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Aberrant Phase Precession of Lateral Septal Cells in a
Maternal Immune Activation Model of Schizophrenia Risk
May Disrupt the Integration of Location with Reward
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Spatial memory and reward processing are known to be disrupted in schizophrenia. Since the lateral septum (LS) may play
an important role in the integration of location and reward, we examined the effect of maternal immune activation (MIA), a
known schizophrenia risk factor, on spatial representation in the rat LS. In support of a previous study, we found that spatial
location is represented as a phase code in the rostral LS of adult male rats, so that LS cell spiking shifts systematically against
the phase of the hippocampal, theta-frequency, local field potential as an animal moves along a track toward a reward (phase
precession). Whereas shallow precession slopes were observed in control group cells, they were steeper in the MIA animals,
such that firing frequently precessed across several theta cycles as the animal moved along the length of the apparatus, with
subsequent ambiguity in the phase representation of location. Furthermore, an analysis of the phase trajectories of the con-
trol group cells revealed that the population tended to converge toward a common firing phase as the animal approached the
reward location. This suggested that phase coding in these cells might signal both reward location and the distance to reward.
By comparison, the degree of phase convergence in the MIA-group cells was weak, and the region of peak convergence was
distal to the reward location. These findings suggest that a schizophrenia risk factor disrupts the phase-based encoding of
location–reward relationships in the LS, potentially smearing reward representations across space.
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Significance Statement

It is unclear how spatial or contextual information generated by hippocampal cells is converted to a code that can be used to
signal reward location in regions, such as the VTA. Here we provide evidence that the firing phase of cells in the lateral sep-
tum, a region that links the two areas, may code reward location in the firing phase of cells. This phase coding is disrupted in
a maternal immune activation model of schizophrenia risk such that representations of reward may be smeared across space
in maternal immune activation animals. This could potentially underlie erroneous reward processing and misattribution of
salience in schizophrenia.

Introduction
Previous studies suggest that the lateral septum (LS) integrates
spatial and locomotor information with reward (Luo et al., 2011;
Bender et al., 2015; Wirtshafter and Wilson, 2019, 2020, 2021).
The primary output of hippocampal CA1 cells that signal loca-
tion (O’Keefe and Nadel, 1978) is to the LS (Swanson and

Cowan, 1977; Risold and Swanson, 1997), and the LS in turn has
reciprocal connections to several regions involved in reward
processing, including the VTA and the striatum (Groenewegen
et al., 1987; Luo et al., 2011; Zhang et al., 2022). Consistent with
this connectivity, the integrity of LS transmission is required for
the acquisition and flexible maintenance of conditioned place
preferences (Cazala et al., 1988; Jiang et al., 2018).

Recent work has shown that the LS uses both rate and phase
coding to represent location (Zhou et al., 1999; Takamura et al.,
2006; Tingley and Buzsáki, 2018; Wirtshafter and Wilson, 2020).
For example, rate-coding cells that fire when an animal is in a
specific region of space, known as the cell’s “place field,” have
been observed in more dorsal regions of LS, although these place
fields are not as robust as those observed in the hippocampus
(HPC) (Takamura et al., 2006; Wirtshafter and Wilson, 2020).
However, in more rostral regions of the LS, cells display little
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evidence of rate coding but appear to encode spatial location via
phase precession (Tingley and Buzsáki, 2018).

Phase precession refers the observation that, as an animal
moves through space, the temporal spiking of principal cells sys-
tematically advances relative to the background theta oscillation
(O’Keefe and Recce, 1993; Skaggs et al., 1996). When phase
precession occurs in an assembly of cells, it produces theta
sequences (Foster andWilson, 2007), thereby allowing for the se-
quential order of experience to be reproduced within a com-
pressed timescale that is suitable for synaptic plasticity (Dan and
Poo, 2004). It has been proposed that these phenomena underlie
the sequential ordering of information that evolves across time
and space (Buzsáki and Tingley, 2018), and that they may play
an important role in learning and memory processes (Dragoi
and Buzsáki, 2006; Jaramillo and Kempter, 2017). These pro-
posals have been supported by a growing body of work (Gupta et
al., 2012; Feng et al., 2015; Wang et al., 2015; Wikenheiser and
Redish, 2015; Terada et al., 2017), and recent evidence has
described phase precession and theta sequences in humans
(Heusser et al., 2016; Qasim et al., 2021).

Neurodevelopmental abnormalities and dysfunctional activity
have been observed in the septum of individuals with schizo-
phrenia, including abnormal spiking activity and local field
potential (LFP) oscillations (Heath and Walker, 1985; Heath and
Peacock, 2013). Furthermore, changes in LS activity have been
observed in both in vivo and in vitro studies following adminis-
tration of either antipsychotic or dissociative drugs in animal
models (Contreras et al., 1986; Yu et al., 2002; Sheehan et al.,
2004). The spatial and contextual memory deficits (Park and
Holzman, 1992; Rizzo et al., 1996; Glahn et al., 2003; Brébion
et al., 2004; Waters et al., 2004; Hanlon et al., 2006; Weniger and
Irle, 2008; Fajnerová et al., 2014; Salgado-Pineda et al., 2016) and
abnormal reward processing (Jensen et al., 2008; Strauss et al.,
2014; Whitton et al., 2015) that have been observed in schizo-
phrenia may therefore be linked to LS dysfunction.

In the present study, we investigated whether a risk factor for
schizophrenia, maternal immune activation (MIA), altered LS
activity. The MIA model is based on robust epidemiological evi-
dence that maternal infection during pregnancy increases the
risk of schizophrenia in the offspring (Adams et al., 1993; Brown
and Meyer, 2018). When this is modeled in rodents, MIA ani-
mals have many schizophrenia-like behavioral, cognitive, and
neural deficits (Bitanihirwe et al., 2010; Wolff et al., 2011;
Savanthrapadian et al., 2013).

Materials and Methods
Animals and experimental design. All subjects were generated using

the MIA intervention described previously by Dickerson et al. (2010),
Wolff and Bilkey (2015), and Speers et al. (2021). Female Sprague
Dawley rats (;3months old) were time-mated with GD1 considered to
be the first day after copulation. On GD15, pregnant dams were anesthe-
tized with isoflurane (5%; Bayer) and administered either a single injec-
tion of polyinosinic:polycytidylic acid (poly I:C; Sigma-Aldrich) 4.0mg/
kg (i.v.), dissolved in 0.9% saline (Baxter), or an equivalent saline injec-
tion 1 ml/kg. This dosage is the most common induction protocol used
for rats (Haddad et al., 2020). A number of previous studies have exam-
ined the precise timing of injections on developmental phenotypes, with
injections performed around GD15 in rats leading to more robust phe-
notypes associated with schizophrenia than earlier injection protocols,
which have been associated more with autism spectrum disorders
(Haddad et al., 2020). Poly I:C and saline treatments were always per-
formed in pairs.

