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Stereo olfaction underlies stable coding of
head direction in blind mice

Kadjita Asumbisa , Adrien Peyrache & Stuart Trenholm

Stereo olfaction, the difference in odor concentration between the two nos-
trils, has been shown to affect a variety of animal behaviors, including olfactory
search. However, it is unknown whether stereo olfaction can enable the for-
mation of allocentric spatial representations. Here, recording from head
direction (HD) cells in the anterior dorsal nucleus of the thalamus in blind
mice—a model system for studying olfaction-dependent allocentric spatial
representations—we find that inhibiting stereo olfaction, by blocking olfactory
processing in one nostril or merging the airflow going to both nostrils, dras-
tically impairs head direction coding. To assess the behavioral impact of
impaired HD cell tuning caused by loss of stereo olfaction, we developed a
closed-loop head direction preference assay, in which a mouse received
medial forebrain bundle reward stimulation upon orientating its head in a
specific direction. We find that inhibiting stereo olfaction significantly impairs
performance in the HD preference assay. These results reveal that stereo
olfaction is required for mice to use smell to form a stable allocentric spatial
representation of head direction.

Successfully navigating through the world is one of life’s most
important tasks. Many species, from worms to flies to rodents to
humans, can use olfaction to guide spatial navigation1. Furthermore,
studies in a variety of species suggest a possible role for stereo olfac-
tion—the differential sampling of odor concentrations between the
two nostrils—in enhancing olfactory search2–7.

Previous work in rodents has shown that inhibiting stereo olfac-
tion can impair finding an odor source and following an odor trail3,6.
However, to find an odor source, an animal simply needs to calculate
the odor concentration as either going up or down across successive
sniffs. Similarly, to follow an odor trail, an animal only needs to mini-
mize the drop in odor concentration between successive sniffs. For
these types of tasks there is no requirement to form a spatial repre-
sentation of the entire environment or leverage allocentric strategies8.
Thus, it remains unknown whether stereo olfaction can enable animals
to form allocentric spatial representations and whether stereo olfac-
tion impacts tuning of spatially modulated neurons in the brain’s
spatial navigation system.

To study whether stereo olfaction is used by rodents to form
allocentric spatial representations, we need an experimental
paradigm where we can record from neurons carrying allocentric
spatial information about the environment, and where the tuning
of these cells relies on olfactory cues. Previously, recording from
HD cells in the anterior dorsal nucleus of the thalamus (ADn), we
found that while sighted animals relied predominantly on visual
cues to stabilize the tuning of their HD cells, blind mice relied on
olfactory cues originating from the floor of the open field arena to
tune their HD system9. Thus, HD cell recordings from blind mice
represent an ideal model system to study the impact of olfaction
on the brain’s spatial navigation systems.

Here, we recorded from HD cells in ADn of blind mice before and
after manipulations that inhibited stereo olfaction. Next, to assess the
impact of stereo olfaction on a mouse’s awareness of its head direction
within an environment, we developed a head direction preference
behavioral test and examined the effect of inhibiting stereo olfaction
on task performance.
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Results
Blocking olfaction in a single nostril impairs head
direction tuning
We recorded from HD cells in ADn of blind mice (Fig. 1a, Supplemen-
tary Fig. 1a; see Methods) and tested the effect of impairing stereo
olfaction on HD cell tuning properties. Mice were placed in a circular
open field arena for 10 minute-long sessions. Experiments were per-
formed in GNAT1/2 mutant mice. These mice are on a C57Bl/6 back-
ground and are severely congenitally visually impaired9. Previously, we
found that GNAT1/2 mutant mice use odors originating from the floor of
the open field arena to stabilize the tuning of their HD cells9. Here, in
control sessions in the open field arena, we found that HD cell tuning in
GNAT1/2 mutant mice stabilized within the first minute after they were

placed on a new clean floor, before they deposited pee and/or poo,
indicating that they were using odor sources innately originating from
the floor to stabilize HD tuning, and not self-deposited odors (Sup-
plementary Fig. 2).

