Received: 7 December 2023

Revised: 10 April 2024

W) Check for updates

Accepted: 14 April 2024

DOI: 10.1111/ejn.16375

RESEARCH REPORT

EJN Epesmumarorverosienee FENS WILEY

The olfactory network of larval Xenopus laevis regenerates
accurately after olfactory nerve transection

Sara J. Hawkins 2 © |
Lukas Weiss' © |

Ivan Manzini'

Yvonne Girtner'?? |
Guido Maiello*®

Thomas Offner' ® |

| Thomas Hassenklover' |

'Institute of Animal Physiology, Department of Animal Physiology and Molecular Biomedicine, Justus Liebig University Giefen, GieRen, Germany

2School of Biological Sciences, Faculty of Environmental and Life Sciences, University of Southampton, Southampton, UK

3Department of Neurology, Focus Program Translational Neuroscience (FTN) and Immunotherapy (FZI), Rhine-Main Neuroscience Network (rmn2),
University Medical Center of the Johannes Gutenberg University Mainz, Mainz, Germany

“Department of Experimental Psychology, Justus Liebig University Gieen, Gieen, Germany

>School of Psychology, Faculty of Environmental and Life Sciences, University of Southampton, Southampton, UK

Correspondence

Ivan Manzini, Institute of Animal
Physiology, Department of Animal
Physiology and Molecular Biomedicine,
Justus Liebig University Gief3en, 35392
Giefien, Germany.

Email: ivan.manzini@physzool.bio.uni-
giessen.de

Present addresses

Thomas Offner, Zebrafish Neurobiology,
European Neuroscience Institute,
Gottingen, Germany; and Lukas Weiss,
Department of Ecology and Evolutionary
Biology, Princeton University, Princeton,
New Jersey, USA.

Funding information
DFG, Grant/Award Number: 4113/4-1

Edited by: Paola Bovolenta

Abstract

Across vertebrate species, the olfactory epithelium (OE) exhibits the uncom-
mon feature of lifelong neuronal turnover. Epithelial stem cells give rise to
new neurons that can adequately replace dying olfactory receptor neurons
(ORNs) during developmental and adult phases and after lesions. To relay
olfactory information from the environment to the brain, the axons of the
renewed ORNs must reconnect with the olfactory bulb (OB). In Xenopus laevis
larvae, we have previously shown that this process occurs between 3 and
7 weeks after olfactory nerve (ON) transection. In the present study, we show
that after 7 weeks of recovery from ON transection, two functionally and spa-
tially distinct glomerular clusters are reformed in the OB, akin to those found
in non-transected larvae. We also show that the same odourant response tun-
ing profiles observed in the OB of non-transected larvae are again present after
7 weeks of recovery. Next, we show that characteristic odour-guided behaviour
disappears after ON transection but recovers after 7-9 weeks of recovery.
Together, our findings demonstrate that the olfactory system of larval X. laevis
regenerates with high accuracy after ON transection, leading to the recovery of
odour-guided behaviour.

Abbreviations: AUC, area under the curve; cAMP, cyclic adenosine monophosphate; MTCs, mitral cells and tufted cells; OB, olfactory bulb; OE,
olfactory epithelium; ON, olfactory nerve; ORI, odourant response index; ORNS, olfactory receptor neurons; OS, olfactory system.
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1 | INTRODUCTION

Across vertebrate species, neurogenesis occurs well
beyond embryonic stages but only in some regions of the
nervous system (Breer, 2003; Buck & Axel, 1991; Gaillard
et al., 2004; Manzini et al., 2022; Spehr & Munger, 2009).
The olfactory system (OS) is one region that shows neuro-
genesis throughout life (Brann & Firestein, 2014), making
it an ideal model system for studying neuronal network
formation, function and regeneration (Manzini, 2015;
Manzini et al., 2022; Murray & Calof, 1999).

Olfaction is a form of chemosensation in which mole-
cules in the environment directly interact with olfactory
receptors expressed by olfactory receptor neurons (ORNS;
Breer, 2003; Buck & Axel, 1991; Gaillard et al., 2004,
Manzini et al., 2022; Spehr & Munger, 2009). The cell
bodies of ORNs are located inside the nasal cavity in the
olfactory epithelium (OE). Olfactory receptor neurons
extend their axons via the olfactory nerve (ON) into the
olfactory bulb (OB) in the anterior telencephalon. When
ORN s are activated by the binding of odourants to odour-
ant receptors, synaptic activity occurs in the OB
(Buck, 1996; Manzini et al., 2022). Axons of ORNs syn-
apse with bulbar second-order neurons, that is, mitral cells
and tufted cells (MTCs), and bulbar interneurons within
neuropil clusters called glomeruli (Manzini et al., 2022;
Mombaerts et al., 1996; Ressler et al., 1994). Upon activa-
tion by ORNs and after various intrabulbar processing
steps, MTCs relay olfactory information to higher olfactory
centres (Manzini et al., 2022). This sequence of cell activa-
tion and processing of olfactory information ultimately
gives meaning to the olfactory surroundings and influ-
ences behavioural outcomes. Olfactory-guided behaviour
is essential for survival and reproduction, specifically in
finding mates, shelter and food sources and avoiding pred-
ators (Ache & Young, 2005; Dikecligil & Gottfried, 2024;
Manzini et al., 2022).

The peripheral location of ORNs permits odourant
detection but leaves these neurons vulnerable to potential
noxious substances in the surrounding environment. It is
assumed that for this reason, these neurons have a lim-
ited lifespan (Cowan & Roskams, 2002; Leung
et al., 2007) and need to be constantly replaced through-
out the life of an animal (Brann & Firestein, 2014,
Cowan & Roskams, 2002). To counteract this loss, a pool
of stem cells residing in the basal layer of the OE provides
new neurons to replenish those lost (Graziadei, 1973;

Graziadei & Metcalf, 1971; Schwob et al., 2017). After
stem cell proliferation and differentiation, newly formed
ORNs must integrate into the OS to maintain olfactory
function. Cell death and stem cell proliferation
occur both during the process of natural cell turnover
(Brann & Firestein, 2014; Graziadei, 1973; Graziadei &
Metcalf, 1971) as well as after lesions of the OS (Brann &
Firestein, 2014; Schwob, 2002; Schwob et al., 2017). Sub-
stantial recovery from lesion to the olfactory circuit has
been shown to occur in multiple vertebrate animal
models [e.g., mouse (Blanco-Hernandez et al., 2012;
Cheung et al., 2014; Kobayashi & Costanzo, 2009; McMil-
lan Carr et al., 2004; Schwob, 2002; Schwob et al., 1999;
St John & Key, 2003), rat (Graziadei & Monti
Graziadei, 1980), hamster (Koster & Costanzo, 1996;
Yee & Costanzo, 1995), rabbit (Mulvaney & Heist, 1971),
pigeon (Jennings et al., 1995; Oley et al., 1975), salaman-
der (Simmons et al., 1981; Simmons & Getchell, 1981a,
1981b), frog (Graziadei & DeHan, 1973); larval clawed
frog (Frontera et al., 2016; Hawkins et al., 2017; Terni
et al., 2017) and zebrafish (Calvo-Ochoa et al., 2021;
Calvo-Ochoa & Byrd-Jacobs, 2019; Godoy et al., 2020)].
Similar to other vertebrates, in the human OE, a lifelong
turnover of ORNs takes place (Brann & Firestein, 2014;
Hahn et al.,, 2005). A certain degree of recovery also
occurs in humans after lesions in the OE and ON, how-
ever, the recovery is not as efficient as in other verte-
brates, especially after ON injuries (Howell et al., 2018;
Jiang & Lu, 2019; Reiter et al., 2004).