Because of resource limitations, all litters were culled to a maximum
of 6 male pups and were housed in open cages before weaning. After

weaning, male offspring were randomly allocated a litter number and
then housed in littermate groups of 2 or 3 in individually ventilated
cages. Control (CTL) and MIA animals were housed in a single housing
room, which was maintained at a normal 12 h light/dark cycle, and tem-
perature-controlled to 20°C-22°C. Juvenile rats were provided with
access to food ad libitum, and after 3months were food deprived to no
less than 85% of their free-feeding weight in preparation for the experi-
mental procedure. Water was available ad libitum throughout the entire
experimental procedure. All rats weighed between 400 and 650 g at the
time of surgery.

Apparatus and training. Animals ran in a rectangular circuit meas-
uring 900 � 800 mm (see Fig. 1a). All arms were 100 mm wide with
270-mm-high side walls and constructed of wood. The entire apparatus
was painted in matte black and was devoid of visual cues. A video cam-
era was mounted on the ceiling of the recording room to view the whole
apparatus. All experiments were performed in a darkened environment
with some ambient light from the recording computer and a small lamp
aimed away from the apparatus into one corner of the room.

The experimental procedure was identical to the procedure described
previously (Speers et al., 2021). Adult male offspring were randomly
selected according to their litter number, with a maximum of 2 animals
per litter, and were trained over a period of 5-15d. On days 1-5, rats
were habituated to the recording room, apparatus, and food reward, and
were allowed to free-forage for Coco Pops (Kellogg’s) scattered through-
out the apparatus. Following successful habituation, whereby rats
actively explored the maze and consumed the food reward, the place-
ment of Coco Pops was gradually restricted, first to the top 2 corners of
the track and the center of the reward arm, and then to the reward arm
only. During this period, rats were trained to run in a clockwise direction
and were turned back to the correct direction with a barrier when neces-
sary. Coco Pops (;6 per reward delivery) were delivered manually by
the experimenter. Training was considered completed when rats consis-
tently ran in a clockwise direction for the food reward over a 20 minute
session.

Surgical procedures. All experimental protocols were approved by
the Otago University Animal Ethics Committee and conducted in ac-
cordance with New Zealand animal welfare legislation. Following suc-
cessful training, animals were anesthetized with 5% isoflurane (Merial
New Zealand) in oxygen and maintained at 1.5%-2.5% throughout sur-
gery. After animals were anesthetized, they were given a subcutaneous
injection of atropine (1mg/kg) to ease their breathing, as well as the
analgesics carprofen (1mg/kg) and Temgesic (buprenorphine; 0.1 ml),
and a prophylactic antibiotic, Amphoprim (trimethoprim and sulfame-
thazine, 0.2 ml). Rats were then mounted on a stereotaxic apparatus
(David Kopf Instruments) above a heating pad, and a lubricating eye gel
(Visine) was applied. The scalp was shaved and sterilized with Betadine
(povidone-iodine), followed by a subcutaneous injection in the scalp of
the local anesthetic Lopaine (lignocaine hydrochloride 20mg ml�1; 0.1
ml diluted in 0.4 ml of saline). After exposing the skull, two openings
were drilled above the left hemisphere: one above the dorsal CA1 region
of the hippocampus and one above the septal region. A custom-built, 8
channel, adjustable microdrive containing 1 tetrode and 1 tritrode bun-
dle of equal length was implanted at 0.5 mm AP, �1.5 mmML, and was
lowered to ;4 mm from dura at an angle of ;7-8 degrees toward the
midline (se Fig. 1b). Tetrodes consisted of 25mm nichrome, heavy for-
mvar insulated wire (Stablohm 675 HFV NATRL; California Fine Wire),
and had been gold electroplated until impedances were reduced to
;200-300 kV (NanoZ, Neuralynx). A nonmovable LFP electrode was
separately implanted in CA1 at �3.8 mm AP from bregma and �2.5
mm ML from the midline, and then lowered to 2 mm from dura (see
Fig. 1c). Microdrives were secured to the skull with jewelers’ screws and
dental cement, and a ground wire was secured to an additional screw
placed above the right hemisphere. Postsurgery rats received a secondary
dose of Amphoprim immediately on waking, and then an additional
dose of carprofen 24 h later. Rats were provided with ad libitum food
and water after surgery and were given 8 d to recover.

Experimental procedure and electrophysiological recordings.
Following recovery, rats were again food deprived to no less than 85% of
their free-feeding weight. Postoperative training and test trials were
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Figure 1. Methodological details and verification of electrode placement. a, Diagram of the rectangular track. Rats were pretrained to run in a clockwise direction for a food reward delivered
at the center of the bottom arm (marked with the red X). b, Tetrode placement in the LS (highlighted in yellow). Thick black line indicates the tetrode bundles. Dashed purple lines indicate
the initial depth of electrode placement during surgery. Red lines indicate the range of target location through the rostral LS over the course of the experiment. LV, Lateral ventricle; LSd,
Lateral septum dorsal; LSr, Lateral septum rostral; LSv, Lateral septum ventral; Ld, Lambdoid septal zone; MS, Medial septum. c, Diagram of the hippocampus showing the target area for LFP
surgical implantation, and an example photograph of histology demonstrating electrode placement in the pyramidal cell layer of CA1. d, Cluster cutting examples for CTL cells (blue) and MIA
(yellow). These examples show some of the different spike widths and interspike interval histogram profiles observed in the LS. The top CTL example is similar to a canonical place field, while
the second CTL cell has a similar waveform, but the histogram profile shows a more continuous spiking pattern across time. The first MIA example shows a cell with a narrower waveform and
a delayed spiking profile, whereas the final example shows a broader waveform, similar to a hippocampal place cell, but the spiking profile is more reminiscent of an interneuron. These
spiking profiles were common across both groups and were chosen to demonstrate the range of different spiking profiles observed rather than systematic group differences. e, Schematic
of final tetrode location in the LS for CTL animals at the termination of the experiment. Modified stereotaxic image taken from Paxinos and Watson (2006). Percentages refer to the pro-
portion of phase coding cells calculated individually for each animal, with phase coding cells defined as cells with a significant (,0.05) circular-linear correlation of phase and position.
Faded red areas represent regions where ,20% of all recorded cells demonstrated evidence of significant phase precession. Faded yellow represents regions where proportions fell
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conducted in the recording room. Rats were attached to a multichannel
data acquisition system (DacqUSB; Axona), and single-unit data were
closely monitored during test trials, which consisted of a 5-10min re-
cording session. Extracellular unit activity was first passed through an
AC-coupled unity gain amplifier before passing through to the recording
system. Single-unit data were bandpass filtered between 600 and
6000Hz, and sampled at a rate of 48 kHz with 24-bit resolution. For
each tetrode, one electrode with minimal spiking activity was selected as
a reference. Action potential thresholds were set at a minimum of 70-
80mV and recorded for a 1ms window whenever the spiking amplitude
was above this threshold. All spike events were time-stamped relative to
the beginning of the recording. LFP data were simultaneously recorded
from the CA1 region, bandpass filtered up to 500Hz (with notch filter-
ing selective for activity at 50Hz) with a gain of ;500, and sampled at
48 kHz. The animal’s location was determined from three infrared LEDs
mounted on the animal’s head-stage and recorded by a camera located
above the chamber. Positional data were analyzed with a sampling rate
of 50Hz and then converted into x and y coordinates by the recording
system.

