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ABSTRACT
Extensive research has revealed a fundamental organiza-
tion of the cerebellum consisting of functional parasagittal
zones. This compartmentalization has been well docu-
mented with respect to physiology, biochemical markers,
and climbing fiber afferents. Less is known about the or-
ganization of mossy fiber afferents in general, and more
specifically in relation to molecular markers such as ze-
brin. Zebrin is expressed by Purkinje cells that are distrib-
uted as a parasagittal array of immunopositive and immu-
nonegative stripes. We examined the concordance of
zebrin expression with visual mossy fiber afferents in the
vestibulocerebellum (folium IXcd) of pigeons. Visual affer-
ents project directly to folium IXcd as mossy fibers and
indirectly as climbing fibers via the inferior olive. These
projections arise from two retinal recipient nuclei: the len-
tiformis mesencephali (LM) and the nucleus of the basal

optic root (nBOR). Although it has been shown that these
two nuclei project to folium IXcd, the detailed organization
of these projections has not been reported. We injected
anterograde tracers into LM and nBOR to investigate the
organization of mossy fiber terminals and subsequently
related this organization to the zebrin antigenic map. We
found a parasagittal organization of mossy fiber terminals
in folium IXcd and observed a consistent relationship be-
tween mossy fiber organization and zebrin stripes: para-
sagittal clusters of mossy fiber terminals were concen-
trated in zebrin-immunopositive regions. We also describe
the topography of projections from LM and nBOR to the
inferior olive and relate these results to previous studies on
the organization of climbing fibers and zebrin expression.
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The fundamental architecture of the cerebellar cortex
consists of parasagittal compartments that have been re-
vealed by using anatomical, electrophysiological, and his-
tological techniques (e.g., Voogd and Bigaré, 1980). Stud-
ies have shown that parasagittal zones can be defined by
climbing fiber (CF) input, Purkinje cell efferents, and Pur-
kinje cell response properties (Voogd, 1967; Oscarsson,
1969; Andersson and Oscarsson, 1978a,b; Voogd and Big-
aré, 1980; Llinas and Sasaki, 1989; Sato and Kawasaki,
1991; De Zeeuw et al., 1994; Wylie et al., 1994, 1995,
2003a; Voogd and Glickstein, 1998; Ruigrok, 2003; Win-
ship and Wylie, 2003; Sugihara and Shinoda, 2004; Voogd
and Wylie, 2004; Apps and Garwicz, 2005). Fewer anatom-
ical studies have also investigated this parasagittal organi-
zation in relation to mossy fiber (MF) input, with particular
focus on the topographical organization of somatosensory
afferents to the cerebellar cortex from spinocerebellar and
cuneocerebellar pathways (Voogd et al., 1969; Ekerot and

Larson, 1973; Matsushita et al., 1984; Gerrits et al., 1985;
Arends and Zeigler, 1989; Matsushita et al., 1991; Akin-
tunde and Eisenman, 1994; Ji and Hawkes, 1994).

Compartmentation of the cerebellar cortex has also
been revealed immunohistochemically with several molec-
ular markers (for review, see Hawkes and Gravel, 1991;
Herrup and Kuemerle, 1997), but the most thoroughly
studied of these is zebrin II (aldolase C; Brochu et al., 1990;
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Ahn et al., 1994; Hawkes and Herrup, 1995), which is ex-
pressed by Purkinje cells. Zebrin-immunopositive (ze-
brin�) Purkinje cells are distributed as a parasagittal array
of stripes, separated by zebrin-immunonegative (zebrin�)
stripes (e.g., Larouche and Hawkes, 2006). Zebrin para-
sagittal stripes have been shown in several mammalian
species (for review, see Sillitoe et al., 2005), and recently
we have shown that zebrin is also expressed in the avian
cerebellum in a similar pattern (Fig. 1C–E; Pakan et al.,
2007; Iwaniuk et al., 2009). Thus, the pattern of zebrin
stripes is highly conserved among species, and likely con-
tributes to underlying fundamental cerebellar function.

