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1 | INTRODUCTION

In mammals, the pontine nuclei receive diverse sensory and motor
inputs. These inputs arise not only from visual, somatosensory, motor,
and higher-order areas of the cortex but also from subcortical struc-
tures such as the inferior colliculus, ventral thalamus, and accessory
visual system (Henschke & Pakan, 2020; Kratochwil et al., 2017; Ram-
nani, 2006). Given the diversity of inputs, it is not surprising that the
pontine nuclei have been implicated in a variety of functions, including
eye movements, motor planning, and higher cognitive functions (Guo
etal.,, 2021; Nagao, 2004; Ramnani, 2006).

In birds, as in mammals, the pontine nuclei reside at the base of the
anterior rhombencephalon, and two subnuclei are clearly visible: the
medial (PM) and lateral (PL) pontine nuclei (Figures 1 and 2). Whether
these nuclei are homologous to their mammalian counterparts remains
unclear (Brodal et al., 1950; Gutiérrez-Ibanez et al., 2023b). The pon-
tine nuclei of birds project to the cerebellum where is largely restricted
to folia VI-VIII, the oculomotor cerebellum (Gutiérrez-lbafez et al.,
2022). Thus, this projection is much more restricted compared to
mammals, where the pontine nuclei project to most of the cerebel-
lum (Biswas et al., 2019; Henschke & Pakan, 2020; Ramnani, 2006).
Despite these differences, the pontine nuclei receive similar inputs
in both groups. In birds, although there are some species differences
(see Discussion), the pontine nuclei receive both pallial (cortical) and
subpallial input (Wylie et al., 2018 ). These include inputs from the
arcopallium and the Wulst (Dubbeldam et al. 1997; Fernandez et al.,
2020; Wild & Williams, 2000), ventral geniculate nucleus (GLv) (Marin
etal.,2001), optic tectum (TeO) (Hunt & Kiinzle, 1976; Reiner & Karten,
1982), nucleus of the basal optic root (hnBOR) (Wylie et al., 1997),
and nucleus lentiformis mesencephali (LM) in the pretectum (Gamlin &
Cohen, 1988a) (Figure 1). With respect to this latter projection, Gam-
lin and Cohen (1988b) suggest that the projection from the pretectum
to the PM is not from the LM proper, but from the nucleus laminaris
precommisuralis (LPC), which resides immediately medial to LM (see
Figure 3)

In mammals, the organization of both cortical and subcortical inputs
to the pontine nuclei has been studied in detail in several species. These
studies have shown that inputs from different regions of the cortex and
subcortical inputs from different sensory modalities are segregated in
the pontine nuclei (Giolli et al., 2001; Henschke & Pakan, 2020; Kra-
tochwil et al., 2017; Leergaard & Bjaalie, 2007). In contrast, less is
known about the organization of inputs to the pontine nuclei in birds.
Previous research suggests that similar to mammals, inputs to the pon-
tine nuclei may be segregated by sensory modality. For example, inputs
from the TeO and visual arcopallium are largely restricted to the PL
(Fernandez et al., 2020; Hunt & Kiinzle, 1976), whereas inputs from
GLv and the somatosensory Wulst are restricted to the PM (Marin
et al., 2001; Wild & Williams, 2000). However, more detailed studies
are needed. In this study, we examined the topography of inputs to
the pontine nuclei in zebra finches (Taeniopygia guttata) from pallial and
subpallial structures with injections of anterograde tracers in visual

(TeO, GLv, LM, nBOR) and somatosensory areas (anterior Wulst). Our
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FIGURE 1 Avianvisual motion processing and somatosensory
brain areas investigated in the present study. Panel (a) shows an
illustration of a parasagittal section through the zebra finch brain
indicating the relative locations of structures of interest in this study:
the medial (PM) and lateral (PL) pontine nuclei (gray), the optic tectum
(TeO; blue); the nucleus of the basal optic root (nBOR; green), the
ventral lateral geniculate nucleus (GLv; yellow), the pretectal nucleus

(Continues)
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FIGURE 1 (Continued)

lentiformis mesencephali (LM; red), and the somatosensory anterior
Waulst (Wu; purple). Dashed vertical lines in (a) indicate the
anterior-posterior locations of the coronal sections shown in (b-e). In
the most anterior section, (b), the somatosensory Wulst is indicated in
purple. The Wulst is laminated and includes the hyperpallium apicale
(HA), the interstitial nucleus of the hyperpallium apicale (IHA), and the
hyperpallium densocellulare (HD). Panel (c) illustrates the location of
the retinorecipient nuclei GLv (yellow), LM (red), and anterior TeO.
Panel (d) shows the nBOR (green) of the accessory optic system and
the deep, motion-sensitive layers of the TeO (blue). Panel (e) shows the
deep layers of TeO and the medial and lateral pontine nuclei (PM and
PL). Other M = mesopallium; N = nidopallium. Scale bar = 1 mm.

results show that visual inputs to the PM and PL are topographically
organized and segregated from somatosensory inputs from the ante-
rior Wulst. We discuss our results in relation to the organization of
pontine inputs to the cerebellum and possible functional implications,
particularly related to the visual control of flight in birds.

2 | MATERIALS AND METHODS
2.1 | Animals

Eleven adult male zebra finches (T. guttata; 13-16 g; L'Oisellerie de
L’Estrie) were used for this study (Table 1). All surgical procedures were
approved by the University of British Columbia Animal Care Commit-
tee in accordance with the guidelines set out by the Canadian Council

on Animal Care.