During the test period, tetrodes were slowly lowered (;40 mm per
day) until well-isolated single units were identified. Once single-unit ac-
tivity was confirmed, tetrodes were lowered an additional ;40 mm after
every second recording for the remainder of the experimental procedure.
Experimental recordings were 20min long, and testing continued for
;3-8weeks, until there was no further evidence of single-unit activity,
manual adjustment had reached its limit, or the rat experienced other
difficulties that terminated the experiment. Final electrode placements
are shown in Figure 1e, f. Rats ran no more than one session per day, for
;60-80 laps per session. Single-unit, position, and LFP data were saved
for later analysis. All recordings with at least 1 putative place cell were
included in the final dataset.

Isolation of single units. For each recording, single units were identi-
fied manually offline using purpose-designed cluster-cutting software
(Plexon Offline Sorter, version 3), primarily via the peak-to-valley dis-
tance and principal components analysis of the waveforms. All stable
waveforms with clearly observed spike clustering were included in the
initial analysis, regardless of spike-width or firing rate. Example wave-
forms and cluster cutting from both CTL and MIA recordings are pre-
sented in Figure 1d. Sorted data were then exported to MATLAB
(version R2019a, The MathWorks), and analysis of single-unit, position,
and LFP data was conducted in MATLAB with custom-written scripts.

Selection of firing onset location and phase precession analysis. Initial
inspection of firing properties around the track indicated that, although
some cells only fired in a portion of the track, the majority of cells fired
indiscriminately across the entire track. Where it did occur, the onset
location of firing also appeared to vary from cell to cell, and could appear
at any point along the track. Because of this variability and lack of clear
place fields, manual selection of firing starting location and termination
was used for phase precession analysis. To these ends, all cell recordings
were split into groups of ;20 cells and assigned a blinded identifier
to ensure experimenter bias was minimized during the manual
selection process. These blind groups were then analyzed with a cus-
tom MATLAB script that first linearized the track, and then allowed
the experimenter to select the start and end locations of firing across
2 cycles of the track. For cells that only fired across a portion of the
track, firing onset and offset locations were always selected as the
locations where robust firing began and ended in a clockwise direc-
tion, respectively. For cells that fired indiscriminately across the
entire track, the start location was selected on the basis of the fol-
lowing criteria, in order: (1) a small pause in the firing, (2) the loca-
tion where clear phase precession could be observed to begin

relative to random noise, and (3) if no clear firing pauses or phase
precession relative to noise were observed, then the analysis region
was always started just after the reward location, and ended just
before the reward location.

Data analysis. LFP activity recorded from electrode located in CA1
was sampled at 4800Hz. To determine theta waveform shape, the LFP
was bandpass filtered between 6 and 10 Hz and a phase profile was
determined using the Hilbert transform. A sample waveform of 200ms
duration was subsequently captured whenever the phase data indicated a
trough had been reached. These samples were then averaged, as were the
related phase profiles.

Spatial information values, a measure of how informative a spike
from a cell is regarding the animal’s current location within an environ-
ment, were calculated according to the method described by Skaggs et al.
(1993). The formula for information content, measured in bits per spike,
is as follows:

Information ¼
XN

i¼1

pi
l i

l
log 2

l i

l

where the environment is divided into N distinct bins (i=1, ..., N), pI
denotes the occupancy probability of bin i, l i is the mean firing rate for
bin i, and l is the overall mean firing rate of the cell. Higher information
values indicate that cells provide a more reliable prediction of current
location than cells with lower information values.

Correlations of hippocampal theta frequency and speed were gener-
ated for each recording that showed evidence of single-unit activity in
the LS. This process involved estimating instantaneous values for theta
frequency from the Hilbert transform of LFP filtered between 6 and
10Hz. Estimates of instantaneous speed were determined by monitoring
the animals’ change in position over 500ms time windows. Speed and
theta frequency data were then sampled at 1 s intervals and correlated.
Samples where speed was,5 cm/s were excluded from the analysis.

For all phase precession analyses, the phase reference was always to
the LFP signal recorded from the nonmovable electrode implanted in
CA1, where a phase of zero corresponded to the trough of the oscillation.
Phase precession was determined by matching the animal’s position to
the instantaneous phase of the 6-10Hz theta rhythm at the CA1 refer-
ence, as determined from the Hilbert transform. These data were then
analyzed using procedures described previously (Kempter et al., 2012;
Speers et al., 2021). This involves using circular-linear regression to pro-
vide a robust estimate of the slope and phase offset of the regression line,
and a correlation coefficient for circular-linear data analogous to the
Pearson product-moment correlation coefficient for linear-linear data.
Phase precession analysis was conducted by pooling spiking data from
all passes through the ROI within a given recording session. The number
of phase cycles per track was calculated as the absolute value of the slope
(in degrees per millimeter) multiplied by the length of the full track, and
then divided by 360. LS phase precession as described by Tingley and
Buzsáki (2018) would generally produce a value of;1.

Correlations of firing rate and either speed or acceleration were
based on the process outlined by Wirtshafter and Wilson (2019). For
this analysis, position was sampled every 100ms to estimate instantane-
ous speed. These data were then smoothed across a 500ms window. The
animals’ occupancy per speed within 2 cm/s bins was then established,
and then spike count as a function of speed was determined. Spike count
per speed was then divided by speed occupancy to result in firing rate as
a function of speed for each cell of interest. Speeds with,2% of total oc-
cupancy were excluded from the analysis. The correlation between
speed and firing rate was assessed using a linear regression. Correlations
with acceleration were determined similarly, except that a bin size of
0.5 cm/s2 was used.

To allow between-animal comparison of phase trajectories across the
track, it was first necessary that any phase shift that might have resulted
from variation in the depth of the hippocampal electrode was mini-
mized. To this end, the phase relationship between theta activity
recorded at the movable LS electrode was compared with that recorded
at the fixed hippocampal electrode using cross-correlation of LFP data

/

between 21% and 40%. Bottom, Example images of tetrode placement in the rostral LS.
The second example shows the final electrode placement of the excluded cell in the MS
(marked with a cross). Additional inspection of firing rates of the excluded cell compared
with all other cells demonstrated that they were atypical (bottom right). f, Same as in e,
but for MIA cells. ***p, 0.001.
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filtered between 6 and 10 Hz. It was determined that phase shifted sys-
tematically as the LS electrode was lowered, but for some animals this
phase/depth relationship was offset at equivalent LS electrode depths.
This indicated that the depth of the reference hippocampal electrode was
different between animals, as theta phase varies depending on electrode
position above and below the CA1 cell layer (Buzsáki et al., 1985;
Branka�ck et al., 1993; Lubenov and Siapas, 2009). With this information,
theta-frequency LFP phase difference between the two electrodes was
normalized to zero when LS electrodes were 4.5 mm deep from the dura
(see Fig. 6b). All normalized phase trajectories were projected both for-
ward and backward across the full extent of the linearized track. To
determine whether there was any tendency for phase trajectories to
intersect at a particular location along the track, the phase angle of each
phase trajectory was determined in 1 cm increments along the track. A
population vector was then calculated for each location for all intercept-
ing phase trajectories. The subsequent population vector could vary
from zero, indicating no clustering of phase trajectories at this location,
to one, which would indicate that all phase trajectories intersected at one
phase angle at that location.