The pigeon vestibulocerebellum (VbC) is an ideal system
for examining the correlations among functional, anatom-
ical, and molecular topographies of the cerebellar cortex
for several reasons. First, the pigeon VbC is organized into
easily identifiable zones that differ with respect to visual
(i.e., optic flow) preference (Fig. 1B,CF; Wylie and Frost,
1999). Second, the climbing fiber input from the inferior
olive (IO) has been extensively documented (Fig. 1F; Wylie
and Frost, 1999; Crowder et al., 2000; Pakan et al., 2005),
and the topography has been confirmed with single-unit
recordings (Winship and Wylie, 2001). Third, the major
source of optic flow MF afferents arises from two retinal
recipient nuclei, the nucleus of the basal optic root (nBOR;
Fig. 2A) of the accessory optic system (AOS), and the pre-
tectal nucleus, lentiformis mesencephali (LM; Fig. 2B). The
LM and nBOR have been extremely well characterized
(Winterson and Brauth, 1985; Wylie and Frost, 1990; Wylie
and Crowder, 2000).

Finally, in pigeons, the most striking and reliable zebrin
stripes were seen in folium IXcd (Pakan et al., 2007),
which, along with folium X, comprises the VbC (Figs.
1A,D,E, 2G). The lateral part of the VbC is the flocculus,
which is responsive to visual stimuli resulting from rota-

tional self-motion ADDIN EN.CITE (Wylie and Frost, 1993;
Voogd and Wylie, 2004), and the medial part of the VbC
consists of the ventral uvula (folium IXcd) and the nodulus
(folium X), which are responsive to visual stimuli resulting
from translational self-motion (Wylie and Frost, 1991;
Wylie et al., 1993, 1998; Wylie and Frost, 1999). In pi-
geons, it has been shown that these optic flow responses
are organized into parasagittal zones throughout the VbC
(Fig. 1B; Wylie et al., 1993; Wylie and Frost, 1999; Winship
and Wylie, 2003).

The LM is homologous to the mammalian nucleus of the
optic tract; (NOT; Collewijn, 1975; Hoffmann and Schopp-
mann, 1975; McKenna and Wallman, 1985), and the nBOR
is the homolog of the mammalian medial terminal nucleus
(Simpson, 1984; Giolli et al., 2006). Neurons in the pretec-
tum and AOS have large, contralateral receptive fields and
exhibit direction selectivity in response to large-field mov-
ing visual stimuli (Burns and Wallman, 1981; Simpson,
1984; Winterson and Brauth, 1985; Simpson et al., 1988;
Grasse and Cynader, 1990; Wylie and Frost, 1990). The
visual MF projections to the VbC target folium IXcd but not
X, and originate from large multipolar cells in the LM
(mainly the lateral subnucleus) and nBOR (Fig. 2C,E,H). The
LM and nBOR also project indirectly to the VbC via the
medial column of the IO (mcIO), and terminate as CFs in
folia IXcd and X (Clarke, 1977; Brecha et al., 1980; Gamlin
and Cohen, 1988; Arends and Voogd, 1989; Lau et al.,
1998; Wylie et al., 1999a; Crowder et al., 2000; Winship
and Wylie, 2003). The projections to these olivocerebel-
lar pathways originate from small fusiform cells in the
intercalated (LMi) region of the LM and the dorsal re-
gions of the nBOR (Fig. 2D,F,I; Brecha et al., 1980; Gam-
lin and Cohen, 1988; Wylie and Linkenhoker, 1996; Win-
ship and Wylie, 2003; Pakan et al., 2006; Pakan and
Wylie, 2006; Wylie et al., 2007).

Abbreviations

AOS accessory optic system
Au auricle
BDA biotinylated dextran amine
Cb cerebellum
CF climbing fiber
CP posterior commisure
CSA complex spike activity
dl dorsal lamella of the inferior olive
FRL lateral mesencephalic reticular formation
FRM medial mesencephalic reticular formation
GLv ventral leaflet of the lateral geniculate nucleus
Hy hypothalamus
ICo nucleus intercollicularis
Imc nucleus isthmi, pars magnocellularis
IO inferior olive
IS interstitial nucleus (of Cajal)
IXcd folium IXcd
LM (l, m, i) nucleus lentiformis mesencephali, (lateral, medial, interca-

lated)
LPC nucleus laminaris precommisuralis
mcIO medial column of the inferior olive
MF mossy fiber
nBOR (d,p.l) nucleus of the basal optic root (dorsal, proper, lateral)