2.2 | Surgical procedures

All procedures were performed in birds under surgical anesthe-
sia (65 mg/kg ketamine and 8 mg/kg xylazine; i.m.). Supplemental
doses were provided as necessary. Subcutaneous injections of 0.9%
saline were administered for hydration. We used a stereotaxic frame
designed for small bird neurosurgical procedures (Herb Adams Engi-
neering) to reliably identify the locations of target nuclei for tract
tracer injections. First a needle was placed in the stereotaxic tower and
the anterior-posterior coordinates of inter-aural zero were obtained.
The anesthetized bird was then placed in the stereotaxic frame,
secured with the ear bars and a beak bar, such that the angle between
the plane passing through the beak bar and ear bars was pitched down-
ward from the horizontal plane by 60°. An incision was made to expose
the surface of the skull. As the skull is very thin, the Y-sinus on the
dorsal surface of the brain can be seen through the skull. The pitch of
the head was then adjusted (+5°) such that the junction of the Y-sinus
was aligned with the medio-lateral and anterior-posterior coordinates
of interaural zero. With this adjustment, the angle between the plane
passing through the beak bar and ear bars was pitched downward from
the horizontal plane by 55-61°.
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FIGURE 2 Photomicrographs of Nissl-stained coronal sections
through four different levels of the pontine nuclei of the zebra finch
from anterior (a) to posterior (d). In a, the lateral pontine nucleus (PL)
appears large and shows at least two smaller subdivisions of the
ventromedial tail. Panels (b) and (c) show that at more posterior levels,
PL becomes progressively smaller. At the most posterior level (d) only
the medial pontine nucleus (PM) is visible. Panels (a) and (b) and (c) and
(d) are separated by 120 mm. Panels (b)-(c) are separated by 240 mm.
LLv = ventral nucleus of the lateral lemniscus. Scale bar = 500 um.
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FIGURE 3 Photomicrographs of coronal sections through injection sites in the somatosensory anterior Wulst (Wu; a and b) and visual
structures, nucleus lentiformis mesencephali (LM; ¢, d, f, and g), the ventral lateral geniculate nucleus (GLv; c and d), and the nucleus of the basal
optic root (nBOR; e). With the exceptions of (b) and (g), both fluorescent images (a,, ¢, do, €5, and f,) and Nissl-stained images of the same sections
are shown (aq, cq,dq, e4,and fq). The case numbers associated with each injection are indicated. The injection target is indicated in the corner of
fluorescent images, and color of text indicates the color of dextran used. In panels (a) and (b), both injections were localized in the hyperpallium
apicale (HA) of the somatosensory Wulst. The medial and lateral subnuclei of LM are indicated (LMm, LMI). The injections in LM involved the
medial and lateral subnuclei (LMm, LMI), as well as the adjacent nucleus laminaris precommisuralis (LPC), which lies medial to LMm and projects to
the oculomotor cerebellum in zebra finches (Gaede et al., 2019 ). See text for a more detailed description of the extent of each LM injection. The

(Continues)
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FIGURE 3 (Continued)

dashed line through the GLv represents the border between the internal and external laminae (c and d). Other HD, hyperpallium densocellulare; M,
mesopallium; nRt, nucleus rotundus; GT, tectal gray; Ill, third cranial nerve; Inf, infundibulum; SOp, stratum opticum. All scale bars = 250 pm.

TABLE 1 Acaselist of injections of anterograde tracers into visual
and somatosensory structures of the zebra finch. For each case, the
target injection for Texas red (red) and/or fluorescein (green)
conjugated dextrans is/are indicated. Targets included the anterior
somatosensory Wulst, nucleus lentiformis mesencephali (LM), ventral
lateral geniculate nucleus (GLv), nucleus of the basal optic root
(nBOR), and the optic tectum (TeO). Photomicrographs of the
injections appear in Figures 3 and 4 as indicated. All injections were on
the right side of the brain.

Case Red injection Green injection
TG511 Wulst
(Figure 3a)
TG541 Wulst LM
(Figure 3b) (Figure 3g)
TG505 LM GLv
(Figure 3c) (Figure 3c)
TG504 GLv LM
(Figure 3d) (Figure 3d)
TG513 nBOR LM
(Figure 3e) (Figure 3f)
TG496 LM
(Figure 4a)
TG502 LM nBOR
(Figure 4b) (Figure 4c)
TG503 nBOR LM
(Figure 4e) (Figure 4d)
TG497 nBOR
(Figure 4f)
TG499 TeO LM
(Figure 4h) (Figure 4g)
TG516 TeO nBOR
(Figure 4i) (Figure 4i)

We performed a small craniotomy over the target region so that
micropipettes lowered in the vertical plane could reach the LM, nBOR,
GLy, TeO, or anterior Wulst. To confirm location in the intended visual
or somatosensory nucleus, we recorded extracellular activity from sin-
gle units in response to relevant sensory stimuli; namely, visual motion
(e.g., large-field dot patterns, light flash) or touch (e.g., feather deflec-
tion, brushing, tapping). For this, we lowered glass micropipettes filled
with 2 M NaCl (tip diameter ~20 pm) using an electric microdrive
(Frederick Haer & Co.). Extracellular signals were amplified and filtered
(A-M Systems Model 3000) prior to being digitized (Cambridge Elec-
tronic Design; micro 1401-3). For the LM and nBOR, once a cell was
isolated, we qualitatively determined the direction preference of the
unit by moving a handheld visual stimulus (90° x 90°), comprised of

black lines and dots on a white background, in multiple directions at a
range of speeds within the cell’s receptive field as previously described
(Gaede et al., 2017; Pakan et al., 2010; Smyth et al., 2022; Wylie et al.,
2023). For the TeO and GLy, we identified injection sites by selecting
those with the most robust response to a light flash. We identified
cells in the somatosensory Wulst using a paintbrush to tap and brush
regions of the body. Once an injection site was confirmed with record-
ing, we retracted the recording pipette, removed the saline solution,
and refilled it with a fluorescent conjugated dextran (10% in 10 mM
PBS), either Texas red (D3328; 3000 molecular weight; Invitrogen
by Thermo Fisher Scientific) or fluorescein (D3306; 3000 molecular
weight; Invitrogen by Thermo Fisher Scientific). We then lowered the
micropipette to the recording site and injected the dextran via ion-
tophoresis (+4.5 pyA; 7 s on, 7 s off) for 15-40 min, followed by 5 min
of rest prior to removing the micropipette. In several cases, record-
ings and injections were performed in a second target nucleus using a
new micropipette with a tracer of the opposite color. At the end of the
surgery, we used bone wax to seal the craniotomy and the incision was

sutured with cyanoacrylate (Vetbond; 3 M).