To determine whether LS cells tended to fire in bursts at near-theta
frequencies, an autocorrelation of cell spiking with a 6500ms window
was conducted across each recording. The dominant frequency between
6 and 10Hz was determined from the power spectrum of the autocorre-
lation function.

Histology. Following completion of experiments, animals were anes-
thetized with 5% isoflurane in oxygen, and a 2mA direct current was
passed through each electrode for;1 s to lesion the site of the electrode
tip. Rats were then killed with an overdose of isoflurane and transcar-
dially perfused, first with 120 ml of 0.9% saline and then 120 ml of 10%
formalin in saline. Brains were then carefully extracted from the skull af-
ter removal of the Microdrive, and stored in 10% formalin in saline. One
week before sectioning, brains were transferred first to 10% formalin
in H2O for 24 h, and then to a 10% formalin/30% sucrose solution for
;3-7 d, until the brain sunk to the bottom of the sucrose solution.
Dehydrated brains were then sectioned into 60mm coronal slices with a
cryostat (Leica, CM1950). Sections were then mounted on slides and
stained with a thionine acetate Nissl stain (Santa Cruz Biotechnology).
After slides were dry (minimum 24 h), electrode placement was imaged
with a local power (1.5�) digital microscope (Leica Biosystems) to verify
electrode placement (see Fig. 1e,f).

Statistical analyses. For all statistical analyses, we performed the fol-
lowing procedure. First, raw data were transformed to a log-normal dis-
tribution if appropriate. All data (either in raw form or the log-
transform) were then checked for assumptions of normality. These
checks were performed in GraphPad Prism 8.1.1 (GraphPad Software),
using the d’Agostino & Pearson test for normality. If data did not meet
the assumptions for normality based on the d’Agostino & Pearson test,
visual inspection of histograms and QQ plots was performed, and
extreme outliers were removed using the GraphPad function for removal
of outliers. All data that failed to meet assumptions of normality based
on this procedure were then analyzed using the appropriate nonpara-
metric test. Details about the specific tests used are provided in Results.
All t tests were two-tailed. Data with a normal distribution are presented
as mean 6 SEM unless explicitly stated otherwise in the figure legends.
For all data that did not meet normality assumptions, the median with
95% CIs is depicted instead. Significance levels were defined as p, 0.05.

Additional circular statistics (to compare group differences in
the intercept of the circular correlation of phase and position, and
to generate the mean vector length (MVL) for animal by animal
and litter by litter analyses) were performed in Oriana 4 (Kovach
Computing Services). Group differences for angular variance
(defined as 1 – MVL) were performed using the variance ratio F
test, found at https://www.statskingdom.com/220VarF2.html.

Results
Tetrode verification in the rostral LS
Single units were recorded from 8 animals (7 litters) in both the
CTL and MIA groups, respectively. However, 1 CTL animal was

later excluded from further analyses because of electrode mis-
placement in the medial septum (Fig. 1e). This decision was
made not only based on tetrode placement close to the MS, but
also following inspection of other firing properties suggesting
that cells recorded from this animal were atypical. For example,
cells recorded from this animal had a significantly higher firing
rate compared with the average firing rate of all other cells (Fig.
1e, bottom right corner), and inspection of phase precession
plots showed that these cells were tightly coupled to specific
phases of the LFP theta rhythm, consistent with the firing prop-
erties of GABAergic medial septal neurons (Borhegyi et al.,
2004). After excluding this animal, a total of 144 units from 7
CTL animals (6 litters) and 362 units from 8 MIA (7 litters) were
used for all subsequent analyses. All animals were age-matched,
except for one pair, in which the CTL animal was 7 months and
the corresponding MIA animal was 12 months, and 1 nonpaired
MIA animal (12months). All ages refer to animal age during exper-
imental recordings, and ranged from 4 to 14months. There was no
difference in the mean ages between groups (CTL=10.436 1.49,
MIA=11.256 1.13, t(13) =0.45, p=0.664).

Basic firing properties of LS cells, mean locomotor speed,
and comparison of hippocampal theta properties
The median firing rate for all LS cells was 0.44Hz, 95% CI [0.35,
0.51]. The median log-transformed firing rate was significantly
higher for cells in the MIA group (�0.25, 95% CI [�0.34, �0.11]
than in the CTL group (�0.71, 95% CI [�0.80, �0.59], Mann–
Whitney U = 16,638, p, 0.001; Fig. 2a). Visual inspection of the
distribution of firing rates around the track indicated that activity
was distributed relatively diffusely across the track for both
groups. In support of this observation, the spatial information
content measure for all cells was low (median= 0.69 bits/spike,
95% CI [0.59, 0.77]). It was, however, significantly lower for cells
in the MIA group (median= 0.59, 95% CI [0.51, 0.71] compared
with cells in the CTL group (median= 0.82, 95% CI [0.71, 0.96],
Mann–Whitney U= 22,555, p=0.007; Fig. 2b). In a further quan-
tification of spatial firing, we identified the subset of cells where
the contiguous region of firing (as selected by the firing onset
and offset locations) was less than half the track length (,150
cm), and where the spatial information content was .0.8 bits/
spike (Wirtshafter and Wilson, 2019). Only 4.7% and 5.8% of
cells in the CTL and MIA groups, respectively, met these criteria,
confirming that spatially selective activity was rare for both
groups. There was no significant difference in these proportions
between groups (x 2

(1) = 0.54, p=0.46).
The mean theta-frequency LFP amplitude recorded from

electrodes located in the CA1 region was significantly higher
in the CTL group (M (log-transformed) = 3.176 0.03, MIA
mean =3.076 0.02, t(286) = 2.66, p = 0.008; Fig. 2d). The mean
frequency of theta-band CTL LFP recordings (mean =
7.926 0.02 Hz) was also significantly higher than in MIA
recordings (mean = 7.726 0.02 Hz, t(286) = 7.0, p, 0.001; Fig.
2f), although the phase profile was virtually identical for both
groups (Fig. 2h).

Mean running speed was significantly lower in the MIA group
(29.616 0.50 cm/s) than for the CTL group (mean = 31.426 0.57
cm/s, t(279) =2.35, p=0.02; Fig. 2c). To determine whether this
affected the theta-locomotion relationship (Bender et al., 2015), we
sampled hippocampal theta frequency and speed values once every
second and computed the correlation between these values for each
individual recording. A comparison of the resultant r values
revealed that the median r value was slightly lower in the CTL
group (median=0.35, 95% CI [0.30, 0.39]) compared with the MIA
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group (median=0.39, 95% CI [0.34, 0.24], but the difference was
not significantly different (Mann–Whitney U=8482, p=0.059),
although only marginally. There were no significant differen-
ces for either the slope of these correlations (CTL mean =
6.976 0.38, MIA mean =7.366 0.31, t(284) = 0.80, p = 0.426),
or the intercept (CTL mean = �37.126 3.02, MIA mean =
�39.866 2.49, t(284) = 0.7, p = 0.485).