The general organisation of the Xenopus OS is similar
to that of other vertebrates (Eisthen, 2002; Manzini
et al., 2022; Manzini & Schild, 2010). Nevertheless, some
crucial anatomical and functional differences exist
between the OSs of Xenopus (and amphibians in general)
and other vertebrate species (Manzini & Schild, 2010;
Weiss, Manzini, et al., 2021; Offner et al., 2023). The
molecular and cellular properties of the neural stem cells
of the OE and the basic principles controlling cell turn-
over in the OS are also largely conserved in vertebrates
(Hahn et al, 2005; Schwob et al., 2017; Sokpor
et al., 2018). As in most other vertebrates, the Xenopus
OS includes a variety of ORN subtypes that differ in mor-
phology, olfactory receptor expression and transduction
mechanism. These varied ORNs all project their axons
along the ON and synapse with MTCs and interneurons
in glomeruli in the OB (Gliem et al.,, 2013; Manzini
et al.,, 2022; Nezlin & Schild, 2000). The OS of larval
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Xenopus laevis comprises two prominent odour-
processing streams (Gliem et al, 2013; Manzini
et al., 2002). One stream is made of ORNs that project
their axons in a lateral cluster of glomeruli in the OB and
employ a cAMP-independent transduction cascade.
These ORNSs likely have a microvillous morphology and
respond to amino acid odourants (Gliem et al., 2013;
Manzini et al., 2002; Manzini, Heermann, et al., 2007;
Manzini & Schild, 2010; Sansone et al., 2014). The second
stream is made of ORNs that project their axons in a
medial cluster of glomeruli in the OB and employ
a cAMP-dependent transduction cascade. These ORNs
likely have a ciliated morphology and primarily respond
to odourants other than amino acids (Gliem et al., 2013;
Manzini et al., 2002; Manzini, Heermann, et al., 2007;
Manzini & Schild, 2010). A previous study (Hawkins
et al., 2017) found that ON transection in larval X. laevis
leads to the immediate death of all mature ORNs and
increased proliferation of stem cells in the OE. Within
1 week after transection, new ORNSs repopulate the OE
and exhibit functional responses to odourants. These
new ORNs begin to reconnect to the OB, where
odourant-induced responses can be observed 3-7 weeks
after transection. Although this suggests that the system
has recovered by this point, it is yet unknown whether
the recovered system is structurally and functionally
equivalent to an unlesioned system. To tackle this ques-
tion, in the present study, we first investigated whether
the same spatially segregated odour-processing streams
found in unlesioned larval Xenopus are also present in
transected animals after recovery.

The OS must be able to detect and interpret individ-
ual odourants and combinations of multiple odourants
(Buck, 1996; Grabe & Sachse, 2018; Manzini et al., 2022).
Epithelial application of multiple odourants leads to the
activation of distinct regions in the OB that are differen-
tially tuned to the various odourants (Burton et al., 2022;
Gliem et al., 2013; Johnson & Leon, 2007; Offner
et al.,, 2023). To further investigate how accurately the
Xenopus OS recovers its function after ON transection, in
the present study, we identified and compared OB
regions tuned to multiple different odourants in both
unlesioned and recovered animals.

Whether the rewiring of the OS after a traumatic
lesion, such as an ON transection, leads to a full recovery
of function cannot be assessed only by measuring neural
activity. To claim that rewiring leads to restored function,
we must examine whether the rewiring restores odour-
guided behaviour. For this reason, we further performed
a set of odour-guided behavioural experiments to deter-
mine if and when, during the process of reinnervation
after ON transection, larval X. laevis exhibit behavioural
responses to odour stimuli, indicative of the full recovery

of function of the OS. Behavioural responses are chal-
lenging to detect as little is known about how larval
amphibians interpret specific odourant stimuli (Weiss,
Manzini, & Hassenklover, 2021). Therefore, we first
developed an experimental protocol for detecting odour-
guided behavioural responses in unlesioned Xenopus lar-
vae. We then performed the same behavioural procedures
and analyses with two groups of Xenopus larvae that had
undergone ON transection—one group between 3 and
5 weeks of recovery and another group between 7 and
9 weeks of recovery.

Together, this study aimed to advance our under-
standing of the process of recovery of the OS after a
severe injury. After bilaterally severing the ON, we found
that the system quickly rewires, restoring its previous
architectural structure. We show that this rewiring leads
to the restoration of complex neural response patterns in
the OB and the recovery of odour-guided behaviour.
These results demonstrate that the rewired OS of Xeno-
pus is de facto structurally and functionally equivalent to
an unlesioned OS. Our findings thus showcase the
remarkable neuroregenerative ability of this species and
open up further avenues of investigation on the topic of
neuroregeneration.

2 | MATERIAL AND METHODS

2.1 | Animal care

All X. laevis larvae used in this study were bred and kept
in water tanks with constant water circulation at approxi-
mately 20°C at the animal facility of the University of
Giefien. Before any invasive procedure, such as bulk elec-
troporation of ORNs, ON transection or killing, Xenopus
larvae were anaesthetised using 0.02% MS-222 (ethyl
3-aminobenzoate methanesulfonate; Sigma-Aldrich) dis-
solved in tap water. Developmental stages of Xenopus lar-
vae were determined according to Nieuwkoop and Faber
(Nieuwkoop & Faber, 1994), and all animals used were
between stages 46 and 56 (both included). After develop-
mental stage 56, major metamorphic remodelling of the
OS begins to occur; therefore, animals past this stage of
development were not used (Dittrich et al., 2016).

2.2 | Electroporation of ORNs and ON
transection

For bulk electroporation of ORNs, we dissolved dried dye
crystals of a fluorophore-coupled dextran (Cal 520 dextran
conjugate, AAT Bioquest, 10 kDa, 3 mM) in frog Ringer’s
solution and applied it in the nostrils of anaesthetised
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larvae (see above). We then applied six electric square
pulses using two platinum electrodes (15 V, 25-ms dura-
tion at 2 Hz with alternating polarity) to each nostril (for
detailed protocol, see Weiss et al., 2018). Xenopus larvae
were then left to recover for at least 24 h before perform-
ing further experiments.

To transect the ON, we followed the same procedures
previously developed (Hawkins et al., 2017). Briefly,
Xenopus larvae were anaesthetised (see above) and
placed under a binocular. Their nerves were then care-
fully severed at the mid-line of each nerve between the
OE and the brain, using fine scissors to preserve sur-
rounding tissue. After ON transection, the wound was
closed with tissue adhesive (Histoacryl L; Braun). The
larvae were then kept in tanks in the animal facility and
used in further experiments at different time points dur-
ing recovery from ON transection.

2.3 | Functional calcium imaging and
image data processing

Functional calcium imaging experiments were performed
on unlesioned Xenopus larvae and larvae at different time
points after ON transection (non-transected animals;
3 weeks after ON transection; 7 weeks after ON transec-
tion). To perform calcium imaging experiments, ORNs
were first loaded with a calcium-sensitive dye (Cal
520 dextran conjugate) via bulk -electroporation, as
described above. Animals were then anaesthetised (see
above) and killed by severing the connection between the
brainstem and the spinal cord. A tissue block containing
the OS (the nose, the ONs and the rostral portion of the
telencephalon, containing the OB; see Figure 1la) was
carefully excised and kept in frog Ringer’s solution to pre-
serve tissue vitality. The ventral palatial tissue and a
small portion of tissue surrounding the OE were removed
to facilitate imaging and direct the flow of odourants into
the nasal cavity. The tissue block was positioned in a
recording chamber, held in place by a platinum grid with
nylon strings and placed on the stage of a multiphoton
microscope (Nikon A1R-MP). A constant flow of Ringer’s
solution across the tissue block was maintained through-
out the experimental procedure. A perfusion manifold
(Milli Manifold; ALA Scientific) connected to a multi-
channel gravity-fed perfusion system (ALA-VM-8 Series;
Scientific) was placed directly in front of one nasal cavity,
and the solution was removed from the opposing end of
the recording chamber. Fast volumetric resonant scan-
ning of the ORN axon terminals in the glomeruli of the
OB was performed (780-nm excitation wavelength) as
odourant stimuli were applied at different time intervals.
This way, we created a time series of 3D virtual image

stacks (axial dimensions: 180-300 pm, inter-plane dis-
tance 4 pm; lateral dimensions: 509 x 509 pm, 512 x 512
pixels), acquired at 0.5-1 Hz/image stack (for detailed
information, see Offner et al., 2020). Stimuli used, shown
in Table 1, were applied for 5 s each, with an inter-
stimulus interval of 60 s. The application of these stimuli
was repeated twice. Image analysis of 3D calcium image
stacks and the estimation of odour-tuning profiles were
performed using Python (version 3.9). The spatial distri-
bution of response tuning profiles was analysed using
Matlab (version R2019b). Motion artifacts were removed
from images using a motion correction algorithm
(Pnevmatikakis & Giovannucci, 2017). Denoised and
deconvolved calcium imaging data was generated using
the CalmAn toolkit (Friedrich et al., 2017; Giovannucci
et al., 2019). Fluorescence intensity difference maps were
created by calculating the difference between the peak
fluorescence intensity of post-stimulus responses (aver-
aged from three timeframes) and baseline fluorescence
before stimulus onset (averaged from five frames). Note
that fluorescence intensity difference maps were used to
create maximum intensity projections along the z-axis
shown in Figures 1 and 2. Individual timeframes had a
duration between 1.5 and 2 s. The following criteria were
used to define responding regions:

I. The area of regions had to be larger than 100 pixels.

II. Regions had to be responsive to at least one stimulus,
that is, evoking a fluorescence intensity amplitude
that exceeded the median value of all amplitudes in
the dataset.