2.3 | Brain extraction and sectioning

We recovered the birds for 4 days to allow bidirectional trans-
port of the tracers. The birds were then deeply anesthetized with
ketamine/xylazine (i.m.) transcardially perfused with 0.9% NaCl,
followed by 4% paraformaldehyde (PFA) in 0.1 M PBS (pH 7.4). Brains
were removed from the skull and stored in 4% PFA overnight at 4°C.
They were then transferred to 30% sucrose in 0.01 M PBS until they
sank, which cryoprotects the tissue for sectioning. Next, we embedded
the brains in gelatin and cryoprotected the block in 30% sucrose
again. Brains were sectioned using a freezing microtome into three
series in the coronal plane at a thickness of 40 um. The sections were
mounted on gelatinized glass slides, dried, and stored at 4°C. To aid
alignment of fluorescent and brightfield images and the delineation
of pretectal nuclei borders, a few drops of SlowFade Gold antifade
reagent with DAPI (Invitrogen) was applied to sections through the
pons and pretectum as previously described (Gutiérrez-lbanez et al.,
2018; Wylie et al., 2023).

2.4 | Microscopy and image analysis

To acquire images of injection sites, terminal labeling in the pontine
nuclei, and terminal or soma labeling in other sites, we applied a few
drops of PBS to the slides and temporarily cover-slipped them. We
viewed sections using a compound light microscope (Leica DM6B)
equipped with TX2 (red), L5 (green), and DAPI (blue) fluorescent filters.

Images were captured with a K5 (Leica) camera using Leica Application
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Suite X imaging software (RRID:SCR_013673). We used Adobe Photo-
shop (RRID:SCR_014199) to compensate for brightness and contrast.
After acquiring all fluorescent images, we removed the coverslips and
dried the slides for storage or subsequent Nissl staining with thionin. In
short, slides were air dried, hydrated through a graded series of ethanol
solutions, stained for 3 min in a 0.2 % thionin solution in a 4.4 pH
acetate buffer, then dehydrated through a graded series of ethanol
solutions, cleared in Citrasolv (Fisher Scientific), and cover-slipped in
Permount (Fisher Scientific).

Images were then taken of the Nissl-stained sections and these were
overlaid upon the fluorescent images of the same sections. This allowed
for an accurate delineation of the borders of brain nuclei to determine
the precision of the injections in targeted sites, and to more accurately

illustrate the topography of projections to the PM and PL.

2.5 | Divisions of PL and PM

The extent of the boundaries of PM and PL are shown in Nissl sections
in Figure 2. At more anterior levels, PL appears large, and there appear
to be two separate regions: the bulk of the nucleus is dorsolateral
(Figure 2a) while one or two small clusters of cells reside ventromedi-
ally (Figure 2a). At more posterior levels, PL is smaller and located more
medially (Figures 2b and c). PM appears as a single mass of cells that

continues posterior to PL (Figure 2d).

3 | RESULTS

3.1 | Injection sites

The eleven cases used in this study are summarized in Table 1. Eight
cases received injections in two sites allowing us to visualize the topog-
raphy of projections from both nuclei simultaneously, while three cases
received a single injection. Injection sites for all cases are shown in
Figures 3 and 4. Figure 3a serves as an example to illustrate the
methods used to localize injection sites. We first obtained a fluo-
rescent image (Figure 3a2), subsequently Nissl-stained the section
(Figure 3a1), and finally used the overlay to draw the boundaries of key
structures on the fluorescent image (Figure 3a2).

Two cases received injections in the anterior somatosensory Wulst
(Figures 3a and b). Likewise, there were two injections into the GLy,
with one placed medially (Figure 3c) and the other more laterally
(Figure 3d). Five cases included injections confined to the nBOR
(Figures 3e and 4c, e, f, and i) and two cases received injections
targeting the deep layers of the TeO (Figures 4h and i).

The LM was injected in eight cases. The LM is a crescent-shaped
structure in the pretectum that consists of medial and lateral subnu-
clei (LMm, LMI), both of which are retinorecipient (Gamlin & Cohen,
1988b). Internal to LMm is the nucleus LPC which consists of densely
packed neurons, the dendrites of which extend into LMm (Vega-Zuniga
et al., 2016). Of the eight LM injections, three were found in the ros-
tral half of the pretectum. Two of these three were largely confined to

LMI (cases TG496, TG503; Figures 4a and d) and one was largely con-
fined to LMm (case TG502; Figure 4b). The other five injections were
located dorsally in the caudal half of LM. In case TG541, the injection
was confined to LMI (Figure 3g). In case TG505, the injection was in the
extreme dorsal part of LM, where the borders of the subnuclei are dif-
ficult to distinguish. It appeared to include LMm, LMI, and the adjacent
LPC (Figure 3c). In cases TG504 and TG513, the injections were largely
confined to LPC, with some spread to the adjacent LMm (Figures 3d
andf). Last, in case TG499 the injection involved both the LPC and LMm
(Figure 4g).

3.2 | Connections of the anterior Wulst, GLv, LM,
nBOR, and TeO in zebra finches

Although the focus of this article is the projections to the pontine
nuclei, we note that from our injections we found anterograde and
retrograde labeling consistent with previous studies in zebra finches
and other birds. Injections into the anterior Wulst resulted in retro-
grade labeling in the nucleus dorsalis intermedius ventralis anterior of
the dorsal thalamus (Figure 5a). From both cases with injections in the
Waulst, anterograde labeling was not observed in the TeO or GLy, con-
firming that our injection was confined to the anterior somatosensory
Woaulst and spared the posterior visual Wulst (Funke, 1989; Schneider
& Necker, 1996; Wild, 1987, 1997; Wild et al.,, 2008; Wild & Williams,
2000). Injections into the GLv led to retrograde labeling of character-
istic “vine” neurons in layer 10 of the TeO (Figures 5b and c). These
neurons can be recognized by their radial morphology, dense dendritic
branching in layer 7 of the TeO, and an axon that travels through the
upper tectal layers and makes a 90° turn in the optic tract (Figure 5c).
Injections in GLv also resulted in anterograde labeled terminals in the
tectal gray (GT; Figure 4b) (Vega-Zuniga et al., 2016).