LS cells in the MIA group continue to demonstrate robust
phase precession but are more likely to precess through
multiple theta cycles across the running track
In total, 34.03% of all cells in the CTL group and 30.12% of all
cells in the MIA group showed evidence of significant phase pre-
cession (see Fig. 4a). This difference was not statistically significant
(x 2

(1) = 0.74, p=0.391). Examples are provided in Figure 3a (CTL)
and Figure 3b (MIA). The circular-linear correlation of phase
and position, as calculated across all cells, was significantly higher
in the CTL group (median = �0.07, 95% CI [�0.08, �0.05], MIA

median = �0.03, 95% CI [�0.04, �0.02], Mann–Whitney U=
21,292, p=0.001), although the p values of those correlations were
not different between groups (CTL median=0.162, 95% CI
[0.109, 0.269], MIA median=0.244, 95% CI [0.191, 0.313], Mann–
Whitney U=25,017, p=0.481). The same analyses were then per-
formed on the subset of cells showing significant phase precession.
The difference between the circular-linear correlations for this
subset was nonsignificant, although the result was marginal (CTL
mean r = �0.146 0.02, MIA mean r = �0.106 0.01, t(156) = 1.94,
p=0.054; Fig. 4b). A similar, marginal result was obtained for the
p value of the circular-linear correlation (CTL median=0.004,
95% CI [0.001, 0.012], MIA median=0.001, 95% CI [,0.001,
0.003], Mann–WhitneyU=2155, p=0.052; Fig. 4c).

Visual comparison of phase precession trajectories across the
track indicated that many cells in the MIA group precessed
through several theta cycles over the circuit (Fig. 3b). By compar-
ison, this firing behavior was observed in few cells from the CTL
group. Furthermore, when firing in MIA animals was analyzed

Figure 2. Basic firing properties of LS cells, mean locomotor speed, and comparison of hippocampal theta properties. a, Median firing rate of LS cells across the entire track. b, Information
content of LS cells, measured in bits/spike. Error bar indicates median values. c, Mean locomotor speed as animals traversed the rectangular track. Error bars indicate mean and SEM. d, EEG am-
plitude of CA1 LFP recordings. Error bars indicate mean and SEM. e, Examples of filtered and raw EEG recordings for both groups. f, Violin plots of theta frequency in Hz. g, Average wave form
shape of CA1 LFP oscillations in the theta band. Lighter color represents SE. h, Average phase profile of the theta waveform, from the Hilbert transform. i, Comparison of median r values for
the theta frequency/speed correlations generated for each individual recording. **p, 0.01. ***p, 0.001.
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on a pass by pass basis, there were a number of examples
where firing cycled through .360 degrees, indicating that the
multiple-cycle precession was not simply a cumulative effect
produced by variation on individual passes (Schmidt et al.,
2009). Analysis of the slope values obtained from the circular-
linear fit from all cells revealed that MIA group cells had a sig-
nificantly steeper slope compared with CTL group cells (CTL
median = �352 deg/mm, 95% CI [�435.7, �188.3], MIA me-
dian = �522.2 deg/mm, 95% CI [�623.2, �468.1], Mann–
Whitney U = 20,158, p , 0.001; Fig. 4d, left). A similar result
was obtained for the subset of cells demonstrating significant
phase precession (CTL median = �173.8 deg/mm, 95% CI
[�351, �122], MIA median = �526.4 deg/mm, 95% CI [�700,
�424.9], Mann–Whitney U = 1536, p , 0.001; Fig. 4d, right).
The length of track over which these slope values were calcu-
lated was not significantly different between groups (CTL
median = 2662 mm, 95% CI [2523, 2871], MIA median = 2585
mm, 95% CI [2468, 2815], Mann–Whitney U = 2523, p =
0.581). By combining these slope values and the length of the

track over which they were calculated, it was possible to deter-
mine the number of phase precession cycles that would occur
across the entire track length, were precession to continue
across the whole region. For cells that demonstrated signifi-
cant phase precession, the median number of phase precession
cycles in the CTL group was 0.79. This was significantly lower
than the median number of cycles in the MIA group (1.89
cycles, Mann–Whitney U = 1562, p, 0.001; Fig. 4e).

To confirm that these slope differences were not a result of
aberrant recordings from a small proportion of MIA animals,
mean values were also computed for each individual animal and
then compared across groups. For this analysis, only cells that
demonstrated significant phase precession were analyzed.
Comparison of slope values on an animal by animal basis
showed that MIA slope values were significantly steeper than
CTL slope values (CTL mean = �325.66 50.28 deg/mm, MIA
mean =�534.26 69.81 deg/mm, t(13) = 2.36, p=0.035; Fig. 4f).

Dual oscillator theories of phase precession suggest that a
change in the slope of precession in MIA animals might result

Figure 3. Comparison of LS phase precession between CTL and MIA animals. a, Example plots of phase precession in CTL cells. These examples were chosen to demonstrate a range of phase
precession (PP) variability, and each example cell is taken from a different animal. For each example cell, the figure on the left displays PP as a function of color around the track. Dark blue rep-
resents 0°. Red represents 360°. Right, Corresponding PP plots after linearization of the track for selected segments. Red lines indicate the regression slope. In all plots, phase is repeated across
2 cycles for clarity. In the CTL group, example cell 1 demonstrates both spatially selective firing around half of the track in addition to robust PP. Example cell 2 demonstrates robust phase pre-
cession across the majority of the track, with PP around 1 full cycle. Example cell 3 demonstrates robust PP through the reward area. Example cell 4 demonstrates a shallow PP slope and sparse
firing outside the reward area. b, Same as in a, but for example MIA cells. Example cell 1 demonstrates robust PP that approaches a full cycle. Example cell 2 demonstrates robust PP across
the entire track, in which PP appears to reset at the top left-hand corner. Example cell 3 demonstrates robust PP through multiple cycles across the track. Example cell 4 demonstrates robust
PP that precesses through two distinct cycles.
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from an alteration in the theta-frequency/cell-burst-firing-fre-
quency relationship (O’Keefe and Recce, 1993; Kamondi et al.,
1998; Magee, 2001; Mehta et al., 2002). To test this hypothesis,
the burst firing frequency of single cells was calculated. For both
MIA and CTL groups, mean burst firing frequency was slightly
higher than theta frequency, but there was no significant differ-
ence in cell-burst frequency between the two groups (CTL
median= 8.3Hz, 95% CI [8.06, 8.55], MIA median= 8.06Hz,
95% CI [8.06, 8.06], Mann–Whitney U = 11,452, p= 0.658; Fig.
4h). As described previously, theta frequency was significantly
lower in MIA animals. As an approximation of how this difference
might affect precession, for controls the theta/burst relationship
would result in cell firing precessing through a full 360 degrees in
;3 s. In contrast, in MIA animals, this precession would occur in
;2.3 s. Thus, based on this difference, MIA would precess ;30%
faster than control animals. This contrasts with the actual difference
in precession cycles around the track, which is closer to a twofold
difference betweenMIA and controls (Fig. 4e).