III. The deconvolved time series were compared to their

corresponding raw traces as quality control.

IV. Any regions outside the boundaries of the glomeru-

lar clusters were discarded.

Fluorescence time traces of selected responding regions
were baseline corrected using asymmetric least squares
smoothing (Eilers & Boelens, 2005) and normalised
by their response peak amplitude (baseline =0,
maximum = 1). A threshold of 12.5% was defined below
which to ignore amplitude peaks within the expected
peak response interval. Response tuning profiles of
responding regions were therefore determined by the set
of stimuli that led to response amplitudes above 12.5% of
the maximum amplitude of the respective time series.

To analyse the spatial distributions of response tuning
profiles in the OB, responsive regions were first sorted
into forskolin-responsive and non-forskolin-responsive
regions. Each subset was then further subcategorised
based on responses to the used odourants. The size and
position of each region within the glomerular clusters
were determined in relation to manually defined points
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at the medial-lateral and anterior—posterior edges of each
OB. Along these two axes, the density of regions
responsive to forskolin and non-forskolin-responsive
regions was determined using Gaussian kernel density
estimation. Kernel bandwidths were selected via Scott’s
rule (Scott, 1992; Virtanen et al.,, 2020). An overlap
index n was computed as the trapezoid rule integral of
the overlap between these distributions (Pastore &
Calcagni, 2019).

2.4 | Odour-guided behaviour assay

Odour-guided behaviour experiments were performed on
unlesioned X. laevis larvae and on larvae at different time
points after ON transection. We tested non-transected
Xenopus larvae, larvae that had recovered 3-5 weeks after
ON transection and larvae that had recovered 7-9 weeks
after ON transection. Before odour-guided behaviour
experiments were performed, Xenopus larvae were kept
for 24 h in individual tanks filled with regular tap water
without food. After 24 h in this environment of reduced
external stimuli, individual Xenopus larvae were placed
in a partially separated choice tank filled with 1 L of reg-
ular tap water (see Figure 4). An infrared light panel was
placed under the tank, and a camera was fixed above the
tank at a distance that would allow recording of the posi-
tion of the larvae in all regions of the tank. The choice
tank was comprised of three regions, all freely accessible
to the larvae - two separate ‘areas of interest’ of the tank
of equal size (area = 58.5 cm?) and a third, larger area
(110 cm?), used solely to allow the animal to enter and
leave the areas of interest freely. Although the position of
the larvae in this third region was recorded, these data
were not used in any statistical analysis. After a habitua-
tion period of 2 h in which the larvae were left to swim

freely in the tank without disturbances, we introduced
simultaneously, through a gravity-fed perfusion system,
5 mL of an amino acid odourant mixture (each individual
compound was diluted to a concentration of 100 pM in
water; see Table 1), as an odour stimulus, to one area of
interest of the tank, and 5 mL of regular tap water to the
other (control stimulus). Stimuli entered the tank at a
speed of 2 mL/min. In pilot testing, we released food col-
ouring dye in the areas of interest of the tank through the
gravity-fed perfusion system. We observed that the dye
diffused beyond the regions of interest after approxi-
mately 20 minutes. Therefore, we set a 20-min exclusion
threshold—data collected from animals that did not visit
the areas of interest within the first 20 min after stimulus
application were excluded from further analyses. This led
to the exclusion of 20 out of 61 larvae tested. In control
analyses, however, we verified that our results were
robust to the exclusion threshold. Forty-one Xenopus lar-
vae were included in the final analyses (n = 18, non-
transected; n = 10, 3-5 weeks after ON transection;
n =13, 7-9 weeks after ON transection). These proce-
dures were similar to those we previously employed
(Weiss, Segoviano Arias, et al., 2021).

2.5 | Analyses of behavioural responses
to odour stimuli in non-transected Xenopus
larvae

Behaviour parameters were extrapolated from position
tracking data using video tracking software (EthoVision
XT, Noldus) and analysed using Matlab (version R2019b).
These parameters were the percentage of time spent in
each area of interest for each time period analysed (%),
frequency of visits to each area of interest (visits/min),
time spent in each area of interest per visit (s/visit) and

FIGURE 1 Stimulus-induced responses of ORN axon terminals in the OB. (a). Illustration of a Xenopus laevis larva (view from top).
The first two stages of the OS (highlighted by a dashed rectangular outline) are shown in a close-up to the right. It includes the nasal cavities
lined by the OE, the ON and the OB. The arrow indicates the site of the stimulus application, and the rectangular outline indicates the
location of the OB where calcium imaging was performed. (b). Simplified illustration of fast volumetric resonant scanning using a
multiphoton microscope. Multiple z-plane stacks of the OB (one hemisphere) were obtained over time to identify 3D volumes within the OB
exhibiting stimulus-induced fluorescence changes. (¢). Example maximum projection image (raw data; Cal 520 fluorescence) of responsive
ORN axon terminal regions in the OB (one hemisphere; outlined in white) of a non-transected animal. All responses to stimuli (odourants
and forskolin; see Table 1) applied are overlayed and shown in white. (d). Example maximum projection images (difference maps) of z-
plane bundles of the OB of the same animal as shown in (c). z-plane bundles are distributed from most ventral to most dorsal (top to
bottom) and over the time of stimuli application (left to right). This visualisation shows the location and temporal activation pattern of
example responsive regions in the OB (randomly selected for illustrative purposes). Overlays of all responsive regions over time for each z-

plane bundle are shown in white at the far right. Overlays of all ventral to dorsal regions responsive to each stimulus are shown in the
bottom line of the images. In all overlay figures, the outline of the OB is shown for reference. Raw traces of odor response profiles (Cal
520 fluorescence) are included (white traces as inlays) for specific responsive regions (outlined in white) in each z-plane bundle. Similar
results were obtained in four different animals (one hemisphere/animal). C, caudal; OB, olfactory bulb; OE, olfactory epithelium; ON,

olfactory nerve; L, lateral; M, medial; R, rostral.
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TABLE 1 Composition and concentration of stimuli applied to
the OE during calcium imaging recordings and behavioural
experiments.
Stimuli Composition
Amino acid L-valine, L-leucine, L-isoleucine,
mixture L-methionine, glycine, L-serine,
L-threonine, L-cysteine, L-arginine,
L-lysine, L-histidine, L-tryptophan,
L-phenylalanine, L-alanine, L-proline
(100 pM in frog Ringer’s solution)
Amine 2-phenylethylamine, tyramine, butylamine,
mixture cyclohexylamine, hexylamine,
3-methylbutylamine, N,N-
dimethylethylamine, 2-methylbutylamine,
1-formylpiperidine, 2-methylpiperdine,
N-ethylcyclohexylamine,
1-ethyylpiperidine, piperidine
(100 pM in frog Ringer’s solution)
Bile acid Taurocholic acid, cholic acid, glycholic acid,
mixture deoxycholic acid
(100 pM in frog Ringer’s solution)
Forskolin Forskolin [activates the enzyme adenylate

cyclase, thereby increasing the
concentration of CAMP;
(100 pM in frog Ringer’s solution)]

Note: Alongside these stimuli, a positive control made of all stimuli (with the
exception of forskolin, L-proline and L-alanine; 50 uM in frog Ringer’s
solution; also see Gliem et al., 2013) and a negative control made solely of
frog Ringer’s solution was applied. All chemicals were purchased from
Sigma Aldrich. Amino acids, bile acids and amines were selected as
odourant stimuli as they are water-soluble molecules and are known to be
olfactory stimuli for aquatic animals (amino acids: Caprio & Byrd, 1984;
Gliem et al., 2013; Kang & Caprio, 1995; Manzini et al., 2002; Manzini &
Schild, 2003, 2004; Schild & Manzini, 2004; bile acids: Gliem et al., 2013;
Kang & Caprio, 1995; Sato & Suzuki, 2001; amines: Carr et al., 1990; Carr &
Derby, 1986; Gliem et al., 2009; Rolen et al., 2003).

swimming velocity in each area of interest (cm/s). Each
parameter was measured during the 2-h habituation
period and over the course of 5, 10, 20, 40 and 60 min,
starting from the first entry of larvae in each area of
interest after stimuli application.