From injections in the LM, we observed terminals in the ipsilateral
nBOR pars dorsalis (nBORd; Figure 5d) and mossy fiber rosettes clus-
tered in parasagittal stripes in the granular layer of folia VI-IXcd of the
cerebellum (Figure 5e). LM injections also retrogradely labeled some
nBOR cells (Figure 5d) and nBOR injections resulted in strong terminal
labeling in the LM (Figure 5f). Together these results illustrate recip-
rocal connections between the LM and nBOR, as previously described
in pigeons and zebra finches (Brauth & Karten, 1977; Brecha et al.,
1980; Brecha & Karten, 1979; Clarke, 1977; Gamlin & Cohen, 1988a;
Wylie et al., 2023). LM and nBOR terminals bilaterally targeted the
inferior olive (10), though heavier on the side ipsilateral to the injection
site and demonstrated distinct topographical projections in the medial
column of the IO (Figure 5g) (Pakan et al., 2010; Wylie et al., 2023).
Injections in the TeO produced extensive anterograde and retrograde
labeling consistent with those previously reported in pigeons and other
birds (Faunes et al., 2013; Gamlin et al., 1996; Hellmann & Gunturkdn,
2001; Hunt & Kiinzle, 1976; Luksch, 2003; Reiner & Karten, 1982;
Wang et al., 2006). For example, retrograde labeling of large cells in
the nucleus isthmi pars magnocellularis (Imc; Figure 5h) as well as a
locus of terminal labeling and retrogradely labeled cells in the nucleus
isthmi pars parvocellularis (Ipc; not shown). Shown in Figure 5i, from
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FIGURE 4 Photomicrographs of coronal sections through injection sites in the pretectal nucleus lentiformis mesencephali (LM, a, b, d, and g),
the nucleus of the basal optic root (nBOR; ¢, e, f, and i), and the optic tectum (TeO; h and i). With the exceptions of d, e, and f, both fluorescent images
(ag, by, o, 85, hy, and ip) and Nissl-stained images of the same sections are shown (aj, by, ¢y, g5, hy, and i,). The case numbers associated with each
injection are indicated. The injection target is indicated in the corner of fluorescent images, and color of text indicates the color of dextran used.
The injections in LM involved the medial and lateral subnuclei (LMm. LMI), as well as the adjacent nucleus laminaris precommisuralis (LPC), which
lies medial to LMm and projects to the oculomotor cerebellum in zebra finches (Gaede et al., 2019 ). See text for a more detailed description of the
extent of each LM injection. The dashed line through the ventral lateral geniculate nucleus (GLv) represents the border between the internal and
external laminae (a, b, and d). In d, the red terminals in LMI arise from the injection in nBOR shown in e. The white arrows in e indicate the
micropipette track above nBOR. The numbered layers of the optic tectum are indicated in h and i (7, 10, 13) to emphasize that the injections were
in the deeper layers (10, 13). Other nRt, nucleus rotundus; GT, tectal gray; GTc, tectal gray pars compacta; I, third cranial nerve; Inf, infundibulum;
SOp, stratum opticum; Spl, lateral spiriform nucleus; Pt, nucleus pretectalis; Imc, nucleus isthmi pars magnocellularis. All scale bars = 250 pm.
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dorsal
thalamus

FIGURE 5 Fluorescence photomicrographs of anterograde and retrograde labeling from injections in the somatosensory Wulst, ventral lateral
geniculate nucleus (GLv), nucleus lentiformis mesencephali (LM), nucleus of the basal optic root (nBOR), and the optic tectum (TeO). For each panel
the case is indicated as well as the target of the injection and the color of dextran (red or green) injected. Panel (a) shows a photomicrograph of
retrograde labeling in the nucleus dorsalis intermedius ventralis anterior (DIVA) of the dorsal thalamus from injection in the anterior Wulst. From
injections in GLv, panel (b) shows anterograde labeled terminals in the tectal gray (GT) and panel (c) shows retrograde labeling of “vine” neurons in
layer 10 of the TeO. (d and e) From injections in LM, panels (d) and (e) show, respectively, terminal labeling in the ipsilateral dorsal part of nBOR and
mossy fiber rosettes in the granular layer (gl) folium IXcd of the cerebellum. In panel (d), note the retrogradely labeled neuron in nBOR (white
arrow). Panel (f) shows anterograde labeling in the LM from an injection in the nBOR. g shows anterograde labeling medially in the inferior olive
(10) from injections in NBOR and LM. The vertical dashed line indicates the midline. Last, injection in the TeO resulted in retrogradely labeled cells
in the nucleus isthmi pars magnocellularis (Imc; h) and anterogradely labeled fibers traveling via the tecto-thalamic tract (TT) and terminating
diffusely and bilaterally in the nucleus rotundus (nRt). Other ml, molecular layer of cerebellum; TrO, optic tract; Ipc, nucleus isthmi pars
parvocellularis; Ov; nucleus ovoicalis; SOp; stratum opticum; VSOD, ventral supraoptic decussation. All scale bars = 100 um.
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the TeO, a large bundle of fibers traveled via the tecto-thalamic tract
(TT) to nucleus rotundus (nRt).

33 |
nuclei

Topography of projections to the pontine

A topographic projection of terminal labeling was observed in the
pontine nuclei from injections in the somatosensory Wulst and visual
nuclei. These data are shown in Figures 6-9. Figures 6-8 show pho-
tomicrographs for these cases, whereas Figure 9 shows drawings of

serial sections through the pontine nuclei from rostral to caudal.

3.3.1 | Projections from the somatosensory Wulst

Photomicrographs of terminal labeling in the pontine nuclei from the
injections in the anterior Wulst are shown in Figure 6ab, and drawings
of terminal labeling throughout the rostro-caudal extent are shown in
Figure 9d. Heavy terminal labeling was restricted to the dorso-lateral
region of the medial pontine (Figures 9d,_7). In Nissl-stained sections,
this region usually appeared as a subnucleus of more densely packed
cells with a separation from the ventro-medial region (e.g., Figures 6a4,
f1, g1, 7b4, 8b4, and c4). Moreover, this dorso-lateral region of PM
was generally devoid of labeling from injections in the visual nuclei
(e.g., Figures 6d, fy, g5, and 8c,; see below for description). From the
anterior Wulst injections, some lighter terminal labeling was observed
amongst the labeled fibers surrounding PM, particularly medial to PM
(Figures 6ay, b,and 9d;_o).

3.3.2 | Projections from the GLv

Photomicrographs of terminal labeling in PM from injections in GLv are
shown in Figures 6c-e and drawings of serial sections through the pon-
tine are shown for case TG505 in Figure 9c. The terminals from GLv
were very fine in appearance. Although terminals could be seen over
much of PM, terminal labeling was extremely heavy and dense in a
central region with sparing medially and dorsolaterally (Figure 9c,_¢).
To reiterate, the dorso-medial region labeled from injections in the
Woaulst (described above), was sparsely labeled from injections in GLv
(Figures 6d and 9c,_¢). The region of sparse labeling medial to the cen-
tral region containing GLv terminals, was more heavily labeled from
injections in LM (e.g., Figure 6d; see below). The terminal labeling
from GLv persisted quite caudally, where the posterior end of PM is
very small (Figures 6e and 9cy_43). This posterior region received little

labeling from injections in other pontine-projecting nuclei (Figure 9).