Starting phase is more variable for MIA cells compared with
CTL cells
To determine the phase of cell firing as an animal enters the anal-
ysis region, the intercept of the regression line for the circular
linear correlation was examined. Only cells that demonstrated
significant phase precession were included in this analysis. LS
cells in both the CTL and MIA groups demonstrated significant
clustering at a mean phase angle of 314.83° (CTL Raleigh
Z= 15.78, p, 0.001) and 288.96° (MIA Raleigh Z=12.36, p,
0.001), around the starting phase. The circular variance of start-
ing phase for MIA group cells was, however, significantly greater
than for CTL group cells (CTL=0.43, MIA= 0.66, F= 0.43,
p= 0.001; Fig. 4i). The Mardia-Watson Wheeler test, which con-
siders group differences in both the mean and variance for circu-
lar data, also returned a significant result (W=8.99, p= 0.011).
As a further test, the circular distance from the mean angle was
computed for each cell and then compared across groups. Again,
MIA group cells had a significantly higher median distance from

Figure 4. LS cells in the MIA group are more likely to precess across multiple theta cycles. a, Proportion of LS cells with statistically significant (p, 0.05) phase precession for each group.
b, Mean r values of the circular correlation of phase and position for both groups. Error bars indicate SEM. c, p values of the circular linear correlation shown in b. d, Slope values (deg/mm) for
all cells (right), and for a subset of cells demonstrating significant phase precession (left). Black lines indicate median values. e, Phase cycles across the full track. Error bars indicate median
with 95% CIs. f, Mean slope values of the circular-linear correlation on an animal by animal basis. Error bars indicate SEM. g, Log-transformed firing rates of the subset of cells demonstrating
significant phase precession. Error bars indicate mean and SEM. h, Theta burst frequency of single units. i, Circular histograms of intercept values for both groups, demonstrating greater vari-
ability of phase precession starting phase in the MIA group. Between-group differences are based on the variance ratio F test. Red bars represent the mean angle with 95% CIs. **p, 0.01.
***p, 0.001.
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the mean angle compared with CTL group cells (Mann–Whitney
U=1996, p= 0.011), indicating that precession starting phase
was more variable in the MIA group.

Lead/lag times between the hippocampus and LS vary
systematically according to electrode depth
Previous studies indicate that the firing phase of LS cells
changes systematically according to electrode depth (Tingley
and Buzsáki, 2018). To examine this possibility, a lead/lag
analysis was performed for each recording to determine the
phase shift of LS LFPs when referenced to the nonmovable
hippocampal electrode. These results were then correlated
with LS electrode depth on an animal by animal basis (Fig.
5a). In the majority of animals, the LS was more likely to lead

the hippocampus at shallow depths, but as electrode depth
increased, the hippocampus was more likely to lead the LS.
However, this relationship was not always observed in the
MIA group, with 3 animals showing the opposite relation-
ship. A t test of the regression slopes of the depth/phase rela-
tionship indicated that mean slopes were more positive in
the CTL group (mean = 35.376 6.0 compared with the MIA
group: mean = 8.826 9.72, t(13) – 2.24, p = 0.043). Inspection
of the individual animal phase and LS electrode depth rela-
tionship suggested that a number of animals (across both
groups) had greater hippocampal lead relative to depth (Fig.
5a). This was most likely because of variability in hippocam-
pal electrode depth (Buzsáki et al., 1985; Branka�ck et al.,
1993; Lubenov and Siapas, 2009). To correct for this in

Figure 5. Relationship between firing phase and reward. a, Correlations of LS electrode depth and lead/lag of LFPs recorded simultaneously from CA1 and the LS. Each animal is shown in a
different color. Negative values indicate that the LS is leading CA1, and positive values indicate that CA1 is leading the LS. b, Example of phase correction shift. c, Phase trajectories of each pre-
cessing LS CTL group cell (as in Fig. 3a). Each trajectory is plotted onto one diagram where x axis is linearized track. Vertical lines indicate corners. Triangle represents reward location. Note
how many tracks seem to pass through phase/location point at;180° phase at the reward location. d, Clustering of phase trajectories in the CTL group (from data in c), measured as MVL (y
axis), across the track (x axis). MVL can vary from 0 (no clustering) to 1 (tight clustering or focus). Control trajectories show greatest clustering (phase focus) at the reward location (triangle). e,
Circular histogram of corrected phase angle (as shown in shown in c) when measured at the reward location. f, Phase trajectory of each MIA group cell (as in Fig. 3b). There is no clear cluster-
ing of phase trajectories around the reward location. g, Same as in d, but for the MIA group. In contrast to the CTL group, MIA trajectories show much less clustering, with very little clustering
at the reward location and less differentiation across the track. h, Same as in e, but for MIA phase angles. ***p, 0.001.
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further analyses, the phase of all recordings was shifted, on a
whole-animal basis, to align with a reference where zero phase
shift occurred at an electrode depth of 4500 mm (Fig. 5b).

Relationship between firing phase and reward location
In prior analyses, LS cell phase precession had been examined
across sections of the track where firing occurred. As a result,
data from different cells were often from different (although of-
ten overlapping) regions of the track. To examine how the phase
trajectories of individual cells (the best fit to the firing phase-
position data) would appear if precession was assumed to con-
tinue from the start of the linearized track to the end, these phase
trajectories were normalized for differences in lead/lag likely
resulting from variation in hippocampal electrode position as
described above, and then extended in each direction so as to
cover the whole track (Fig. 5c,f). Inspection of these plots for
CTL group cells indicated that a large number of these individual
phase trajectories tended to intersect near the location on the
track where the reward was delivered. To quantify this effect,
each trajectory was allocated a phase angle at each location on
the track, based on the phase of firing at this location. Then for
each location on the track the average phase angle and MVL
across the whole population of trajectories was determined. This
procedure was repeated at 1 cm increments along the whole
track. The MVL thus provided a measure of the degree of inter-
section of the phase trajectories at each location, which could
vary from zero, indicating no clustering of phase trajectories at
that location, to one, which would indicate that all phase trajecto-
ries intersected at that location. These resultant data indicated
that CTL group MVL was highest (0.50) at the reward location
(Fig. 5d). At the location with the highest MVL, CTL group
phase angles were significantly clustered with a mean phase angle
of 200.06° (Rayleigh Z= 11.78, p, 0.001; Fig. 6e). When the
same analysis was applied to the MIA data, phase trajectories
were overall less convergent (maximum MVL=0.24) with great-
est convergence occurring well before the reward location (Fig.
5g). At the reward location, there was little evidence of conver-
gence in MIA trajectories (MVL=0.08; mean angle of 236.29°,
Raleigh Z= 0.699, p= 0.497; Fig. 5h). A Mardia-Watson-Wheeler
test revealed significantly greater clustering at the reward loca-
tion in the CTL compared with the MIA groups (MWW= 12.92,
p=0.002).