The average parameter values measured during the
2-h habituation period, where no stimuli were applied,
were used as the baseline for comparison to values
obtained after stimulus application. For each parameter
recorded after applying stimuli, we computed the abso-
lute value of the parameter’s change from the baseline.
To obtain a single value describing the change in behav-
iour from baseline, we first fit the data with a log para-
bolic function in the form: f(x) = log(ax* + bx + c¢). Then,
we took the area under the curve (AUC) of the fitted
function, normalised to the measurement duration, as a
metric of change in behaviour from baseline. Figure 4d
exemplifies this sequence of computations for two exam-
ples of non-transected Xenopus larvae.

In non-transected larval Xenopus, behavioural vari-
ables were compared across areas of interest during the
2-h habituation period to exclude any differences
between these areas at baseline. Then, AUC values com-
puted for each parameter were compared across areas of
interest to identify which parameters showed a greater
change from baseline in the area of interest where amino
acid odourants had been applied compared to the area of
interest where normal tap water had been applied. After
identifying which behaviour parameters signalled statisti-
cally significant responses to the odourant stimulus, we
computed a robust metric of behavioural response.
We defined, for each parameter, an odourant response
index (ORI) as a ratio of the absolute change in behaviour
in the amino acid compartment (AUC,,) minus the abso-
lute change in behaviour in the water compartment
(AUC,,), divided by the absolute change in behaviour in
the water compartment:

ORI — ,/AUC,, —AUC,,
AUC,, '

The cube root transformation was applied to remove
the skewness in these proportion data. Positive (>0)
values of this ORI indicate a behavioural response. We
then combined the ORI of parameters (time per visit and
swimming velocity) that showed a significant behavioural
response by taking their average. This combined ORI was
taken as a robust metric of behavioural response to
odourant stimuli.

2.6 | Analyses of behavioural responses
to odour stimuli in transected Xenopus
larvae

The previous analyses determined which parameters
showed significant behavioural responses to odour
stimuli in non-transected Xenopus larvae. These
parameters were then employed, using the same set of
analyses, to test for the recovery of odour-guided
behaviour in Xenopus larvae during different periods of
recovery from ON transection. Specifically, in larvae
between 3-5 and 7-9 weeks after ON transection, we
compared the AUC values for time per visit and swim-
ming velocity parameters across areas of interest to test
whether these parameters showed a greater change from
baseline in the area of interest where amino acids had
been applied. We then computed the ORI for both
parameters, as well as the combined ORI, and tested
whether these indexes signalled behavioural responses to
the odour stimuli in the two groups of transected Xeno-
pus larvae.
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FIGURE 2 Spatially and functionally distinct odor streams are reformed during OS regeneration after ON transection. (a). Maximum
projection images of the OB of three representative animals: the left panels show data from one non-transected larval Xenopus, and the
middle and right panels show data from animals at three and 7 weeks of recovery after ON transection. Images in the top panels (raw data;
Cal 520 fluorescence) show all regions in the OB that responded to the applied stimuli (in white). Lower panels (corresponding difference
maps) show responses to all odor mixtures (blue) and forskolin (yellow). Overlapping responsive regions are visible as white areas. The
dashed lines indicate the midline of the OB. (b). Density plots showing the spatial distribution of regions responsive exclusively to forskolin
(FSK+; orange) and regions responsive to odourants but not to forskolin (FSK—; blue) along lateral to medial and caudal to rostral axes for
Xenopus larvae before (n = 4 animals) and at three (n = 4 animals) and 7 weeks (n = 10 animals) after ON transection (shown from right to
left). Individual responsive regions collected from each larval Xenopus are shown as dots in the respective colours. The dot size is
proportional to the region size. The overlap of FSK+ and FSK— distributions is shown in purple. (¢). Overlap index # of forskolin-only and
forskolin-negative distributions throughout recovery from lesion. The overlap index 7 is estimated as the volume under the overlap surfaces.
Statistical significance and 95% confidence intervals were obtained through a bootstrapping procedure. a.t., after transection; C, caudal; FSK
+, regions responsive exclusively to forskolin; FSK—, regions responsive to odourants but not to forskolin; OB, olfactory bulb; ON, olfactory
nerve; L, lateral; M, medial; R, rostral; wks, weeks. *p < .05; "p < .01.
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2.7 | Statistical analysis

A bootstrapping procedure was employed for calcium
imaging analyses to assess whether the overlap index
was statistically different in transected and non-
transected X. laevis larvae. Overlap indices in each
group were computed from the original data resampled
with replacement 1000 times. These bootstrapped dis-
tributions were used to compute the 95% confidence
intervals of the overlap index estimates. The differ-
ences between the bootstrapped distributions were
then fit to Gaussian cumulative distribution functions
to compute p-values. Overlap indices across groups
that fell outside the bounds of each other’s confidence
intervals (corresponding to p < .05) were considered to
be significantly different.

Differences between groups were assessed using one-
or two-tailed Wilcoxon signed-rank or rank-sum test
tests, as appropriate. The Pearson correlation coefficient
was employed to assess the degree of linear dependency
between behavioural parameters. Statistical significance
was set at o < .05.

3 | RESULTS

3.1 | Stimulus-induced activity of ORN
axon terminals within the OB

We performed fast volumetric calcium imaging to record
odourant- and forskolin-induced activity of ORN axon
terminals in the glomerular layer of the OB (see
Figure la,b) to better characterise the two previously
identified odour-processing streams present in the OS of
larval X. laevis [see (Gliem et al., 2013; Manzini
et al., 2002) and Introduction]. In particular, we wanted
to precisely locate distinct odourant- and forskolin-
responsive regions in the ventral-dorsal and lateral-
medial axes of the OB. Figure 1c shows a maximum pro-
jection of ORN axon terminal activity (shown in white)
in response to the epithelial application of odourant mix-
tures and forskolin (see Table 1). Figure 1d shows the
same OB deconstructed into regions responsive to indi-
vidual odourant mixtures and forskolin (from left to
right) and at different levels across the ventral-dorsal axis
of the OB (top to bottom). Responses to amino acids
(third column, blue) occur predominantly in ventral-
lateral areas of the OB, whereas responses to forskolin
(sixth column, yellow) occur in dorsal-medial regions.
Responses to bile acids and amines (fourth and fifth col-
umn, cyan and magenta) occur in intermediate-medial
regions of the OB. The different responsive regions can
respond to a single odourant mixture or multiple

T Wiy L

odourant mixtures. Numerous regions are solely respon-
sive to forskolin, but we also found forskolin-responsive
regions that react to odourant mixtures (primarily to
amines and bile acids). Each region can thus be defined
by its OB location and response profile. Examples of
stimulus-induced response profiles of specific axon termi-
nal regions (outlined in white) are included as raw data
traces at the bottom of each sub-panel (inlays in white).
This set of experiments functionally characterised the
two prominent and largely separated regions of the OB of
non-transected control larvae. Similar results were
obtained in four different animals (one hemisphere/
animal).

3.2 | Regenerating ORN axons
reestablish functional odour processing
streams in the OB after ON transection

Fast volumetric calcium imaging of the OB was per-
formed on non-transected Xenopus larvae and larvae that
had recovered for different periods after ON transection,
allowing us to detect odourant- and forskolin-induced
activity of ORN axon terminal regions throughout the
OB. Representative images of odourant- and forskolin-
induced activity in the OB of a non-transected animal
and in two animals 3 and 7 weeks after ON transection,
respectively, are shown in Figure 2a (top row). The
obtained results suggest that a substantial amount of
functional reinnervation of the OB by new ORNs has
already occurred after 3 weeks of recovery from ON
transection. By categorising the OB activity (corre-
sponding example difference maps are shown in
Figure 2a, bottom row) in response to the epithelial
application of the odourant mixture (blue) and in
response to the application of forskolin (yellow), we
observed that some anatomical segregation of ORN
axon terminals that respond to these different stimuli
is visible in both non-transected Xenopus larvae and
transected and recovered larvae. Note that overlapping
responsive regions are visible as white areas. Next, we
quantified this observation at the group level across all
imaged animals.