NOT nucleus of the optic tract
N-T nasal-to-temporal
NXII 12th cranial verve (hypoglossal nerve)
PPC nucleus principalis precommisuralis
R raphe
rH45 rotation about the vertical axis oriented 45° from midline
Rt nucleus rotundus
Ru nucleus ruber (red nucleus)
rVA rotation about the vertical axis
SOp stratum opticum
SP nucleus subpretectalis
TeO optic tectum
TIO tractus isthmo-opticus
T-N temporal-to-nasal
TrO tractus opticus
TT tectothalamic tract
VbC vestibulocerebellum
vl ventral lamella of the inferior olive
VTA ventral tegmental area
X folium X
zebrin� zebrin II-immunopositive
zebrin� zebrin II-immunonegative
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In a recent study (Pakan and Wylie, 2008), we investi-
gated the organization of this visual olivocerebellar path-
way by making small injections of anterograde tracers into
the IO in order to label CF projections to the flocculus. We
then correlated the resulting CF labeling with zebrin ex-
pression and found that a single parasagittal zone spans an
entire zebrin� and zebrin� stripe (Fig. 1F).

How the visual MF pathways from the LM and nBOR are
organized in folium IXcd is unknown. In the present study,
we made small injections of the anterograde tracer biotin-
ylated dextran amine (BDA) into the LM and nBOR in pi-
geons for three reasons: 1) to determine whether there is a
parasagittal organization of LM and nBOR MF terminals in
folium IXcd; 2) to determine whether the LM and nBOR
have differential MF projections to the VbC; and 3) to de-
termine whether the MF pathways to folium IXcd relate to
the parasagittal organization of the zebrin stripes.

MATERIALS AND METHODS
Surgical procedures

The methods reported herein conformed to the guide-
lines established by the Canadian Council on Animal Care
and were approved by the Biosciences Animal Care and
Policy Committee at the University of Alberta. Silver King
and Homing pigeons (Columba livia), obtained from a local
supplier (Vandermeer Farms, Sherwood Park, Alberta,
Canada), were anesthetized by an intramuscular injection
of a ketamine (65 mg/kg)/xylazine (8 mg/kg) cocktail,
and supplemental doses were administered as necessary.
Animals were placed in a stereotaxic device with pigeon
ear bars and a beak bar adapter so that the orientation of
the skull conformed to the atlas of Karten and Hodos
(1967). To access the LM and nBOR, bone and dura were
removed from the dorsal surface of the caudal telenceph-
alon, lateral to the midsagittal sinus. To record the activity
of optic flow units in the LM and nBOR, glass micropipettes
filled with 2 M NaCl, with tip diameters of 4–5 �m, were
advanced through the telencephalon and into the midbrain
by using a hydraulic microdrive (Frederick Haer, Bowdoin,
ME.). Stereotaxic coordinates were used to approach the
LM and nBOR, but to ensure that our injections were in the
desired nucleus, the localization was confirmed by record-
ing the responses of neurons to a large (90° � 90°) mov-
ing hand-held stimulus in various areas of the visual field.

Cells responsive to optic flow stimuli were found along
the track at several depths so that the injection could be
placed at a depth between the most dorsally and ventrally
identified cells. Once the desired area was isolated, the
recording electrode was replaced with a micropipette (tip
diameter 20–30 �m) containing fluorescent BDA; either
mini-ruby (red; D-3312) or mini-emerald (green; D-7178;
10,000 molecular weight; Invitrogen, Carlsbad, CA). The

tracers (0.01–0.05 �l of 10% solution in 0.1 M phosphate
buffer) were pressure injected by using a Picospritzer II
(General Valve Corporation, Fairfield, NJ). After surgery the
craniotomy was filled with bone wax and the wound was su-
tured. Birds were given an intramuscular injection of bu-
prenorphine (0.012 mg/kg) as an analgesic.