Firing rates of a substantial subset of cells located in the
rostral LS are significantly correlated with speed for both
groups, but positive correlations were significantly more
frequent in the MIA group
Recent work has demonstrated that the dorsal LS contains a pop-
ulation of cells for which firing rate has a strong linear relation-
ship with either speed or acceleration (Wirtshafter and Wilson,
2019; Howe and Blair, 2020). To examine whether cells located
in the rostral LS are also modulated by speed, we computed
Pearson correlations of speed and firing rate for each cell (exam-
ple correlations are provided in Fig. 6a). In total, just over 30%
of all CTL group cells had firing rates that were significantly cor-
related with speed, in contrast to almost 45% of all MIA
group cells. These proportions were significantly different
(x 2

(1) = 8.6, p = 0.003). From these significant subsets, 45%
of all cells in the CTL group and 59% of cells in the MIA
group had firing that was positively correlated with speed
(Fig. 6b). Again, these proportions were significantly differ-
ent between groups (x 2

(2) = 10.61, p = 0.005). When the
absolute median r values generated by these correlations

were compared across the entire dataset, they were also sig-
nificantly higher in the MIA group (CTL median = 0.41,
95% CI [0.31, 0.51], MIA median = 0.56, 95% CI [0.51,
0.60], Mann–Whitney U = 20,426, p , 0.001: Fig. 6c). The
median r values were also compared separately according to
the direction of these correlations for those data where sig-
nificant correlations between firing rate and speed were
observed. Results from this reduced data subset showed that
there were no group differences for the median r values for
either positive correlations (CTL median = 0.77, 95% CI
[0.69, 0.88], MIA median = 0.81, 95% CI [0.78, 0.85], Mann–
Whitney U = 861, p = 0.517) or negative correlations (CTL
median = �0.75, 95% CI [�0.80, �0.70], MIA median =
�0.79, 95% CI [�0.81, �0.74], Mann–Whitney U = 674,
p = 0.245, Fig. 6c).

To test the possibility that spatial and locomotor information
map onto distinct cell populations, the group of cells demon-
strating significant phase precession (“phase coding cells”) was
compared with the group of cells that had firing rates signifi-
cantly correlated with speed (“speed modulated cells”) to deter-
mine whether there was any overlap. Of the 49 phase coding cells
in the CTL group, 18 were also speed modulated cells, including
12 cells with a positive speed correlation. In total, only 24% of all
CTL group cells that had either phase coding or speed modulated
properties were involved in both these processes simultaneously.
In the MIA group, 59 of 109 phase coding cells were also classed
as speed modulated cells, including 43 cells with positive speed
correlations (Fig. 6d). In total, this amounted to 28% of cells with
overlapping coding properties. These proportions were not sig-
nificantly different between groups (x 2

(1) = 0.41, p= 0.52).
The firing of a relatively small proportion of cells was modu-

lated by the animal’s acceleration. In total, 8% of CTL group cells
and 9% of MIA group cells displayed a significant correlation with
either acceleration or deceleration (Fig. 6e). These proportions were
not significantly different between groups (x 2

(2) = 1.57, p=0.456).
The difference between the absolute r values was also not significant
for either acceleration (CTL median=0.25, 95% CI [0.17, 0.29],
MIA median=0.24, 95% CI [0.19, 0.28], Mann–Whitney U=
14,400, p=0.657) or deceleration (CTL median=0.23, 95% CI
[0.21, 0.27], MIA median=0.22, 95% CI [0.20, 0.26], Mann–
Whitney U=24,385, p=0.673; Fig. 6e), and similar results were
obtained when only those cells with significant correlations were
included in the analysis (for acceleration, CTL mean =0.676 0.03,
MIA mean =0.746 0.05, t(18) =1.07, p=0.299; for deceleration,
CTL mean =0.646 0.05, MIA mean =0.666 0.04, t(20) =0.21,
p=0.834).

Discussion
We investigated whether MIA altered neuronal coding of loca-
tion in the rostral LS, a region that is likely to provide an impor-
tant link between location coding mechanisms and reward
systems (Luo et al., 2011; Bender et al., 2015; Wirtshafter and
Wilson, 2019, 2020, 2021). Most cells fired indiscriminately
across the majority of the track, with only a small proportion of
cells (;5%) in both the CTL and MIA groups showing evidence
of spatially selective firing reminiscent of place cells. This is con-
sistent with previous reports that sampled cells from the rostral
LS (Tingley and Buzsáki, 2018) and contrasts with prior studies
targeting the dorsal LS, where LS “place fields” (Takamura et al.,
2006; Wirtshafter and Wilson, 2020) have been described. These
data therefore provide corroborating evidence that the rate cod-
ing of location varies across LS subregions.

4196 • J. Neurosci., May 18, 2022 • 42(20):4187–4201 Speers et al. · Aberrant Phase Precession of Lateral Septal Cells



Approximately one-third of all LS cells displayed evidence of
significant phase coding of location across both groups. This is
considerably less than the 89% of cells reported to display phase
coding in the Tingley and Buzsáki (2018) study. It should be
noted, however, that they used different criteria to determine
whether cells showed evidence of phase coding, and our method-
ology is likely more conservative. During phase coding in CTL
cells, the phase of firing typically precessed across a single theta
cycle as animals navigated the full length of the track (Tingley
and Buzsáki, 2018). In contrast, although the MIA manipulation
did not compromise the ability of LS cells to precess, there was a
significantly steeper slope of precession. In many cells, this
resulted in phase precession that circulated through several 360-
degree cycles as the animal traversed the track. Phase precession

in excess of a single theta cycle has not generally been observed
in previous studies of the phenomenon (O’Keefe and Recce,
1993; Skaggs et al., 1996; Kamondi et al., 1998; Ekstrom et al.,
2001; Huxter et al., 2003; Terrazas et al., 2005; Dragoi and
Buzsáki, 2006; Maurer et al., 2006; Geisler et al., 2007; Kjelstrup
et al., 2008; Schmidt et al., 2009; Royer et al., 2010; Tingley and
Buzsáki, 2018). Instead, phase range has been shown to dynami-
cally shift according to either place field size or route familiarity
across a range of experimental paradigms so that that precession
remains restricted to 360 degrees across a place field (Ekstrom et
al., 2001; Terrazas et al., 2005; Kjelstrup et al., 2008; Royer et al.,
2010). It is possible that the multiple phase precession cycles
observed in the MIA group represent more discrete “place fields”
that are entirely decoupled from firing rate, with discrete “fields”

Figure 6. Evidence of speed modulated cells in the rostral LS. a, Example plots demonstrating robust correlations of firing rate and speed for both groups (first 3 examples in each row). The
final example in each row shows firing rates that were correlated with acceleration rather than speed. These examples were chosen to demonstrate both positive and negative correlations that
were typically observed across both groups. b, Proportion of cells with significant correlations of firing rate and speed. Significance level for the linear correlation was set at 0.05. sig. 1,
Significant positive correlations; sig. -, negative correlations. c, Violin plots of the absolute r value of the firing rate/speed correlation for the entire dataset (left column). Median r values for
the linear correlation of firing rate and speed when only those cells with a significant firing rate/speed correlation were included are shown on the right. Error bars include 95% CIs. d, Same as
in b, but including cells with significant phase precession to demonstrate overlapping cell properties. e, Same as in c, but for acceleration (1) and deceleration (–). Error bars indicate mean
and SEM. **p,0.01, ***p, 0.001.
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anchored to salient features of the animal’s current environment
or specific task demands (Maurer et al., 2006; Gupta et al., 2012).
In contrast, CTL animals may be more likely to collate these dis-
crete environmental “chunks” into a coherent whole as the ani-
mal becomes more familiar with a learned navigational route
(Fig. 7).