From the calcium imaging data acquired, we identi-
fied and examined individual, specialised regions within
the OB of the larvae. A ‘region’ was defined as a group of
adjacent voxels responding to the same stimuli combina-
tion, that is, exhibiting the same odourant/stimulus tun-
ing profile. Each region was thus distinguished by its
specific tuning profile and 3D spatial location in the
OB. In non-transected Xenopus larvae, 86 responsive
regions with distinct spatial locations were found (n = 4
animals, one hemisphere/animal—average of 21.5
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regions/hemisphere). In animals that had recovered for
3 weeks after ON transection, 82 responsive regions with
distinct anatomical locations were found (n = 4 animals,
one hemisphere/ animal—20.5 regions/hemisphere). In
animals that had recovered for 7 weeks after ON transec-
tion, 267 responsive regions with distinct anatomical
locations were found (n = 10 animals, one hemisphere/
animal—26.7 regions/hemisphere). Regions varied
widely in size across the different groups. In non-
transected Xenopus larvae, the size of responsive regions
(mean + standard deviation) was 1400.95 + 1991.61 pm?.
After 3 weeks of recovery from ON transection, the size
of responsive regions was 900.21 + 1719.08 ym?, which
was significantly smaller than in non-transected larvae
(p < .001). Seven weeks after recovery, the size of
responsive regions was 958.36 + 1641.40 pm?, which
was significantly smaller than in non-transected larvae
(p <.001) but not significantly different than at
3 weeks (p = .40).

Having identified these responsive regions, we
employed them to quantify the extent to which the two
anatomically and functionally segregated odour proces-
sing streams present in larval Xenopus (see Introduction
and Gliem et al., 2013) are reestablished during the pro-
cess of ORN reinnervation of the OB after ON transec-
tion. Specifically, we estimated the probability density
function of these regions along two spatial axes.
Figure 2b shows the spatial distribution of axon terminal
regions responsive exclusively to forskolin (orange;
cAMP-dependent) and axon terminal regions responsive
to odourants but not forskolin (teal; cAMP-independent)
along the medial-lateral and anterior-posterior axis for
all time points (before and after ON transection). In
non-transected Xenopus larvae, regions responding to for-
skolin and innervated by ORNs with cAMP-dependent
transduction cascade were generally distributed more
medially and rostrally (n =4 animals). Regions that
responded to odourants but not forskolin were distrib-
uted laterally and caudally (n = 4 animals). In larvae that
recovered for 3 weeks after ON transection, although
some distinction is already visible, there is significantly
more overlap between forskolin-responsive and non-
responsive regions (Figure 2c; p = .0014; n = 4 animals).
At 7 weeks after transection, the spatial and functional
distributions recover substantially, and the overlap
between forskolin-responsive and non-responsive regions
is significantly less than at 3 weeks (p = .019; n = 10 ani-
mals). However, it remains slightly greater than in
non-transected Xenopus larvae (p =.047). These
results thus demonstrate the progressive re-
establishment of the spatially segregated cAMP-
dependent and cAMP-independent odour processing

streams in the OB during reinnervation of the OB by
newly formed ORNSs after ON transection.

3.3 | OB regions with multi-stimulus
response tuning profiles are reestablished
during recovery from ON transection

To further investigate the accuracy of the
re-establishment of the olfactory network after ON tran-
section, we analysed in detail the specific odourant and
forskolin tuning profiles of different responsive axon ter-
minal regions in the OB (same set of experiments as used
for Figure 2b). Across all non-transected and transected
Xenopus larvae, we found 15 distinct regions with charac-
teristic tuning profiles corresponding to all possible com-
binations of the applied stimuli (positive and negative
controls excluded; Figure 3). The most common response
profile across all animals showed responses solely to
amino acid odourants (Figure 3a). The second most com-
mon response profile in non-transected larvae and larvae
7 weeks after ON transection showed responses solely to
forskolin. The response profile that showed activity solely
to forskolin was the third most common profile in larvae
3 weeks after ON transection. We also found large pro-
portions of regions exhibiting responses to combinations
of stimuli. For example, the third most common profile
in non-transected larvae and the fourth most common
profile in larvae 7 weeks after transection was that of
regions responding to both amines and forskolin.

By looking at the percentage of regions exhibiting each
of the 15 distinct tuning profiles (Figure 3b), we observed
that all 15 response profiles were present in non-transected
animals. Conversely, only 12 of these 15 response profiles
were found in larvae 3 weeks after ON transection. Specifi-
cally, in larvae 3 weeks after ON transection, no regions
responded exclusively to amines, bile acids and amines or
amino acids and bile acids and amines. All 15 odour
response profiles found in non-transected larvae, albeit with
a slightly different frequency, were again found in larvae
7 weeks after ON transection (Figure 3b).

The results shown in Figures 2 and 3 highlight how
the transmission of information from the OE to the glo-
meruli in the OB is reestablished following ON tran-
section and indicates that this rewiring reliably
reestablishes the olfactory network as before transection.
Nevertheless, this does not answer whether reestablish-
ing the wiring structure is sufficient to recover odour-
guided behaviour after ON transection. To establish
whether and when this is the case, we developed and exe-
cuted experiments investigating odour-guided behaviour
using amino acids as olfactory stimuli.
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3.4 | Defining odourant-guided
behavioural responses in larval X. laevis

To investigate odourant-guided behaviour, we performed
experiments to track the 2D position of individual
X. laevis larvae in a partially separated choice tank
(Figure 4a). During a 2-h habituation period, in which
no odourants were applied to the choice tank, freely
swimming larvae explored the whole volume of the
tank (Figure 4a). The example tadpole shown in
Figure 4a exhibits a preference for wall following, a
typical behaviour previously described in the literature
(e.g., Hinzi & Straka, 2018). From the motion tracking
data acquired in the two areas of interest of the tank
(areas A and B), we extracted four parameters: (i) the
percent of time spent in each area, (ii) the frequency of
visits per minute, (iii) the time spent per visit in sec-
onds and (iv) the swimming velocity in centimetres per
second.

(a)

£

———————

g

Pos Neg AA BA Am Fsk Pos Neg AA BA Am Fsk Pos Neg AA BA Am Fsk

Control 3 weeks

Response traces: most common tuning profiles

7 weeks
a.t. a.t.

EJ N European journal of Neuroscience  FENS

As expected, during the 2-h habituation period with-
out odour stimulation, we found no significant differ-
ences between the two areas of interest for any of these
four parameters (Figure 4b, all p > .05). Across areas of
interest and animals (n = 18), the average percentage
of time spent per area was 20 + 8% (mean =+ standard
deviation), the average frequency of visits to each compart-
ment was 0.8 + 0.5 visits/min, the average time per visit
was 25 + 25 s and the average swimming velocity was 1.1
+ 0.6 cm/s. Additionally, these parameters were all signifi-
cantly correlated across animals and measurement time
points (all p < .05), with the strongest correlation being
between time per visit and velocity parameters (r = —0.52,
D < .001). These results suggest that these parameters cap-
ture common sources of variance in the animals’ behaviour.
For example, the negative correlation between time per visit
and velocity parameters sensibly indicates that when Xeno-
pus larvae swam at slow speeds, they also tended to remain
in the same portion of the tank for longer.

(b)[ aza  Aae 297

[0 Fsk

B Fsk + Am

[ Fsk + AA + Am
[ Fsk + AA

[ Fsk + AA+BA+Am
[0 Fsk + AA + BA
[ Fsk + BA + Am
B Fsk + BA

B AA

B Am

B AA + Am

[0 AA + BA

[0 AA + BA + Am
HeA

B BA + Am

Odor tuning profiles %

Control 3 wks 7 wks
a.t. a.t.

