

University of Stirling,

United Kingdom

Benjamin J. Clark,

University of New Mexico,

United States

Jeffrey S. Taube,

Dartmouth College,

United States

*Correspondence:

Christopher M. Dillingham

dillinghamc@cardiff.ac.uk

Received: 30 May 2019

Accepted: 26 August 2019

Published: 13 September 2019

Citation:

Dillingham CM and Vann SD

(2019) Why Isn’t the Head-Direction

System Necessary for Direction?

Lessons From the Lateral

Mammillary Nuclei.

Front. Neural Circuits 13:60.

doi: 10.3389/fncir.2019.00060

Why Isn’t the Head-Direction System
Necessary for Direction? Lessons
From the Lateral Mammillary Nuclei
Christopher M. Dillingham* and Seralynne D. Vann

School of Psychology, Cardiff University, Cardiff, United Kingdom

Complex spatial representations in the hippocampal formation and related cortical areas

require input from the head direction system. However, a recurrent finding is that behavior

apparently supported by these spatial representations does not appear to require input

from generative head direction regions, i.e., lateral mammillary nuclei (LMN). Spatial

tasks that tax direction discrimination should be particularly sensitive to the loss of

head direction information, however, this has been repeatedly shown not to be the

case. A further dissociation between electrophysiological properties of the head direction

system and behavior comes in the form of geometric-based navigation which is impaired

following lesions to the head direction system, yet head direction cells are not normally

guided by geometric cues. We explore this apparent mismatch between behavioral and

electrophysiological studies and highlight future experiments that are needed to generate

models that encompass both neurophysiological and behavioral findings.

Keywords: spatial memory, rodent, head-direction cells, dosral tegmental nucleus of Gudden, anterodorsal

thalamic nucleus

INTRODUCTION

The ability to navigate through environments, and remember locations within those environments,

is key to survival. Navigation requires a cognitive representation of both the environment and

current position within the environment. Several positional correlates have been identified in the

rodent brain, including hippocampal place cells (O’Keefe and Dostrovsky, 1971), which fire as a

function of the animal’s position in two-dimensional space, while entorhinal grid cells constitute

a boundary-defined representation of multiple, hexagonally arranged place fields (Hafting et al.,

2005). Information relating to environmental features is represented by a number of classes of

neurons including border cells, which fire in proximity to the boundaries of the environment

(Hartley et al., 2000), and head direction cells (Taube et al., 1990), a class of cell that fires

preferentially in reference to an animals’ directional heading in space.

Since their initial discovery in the postsubiculum (PoSub), head direction cells have

been recorded in numerous other cortical and subcortical brain regions, including the

retrosplenial (Chen et al., 1994; Cho and Sharp, 2001; Jacob et al., 2017), posterior

parietal (PPC; Chen et al., 1994), medial entorhinal (MEC; Sargolini et al., 2006), and

precentral cortices (Mehlman et al., 2019), the anterodorsal (ADN; Blair and Sharp, 1995;

Taube, 1995), laterodorsal (Mizumori and Williams, 1993), anteroventral thalamic nuclei

Frontiers in Neural Circuits | www.frontiersin.org 1 September 2019 | Volume 13 | Article 60



Dillingham and Vann Lateral Mammillary Nuclei and Directional Navigation

(Tsanov et al., 2011), nucleus reuniens (Jankowski et al., 2014),

the dorsal striatum (Wiener, 1993; Mizumori et al., 2000,

2005; Ragozzino et al., 2001; Mehlman et al., 2019), the dorsal

tegmental nucleus of Gudden (DTg; Sharp et al., 2001), and the

lateral mammillary nuclei (LMN; Blair et al., 1998; Stackman

and Taube, 1998). The traditional hierarchical model of the head

direction system (for a more detailed recent review seeWeiss and

Derdikman, 2018) involves a vestibular/vestibulomotor-derived

head direction signal which ascends to the LMN and is then

updated through the integration of external sensory inputs, e.g.,

visual information from PoSub (Yoder et al., 2015), through to

ADN, PoSub and MEC. At each ascending stage, cells receive

updated, more complex input, which is reflected in the spatial

information content of the neurons within the respective regions.