After a recovery period of 3–5 days, the animals were
deeply anesthetized with sodium pentobarbital (100 mg/
kg) and immediately transcardially perfused with
phosphate-buffered saline (PBS; 0.9% NaCl, 0.1 M phos-
phate buffer) followed by 4% paraformaldehyde in 0.1 M
PBS (pH 7.4). The brain was extracted from the skull and
immersed in paraformaldehyde for 7 days at 4°C. The
brain was then embedded in gelatin and cryoprotected in
30% sucrose in 0.1 M PBS overnight. Using a microtome,
frozen serial sections in the coronal plane (40 �m thick)
were collected throughout the rostrocaudal extent of the
cerebellum.

Immunohistochemistry
Tissue sections were rinsed thoroughly in 0.1 M PBS and

blocked with 10% normal donkey serum (Jackson Immu-
noResearch, West Grove, PA) and 0.4% Triton X-100 in PBS
for 1 hour. Tissue was then incubated in PBS containing
0.1% Triton X-100 and the primary antibody, mouse mono-
clonal anti-zebrin II (kindly provided by Richard Hawkes,
University of Calgary; Brochu et al., 1990) for 60–75 hours
at room temperature. Anti-zebrin II is a monoclonal anti-
body grown in mouse, produced by immunization with a
crude cerebellar homogenate from the weakly electric fish
Apteronotus (Brochu et al., 1990) and recognizes in mouse
a single polypeptide band with an apparent molecular
weight of 36 kDa, which cloning studies have shown to be
the metabolic isoenzyme aldolase C (Ahn et al., 1994;
Hawkes and Herrup, 1995). Anti-zebrin II Western blot
analysis of homogenate of pigeon cerebellum also detects
a single immunoreactive polypeptide band, identical in size
to the band detected in extracts from the adult mouse
cerebellum (Pakan et al., 2007). It was used directly from
spent hybridoma culture medium diluted 1:200. Tissue
was then rinsed in PBS, and sections were incubated in
either Cy3 (red) or Cy2 (green) conjugated donkey anti-
mouse antibody (Jackson ImmunoResearch: diluted 1:100
in PBS, 2.5% normal donkey serum, and 0.4% Triton X-100)
for 2 hours at room temperature. The tissue was then
rinsed in PBS and mounted onto gelatinized slides for view-
ing.

Microscopy and image analysis
Sections were viewed with a compound light micro-

scope (Leica DMRE) equipped with the appropriate fluo-
rescence filters (rhodamine and fluorescein isothiocya-
nate [FITC]). Images were acquired by using a Retiga EXi
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FAST Cooled mono 12-bit camera (Qimaging, Burnaby BC)
and analyzed with OPENLAB imaging software (Improvi-
sion, Lexington MA). Adobe Photoshop (Adobe Systems,
San Jose, CA) was used to compensate for brightness and
contrast.

Nomenclature
As in mammals, the cerebellum in birds is highly foli-

ated, but is restricted to a vermis without hemispheres.
Folia IXcd (uvula) and X (nodulus) comprise the VbC and
merge rostrolaterally to form the auricle (Figs. 1A,B, 2G).
We use the term auricle as a gross anatomical term and it
is included in the flocculus as its lateral portion. Larsell
(1967) considered the lateral extensions of folium IXcd
and X as the paraflocculus and flocculus, respectively. In
recent years we (Wylie and Frost, 1999; Winship and Wylie,
2003; Wylie et al., 2003a,b) divided the VbC into flocculus,
nodulus, and ventral uvula based on function and homol-
ogy with mammals. Purkinje cells throughout the VbC re-
spond to optokinetic stimulation (e.g., Wylie et al., 1993).
In the medial half, the complex spike activity (CSA) of Pur-
kinje cells responds best to patterns of optic flow resulting
from self-translation (Wylie et al., 1993, 1998). In the lat-
eral half of the IXcd and X, CSA responds best to optic flow
resulting from self-rotation about the vertical axis (rVA
neurons; zones 0 and 2; Fig. 1B) or a horizontal axis ori-
ented 45° contralateral azimuth/135° ipsilateral azimuth
to the midline (referred to as rH45 neurons for simplicity;
zones 1 and 3; Fig. 1B; Wylie and Frost, 1993).