FIGURE 3 Tuning profiles of ORN axon terminal regions in the OB before and during recovery from ON transection. (a). Odourant/

stimulus-response profiles found in the OB of Xenopus laevis larvae. The left, middle and right columns respectively show profiles found in
all non-transected animals, animals 3 weeks after ON transection and animals 7 weeks after transection. From top to bottom, we show the
four most common profiles found in each group (positive and negative controls excluded). Normalised response profiles of individual regions
are shown as grey traces. Average traces plotted as overlays follow the colour code indicated in (b). (b). Percent of ORN axon terminal
regions exhibiting different odourant/stimuli-induced tuning profiles in the OB of all non-transected animals (left column) and larvae

3 weeks (middle column) and 7 weeks (right column) after ON transection. Numbers are shown as percentages of the total number of
regions found—non-transected larvae (n = 4 animals, one hemisphere/animal, total of 86 responsive regions), 3 weeks post-transection

(n = 4 animals, one hemisphere/animal, total of 82 responsive regions), 7 weeks post-transection (n = 10 animals, one hemisphere/animal,
267 responsive regions). AA, amino acids; Am, amines; a.t., after transection; BA, bile acids; Fsk, forskolin; Neg, negative control; Pos,
positive control; wks, weeks.
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Having established that there were no intrinsic differ-
ences in the behaviour of larval Xenopus within the two
areas of interest of the tank, we next proceeded to iden-
tify odour-guided behavioural responses. At the end of
the 2-h habituation period, a mixture of amino acid
odourants was applied to one of the areas (AA area)
while water, as a control, was applied to the other area
(W area, Figure 4c). The odour stimulus was the same
mixture of amino acids used in the calcium imaging
experiments described above. The Xenopus larvae contin-
ued to swim freely in the tank for 60 minutes while we
tracked their movements (Figure 4c). To detect a beha-
vioural response to the odour stimuli, we monitored how
each behavioural parameter extracted from the move-
ment traces varied compared to baseline, that is, the aver-
age parameter value during the 2-h habituation period.

Amino acids are known to be olfactory stimuli for
aquatic animals (e.g., Caprio & Byrd, 1984; Kang &
Caprio, 1995; Manzini et al, 2002; Manzini &
Schild, 2003, 2004, 2010; Schild & Manzini, 2004). How-
ever, it is unknown what these stimuli signify to Xenopus
larvae. For example, these stimuli could signal food
sources and/or the presence of predators and lead to
complex and even dichotomous response behaviours
(e.g., De Franceschi et al., 2016). For this reason, we
expected that changes in value for each parameter, sig-
naling a change in behaviour, could occur as an increase
or decrease from the baseline. Figure 4d shows data on
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the swimming velocity of two example larvae (non-trans-
ected). Tadpole #1 shows a reduction in swimming veloc-
ity after the first entry in the AA area, whereas the
swimming velocity in the area where water was applied
shows no apparent change. Tadpole #2 exhibits an
increase in swimming velocity in both areas, and this
increase is greater in the AA area (Figure 4d, top panels).
To obtain a single value describing the change in behav-
iour from baseline, we took the absolute value of the
change from baseline, and we fit these data with log para-
bolic functions (Figure 4d, middle panels). Then, we took
the area under the curve (AUC) of these fitted functions,
normalised to the measurement duration, as our metric
of change in behaviour from baseline (Figure 4d, bottom
panels). The change in behaviour from baseline in the
water compartment (blue) represents random changes in
each animal’s behaviour with time. Any additional
change in behaviour in the AA area (orange) should be
attributable to the animals detecting the odourant stimu-
lus in the water.

We applied this method across all animals for each of
the four parameters extracted from the movement traces
(Figure 4e). We did not find statistically significant differ-
ences between the AA and W areas regarding the per-
centage of time spent per area (p = .45) or the frequency
of visits per area (p = .96). Conversely, we found that
behaviour in the AA area was significantly different than
in the W area with respect to the time per visit

FIGURE 4 Motion and behaviour tracking without and with added odor stimuli in non-transected Xenopus larvae. (a). Schematic of
the partially separated choice tank (as seen from the camera; top), followed by raw movement traces, and the spatial distribution of explored

tank locations for one representative larva during a 2-h habituation period where no odor stimulus was applied. Areas A and B were the

areas of interest from which motion-tracking data were collected and analysed. Area C was a compartment connecting the two areas of

interest so that Xenopus larvae could freely move between areas A and B or retreat from both. Motion tracking data from area C was not

analysed. (b). Behavioral parameters extracted from the motion tracking data during the 2-h habituation period in compartments A and B
(no odor stimulus applied) for all animals (n = 18) and correlation map. Bars are means, and error bars are 95% bootstrapped confidence
intervals. Connected dots represent data from individual larvae. All paired comparisons p > .05. The strength of the correlations between the
four parameters was extracted from the motion tracking data from all animals (all p < .0001). (c). Illustration of the partially separated
choice tank as seen from the camera. An amino acid odourant mixture (AA) and water (W) were simultaneously introduced via gravity feed
into two separate locations of the choice tank (AA and W areas). Arrows show where the stimuli were introduced in the two areas of interest
in the tank. The two areas of interest end at the dashed line. Behavioral parameters were extracted from motion tracking data recorded
within these two areas of interest. Location frequency for one representative tadpole is shown at different time points after the first entry in
AA and W areas. (d). For two representative animals, the top plots show swimming velocity in the areas of the tank where we introduced
AA (orange) and W (blue) at baseline (t = 0) and as a function of time since the first entry in each area of interest. Tadpole #1 exhibits a
decrease in velocity in the AA area, whereas tadpole #2 exhibits an increase in velocity in the AA area. Middle plots show the absolute value
of the change in velocity from baseline as a function of time from the first entry in the AA and W areas. Curves are log parabolic functions
fit to the data. In the rightmost plots, the change in behaviour from baseline was computed as the normalised area under the curve (AUC) of
the fitted log parabolic functions. AUC data show that both Xenopus larvae exhibited a greater change in velocity in the AA areas, even
though this change was in different directions for the two larvae. (e). For each of the four measured parameters, the left plots show the
absolute value of the change from baseline as a function of time from the first entry in the AA (orange) or W (blue) areas. Dots are means
across larvae; error bars are 95% bootstrapped confidence intervals of the mean. Lines are the average best-fitting log parabolic functions
through the data. Corresponding right plots show the change in behaviour from baseline computed as the normalised area under the curve
(AUC) of the fitted log parabolic functions (small connected dots represent values for individual larvae). AA, amino acids; n.s., not
significant; W, water. *p < .05; “p < .01
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(p = .0035) and the velocity parameters (p = .016). In
the AA area, Xenopus larvae modified their behaviour by
changing how quickly they swam and how much time
they spent in the AA area during each visit. These two
parameters were also moderately correlated (as described
above; Figure 4b). These results suggest it should be pos-
sible to combine these parameters into a single, robust
index of behavioural response to the amino acid stimuli.

3.5 | Recovery of established odour-
guided behaviour parameters in larval
X. laevis after ON transection

Having determined which parameters reflect odour-
guided behavioural responses in non-transected Xeno-
pus larvae, we used these parameters to test whether
lesioned animals would recover such odour-guided
behavioural responses. We repeated the same experi-
ments previously performed on unlesioned animals
with animals at different time points during recovery
from ON transection.

We found no evidence of behavioural response to
odourant stimuli in Xenopus larvae that had recovered 3-
5 weeks after ON transection (n =10 animals;
Figure 5a). We did not find statistically significant differ-
ences between the AA and W areas in terms of time per
visit (p = .54) or velocity (p = .28). However, the situa-
tion differed for animals that had recovered 7-9 weeks
after ON transection (n = 13 animals; Figure 5b). In this
group, we found statistically significant differences
between the AA and W areas in terms of time per visit
(p = .016) and velocity (p = .047).

To combine these two parameters into a single robust
index of behavioural response to the amino acid odour-
ants, each parameter was first defined as a unitless
odourant response index (ORI, see Methods for precise
mathematical formulations). Values of these indices
around zero signify that no odour-induced change in
behaviour is detected. Figure 5c concisely summarises
our behavioural results across non-transected and trans-
ected animals using the combined time-velocity odour-
ant response index. The combined ORI was significantly
greater than zero and thus detected odour-guided beha-
vioural responses in non-transected Xenopus larvae
(p<.001; n=18 animals) and in larvae that had recov-
ered 7-9 weeks after ON transection (p=.0085; n=13
animals but not in larvae that had recovered 3-5 weeks
after ON transection (p =.31; n =10 animals).

These results indicate that ORN axon rewiring after
ON transection in larval X. laevis reliably reestablishes
the olfactory network to the degree that allows for odour
perception.