For instance, a higher proportion of head direction cells exhibit

a conjunctive head-direction/boundary signal in the PoSub than

in ADN, which is thought to represent the integration of head

direction with positional sensory input, e.g., whisking/optic flow,

resulting from self-motion (Peyrache et al., 2017). An additional

example of this hierarchical increase in complexity comes from

bidirectional cells in the retrosplenial cortex (RSC; Jacob et al.,

2017), which can represent two sensory modalities, i.e., olfaction

and vision within a given environment (within compartment),

or can represent a single sensory modality differently across

contexts (between compartment).

While we know that the head direction system is necessary

for accurate positional representation surprisingly little is

understood about how this system contributes at a behavioral

level. Manipulations of the LMN are particularly informative

for studying the head direction system as these nuclei lie at

the base of this highly interconnected hierarchy that integrates

external cues, e.g., visual (Yoder et al., 2015), with those derived

from self-motion (i.e., proprioceptive). Moreover, the high

proportion of head direction cells in the LMN (Stackman and

Taube, 1998; Taube and Bassett, 2003) allow for perturbation

of the system while limiting confounding damage to additional

pathways. In this review, we will consider what is currently

known about the LMN’s contribution at an electrophysiological

level, and at a behavioral level, and how this combined knowledge

helps us understand the role of the head direction system in

spatial cognition.

HOW DOES THE HEAD DIRECTION
SIGNAL CONTRIBUTE TO SPATIAL
SIGNALS REPRESENTING THE
ENVIRONMENT?

Unlike hippocampal place cells whose spatial representations are

context-dependent (e.g., Alme et al., 2014), the representation

of head direction, border and grid cells maintain their intrinsic

firing pattern across contexts (Hafting et al., 2005; Fyhn

et al., 2007). Together these cells enable animals to encode

features of an enclosed environment (Krupic et al., 2015)

as well as positional information within that environment

(Lever et al., 2009; Hinman et al., 2019). The head direction

signal is seemingly important for both grid cell and place

cell systems. Entorhinal grid cell periodicity is significantly

disrupted following inactivation of the anterior thalamus, which

includes ADN (Winter et al., 2015), although this could also

reflect associated damage to the anteroventral and anteromedial

thalamic nuclei e.g., through attenuation of MEC theta power

(see Brandon et al., 2012). Grieves et al. (2016) showed that

in multi-compartment environments, place cell repetition is

more frequent if the compartments are in a parallel compared

to radial configuration, suggesting direction information helps

distinguish compartments. Consistent with this, LMN lesions

increase place field repetition in radial compartments, likely

reflecting the loss of directional information in these animals

(Harland et al., 2017). While lesions of LMN do not degrade the

spatial content of hippocampal place fields (Sharp and Koester,

2008), ADN lesions and, to a greater extent, PoSub lesions reduce

the information content of place fields (Calton et al., 2003),

albeit leaving the place fields intact. The increase in magnitude

of impairment with each step along the ascending head direction

pathway appears to co-occur with greater influence of descending

visual inputs (V1-PoSub-RSC-ADN; Figure 1). Together these

results suggest a hierarchical dependence of spatial systems that is

borne out both by the sequence of anatomical inputs as well as the

sequence of developmental emergence of spatial representations,

i.e., directional tuning is fully developed earlier than place or grid

cells (Langston et al., 2010; Wills et al., 2010). Grid cells appear

to be the most complex of the spatial correlates so far identified,

combining head direction, border and place signals. Consistent

with this, inactivation of the hippocampus dramatically reduces

the spatial information content of grid cells but interestingly

leads to an increase in their directionality (Hafting et al., 2008;

Bonnevie et al., 2013). While inactivation of the MEC does not

degrade the spatial information content of hippocampal place

fields it does induce place field remapping (Miao et al., 2015).

However, large permanent lesions of the entorhinal cortex reduce

place cell firing rate and spatial information content (Van Cauter

et al., 2008) suggesting functional interdependence between grid

cell and place cell networks.

DO LMN LESIONS DISRUPT THE USE OF
DIRECTIONAL CUES?

Surprisingly, given the strong physiological influence of the

head direction system on more spatially complex downstream

systems, LMN lesions often have little to no effect on spatial tasks

that would be presumed to involve a heading component. The

reinforced T-maze task requires animals to alternate direction

in a T-shaped maze in order to retrieve a reward (Figure 2A).