These responses are essentially identical to those ob-
served in the mammalian flocculus (Graf et al., 1988; Wylie
and Frost, 1993). Thus, we consider these zones in the
lateral half of both IXcd and X, including the auricle, as the
flocculus. In mammals, a similar phenomenon has oc-
curred: parts of the cerebellum traditionally included in the
ventral paraflocculus are now considered part of the “floc-
cular region,” “lobe,” or “complex” (Voogd and Barmack,
2006). The numbering of the floccular zones, 0–3 as
shown in Figure 1, follows that used for rats and rabbits
(Voogd and Wylie, 2004).

In folium IXcd, it is usually impossible to tell on a coronal
section precisely where the border is between the uvula
and the flocculus, as this division can usually only be es-
tablished by electrophysiological means; however, with
the correlation of zebrin immunostaining and CF borders,
we (Pakan and Wylie, 2008) have determined that the me-
dial border of the flocculus consistently corresponds to the
medial edge of P4�. In what follows, we have used this
guideline to determine the mediolateral boundaries of the
uvula and flocculus in folium IXcd.

For the nomenclature of the LM, we relied on Gamlin and
Cohen (1988), who divided the LM into a medial and a
lateral subdivision (LMm and LMl, respectively; Fig. 2).

Both subnuclei contain large multipolar cells, which
project to the VbC (Fig. 2E; Gottlieb and McKenna, 1986;
Gamlin and Cohen, 1988; Pakan et al., 2006). A strip of
smaller fusiform cells was located caudally along the bor-
der of the LMm and LMl projecting to the IO. We refer to
this region as the LMi (Fig. 2F; Pakan et al., 2006).

Brecha et al. (1980) divided the nBOR complex into
three regions, the proper (nBORp), dorsal (nBORd), and
lateral (nBORl). The large multipolar cells projecting to the
VbC are found in the nBORp and nBORl (Fig. 2C). The
IO-projecting cells are found in the dorsal regions of the
nBORp and in the nBORd (Fig. 2D; Wylie et al., 2007,
2001).

RESULTS
Injection sites and inferior olive labeling

The results are based on 12 injections in eight animals.
Four animals received single injections of red-BDA, two in
the LM (Cases #2 and #8) and two in the nBOR (Cases #4
and #1). The remaining animals received injections in both
the LM and the ipsilateral nBOR (Cases #6, #3, #5, and
#7). Representative injection sites are shown in Figure 4A
and B from Case #6 as well as in Figure 6B and 7B from
Case #5. All injections were largely confined to the target
region, with the exception of the LM injection in Case #7,
which spread ventrolaterally into the optic tectum, and

Figure 1. Parasagittal organization of the pigeon flocculus. A: Pho-
tograph of the posterior pigeon cerebellum, indicating the vestibulo-
cerebellum (VbC; folia IXcd and X), as well as their lateral extension
forming the auricle (Au). B: Purkinje cell response properties in folium
IXcd. The flocculus, the lateral portion, responds best to rotational
optic flow about either the vertical axis (rVA; green) or an horizontal
axis oriented 45° to midline (rH45; blue; Graf et al., 1988; Wylie and
Frost, 1993). Zones in the medial part of the ventral uvula and nod-
ulus (teal, orange, and yellow), responds best to translational optic
flow stimuli (see Wylie and Frost, 1999). C: Photomicrograph of ze-
brin expression in the pigeon cerebellum, illustrating subsets of Pur-
kinje cells that are immunopositive for zebrin (ZII�) separated by
subsets of Purkinje cells that are immuonegative (ZII�). D,E: Pattern
of zebrin II expression in the pigeon posterior cerebellum (adapted
from Pakan et al., 2007), shown with a coronal section through the
posterior cerebellum (D) and a schematic of the pattern of zebrin
II-positive stripes (E). The zebrin stripes are numbered from 1 to 7
through folium IXcd. F: The rVA and rH45 cells are organized into four
zones in the flocculus: two rVA zones (0 and 2, green) interdigitated
with two rH45 zones (1 and 3, blue). The rVA and rH45 zones receive
climbing fiber input from the caudal and rostral medial column of the
inferior olive (mcIO), respectively. The caudal mcIO projects to the
P4�/� (zone 0) and the P6�/� zebrin stripes (zone 2) and the
rostral mcIO projects to the P5�/� (zone 1) and the P7�/� zebrin
stripes (zone 3). dl, vl, dorsal and ventral lamellae of the inferior olive;
gl, granular layer; ml, molecular layer; pcl, Purkinje cell layer. A
magenta-green copy of this figure is available as Supplementary Fig-
ure S1. Scale bar equals; 1 mm in A,D,E (that in E also applies to B);
100 �m in C.
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Figure 2
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Case #3, which spread dorsally and slightly medially to
nBOR. Because there are no mossy fiber projections from
these regions of spread to the cerebellum, this has no
bearing on our results.