4 | DISCUSSION

Despite various phylogenetic adaptations, the OS main-
tains similar functional and structural features across ver-
tebrates (Ache & Young, 2005; Eisthen, 2002; Manzini
et al., 2022; Poncelet & Shimeld, 2020). The OE comprises
supporting cells, ORNs and a stem cell niche that main-
tains the epithelial cell population (Brann &
Firestein, 2014; Manzini et al., 2022). The axons of ORNs
connect to the OB, where they form synaptic connections
with MTCs and interneurons. After various processing steps
within the OB, the olfactory information is relayed to
higher brain centres by MTCs (Manzini et al., 2022). A stem
cell niche is also present in the subventricular zone in the
central nervous system, from where neuroblasts migrate to
the OB via the rostral migratory stream to replenish bulbar
interneurons (Lledo & Valley, 2016; Manzini et al., 2022;
Tufo et al., 2022). Maintenance of stem cell niches that can
replace OE and OB neurons throughout life results in a
remarkable regenerative capacity of the OS (Brann &
Firestein, 2014; Lim & Alvarez-Buylla, 2016; Schwob
et al., 2017). However, the extent, time course and accuracy
of recovery from injury depend on the species, developmen-
tal stage, age and the extent and location of the injury
(Calvo-Ochoa et al, 2021; Hawkins et al, 2017
Schwob, 2002; Schwob et al., 2017, and references therein).
The human OS also regenerates after damage to the OE or
the central olfactory processing pathways (Whitcroft
et al., 2023). In humans, head traumas are one of the lead-
ing causes of olfactory dysfunction (Frasnelli et al., 2016).
Such injuries can be accompanied by a complete and per-
manent loss of the sense of smell if the trauma entirely
severs the ONs. Despite intensive research, no reliable treat-
ments have yet been found that lead to the restoration of
the sense of smell in humans (Jafari & Holbrook, 2022).
Researching and understanding the basic physiological
mechanisms that support OS regeneration in vertebrates is
therefore essential to develop necessary treatments.

In a previous study, we monitored the time course of
rewiring of the OS of larval X. laevis, an anuran amphib-
ian, after ON transection (Hawkins et al., 2017). In the
present study, using functional calcium imaging and
behavioural tests, we show that the Xenopus OS rewires
with extremely high accuracy.

41 | Localisation of odour-processing
streams in the OB and recording of
odourant- and forskolin-induced responses
in ORN axon terminal regions

The main OS of larval X. laevis has long been known to
include two anatomically and functionally segregated
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odour-processing streams (see Introduction and Weiss,
Manzini, & Hassenkltver, 2021). Identical odour-processing
streams are also present in the Xenopus postmetamorphotic
OS specialised to detect water-borne olfactory stimuli
(Nakamuta et al., 2011; Weiss, Segoviano Arias, et al., 2021),
and similar streams are also present in the OS of fishes
(Olivares & Schmachtenberg, 2019; Sato et al., 2005).

Here, we performed odourant- and forskolin-induced
calcium imaging within the whole volume of the glomer-
ular layer of the OB of non-transected X. laevis larvae to
better localise and further investigate these streams (see
Figure 1). The lateral glomeruli innervated by ORNs of
the lateral stream are located more ventrally and caudally
in the OB. In contrast, the medial glomeruli innervated
by ORNSs of the medial stream have a more dorsal and
rostral location. We found that within the 3D volume of
the OB, only minimal spatial overlap exists between the
projection areas of the two streams.

We next identified 15 distinct bulbar regions with char-
acteristic tuning profiles corresponding to all combinations
of the applied stimuli (odourants and forskolin; see Table 1).
The most frequently identified regions were exclusively
responsive to amino acid odourants (36%). In addition,
approximately 20% of the responsive regions responded to
amino acids and combinations of other odourants (bile acids
and amines) and/or forskolin. Of these, 12% responded to
amino acids and forskolin. The second most frequently iden-
tified regions responded solely to forskolin (17.4%). In addi-
tion, 29% of the responsive regions responded to forskolin
and combinations of the other odourants; 7% of the respon-
sive regions responded solely to amines and about 1% solely
to bile acids. The vast majority of responsive regions
responded to one odourant group, but some regions
responded to two or three odourant groups. These results
are substantially in agreement with previous results from
our group, in which we recorded tuning profiles to odour-
ants and forskolin of individual ORNs (Czesnik et al., 2006;
Gliem et al., 2009, 2013; Manzini et al., 2002; Manzini &
Schild, 2003; Weiss, Segoviano Arias, et al., 2021), glomeruli
(Gliem et al., 2013; Manzini, Brase, et al., 2007, Manzini,
Heermann, et al.,, 2007) and bulbar neurons (Manzini
et al., 2002; Weiss, Segoviano Arias, et al., 2021).

Building on these detailed data, we investigated how
precisely the OB network functionally regenerates after
ON transection.

4.2 | Precise functional regeneration of
the peripheral OS is completed 7 weeks
after transection of the ON

In a previous study, we found that during recovery from
ON transection, ORNs reestablish synaptic connections

in the OB and that glomeruli and OB neurons again start
responding to odourants within three and 7 weeks
(Hawkins et al., 2017). We did, however, not assess how
precise the functional rewiring of the system is. In the
present study, we set out to answer this question by per-
forming odourant- and forskolin-induced calcium imag-
ing within the whole volume of the glomerular layer of
the OB of X. laevis larvae three and 7 weeks after ON
transection.

Three weeks after ON transection, axons of newly
formed ORNs of both odour streams, with cAMP-
dependent and cAMP-independent transduction mecha-
nisms, reached the OB and responses to both odourants
and forskolin started to reappear in the OB. However, the
terminal regions of the two odour streams still had a sig-
nificantly higher spatial overlap than control (non-trans-
ected) larvae (see Figure 2). This observation is in line
with the results of our previous study, in which we saw
that 2-3 weeks after ON transection, many aberrant ORN
axons were still present in the OB, and the characteristic
cluster structure of glomeruli had not yet fully recovered
(Hawkins et al., 2017). In other vertebrate species, it has
been shown that significant reinnervation errors can
occur after lesions of the OS (Blanco-Hernandez
et al., 2012; Schwob, 2002; St John & Key, 2003). These
errors presumably distort the olfactory information flow
from the OE to the OB and higher olfactory centres
(Costanzo & Miwa, 2006; Liu et al, 2021; Vedin
et al., 2004; Yee & Costanzo, 1998). Depending on the
type and degree of the peripheral lesions, particularly in
mammals, the targeting errors can persist for extended
periods (Calvo-Ochoa et al., 2021; Cheung et al., 2014;
Schwaob, 2002).

The fact that of the 15 odour-tuning response profiles
found in the OB of non-transected Xenopus larvae, only
12 were present in larvae 3 weeks after ON tran-
section supports our observation that the olfactory con-
nections from the OE to the OB are still not completely
and accurately reestablished at this point during regener-
ation (see Figure 3). Notably, most amine-responsive
regions had not yet recovered. On the other hand, more
bile acid-responsive regions were present if compared to
control larvae. The frequency of occurrence of the
remaining responsive regions did not notably change.
This could indicate that amine-responsive ORNs regener-
ate slower than other ORN subclasses. In contrast, bile
acid-responsive ORNs appear to regenerate faster and in
excess. In the OS of mice, it has been shown that during
the development of the OS, the timing of maturation of
ORNs residing in different zones of the OE differs
(Nishizumi & Sakano, 2015; Eerdunfu et al., 2017). In
zebrafish, on the other hand, there is evidence that ORNs
of different morphologies (ciliated vs. microvillous)
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recover with varying speeds after damage to the OE
(Calvo-Ochoa & Byrd-Jacobs, 2019; Ma et al., 2018). Our
results indicate that ORN subclasses could have a differ-
ent timing in regeneration also in Xenopus larvae.

Seven weeks after ON transection the segregation of
cAMP-dependent and cAMP-independent ORN axons in
the medial and lateral glomerular cluster, respectively,
has nearly returned to control levels (see Figure 2). This
shows that in the Xenopus OS, ORN axons of the medial
and lateral odour processing streams rewire with consid-
erable accuracy after ON transection. Also, all 15 odour-
tuning response profiles found in non-transected control
larvae were again present (see Figure 3). The frequency
of amine-responsive regions that were diminished after
3 weeks of regeneration almost completely recovered.
However, regions exclusively responsive to amines still
were less frequent than in control animals. On the other
hand, bile acid-responsive regions were still more fre-
quent if compared to control larvae. Forskolin-sensitive
areas were also slightly more frequent than in control
animals.

The results discussed thus far show that in X. laevis
larvae, axonal guidance mechanisms function during the
regeneration after complete transection of the ON.
Regenerating ORN axons of the two anatomically and
functionally segregated odour processing streams find
their way and reconnect to the original target areas in the
OB. These observations imply that axonal guidance
mechanisms are functional in both morphological ORN
types, that is, microvillous and ciliated ORNs, endowed
with different transduction cascades (Gliem et al., 2013).
Several axonal guidance mechanisms have been shown
to exist in the OS of other vertebrate species (for reviews,
see Lodovichi, 2021; Mori & Sakano, 2011; Nishizumi &
Sakano, 2015; Sakano, 2020). The axonal guidance mech-
anisms in Xenopus are unknown and need to be investi-
gated in future studies.