In intact animals, head direction cells are landmark-locked

to features of the maze (Dudchenko and Zinyuk, 2005) so it

would be expected that disrupting the head direction system

would disrupt T-maze performance. This is not the case as

rats with neurotoxic LMN lesions show no impairment on

standard T-maze alternation (Figure 2B; Vann, 2005, 2011).

When performing the T-maze task, animals are able to use

a number of different strategies, including relying on the

use of allocentric, directional or intramaze cues. As a result,

impairments in LMN lesion rats may bemasked by animals using
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FIGURE 1 | External sensory input is critical to spatial navigation. Ascending vestibulomotor (green) projections elicit directional tuning in many subcortical and

cortical regions while descending visual (red), olfactory (yellow), and proprioceptive (blue) inputs are integrated to form complex physiological representations of

space. Some of the extensive inter-communication between brain areas that encode space shown here demonstrate the capacity for compensation following

disruption (e.g., lesion, or conflict between senses) while parallel pathways may provide additional compensatory mechanisms [e.g., vestibulomotor-ventral

posterolateral thalamic nucleus (VPL)–posterior parietal cortex (PPC)] that may explain the mild behavioral impairment following lateral mammillary nucleus (LMN) or

anterodorsal thalamic nucleus (ADN) lesions. Arrows indicate anatomical connections while their colors represent their possible sensory contributions. Structures and

connections within the hippocampal formation that are not principally directional are shown black (arrows and boxes). Abbreviations: DTg, dorsal tegmental nucleus

of Gudden; LD, laterodorsal thalamic nucleus; LEC, lateral entorhinal cortex; HPC, CA1–3 and dentate gyrus subfields of the hippocampal formation; MEC, medial

entorhinal cortex; PoSub, postsubiculum; RSC, retrosplenial cortex.

non-directional cues to perform the task. Modifying the task

to restrict the cue-types that are available makes it possible to

determine which cues animals are able to use. By carrying out

sample and test runs in two separate adjacent mazes, animals

are prevented from using intramaze or odor cues to perform

the task. However, this manipulation also puts allocentric and

directional cues into conflict for a subset of trials as alternating

on the basis of direction requires animals to return to the

same allocentric location (Figure 2A). Rats with neurotoxic

lesions of the LMN show a mild impairment on this two-maze

manipulation (Figure 2B; Vann, 2011). This impairment could

reflect a greater reliance on intramaze cues or a greater sensitivity

to the mismatch between direction and allocentric cues. This

was examined by subsequently removing the mismatch between

visual allocentric and direction cues by testing the animals

in the dark (Figure 2A). This resulted in the lesion animals

performing equivalently to the controls (Figure 2B). Together,

these data suggest that animals with LMN lesions are less likely

to use directional information when it is put in conflict with

another spatial cue i.e., in this case visual allocentric information.

However, when this conflict is removed, and direction cues

become the most salient (Futter and Aggleton, 2006), animals

with a disrupted head direction system are unimpaired (Vann,

2011).

In the T-maze task, animals have to choose between reward

locations that are separated by 180◦. This quite crude direction

discrimination appears to be possible with an impaired head

direction system. In contrast, the radial-arm maze task typically

requires animals to discriminate between eight radially-oriented

arms that are separated by 45◦. This task would, therefore, be

expected to require a more accurate directional representation.

Additionally, LMN lesions increase place cell repetition in
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radially-oriented arms (Harland et al., 2017), which should also

reduce animals’ ability to discriminate between the arms in a

radial-arm maze. Nevertheless, lesions of the LMN failed to

affect performance on this task (Vann, 2018). Furthermore, when

manipulations were carried out to either reduce the reliance on

intramaze cues or remove visual allocentric cues, LMN lesion

rats were still unimpaired. Both of these manipulations would

presumably increase reliance on internal direction systems, yet

no lesion-induced impairment was found (Vann, 2018). It was

not the case that the lesions in this experiment were ineffective,

as the same animals were impaired on other spatial tasks and had

reduced c-Fos expression in the RSC (Vann, 2011).

Watermaze tasks can be particularly useful for assessing

spatial memory as they remove possible confounds of odor trails,

the use of which can mask impairments in using allocentric

spatial cues. Furthermore, watermaze tasks do not typically

confine animals’ choices to specific ‘‘arms,’’ potentially enabling

more subtle impairments in heading judgments to be detected.