To inhibit stereo olfaction, we used tissue glue to completely seal
a single nostril. To quantify the impact of unilateral block, we used an
HD cell classification method that does not rely on head direction
tuning curves but instead on spiking auto-correlograms9,10. We found
that unilateral nostril block significantly impaired HD cell coding in
ADn (Fig. 1c–f), regardless of which nostril was blocked (Supplemen-
tary Fig. 3; the electrode was always implanted in the left hemisphere).
Furthermore, the impact of blocking a single nostril on HD cell tuning
appeared to arise specifically from the impairment to stereo olfaction,
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Fig. 1 | Unilateral nostril block impairs head direction tuning. a Schematic of the
probe implanted into ADn. b Example of 6 simultaneously recorded HD cells from a
control blind mouse (left) and following unilateral nostril block (right). Polar plots
represent firing rate as a function of head direction. Drawing of the mouse adapted
from SciDraw (https://scidraw.io/drawing/157). c–f Comparison of various metrics
for control (blue) and unilateral block mice (red). Control, n = 62 HD cells from 11
mice; Unilateral block, n = 51 HD cells from 7 mice. Mann Whitney U Test (two-
sided). g left, Head direction (grey) and spikes (blue) of an example HD cell from a
control blind mouse. g right, Heat map of spiking on the left, in 10 × 60 s bins.
h Same as (g), but for an HD cell following unilateral block (red). i Example tuning
curves of two simultaneously recorded HD cells following unilateral block, either
calculated over the entire 10 min session (left) or over shorter timescales (right)
with each epoch computed upon successive 360° head turns. j top, Isomap ring
manifolds. Each dot represents the population activity of simultaneously recorded
HD cells color coded by the actual head direction at each time point, for a control

blind (left) and a unilateral block mouse (right). j bottom, For the corresponding
manifolds, the number of 1-D holes (Betti 1) are shown, for actual (colored, *) and
shuffled (grey) data. k Example Isomap decoded head direction and actual head
direction for a control (top) vs. unilateral block (bottom) session. l Decoding error
in control (n = 7 sessions from 7 mice), unilateral block (n = 7 sessions from 6 mice)
and bilateral block (double nostril OSN ablation) mice (n = 10 sessions from 7 mice;
data for bilateral block mice come from a previously obtained dataset9). Mann
Whitney U Test (two-sided) with Bonferroni correction for multiple comparisons,
**P < 0.01, ***P < 0.001. Box plots represent the first to third quartile range of the
data, with a black horizontal line at the median. The whiskers extend from the box
to the farthest data point lying within 1.5 times the interquartile range from the
box. The brain atlas image in (a) was adapted from The Mouse Brain in Stereotaxic
Coordinates, 3rd Edition, Franklin, K. B. & Paxinos, G, Figure 36, Copyright Elsevier
(2007). Source data are provided as a Source Data file.
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and not due to alterations in locomotion or balance, as these were
unaffected by unilateral nostril block (Supplementary Fig. 4). Also,
note that for a given mouse, the floor was not cleaned in between
control and unilateral block sessions to ensure that the odor landscape
was stable across exposures.

Consistent with our finding that inhibiting stereo olfaction
impaired HD cell tuning, we found that whereas HD cells in control
animals reliably fired at the same head direction over the length of a 10-
minute-long recording session, HD cells in unilateral block animals
responded to various head directions over a single recording session
(Fig. 1g, h). This arose because though HD cells remained strongly
tuned when tuning curves were measured over short intervals (i.e. each
time the mouse made a full 360° head rotation; on average every
30.8 ± 9.3 s), preferred firing directions drifted continuously through-
out the recording session (Fig. 1i), as we previously observed upon
removing all olfaction following bilateral olfactory sensory neuron
(OSN) ablation9. Along these lines, we found that after unilateral block,
the one-dimensional ring manifold representing the HD cell popula-
tion response9,11 remained intact, but became uncoupled from the
animal’s actual head direction (Fig. 1j), due to drift in HD cell tuning
alignment to the external environment. Furthermore, unilateral block
significantly impaired decoding performance, to a similar extent as
bilateral block with double nostril OSN ablation (Fig. 1k, l). Together,
these results suggest that in blind mice, stereo olfaction is critical for
stabilizing the preferred firing direction of HD cells.