Terminal labeling in the inferior olive was observed from
all injections. The graph in Figure 3A shows the extent of
the labeling that was observed in the mcIO from each in-
jection. From injections in the nBOR, terminal labeling in
the IO was heavy, with the majority of terminals found in
the rostral half of the ipsilateral mcIO (thick red bars in Fig.
3A; Fig. 3B,D,E). In these rostral regions, terminals here
were heaviest in the most medial regions of the mcIO,
where olivary cells respond to visual stimuli resulting from
rotational self-motion (Winship and Wylie, 2001). There
was also a comparatively small amount of terminal labeling
more caudally in the mcIO (thin red bars in Fig. 3A), as well
as in the contralateral mcIO (Fig. 3E). However, labeling in
these regions tended to be more lateral in the mcIO (in
regions surrounding the 12th cranial nerve), where olivary
cells respond to visual stimuli resulting from translational
self-motion (Fig. 3B,E; Winship and Wylie, 2001). Fibers
could be seen crossing the midline ventral to the raphe
nucleus (Fig. 3E). The contralateral labeling from the nBOR
spanned the same rostral-caudal extent as the ipsilateral
labeling (ipsilateral extent is shown in Fig. 3A). From injec-
tions in the LM, labeling was observed in the caudal half of
the ipsilateral IO, where terminals were found throughout

the mediolateral extent of the mcIO (Fig. 3B,C). No labeling
from LM injections was found in the contralateral mcIO or
more rostral regions. Comparatively, the terminal labeling
observed in the IO was much heavier from injections in the
nBOR than from LM injections.

Mossy fiber input to folium IXcd
Axons from the nBOR and LM travel from the injection

sites and enter the brachium conjunctivum cerebellopetal,
where they then course caudally to the cerebellum,
through the cerebellar white matter, and enter the granule
cell layer as discrete fascicles organized in parasagittal
bands (e.g., Fig. 4E). These fascicles pass through the in-
ternal regions of the granule cell layer and then spread
horizontally to terminate as MFs, generally, in the external
half of the granule cell layer, directly subjacent to the Pur-
kinje cells (e.g., Fig. 4C,D). From all injections, MF terminal
labeling (MF rosettes) could clearly be seen in the granule
cell layer in folium IXcd of the VbC (e.g., Figs. 4, 5).

As a representation of a typical double injection case,
Figures 6–8 show photomicrographs of injection sites
from Case #5 (Figs. 6B, 7B) as well as the resulting MF
terminal labeling in the form of reconstructions through
the rostrocaudal extent of the dorsal and ventral lamellae
of folium IXcd. The general pattern of terminal labeling was
consistent between cases, although the total number of
MF rosettes differed according to the size of the injection.
For quantification, MF rosettes were counted from serial
coronal sections, and the numbers that follow are percent-
ages averaged over all cases (Table 1).