To date, two studies have looked at the contribution of the LMN

to watermaze tasks carried out in a circular pool. The first study

used a working memory procedure where animals were required

to learn a new platform location within each session (Vann,

2005). LMN lesion animals showed an initial impairment on

this task but with continued training their performance matched

that of controls. This impairment is comparable to rats with

discrete combined lesions of ADN/anteroventral thalamic nuclei

where performance on a similar working memory task in the

watermaze was only mildly impaired (van Groen et al., 2002).

The second study looking at LMN contribution (Harland et al.,

2015) tested animals on a reference memory task where the

platform remained in the same spatial location across sessions.

On this task, the LMN lesion rats performed equivalently to

controls. However, when the platform was subsequently moved

to the opposite spatial location (reversal) a lesion-induced deficit

emerged. These findings suggest there is a dependence on the

head direction system in situations that require rapid encoding

of spatial information.

THE EFFECT OF HEAD DIRECTION
SYSTEM LESIONS ON FOOD-CARRYING
TASKS

Food-carrying tasks are typically run on open dry mazes with

equally positioned entrances/exits around the edge, one of which

contains a home refuge. The task requires animals to search

for food on the maze and once animals have located the food,

they carry it back to their refuge. As such, this task requires

animals to keep track of their location within the environment,

locate themselves with respect to their refuge, and then orient

themselves to return to the refuge. It would, therefore, be

expected that accurate performance on this task would depend

on an intact head direction system. Consistent with this, lesions

of a number of head direction areas have been found to impair

animals’ accuracy of performance on this task (e.g., Frohardt

et al., 2006; Clark and Taube, 2009; Dwyer et al., 2013; Peckford

et al., 2014; Yoder et al., 2019).

To date, no study has successfully assessed the impact

of selective LMN lesions on food-carrying tasks. However,

comparisons with the findings from ADN lesions on this task

could be particularly informative because LMN and ADN lesion

effects appear to be quantitatively and qualitatively similar on

other tasks (e.g., van Groen et al., 2002; Peckford et al., 2014). As

with lesions to other head direction areas, ADN lesions impair

performance on food-carrying tasks with animals more likely

to return to a location adjacent to the refuge (Frohardt et al.,

2006; Peckford et al., 2014). ADN lesions, therefore, result in

a slightly less accurate angle of return indicating a role for the

head direction system in fine-tuned direction discrimination.

The assumption, therefore, is that LMN lesions would also result

in a less accurate return trajectory on this task, consistent with

previous LMN-lesion impairments observed on tasks that require

rapid, flexible spatial learning.

A study which assessed the effects of large electrolytic DTg

lesions on food-carrying tasks found impairments that were

considerably greater than the impairments observed following

ADN lesions (Frohardt et al., 2006). This could suggest that the

DTg lesions reflect more than just the loss of the DTg-LMN-

ADN head direction signal, i.e., the DTg could be influencing

an additional pathway. The DTg is reciprocally connected with

the supragenual nucleus (Biazoli et al., 2006; Clark et al.,

2012a), and nucleus prepositus hypoglossi (Butler and Taube,

2015, 2017), both of which contain a significant proportion of

angular head velocity cells and, in turn, are interconnected with

the vestibular nuclei. However, lesions of the vestibular nuclei

appear to increase animals’ reliance on the use of visual spatial

cues to navigate while reducing their ability to use idiothetic

cues (Stackman and Herbert, 2002), which seems very different

from lesions of LMN where the use of visual spatial cues is

impaired. Alternatively, given the location of the DTg, large

electrolytic lesion may have substantial non-selective effects due

to involvement of adjacent regions, e.g., dorsal raphe nuclei, and

fibers of passage; this may explain DTg lesions appearing far

more disruptive than lesions of LMN or ADN in some studies

(Frohardt et al., 2006; Dwyer et al., 2013). Consistent with this

interpretation, more discrete electrolytic DTg lesions impair rats’

ability to use visual-spatial cues while leaving intact their ability

to use directional cues (Clark et al., 2013), a pattern of findings

comparable to those found following LMN lesions (Vann, 2005,

2011).

IS THE HEAD DIRECTION SYSTEM A
GEOMETRIC SYSTEM?