3.3.3 | Projections from LM

The projections from the LM to the pontine were quite variable and
related to the location of the injection in the pretectum. Labeling was
seen across the medial pontine from four cases in particular: TG504,

TG505, TG513, and TG499. As described above, in these cases the
injections were centered on LPC, or at least included, LPC. From these
cases the labeling was seen in PM, with a ventro-medial emphasis
(Figures 6d, f, g and 8, 9b, c, and e). Critically, the terminal labeling was
largely absent from the dorso-lateral area of the PM that receives input
from the anterior Wulst (Figures 6d, e, g, 8c, and 9b3_s, c3_7, €5_4). This
LM labeling also appeared heavier more medial to the central region of
PM that contained terminals from GLv (e.g., Figure 6c), but there was
certainly some overlap in the projections from GLv and the pretectum
(Figure 9c).

From all eight LM cases, including those where the injection was
largely confined to LMI and spared LPC, labeled fibers were observed
passing through the ventro-medial tail of PL and the interstitial region
between PM and PL (Figures 9b,_7, c1_s5,and e4_g). In the photomicro-
graphs, terminals are clearly visible amongst these fibers both in the
interstitial region and the tail of PL (Figures 6c-g, 7a-c, and 8). Labeled
fibers from the LM injections would continue caudally lateral to PM as
part of the descending pretectal tract (Dpt; Figures 9b and e). Terminals
could be seen amongst these fibers between the caudal part of PM and
medial to the spinal lemniscus. At more posterior levels, fibers and ter-
minals can be seen more dorsally, in the trapezoid body (CTz) (Karten
& Hodos, 1967 ) and parts of the reticular formation (Figures 9b7_1,
and 9e5_13).

3.3.4 | Projections from nBOR

In all cases with injections in nBOR, fibers traveled in the same place
as those from LM injections, passing through the ventro-medial tail of
PL and the region between PM and PL (Figures 6f, 7b, 9a, and 9e), in the
descending pretectal tract. Similar to LM projections, terminals are also
clearly visible amongst these fibers both in the interstitial region and
the tail of PL (Figures 6f, 7b, 9a, and 9¢). Some fibers traveled dorsal and
medial to the ipsilateral PM, through the CTz, then crossed the midline,
and could be seen in the contralateral side, around PM and VI nerve in
the contralateral CTz (Figures 7e and 9a). Terminals could also be seen
in the ipsilateral and contralateral PM, but these were few in number

and disparate (Figures 6f, 7b, c, and e).

3.3.5 | Projections from TeO

Both TeO injections (TG 499, TG 516) resulted in labeling of the ipsi-
lateral tectopontine-tectoreticular (ITP) and the crossed tectobulbar
pathways, as in pigeons (Reiner & Karten, 1982). The ITP appears as a
massive bundle of fibers that can be seen coursing ventrally through
the lateral most part of the rostral pons (Figure 8a). At rostral lev-
els, this bundle of fibers leaves large and dense terminals in the PL
and the medially adjacent lateral mesencephalic reticular formation
(Figures 6g, 8a,and 9b4_4). The fibers continue ventromedially towards
PM and terminate around and inside the medial subdivision of PM
(Figures 8b and c and 9b3_4), although these terminals are not as dense
as those in PL. Despite the strong labeling of the cross tectobulbar

pathways, which send projections to the contralateral side of the brain,
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FIGURE 6 Photomicrographs of terminal labeling in the pontine nuclei from injections of anterograde tracers in visual and somatosensory
brain regions. Nissl-stained coronal sections were used for identifying the borders and subdivisions of the pontine nuclei. The case ID and injection
target are indicated in the bottom right corner of photomicrographs. The color of the dextran injected is indicated by text color. (a1) A Nissl-stained
section from TG511 showing the borders of the medial pontine nucleus (PM), including a lateral subregion consisting of a cluster of intensely
labeled, closely packed cells. (a;) The corresponding fluorescent image showing anterogradely labeled terminals from an anterior Wulst (Wu)
injection aligning with the lateral subregion of PM; separation of medial and lateral subregions indicated by dashed line. (b) Fluorescent
photomicrograph of a coronal section posterior to (a,); anterior Wulst terminals are visible in the lateral subregion of PM. (c) Terminal labeling in
the anterior PM from an injection in the ventral lateral geniculate nucleus (GLv). (d) Bands of terminal labeling in medial PM from an injection in the
lentiformis mesencephali (LM)/ nucleus laminaris precommisuralis (LPC) and lateral PM from an injection in GLv. (€) In a more posterior section of
the same case shown in (d), terminal labeling from a GLv injection is visible throughout PM. (f; and f,) A Nissl-stained section (f1) was used to
determine the boundaries of PM and PL, which were overlayed on the corresponding fluorescent image of terminal labeling in the same section
(f,). In this section, PL is separated into two divisions that are outlined using dashed lines. In panel (f,), anterograde terminal labeling from an LM
injection fills the medial subdivision of PM and a few en passant fibers pass through the medial division of PL. In the same case (TG513), nucleus of
the basal optic root (nBOR) fibers pass between the PM and PL and overlap with LM fibers in the medial division of PL. (g4 and g,) Corresponding
Nissl-stained and fluorescent photomicrographs showing strong terminal labeling in the PL from an injection in the optic tectum (TeO) and
terminal labeling from an LM/LPC injection similar to (f,). Scale bars = 100 um.
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FIGURE 7

Photomicrographs of terminal labeling in the medial and lateral pontine nuclei (PM and PL) from injections of anterograde tracers

in the lentiformis mesencephali (LM) and nucleus of the basal optic root (nBOR). The case ID and injection target are indicated in the corner of
photomicrographs. The color of the dextran injected is indicated by text color. (a1) A Nissl-stained coronal section showing the borders of PM and
PL at the level where PL is first visible. Borders are overlayed in white on the corresponding fluorescent image in panel (a,) showing LM fibers
passing through PL. (b4 and b,) Nissl-stained section and corresponding fluorescent photomicrographs showing PM and PL borders and LM and
nBOR fibers traveling through PL. Panel (c) shows LM fibers passing between PM and PL and fine nBOR terminals in PM. (d) A high magnification
image of LM fibers with collateral terminals. (e; and e,) Bilateral projections of anterogradely labeled fibers from the right nBOR to PM. Scale bars:

d =25 pm:; all others 100 um.

no terminals were observed in the contralateral PL or PM (data not
shown). At more posterior levels, the fibers from TeO course medial
and ventral to LLv, with terminals apparent in the reticular formation
and CTz adjacent to PM (Figures 8b and 9 by_15).