Together, the functional calcium imaging experi-
ments of the present study have shown that larval Xeno-
pus exhibits accurate reinnervation of the OB by ORNS,
accompanied by the recovery of odour-tuning response
profiles in the OB, even after complete ON transection.

In rodents, the restoration of the OB network after
damage or transection of the ON is less accurate.
Although, in principle, reinnervation of the OB by ORN
axons takes place, the resulting odour map in the OB is
not accurately reformed (Christensen et al., 2001;
Costanzo, 2000, 2005; Murai et al., 2016; Schwob, 2002).
The recovery differences between amphibians and
rodents may be due to the different time courses of ORN
regeneration. In rodents, Murai and coworkers observed
a complete loss of ORNs in the OE only 14 days after ON
injury, and the reinnervation of the OB was still

incomplete 42 days after injury (Murai et al., 2016). This
caused a disruption of MTC dendritic connectivity that
did not fully recover after 84 days (Murai et al., 2016).
The resulting protracted loss of innervation to the OB
likely leads to the loss of second-order neurons and inter-
neurons, that is, the post-synaptic targets of ORN axons,
that are lacking trophic support from the presynapse (Yu
et al., 2004). In Xenopus, instead, ORNs already regener-
ate in the OE in 1 week (Hawkins et al., 2017), and thus,
ORN axons probably reach the OB before a substantial
loss of post-synaptic targets occurs.

4.3 | Behavioural responses to odourant
stimuli are reestablished only after
complete recovery of odour
representations in the OB

To determine if and when, during the recovery process
from ON transection, X. laevis larvae regain the ability to
behaviourally respond to odors, we investigated
odour-induced changes in behaviour in non-transected
larvae and in larvae at different time points after ON
transection. In our behavioural experiments, we
employed amino acids as odourants. In aquatic species,
amino acids are well-established odourants, and in vari-
ous fish species, these stimuli have been shown to signal
the presence of food and thus to attract animals
(Hara, 2006; Olivares & Schmachtenberg, 2019;
Valentin¢i¢ & Caprio, 1997). Amino acids are also suit-
able odourants in larval Xenopus (Gliem et al., 2013;
Manzini et al., 2002; Manzini & Schild, 2010; Syed
et al., 2017). When non-transected Xenopus larvae were
exposed to amino acid odourants, their swimming veloc-
ity and the time they remained in the amino acid-
enriched environment were affected (see Figure 4). We
then determined if and at which point after ON tran-
section the observed odour-induced behaviour returned
during OS recovery. Although at 3 weeks after tran-
section partial recovery seems to be present relative to
ORN reinnervation and amino acid-induced activity in
the OB (see Figures 2 and 3), we found that the recovery
of olfactory guided behaviour only begins to occur within
a 7-9-week range (see Figure 5). These experiments show
that partial recovery of amino acid-induced responses in
the OB is insufficient to recover odour-induced behav-
iour. Our behavioural results are in line with our earlier
morphological results that showed that only starting from
7 weeks after ON transection, MTCs regained their glo-
merular tufts (Hawkins et al., 2017). These results also fit
the functional calcium imaging results of the present
study, which showed that a complete and precise recov-
ery of odourant responses in the OB occurs only about
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FIGURE 5 Behavioral responses to odor stimuli in Xenopus larvae recover after ON transection. (a). Time per visit and velocity
parameters in Xenopus larvae that had recovered 3-5 weeks after ON transection (n = 10 animals). Plots show the absolute value of the
change from baseline computed as the normalised area under the curve (AUC) of the fitted log parabolic functions of time from the first
entry in the W (blue) and AA (orange) areas. Error bars are 95% bootstrapped confidence intervals of the mean. Connected dots represent
values for individual larvae. (b). Same as in a, for animals that had recovered 7-9 weeks after ON transection (n = 13 animals). (c).
Combined time-velocity ‘Odourant Response Index’ as a single parameter that shows the behavioural response to odor stimuli. Positive (>0)
values signal a greater change in behaviour from baseline in the AA area compared to the W area. Bars are means, and error bars are 95%

bootstrapped confidence intervals. Dots represent individual larvae. A significant behavioural response to odor stimuli can be seen in non-
transected Xenopus larvae and larvae 7-9 weeks after ON transection. No significant response was found in larvae 3-5 weeks after ON
transection. The control animals (n = 18) are the same as those tested in the experiments shown in Figure 4. AA, amino acids; n.s., not

significant; W, water. *p < .05; "p < .01; "p < .001.

7 weeks after ON transection. Together, our results show
that only after a full functional reconnection of ORN
axons with MTC dendrites can odourant information be
adequately relayed to higher brain centres to initiate
behavioural responses.

Using a similar lesion technique in which the ON was
transected in both pre-metamorphic X. laevis and Xeno-
pus tropicalis larvae, Terni et al. (2017) found that odour-
guided behaviour no longer occurs in the days following
the lesion but recovers already after 4 days. These
authors found that the ON disappeared after the lesion
but quickly reconnected to the OB after 3-4 days of
recovery. Comparing anatomically defined glomeruli in
non-transected larvae to glomeruli in larvae after ON
transection, these authors found that new glomeruli
could be identified after 8 days. After 15 days, the
reformed glomeruli were similar to those found in

non-transected animals. However, they suggest that the
reformation of the glomeruli is not required to convey
olfactory information to higher brain centres. Our results
instead differ from those of Terni et al. (2017). We find
that odour-guided behaviour only returns after the precise
and functional reestablishment of the network of the OB
and after reconnection of MTC to ORN axons in glomeruli
(results of the present study and Hawkins et al., 2017).

The dissimilarities between our findings and those of
Terni et al. (2017) could be due to several differences
between the two studies. Specifically, Terni et al. (2017)
used a different Xenopus species (X. tropicalis) and larvae
of slightly different developmental stages (48-52) for their
behavioural study. Further, Terni et al. employed slightly
higher amino acid concentrations and a diverse amino
acid mixture. Finally, they investigated behavioural
responses occurring within 40 s of the initial exposure to
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amino acids, whereas we investigated behavioural
responses over a much longer time scale.

A fast return of olfactory-guided behaviour after ON
transection has also been observed in goldfish (Hoyk
et al., 1993; Zippel, 2000). In goldfish, it has been shown
that after bilateral ON transection, regenerated ON fibres
and terminals became again visible in the OB about
10 days to 2 weeks after transection. The same authors
report that within the same timeframe after ON tran-
section (10 days), odour-guided behaviour returns (von
Rekowski & Zippel, 1993; Zippel, 2000). Similar results
are found in zebrafish, where OB morphology is recov-
ered in approximately 10 days following ORN ablation,
and both glomerular innervation and olfactory-guided
behaviour are restored within 3 weeks (Calvo-Ochoa
et al., 2021). This suggests that OS regeneration may be
faster in fishes than in X. laevis larvae.

In rodents, the situation is more complex. Several
studies have shown that restoring olfactory-mediated
behaviour following ON damage and transection is possi-
ble after approximately 40 days, and this coincides with
the reinnervation of the OB (Harding & Wright, 1979;
Yee & Costanzo, 1995, 1998). Additionally, ON tran-
section in rodents leads to a distorted odour map in the
OB (Costanzo, 2005; Murai et al., 2016; Schwob, 2002).
Thus, the recovery of behavioural responses to odors in
rodents may not be due to the reacquisition of accurate
rewiring but rather resulting from a relearning and
remapping of odourant stimuli during the process of bul-
bar reinnervation (Astic & Saucier, 2001).

5 | CONCLUSION

Across a series of calcium imaging and behavioural
experiments, we have investigated the timing of the func-
tional recovery of the OS after ON transection in larval
X. laevis. We found that the OS regenerates with
high accuracy, leading to the precise recovery of
odourant-induced responses and odour-guided behav-
iour. It becomes increasingly evident that in earlier
diverging vertebrates, including amphibians, the OS
regenerates faster and more accurately than in mamma-
lian species. Building on this evidence, in future studies,
we will investigate which factors or mechanisms underlie
the more favourable environment for regeneration in
amphibians. These findings could be of potential clinical
significance as they may lead to novel therapeutic
approaches (Lledo & Valley, 2016; Shohayeb et al., 2018).
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