Given the importance of geometrical cues for orientation and

navigation, it is possible that the head direction system has

a role in geometry-based navigation. To test this, rats with

LMN lesions were required to learn the location of a platform

in a rectangular watermaze on the basis of geometric features

(Vann, 2011). The configuration of long and short walls

results in the two diagonally-opposed corners of the rectangle

being geometrically identical (Figure 2C). Consequently, there

are two ‘‘correct’’ corners, which could contain a platform

whereas the remaining two corners are incorrect (with no
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FIGURE 2 | (A) Schematic of the T-maze alternation task: solid lines indicate the forced sample phase while dashed lines indicate the correct response in the

choice phase. Arm access could be blocked by placing a barrier at the entrance of the arm (effectively turning the cross-maze into a T-maze configuration). Initial

training on the task (Stage 1) permitted the use of multiple strategies supporting alternation, i.e., allocentric, intramaze, idiothetic, direction alternation (with reference

to a known bearing). The task was then systematically modified in order to prevent the use of intramaze cues (Stage 2) or the use of intramaze and visual allocentric

cues (Stage 3). These manipulations included using two mazes instead of one (Stage 2 and 3) or running in the dark, as illustrated with the dark gray hatched

background (Stage 3); (B) percentage of correct choices for all three stages; (C) schematic of the geometric cue task. Rats were tested in a rectangular insert within

a circular maze. A curtain was drawn around the maze throughout to encourage the use of intramaze cues for learning. The solid circles depict the submerged

platform and the dotted circles indicate the geometrically identical platform location (on each trial there was only one platform). The visible landmark (black bar) was

attached to the platform for Sessions 2–5 of the experiment; (D) the mean escape latencies for the two groups during training when they were required to find a

platform beneath a landmark in a circular pool (Session 1), beneath a landmark in a rectangular pool (Session 2–5), and without a landmark in a rectangular pool

(Session 5–18). The vertical lines depict the standard error of the mean. Abbreviations: LMNx, lateral mammillary nuclei lesion group; Sham, surgical control;
∗p < 0.05. Data are taken from Vann (2011).

escape platform); rats had to learn to swim to the correct

corners to escape. Rats with LMN lesions showed a striking

impairment at the beginning of training, despite performing

normally on pre-training procedures used to familiarize them

with non-spatial aspects of the task (Figure 2D). Once again,

however, the impairment was transient and, by the end of

training, the lesion animals were performing at a level equivalent

to the controls (Figure 2D; Vann, 2011). This geometric

watermaze task appears particularly sensitive to disruption of the

head direction system as lesions focused on the ADN also impair

performance on this task whereas animals with lesions of the

medial mammillary body system (Vann, 2013) or lesions of the

fornix (Aggleton et al., 2009) appear unimpaired.

Stable, stimulus-locked sensory cues are critical tominimizing

errors in cognitive representations of space, e.g., due to

internally-generated drift in directional tuning in the absence

of visual input (Taube et al., 1990; Goodridge et al., 1998). It

would, therefore, be expected that salient geometric features of
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enclosed environments would be used preferentially by spatially-

responsive cells and in subsequent navigational strategies

(Gallistel, 1990). However, experimental evidence seems to

suggest otherwise. For example, rotation of highly geometrically

polarized enclosures is insufficient to drive rotations in the

preferred firing direction of head direction cells throughout

the LMN-ADN-PoSub-RSC axis (Knight et al., 2011). However,

geometric cues do control head direction cell firing in animals

that are disorientated (Knight et al., 2011; Clark et al., 2012b)

suggesting that while geometric cues can control head direction

cell activity, they are not used preferentially. One explanation is

that while geometric features are stable, they are not necessarily

visually salient, and their recognition is reliant on the detection

of how light is differentially reflected off surfaces. In low or

dim light the contrast in luminance would be lower such that

updating positional information from these features would be

more reliant on sensory inputs that require proximity to the

feature, e.g., somatosensory/haptic flow (particularly so given the

relatively poor resolution of vision in rodents). When behavioral

studies specifically require the use of geometric cues, these cues

appear less salient to animals with an impaired head direction

system, i.e., lesion animals are less readily able to use these cues to

navigate. However, this initial impairment can be overcome with

repeated training suggesting the head direction contributionmay

be important for directing initial attention to the geometric cues

(Vann, 2011), particularly so in aversive conditions when rapid

learning is required.

WHAT COMPENSATORY MECHANISMS
SUPPORT FUNCTION FOLLOWING LMN
LESIONS?