Mossy fiber projections from nBOR
By examining the MF terminal organization in Figure 6C

and Table 1, the following observations can be made. MF
projections from the nBOR were distributed bilaterally
throughout folia IXcd in parasagittal clusters of varying
widths, with slightly heavier MF labeling on the contralat-
eral side (ipsilateral labeling 45.6%, contralateral labeling
54.4%). More terminal labeling was seen in caudal regions
of the folium, and labeling in rostral regions was sparse.
There was also heavier terminal labeling in the dorsal la-
mella (55.6%) compared with the ventral lamella (44.4%),
especially on the contralateral side and in rostral regions
where the ventral lamella was nearly void of terminals (e.g.,
Fig. 8B). With respect to the parasagittal organization, the
heaviest cluster of terminal labeling occurred surrounding
the midline (20.5% directly surrounding midline, bilater-
ally), with the exception of the ipsilateral dorsal lamella,
which had very few MF terminals (ipsilateral dorsal lamella
1.1%, compared with contralateral dorsal lamella 6.4%; see
green MFs in Fig. 8B for example). There were more appar-
ent MF parasagittal clusters on the ipsilateral side, espe-
cially in the ventral lamella, where a total of five clusters

Figure 2. Nomenclature of the pigeon nucleus of the basal optic root
(nBOR), lentiformis mesencephali (LM), and vestibulocerebellum
(VbC). A,B: Tracings of coronal sections through nBOR and LM, re-
spectively. The approximate anterior-posterior locations according
to the atlas of Karten and Hodos (1967) are listed in the top right.
C,D: Photomicrographs of coronal sections through the nucleus of
the basal optic root (nBOR), showing retrogradely labeled neurons
from injections of cholera toxin subunit B into the VbC (C) and inferior
olive (D; adapted from Wylie et al., 2007). Cells projecting to the VbC
are very large multipolar cells found throughout the nBOR (C). Cells
projecting to the medial column of the inferior olive (mcIO) include a
cluster of small cells dorsally in the nBOR (D). E,F: Photomomicro-
graphs showing retrogradely labeled cells in the nucleus lentiformis
mesencephali (LM) after injections of cholera toxin subunit B in the
VbC (E) or inferior olive (F; adapted from Pakan et al., 2006). The cells
projecting to the VbC are large multipolar cells found throughout the
LM, but mainly in the lateral subnucleus (LMl), whereas those pro-
jecting to the inferior olive are localized to a strip caudally, along the
border of the LMm and LMl, in the LM intercalated (LMi). G: Photomi-
crograph of a sagittal section through the pigeon cerebellum. The
folia are numbered I–X (anterior to posterior) according to the no-
menclature of Larsell (1967). The VbC includes folia IXcd and X.
H: The granular layer of folium IXcd of the VbC receives direct mossy
fiber projections from the LM and nBOR. The LM and nBOR also
project indirectly to the VbC via the inferior olive, which then sends
climbing fibers to the molecular layer of folia IXcd and X. For abbre-
viations see list. Scale bars equals; 1 mm in A (applies to A,B); 200
�m in C–F.
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could be distinguished. In the dorsal lamella, there was a
heavier MF projection to the uvula compared with the floc-
culus. The pattern of MF labeling in the dorsal flocculus
was similar to that in the ventral flocculus, with a total of
three main parasagittal bands throughout its rostrocaudal
extent. There was generally one parasagittal zone in the
most lateral regions of the dorsal flocculus that received a
small number of mossy fiber projections; this zone was
seen consistently on the ipsilateral side and in the cases
with large injections sites, few MF terminals were seen in
the corresponding region on the contralateral side.

Mossy fiber projections from LM

The organization of MF projections from the LM was
similar to the distribution seen from nBOR injections, and
MF terminals were generally in overlapping regions (e.g.,
Figs. 5A,B, 8A–C). By examining the MF terminal organiza-
tion in Figure 7C and Table 1, the following observations
can be made. From LM injections, MFs were distributed
bilaterally, and terminal labeling was heavier on the con-
tralateral side (ipsilateral labeling 35.3%, contralateral la-
beling 64.7%). More terminal labeling was seen in caudal
regions of the folium. Heavier MF terminal labeling was
seen in the dorsal lamella (60.7%) compared with the ven-
tral lamella (39.3%), especially in contralateral and rostral
regions. With respect to the parasagittal organization,

clusters were more apparent from the LM injections com-
pared with nBOR injections. As with the nBOR, LM injec-
tions also heavily labeled the midline region, with the ex-
ception of the ipsilateral dorsal lamella (see Fig. 8B for
example); this pattern was more pronounced from injec-
tions in the LM (ipsilateral dorsal lamella 1.2%, compared
with contralateral dorsal lamella 13.7%).