4 | DISCUSSION

In this study, we delineated the topography of projections from visual
and somatosensory brain regions to the pontine nuclei of zebra finches.
We show that projections from regions responding to optic flow (LM
and nBOR), local visual motion (TeO and GLv), and somatosensory

stimuli (anterior Wulst) form a topographic map in PM. This is sum-

marized in Figure 10. The anterior Wulst, GLv, and LM project to the
dorsolateral, central, and ventromedial regions of PM, respectively.
The boundaries of these projections are not distinct and there are
some regions receiving overlapping projections. As discussed below,
the projection to the ventromedial part of PM is more likely from LPC
rather than LM proper. From injections that spared LPC, there was little
anterograde labeling in PM, but rather many fibers of passage and ter-
minals in the interstitial region between PM and PL, and some within
the ventromedial tail of PL. The projection from nBOR was similar, but
with a few fibers terminating in the contralateral pontine. Terminals
from the TeO were sparse in PM, but PL was heavily labeled. As the
Woaulst, GLv, and LM are all topograhically organized (Funke, 1989; Gam-
lin & Cohen, 1988b; Wylie et al., 2009) and our injections did not cover
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FIGURE 8 Divisions of the medial and lateral pontine nuclei (PM and PL) and anterograde terminal labeling from the optic tectum (TeO). (a4)
Nissl-stained mid-anterioposterior coronal sections through the pontine nuclei revealed two divisions of the PL indicated with dashed lines. (a5)
The corresponding fluorescent photomicrograph shows a strong projection from the TeO to the lateral division of PL but not PM. Lentiformis
mesencephali (LM) terminals are visible in PM but not PL, with a few LM fibers passing through the medial division of PL. (b1) Nissl-stained section
posterior to section in panel (a1). (b4 and by) The divisions of PL are smaller; anterogradely labeled LM and TeO terminals target the medial
subdivision of PM, with some TeO fibers with terminals entering the lateral subdivision of PM. Anterogradely labeled TeO terminals target both
divisions of PL. Vertical dashed lines indicate the midline. (c4 and c,) A high magnification photomicrograph of PM showing distribution of LM and

TeO terminals. Scale bars = 100 pm.

the entirety of these neuronal structures, it is possible that they each
have a topographic projection to the pontine nuclei that is both more

extensive and more detailed than we describe.

4.1 | Comparison with previous work

The majority of the projections to the pontine nuclei described in this

study for the zebra finch have been previously reported in pigeons

but the topography of these projections has not been described. Pre-
vious studies in pigeons have shown that TeO projects to PL and the
surrounding reticular formation (Hunt & Kinzle, 1976 ). We found a
similar projection from TeO to the ipsilateral PL and adjacent retic-
ular formation in the zebra finch, particularly to rostral levels of PL
(Figures 8 and 9). However, we also observed a projection to PM, which
has not been described in pigeons, although this projection is not as
strong as that to PL (Figures 8 and 9). We found that in the zebra finch,
GLv projects heavily to the ipsilateral PM (Figures 6c-e), similar to that
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FIGURE 9 Asummary of the projections and fibers from the nucleus of the basal optic root (nBOR), the pretectal including both the nucleus
laminaris precommisuralis and nucleus lentiformis mesencephali (LPC/LM), optic tectum (TeO), ventral lateral geniculate nucleus (GLv), and the
somatosensory anterior Wulst to the medial and lateral pontine nuclei (PM and PL). Injection site and corresponding color are indicated at the top
of each series of sections. (a-e) Drawings of the PM and PL anterior (top) to posterior (bottom) are based on Nissl-stained sections from the case
indicated at the top. Darkly shaded regions indicate intense terminal labeling. Lines indicate fibers. Panel (a) shows bilateral projections from an
injection in the right nBOR (TG497). Panel (b) illustrates ipsilateral labeling from injections in the TeO (magenta) and LPC/LM (green) from case
TG499. Panel (c) illustrates ipsilateral labeling from injections in the LPC/LM (magenta) and GLv (green) from case TG505. Panel (d) shows
ipsilateral labeling from an injection in the somatosensory anterior Wulst (TG511), and panel (e) shows ipsilateral labeling from injections in the
nBOR (magenta) and LPC/LM (green) from case TG513. The subdivisions of PM are visible and indicated by a dashed line. It is also visible in each
case where the PL separates into separate divisions; the PL is outlined in dashed lines. NVI, sixth cranial nerve; LLyv, lateral lemniscus, ventral

nucleus; Dpt, descending pretectal tract. Scale bars = 250 pm.

described in pigeons (Marin et al., 2001 ). From our injections in GLy,
it is also clear that in the zebra finch GLv receives a topographic pro-
jection from a subpopulation of neurons in layer 10 of the TeO, similar
to that in chickens and pigeons (Figure 5c; Vega-Zuniga et al., 2014).
In the case of nBOR, our results are also similar to those reported for
pigeons (Wylie et al., 1997 ), where a small and bilateral projection to
both PM and PL had been reported. Regarding LM, previous work in
pigeons using retrograde tracers injected in the medial pontine area
had found a projection from the LPC but not LM (Gamlin & Cohen,
1988a ). Concordantly, in the zebra finch we found projections from
LM to PM only when the injection included LPC, and not when the
injections were exclusively in LM (Figures 3-7). In pigeons, injections

of anterograde tracers in LM have suggested that LM also projects to

PL (Clarke, 1977; Gamlin & Cohen, 1988a; Pakan et al., 2006). A pre-
vious study found no evidence of a projection from LM to PL in zebra
finches (Wild & Gaede, 2016). In this study, we show that fibers orig-
inating in LM traverse the medial most tip of PL and leave some en
passant synapses (Figure 7), although most terminals are in the inter-
stitial area between PM and PL and not in PL proper (Figures 6, 7,
and 9).