As described, behavioral deficits observed following LMN lesions

tend to be very mild and/or transient, so it is likely that

compensatory mechanisms are able to support function when

this directional pathway is lost. These mechanisms include

behavioral compensation whereby animals adopt different

behavioral strategies to perform the tasks or functional

compensation where different brain regions are able to support

similar functions tomitigate the effects of the lesion. For instance,

while Yoder et al. (2019) found that PoSub lesions in naïve

animals caused impairments in path integration (food-carrying

task), Bett et al. (2012) found no impairment in PoSub lesion

animals that had been pre-trained prior to surgery. Pre-training

likely acts as a compensatory mechanism by enabling animals to

use previously learned strategies (Yoder et al., 2019) and/or form

neurally-distributed representations of the environment which

could better support navigation when directional information

is limited.

First, we will consider behavioral compensation. Animals

can often use a number of different cues and strategies to

perform spatial tasks. In particular, tasks where animals have

limited options, such as T-maze alternation, can often be

supported by more habitual striatal-based behavior (Valerio

et al., 2010; Gibson et al., 2013). The idea that animals use

different strategies when head direction information is limited

is additionally supported by work using an inverted navigation

approach. The head direction signal is severely degraded when

rats navigate upside-down (Taube et al., 2004; Calton and Taube,

2005; Gibson et al., 2013) making it possible to assess the

head direction system’s contribution to navigation without using

surgical intervention. Rats tasked with navigating towards a goal

location (i.e., an escape hole), while inverted, were impaired

when there were four possible release locations but performance

was intact when only two release locations were used as long as

salient visual landmarks were available (Valerio et al., 2010). It

appears that the head direction signal is needed when flexible

navigation is required but the use of a habit-like strategy could

support performance in some conditions. This is a similar to

findings from LMN-lesion studies. Impairments are often most

pronounced when animals have to adapt behavior or respond

flexibly, as is the case during both the reversal and working

memory tasks in the watermaze. Both the radial-arm maze

task and water maze task are unlikely to be supported by

habit-like strategies from the outset but it appears that when

learning is slow and incremental, again the head direction

system is not so critical. Together these highlight the importance

of probing behavioral impairments to determine exactly how

animals are performing the task and what cues are being

used. A consistent finding, however, is that rapid, flexible

learning appears most sensitive to lesions within the head

direction systems.

An additional explanation for the mild lesion effects following

LMN lesions is that there is redundancy within the head

direction system. Initially there just appeared to be a single

head direction pathway, however, now it is apparent that there

is a distributed head direction system across numerous brain

regions. At present, it is not clear how these additional areas

relate to the LMN-based system. For example, lesions of the LMN

result in a small reduction in RSC activity, as measured by the

immediate early gene c-Fos (Vann, 2018), but it is not known

whether the retrosplenial head direction signal is dependent on

indirect inputs from LMN. From current anatomical knowledge,

it would not be expected that the head direction signal in the

anteroventral nucleus, nucleus reuniens, laterodorsal thalamus

or the striatum would depend on direct inputs from the LMN

(Dillingham et al., 2015). So it is possible that even with the loss

of LMN there is sufficient directional information to support

task performance. Consistent with this idea, there is anatomical

evidence for parallel streams of ascending vestibular projections

that may also provide functional compensation (Figure 1). One

such possibility involves projections from the vestibular nuclei

which ascend to the ventral posterolateral thalamus (VPL),

contributing to a proprioceptive representation in the PPC

(McNaughton et al., 1989; Mimica et al., 2018). Vestibulomotor,

i.e., idiothetic, information is sufficient to generate a head

direction signal (Goodridge and Taube, 1997; Calton and Taube,

2009; Clark et al., 2010; Clark and Taube, 2011; Yoder et al.,

2015; Mehlman et al., 2019) and it is possible that parallel

ascending vestibular-VPL-PPC projections subserve a parallel

directional pathway. The PPC, in turn, projects strongly to

the parahippocampal region, including direct projections to

the MEC as well as reciprocal connections with the RSC.
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Lesions of the DTg (Bassett et al., 2007), LMN (Blair et al.,

1999), or ADN abolish the head direction signal in the PoSub

(Goodridge and Taube, 1997) and the MEC (Winter et al.,

2015). It would, therefore, be expected that if the vestibular-VPL-

PPC axis does provide a parallel source of heading information,

lesions within the LMN-ADNpathwaywould spare the PPC head

direction signal, however, to our knowledge, this has not yet

been tested.