Merging the airflow into both nostrils impairs head
direction tuning
As removing half of a mouse’s olfactory sensation by blocking a single
nostril could impair downstream sensory processing, we took
inspiration from previous studies in humans2 and blind moles4, and
developed an alternate method to block stereo olfaction in mice while
allowing olfactory processing to persist in both nostrils. Specifically,
we implanted a small tube that extended straight out of each nostril
(Fig. 2a; ‘Tube control’). We then moved the open ends of the tubes
together along the horizontal midline (between the two nostrils) to
remove the spatial difference—1.6 ± 0.1 mm (n = 6 mice), center-to-
center distance between the two nostrils—in the odor signal provided
to each nostril (Fig. 2a; ‘Tube merge’). In the control condition with
tubes inserted, HD tuning remained robust (Fig. 2a), though HD tuning
was slightly but significantly impaired compared to blind controls

without tubes (Supplementary Fig. 5a; suggesting that the natural
directionality of airflow into the nostrils could affect the efficacy of
stereo olfaction for guiding HD tuning, or else that gluing the tubes in
place impairs small nostril movements which slightly impairs stereo
olfaction). Nonetheless, while HD tuning remained stable and robust
following tube insertion, merging the tubes along the horizontal
midline completely inhibited HD cell tuning (Fig. 2a). Merging the
tubes led to a decrease in HD cell coding (Fig. 2b–d), similar to what
was found for single nostril block (Supplementary Fig. 5b). Thus, ste-
reo olfaction is required for blind mice to use olfactory cues to stabilize
tuning of their HD system.

Inhibiting stereo olfaction impairs performance in a head
direction preference test
Does blocking stereo olfaction and destabilizing the mouse’s HD sys-
tem affect a mouse’s awareness of its head direction within an envir-
onment? While some previous studies have examined the relationship
between HD cells and spatial navigation, these studies mostly focused
on HD cells’ impact on path integration12–14. In contrast, here we
designed a behavioral paradigm to explicitly test an animal’s allo-
centric knowledge of its head direction, by assessing a mouse’s ability
to learn to point its head in a specific direction, regardless of its
position in an environment, to get a reward. Building on a study that
used medial forebrain bundle (MFB) stimulation to teach mice the
reward location in a place preference task15, here we adapted MFB
stimulation to establish a closed-loop head direction preference task
(Fig. 3a, b). After implanting the electrode (Supplementary Fig. 1b) and
calibrating the intensity of the electrical stimulation, a mouse was
placed on a raised circular platform (30 cm diameter, without walls)
and its head direction was tracked in real-time (see Methods). Fol-
lowing habituation, mice were trained to pause rotations of their head
at an experimentalist-selected reward angle for ≥ 500 ms to receive an
MFB stimulation reward. Briefly, for training, a rewarded head direc-
tion angle was randomly selected, and the mouse was put on the
platform for 90 s long trials. At the start of each trial, the mouse was
introduced to the platform at random positions and facing random
directions. The mouse was provided with 300 ms MFB stimulation
upon entering the reward zone (i.e. the reward angle ± 15°). During a
trial, after receiving a reward, the mouse had to leave the reward zone
before it could return to receive another reward. During the training
phase, the wait time in the reward zone needed to trigger a reward was
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Fig. 2 | Merging airflow into both nostrils impairs HD tuning. a left, Schematic
outlining the experimental protocol, in which for control (top), tubes were put into
each of the nostrils, and for merge (bottom), the open ends of the tubes were
aligned between the nostrils. a right, Example of simultaneously recorded HD cells
before (top) and after the tube merge (bottom). b–e Comparison of various metrics
for control (n = 52 HD cells from 7 mice) and merge (n = 56 HD cells from 6 mice).

Box plots represent the first to third quartile range of the data, with a black hor-
izontal line at the median. The whiskers extend from the box to the farthest data
point lying within 1.5 times the interquartile range from the box. Mann Whitney U
Test (two-sided). **P < 0.01, ***P < 0.001. Source data are provided as a Source
Data file.
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