Finally, our results confirm the projection from the anterior Wulst
to PM in zebra finches (Wild & Williams, 2000). Interestingly, the pro-
jections from the anterior Wulst to PM nuclei is not found in all birds. It
is present in zebra finches (this study; Wild & Williams, 2000), ravens
(Corvus corax) (Adamo, 1967), Owls (little owl, Athene cunicullaria,
(Karten, 1971)), and Parrots (Adamo, 1967; Zecha, 1962) but is not
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FIGURE 10 Overview illustration of projections highlighted in this study, which originate in visual and somatosensory brain regions and
terminate in the medial and lateral pontine nuclei (PM and PL). From the retina, both retinal ganglion cells (RGCs) and displaced ganglion cells
(DGCs) project to the lentiformis mesencephali (LM; magenta). The nucleus of the basal optic root (nBOR; green) primarily receives projections
from the DGCs. The ventral lateral geniculate nucleus (GLv; yellow) and optic tectum (TeO; blue) both receive projections from the RGCs. The
nucleus laminaris precommisuralis (LPC), which is imediately medial to LM, is also retinal-recipient (Gamlin & Cohen, 1988b ). These four visual
regions project to the pontine nuclei, with the PM receiving primary input from the GLv and LM and the PL receiving inputs from the TeO and
nBOR. The anterior Wulst is a somatosensory region of the anterior telencephalon that has a representation of the body, excluding the beak. The
anterior Wulst strongly projects to the PM. The inset highlights the areas of the PM and PL with the densest projections from the indicated brain

regions.

present in chickens (Gallus gallus) (Adamo, 1967) or pigeons (Gutierrez-
Ibanez et al., 2018). Recently, Gutiérrez-lbanez et al. (2023) showed
that skilled foot-use has evolved repeatedly among birds, but almost
exclusively after the emergence of Telluraves (core landbirds) about 65
million years ago (Gutiérrez-Ibanez et al., 2023). Zebra finches, ravens,
owls and parrots are all Telluraves, whereas chickens and pigeons are
not. The anterior Wulst has a heavy representation of the hindlimbs
(Manger et al., 2002; Wild, 2015). We speculate that the novel projec-
tion from the anterior Wulst to PM evolved to support skilled foot use

among Telluraves.

4.2 | Visual integration in the pontine nuclei of
birds

We have previously suggested that the integration of local motion
(from the TeO) and optic flow information (from LM/nBOR) in the
brain of birds may be implicated in “steering” to avoid obstacles during
locomotion through cluttered environments (Elder et al., 2009; Page &
Duffy, 2008; Wylie et al., 2018). Given the direct projection from LM to

the oculomotor cerebellum (Gamlin & Cohen, 1988a; Gutiérrez-Ibanez
et al,, 2022; Pakan & Wylie, 2006) and the projections from TeO to
PL, which then also projects to the oculomotor cerebellum (Clarke,
1977; Gutiérrez-Ibafez et al., 2022; Hunt & Kiinzle, 1976), we have
previously argued this could happen in the cerebellum. Nonetheless,
because previous studies suggested a projection from LM to PL (see
above), we suspected this could be an earlier site of integration of the
two types of visual inputs. Surprisingly, we found very few inputs from
LM to PL or PM, and conclude that in the zebra finch the pretectal
projection to PM arises from LPC, as it has been shown in pigeons
(Gamlin & Cohen, 1988a). Although little is known about the function
of LPC in birds, in chickens, cells in LPC have been shown to have
large dendritic trees that lie in the adjacent LMm, so it is possible that
they respond to optic flow like LM cells, but this is unclear. Therefore,
at least at the level of the pontine nuclei, there is little integration
between optic flow inputs from LM and local motion inputs from TeO.
Interestingly, we show here that LPC and GLv project to adjacent but
overlapping regions of PM (Figures 6c-e and 9 c;_g). Additionally, this
area receives small inputs from TeO and nBOR, which respond to local

motion and optic flow respectively (Bilge, 1971; Cronly-Dillon, 1964;
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Frost, 1978; Frost et al., 1990; Frost & DiFranco, 1976; Gioanni et al.,
1984; Winterson & Brauth, 1985). While the functional role of GLv in
visual processing remains unclear (Gioanni et al., 1991; Guiloff et al.,
1987; Vega-Zuniga et al., 2016), GLv receives a strong topographic
input from TeO (Gamlin & Cohen, 1988a; Guiloff et al., 1987; Karten
et al,, 1973; Vega-Zuniga et al., 2014, 2016; Wylie et al., 2009), and
therefore is likely to also respond to local motion. Therefore, it is
possible that some integration of local motion and optic flow happens
in PM, but this is rather between LPC and GLv and not TeO and LM
as was suggested by previous studies. Interestingly, Vega-Zuniga et al.
(2016, 2018) showed that in the chicken, LPC receives inputs directly
from GLy, further suggesting that these two nuclei form part of the

same visual processing network.

4.3 | Multisensory integration in PM

Visual information from two different structures (LPC and GLv) as well
as somatosensory information from the anterior Wulst are organized
topographically in PM. Particularly, we show that somatosensory and
visual information are largely separated in two subdivisions of PM,
although there could be some overlap (Figure 9). This suggests that,
at least at the level of the pontine nuclei, these two sensory streams
may not be strongly integrated. Nonetheless, somatosensory-visual
integration is expected during flight. Somatosensory receptors among
the feathers detect changes in airflow (Brown & Fedde, 1993), which
could encode aerodynamic features such as stall, lift, airspeed, and
so on, and thus play a critical role in fight control (Altshuler et al.,
2015). Given the role of visual inputs in the control of flight, particu-
larly optic flow (Altshuler & Srinivasan, 2018; Dakin et al., 2016; Goller
& Altshuler, 2014; Wylie et al., 2018), one would expect somatosen-
sory and visual inputs to be integrated, this is possible in PM, but
there is little overlap between the inputs of the Wulst and those from
GLy, TeO, and LPC. Therefore, it is likely that this integration occurs
in the oculomotor cerebellum. This separation between tactile and
visual areas in the pontine nuclei of birds is similar to what has been
found in mammals where visual and somatosensory inputs from the
cortex are organized in separate clusters and neurons (Schwarz et al.,
2005).