Unlike medial mammillary projections to the anterior

thalamic nuclei, projections from the LMN to the ADN are

bilateral, which provides a degree of anatomical compensation.

Blair et al. (1999) compared the effects of unilateral and

bilateral LMN lesions on head direction firing in ADN and

found that while unilateral lesions induced some impairments

in ADN directional tuning immediately following the lesion,

they were transient, and recovery of function was evident

within a few days. Consistent with other studies (Blair et al.,

1998; Bassett et al., 2007), however, bilateral LMN lesions

abolished directional firing permanently. Head direction cell

firing in LMN that results from head movements towards

the hemisphere in which the cell is located, i.e., ipsiversive

turns, result in narrower tuning curves than contraversive

turns (Blair et al., 1998). Following the transient effects of

unilateral LMN lesions, head direction tuning curves in ADN

were found to be narrower in response to head turns in the

direction of the intact hemisphere, suggesting that compensation

to the lesion was, at least in part, due to an increase in the

influence of intact contralateral projections (Blair et al., 1999).

In addition to the loss of ADN head direction cell tuning

following bilateral LMN lesions, there was an emergence of

increased theta band-entrained firing activity alongwith velocity-

dependent firing. These changes again may point towards a

level of plasticity through either an increased responsiveness

to non-directional inputs or through an increased reliance

on non-vestibular directional sense, e.g., via somatosensory-

laterodorsal thalamic nucleus connections (Bezdudnaya and

Keller, 2008).

DISCUSSION

At a neurophysiological level, the generative network of the

head direction system (Figure 1) is critical for complex

spatial processing in downstream structures. However, this

neurophysiological importance is not mirrored by the scale

of the behavioral impairments observed following lesions to

this network, particularly with respect to the LMN. It is

perhaps unsurprising that given the evolutionary importance of

effective navigational strategies, there is considerable scope for

compensation, e.g., through dependence on multiple external

cues (Figure 1). Compared to other neural correlates of space

(e.g., place cells, grid cells, object cell, boundary-vector cells),

subcortical head direction cells are relatively rudimentary in the

information they encode, i.e., a representation of the position of

the head in a single plane (yaw) with respect to a salient visual

landmark, without providing other metrics, e.g., distance from

landmarks (but see Peyrache et al., 2017). In that sense, they

may be seen as both the product of combined representations,

e.g., vestibular and motor (i.e., angular velocity), as well as the

building blocks to more informative representations of space,

i.e., attractor network models. An effective cognitive spatial

representation must also be rapidly updated both with respect

to changes that result from self-motion as well as in response

to external changes and in that sense, subcortical head direction

cells have their limitations, e.g., in the absence of visual cues, drift

in directional tuning represents a less stable substrate for path

integration than the relative stability of the hippocampal place

signal (Save et al., 2000).

We have known of the existence of head direction cells

for 30 years (Taube et al., 1990) yet our understanding of

their behavioral contributions is surprisingly lacking. There

are remarkably few studies that have studied behavioral

contributions of these structures. Lesions of these regions are

technically difficult as they are typically small structures that

are adjacent to other key spatial memory regions. When lesions

encroach into adjacent regions the results can be very difficult

to interpret. A further issue is interpreting lesions of head

direction regions in terms of head direction. Head direction cells

typically make up the minority of cells within these structures

(proportions of head direction cells in regions within the DTg-

LMN-ADN-PoSub axis range from 12.5% to 60%; Taube and

Bassett, 2003); it is likely that non-head direction cells also

contribute to these tasks, making the behavioral contribution

of the head direction system less than assumed. In light of

compensatory mechanisms that might mask behavioral effects

of LMN/DTg lesions, chronic lesion paradigms, which are

typically employed within the head direction-system literature,

may not be sufficiently sensitive. Approaches that use reversible

inactivation with high temporal precision, e.g., optogenetics, may

be more informative in this sense (e.g., Butler et al., 2017).

Combining such techniques with approaches that permit the

targeting of distinct neuronal populations that share common

anatomical connectivity and/or neurochemical properties could

enable temporary inactivation of head direction cells while

leaving other cells intact. It is essential to combine these

techniques with well-designed behavioral studies if we are to

solve the puzzle of how the head direction system contributes to

spatial navigation.
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