When CTL phase trajectories were projected across the
full length of the track, as a population they tended to con-
verge so that LS cells were firing at around the peak of theta
activity as recorded at the CA1 cell layer. This convergence
was maximal at the location of reward delivery. In contrast,
there was no evidence of phase trajectory convergence at
the reward region in MIA animals. The one previous paper
that has described and examined phase coding in the LS
concluded that the LS phase code was likely agnostic to
reward location; however, this analysis was not a major
focus of the paper, and some neurons were clearly linked to
local cues, such as the goal (Tingley and Buzsáki, 2018).
Our finding contributes to a growing body of evidence indi-
cating that the LS is involved in the integration of spatial
and reward information (Luo et al., 2011; Bender et al.,
2015; Wirtshafter and Wilson, 2019, 2020, 2021), and simi-
lar to phase precession in the ventral striatum, suggests that
firing phase in the LS may contain information about
reward proximity or salience (van der Meer and Redish,
2011). It should be noted, however, that we did not system-
atically manipulate reward location in our study, to isolate
it from other local cues. Further study would be required to
test this hypothesis.

If phase of firing signals reward location and distance to
reward, then we would predict that in the MIA animals the
association between reward and location is “smeared”

across the environment such that a far broader range of
stimuli and locations become associated with the reward.
Since the LS has direct connections to the VTA, this effect
may model, and potentially provide a mechanism for, some
of the changes observed in schizophrenia (Zhang et al.,
2022), in particular, altered motivational salience (Kapur,
2003), which occurs with dysregulated dopamine signals
and a tendency for individuals to mis-assign salience to the
elements of experience.

One of the most salient landmarks available to animals
in this study was the presence of corners, and it is interest-
ing to note that the limited phase trajectory convergence
that occurred in MIA animals may have been tied to the
corners of the apparatus (see Fig. 5g). Corners not only pro-
vide sensory information, but they require bidirectional
modifications of locomotor activity to navigate around
them. Approximately one-third of cells had significant cor-
relations of firing rate and speed, which is about half the
figure reported by Wirtshafter and Wilson (2019), but sub-
stantially more than that reported by Tingley and Buzsáki
(2018). The proportion of CTL group cells with firing rates
that were negatively correlated with speed was also just over
half of all significantly correlated cells, in contrast to only
approximately one-third in the Wirtshafter and Wilson
(2019) study, suggesting that cells located in the rostral LS
may be particularly important for monitoring speed during
tasks that involve bidirectional speed fluctuations. Animals
may have been able to move at a more constant speed in the
Tingley and Buzsáki (2018) because of the circular running
apparatus.

A previous study from our laboratory showed that MIA dis-
rupts theta sequences in the CA1 region of the hippocampus

Figure 7. Schematic of LS phase precession (PP) in CTL and MIA animals. In the CTL diagram, phase of LS cell firing (PP; coded by color) occurs across a single cycle as the
animal traverses a familiar route to a reward. In the top rectangle, the range of PP from the starting location (S) is determined by a salient external cue marking the end of
the route (white square), while other external cues (gray squares) and the reward itself (gray star) do not affect PP range. Alternatively, in the bottom example, PP range is
anchored to the reward (white R) itself, while external cues are irrelevant. In both cases, intact theta sequences (A-D) arriving from CA1 (and potentially CA3) are likely to
contribute to the emergence of single cycle PP in the LS and phase-coded information about the likelihood of rewards across the trajectory could be transmitted to subcorti-
cal regions, such as the VTA. In the MIA example, disordered theta sequences from CA1 (and potentially CA3) may contribute to PP in the LS that exceeds a single theta cycle
as the animal traverses a familiar route. The range of PP may be anchored to several salient cues across the trajectory (white squares), providing a more discretized represen-
tation of a navigational route compared with CTL animals. Alternatively, multiple cycle PP in MIA animals may reflect erroneous reward expectancies as the animal traverses
the route. As a result, information about incorrect reward expectancies (red arrows) may be transmitted to the VTA, which could contribute to abnormal dopamine signaling
in subcortical regions.
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(Speers et al., 2021). According to predictions of the dynamic
weighting model proposed by Tingley and Buzsáki (2018), dis-
rupted CA1 theta sequences should prevent LS phase precession.
However, in the current study, the proportion of cells showing
evidence of significant phase precession was not statistically dif-
ferent between groups. Together, these data suggest that the MIA
manipulation did not compromise the ability of LS to precess rel-
ative to the CA1 theta oscillation, suggesting that upstream dis-
ruptions of phase coding in the hippocampus do not abolish
phase coding in the LS. They may, however, interfere with how
spatial information is discretized relative to reward locations.
Additional studies will be required, however, to test whether the
MIA-induced changes in LS phase precession are a direct result
of disrupted theta sequences in the hippocampus, or are reflec-
tive of some other change.

It is unclear what mechanism(s) might account for the steeper
phase precession observed in MIA animals. Our results showed
that hippocampal theta frequency was significantly slower in
MIA animals, while at the same time the intrinsic burst fre-
quency of cells did not differ between groups, consistent with a
“detuned oscillator” (Drieu and Zugaro, 2019) explanation of the
increase in phase precession slope. The magnitude of change pre-
dicted by this model, did not, however, fully explain our observa-
tions. Alternatively, according to somato-dendritic interference
models (Drieu and Zugaro, 2019), an increase in the rate of exci-
tatory ramping onto LS neurons might produce the same effect,
although this ramping would have to be cyclic across the appara-
tus to produce the effect observed and would fail to produce pre-
cession of.180 degrees on a single pass.

These results provide further evidence that phase coding
may be disturbed following MIA (Speers et al., 2021), and
suggest a biophysical mechanism for impaired integration of
contextual and reward information, which may explain why
MIA animals display memory impairments when multisen-
sory integration is required (Howland et al., 2012; Ballendine
et al., 2015). Impaired spatial-reward integration could also
have profound downstream effects on motivation and dopa-
mine signaling, both of which are known to be impaired in
schizophrenia (Davis et al., 1991; Strauss et al., 2014).
Consistent with this idea, a recent study has demonstrated
that dysregulation of the CA1-LS pathway induces both do-
paminergic hyperactivity in the VTA and novelty-induced
hyper-locomotion that is schizophrenia-like, and that these
could be attenuated via inhibition of the LS (Zhang et al.,
2022). The apparent smearing of reward representations
across space, and potentially time, by LS cells is also likely to
compromise the development of conditioned place preferen-
ces (Cazala et al., 1988; Regier et al., 1990; Jiang et al., 2018).
It may also underlie MIA-induced changes in reward and
temporal processing (Deane et al., 2017; Millar et al., 2017).
The abnormal discretization of spatial representations could
also contribute to the impaired attentional filtering and aber-
rant salience that have been described in schizophrenia
(Kapur, 2003; Luck et al., 2019), and also in autism spectrum
disorder (Bodner et al., 2019), another MIA-associated neu-
rodevelopmental disorder (Haddad et al., 2020).
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