4.4 | Zonal organization of pontocerebellar inputs

Recently, Gutierrez-lbanez et al. (2022) showed that in pigeons, pro-
jections from the pontine nuclei to the oculomotor cerebellum follow
the same parasagittal zones as |O inputs and cerebellar nuclei outputs
(Arends & Zeigler, 1991; Arends & Voogd, 1989; Gutiérrez-lbanez et al.,
2022). In particular, they showed that the PL sends bilateral projec-
tions to the most medial part of the oculomotor cerebellum, zone A1,
as well as to the most lateral zone, E. The PM, in contrast, sends largely
contralateral projections to zones A2 and C. Projections from PM and
PL are therefore segregated in the oculomotor cerebellum. This, com-
bined with the segregation of inputs found in this study between PL
and PM, means that parallel and independent sensorimotor pathways

exist in the oculomotor cerebellum of birds. Zone A1 receives visual
inputs from the tectofugal pathway, either through the PL or from
inputs of the visual arcopallium to the lateral SpM, which also projects
to zone A1l (Gutiérrez-lbanez et al., 2022). Alternatively, Zones A2
and C receive inputs from GLv, LM, and anterior Wulst through the
PM. This zone receives additional input from the anterior Wulst via
the medial subdivision of the SpM, which receives inputs from the
anterior Wulst (Wild &Williams, 2000). Interestingly, the results from
Gutierrez-lbanez et al. (2022) for pigeons also suggest that outputs
from PM could be further segregated in the oculomotor cerebellum.
These authors showed that zone A2 receives inputs from a lateral and
dorsal area of PM whereas zone C received input from the surrounding
PM, a pattern that closely resembles the segregation of anterior Wulst
and LPC/GLv inputs in the PM of the zebra finch showed here (Figures 5
and 6). This arrangement means that zone A2 may receive stronger
inputs from anterior Wulst, whereas zone C may receive stronger
inputs from GLv and LM. Given that these zones in the oculomotor
cerebellum project to different cerebellar nuclei or areas (Arends &
Zeigler, 1991), these inputs are segregated in the outputs of the cere-
bellum. What the functional significance of these parallel pathways
is remains unknown, but in the past we have argued that the medial
pathway that involves PL-zone A1 and the medial cerebellar nuclei is
more involved in feedforward control of locomotion, and the pathway
between PM-zone A2/C and the lateral cerebellar nuclei is involved

more in feedback control of movements (Gutiérrez-lbafnez et al., 2022)

4,5 | Comparison with mammals

The pontine nuclei of mammals receives diverse cortical and subcorti-
cal inputs, which resemble those of birds to some degree. The superior
colliculus (homologous to the TeO), GLv, and NOT (homologous to LM)
have all been shown to project to the pontine nuclei in mammals (Kra-
tochwil et al., 2017; Ramnani, 2006). Additionally, most regions of the
cortex project to the pontine nuclei (Henschke & Pakan, 2020; Kra-
tochwil et al., 2017; Ramnani, 2006; Wu et al., 2023). In birds, both the
Waulst and arcopallium, the two main outputs of the pallium, project
to the pontine nuclei; however, it is unclear whether the projections
from the pallium to the pontine nuclei in birds are as widespread as in
mammals. For example, PM receives projections from the somatosen-
sory Wulst (homologous to S1/M1), but no projections from the more
posterior visual Wulst (homologous to the V1 of mammals) have been
reported (Karten, 1971; Miceli et al., 1987 ). In contrast, V1 sends
projections to pontine nuclei in rodents (Henschke & Pakan, 2020;
Kratochwil et al., 2017). The pontine nuclei of mammals also receive
projections from the prefrontal/associative areas (Henschke & Pakan,
2020; Kratochwil et al.,, 2017). In birds, the nidopallium caudolat-
erale (NCL), which is analogous to the prefrontal cortex of mammals
(Waldmann & Glinturkin, 1993), projects to the arcopallium (Kréner &
Guntirkian, 1999), which then sends projections to PL (Fernandez et al.,
2020; Zeier & Karten, 1971). Therefore, some connectivity between
associative areas and pontine nuclei is possible; however, more detailed

studies are needed.
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Our results showed segregation of different pallial and subpallial
inputs to the pontine nuclei of birds. This is similar to what has been
observed in mammals, where several studies have shown that corti-
cal and subcortical inputs are clearly segregated in the pontine nuclei
(reviewed in Kratochwil et al., 2017 ). This means that not only are the
inputs to the pontine nuclei similar between birds and mammals, but
that it is organized in a similar fashion. The pontine nuclei of birds and
mammals have been proposed to be homologous (Brodal et al., 1950),
but the fact that reptiles lack pontine nuclei, including alligators, the
closest relatives to birds, makes this unclear (Bangma & Donkelaar,
1982; Gutiérrez-lbanez et al., 2022; Schwarz, & Schwarz, 1980). If the
pontine nuclei of birds and mammals are not homologous, the simi-
lar organization of these inputs in these two groups would imply an
impressive case of convergent evolution, one that suggests that similar

computations have evolved in the cerebellum of birds and mammals.

5 | CONCLUSION

Our results show that projections carrying global optic flow, local
“object” motion, and somatosensory information are topographically
organized in the pontine nuclei of the zebra finch. We have previ-
ously shown that the medial column of the zebra finch IO is organized
into several distinct subnuclei that are differentially targeted by mid-
brain visual motion processing nuclei. Together, these data add to the
growing collection of evidence suggesting that species-specific special-
izations exist in the neural pathways carrying optic flow information in
birds (Gaede et al., 2017, 2019, 2022; Smyth et al., 2022; Wylie et al.,
2023). Specializations in how visual motion data is communicated and
processed may be related to the ecological demands and flight behavior
of different species. Zebra finches perform flap-bounding flight, typi-
cally feed on the ground, and live in grassy woodland habitats where
they may come in close contact with a variety of foliage common to arid
environments. They also have a high wingbeat frequency and are able
to perform rapid flight maneuvers, which places high demands on the
visuomotor system (Tobalske et al., 1999, 2005). Furthermore, a high
degree of parcellation within brain structures is an indicator of sys-
tem specialization (Cloutman & Lambon Ralph, 2012; Ebbesson, 1984
). Further study examining the functional role of the subdivisions and
topography of the pontine nuclei is required, particularly within the

context of optic flow and local motion integration.
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