In the ventral lamella, there were more apparent para-
sagittal clusters on the ipsilateral side, where four clusters
could be distinguished. In the dorsal lamella, there was a
heavier MF projection to the uvula compared witho the
flocculus, and overall, the heaviest labeling was observed
in the contralateral dorsal uvula. The pattern of MF termi-
nals in the flocculus consisted of three main parasagittal
bands throughout its rostrocaudal extent. From LM injec-
tions, there was also generally one parasagittal zone in the
most lateral and dorsal flocculus, with more rosettes on
the ipsilateral compared with the contralateral side (Fig.
5C).

Comparison of projections from LM and nBOR
Because the labeling from the LM and nBOR was by and

large overlapping, the parasagittal bands are more obvious
in Figure 8C. There were a few notable differences be-
tween LM and nBOR injections in the pattern of MF label-
ing. Figure 8C shows the reconstruction of the labeling
from both the LM and the nBOR. The MF terminal labeling
in the flocculus was similar from LM and nBOR injections,
but, on average, the MF terminal labeling in the uvula was
more horizontally dispersed from the nBOR compared with
the LM.

Projections outside folium IXcd

The projections from the LM and nBOR to other regions
of the cerebellum were not the focus of the current study,
but briefly, from injections in nBOR, we observed very few
MF terminals in other folia of the posterior lobe (folia VI–
IXab), and most of the terminals were found surrounding
the midline of these folia. From injections in the LM, sub-
stantially more MF terminals were observed in the poste-
rior lobe, especially in folia VI–VIII, and the terminals were
found in the highest density surrounding the midline, with
additional clusters in the more lateral parts of the folia.
From injections into the LM and nBOR we also observed a
small number of MF terminals in the lingula (folium I) in the
anterior lobe. No mossy fiber terminals were observed in
folium X of the VbC in any of the cases.

Zebrin expression in folium IXcd
Zebrin immunoreactivity is observed in the Purkinje cell

dendritic arbors, somata, and axons, but not the nuclei
(Fig. 1C). In the pigeon posterior lobe, clusters of strongly

Figure 3. Pattern of terminal labeling in the inferior olive from injec-
tions in the nucleus lentiformis mesencephali (LM) and the nucleus of
the basal optic root (nBOR). A: Graph of the rostrocaudal extent of
terminal labeling observed in the medial column of the inferior olive
(mcIO) resulting from injections of anterograde tracers into the nu-
cleus lentiformis mesencephali (LM; green bars) and the nucleus of
the basal optic root (nBOR; red bars). The bars represent the pres-
ence of terminal labeling in the mcIO in the corresponding rostro-
caudal region of the inferior olive, normalized and averaged over all
cases. Thin red bars represent a comparatively small amount of la-
beling more caudal in the mcIO from nBOR injections. B: Photomi-
crograph of terminal labeling in the ipsilateral caudal mcIO from a
green injection in LM and a red injection in nBOR. Note that the
amount of terminal labeling from nBOR is small and is located later-
ally in the mcIO. C: Photomicrograph of labeling from a green injec-
tion in the LM illustrating terminal labeling in the medial and lateral
regions of the mcIO. There was no terminal labeling observed in the
contralateral mcIO from injections in LM. D,E: Photomicrographs of
terminal labeling in the rostral mcIO from a red injection in the nBOR;
note the heavy terminal labeling in the medial portions of the mcIO (D
and E, left) and the presence of a small amount of terminal labeling in
the contralateral mcIO in E (right), located slightly lateral compared
with the ipsilateral labeling. E also shows fibers crossing the midline
ventral to the raphe nucleus (R). Dotted lines represent midline; bro-
ken lines represent the position of the 12th cranial nerve, which is
used as a landmark for the lateral edge of the mcIO. A magenta-green
copy of this figure is available as Supplementary Figure S2. Scale bar
equals; 100 �m in B–E.
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zebrin-immunoreactive Purkinje cells alternate with clus-
ters that are immunonegative or very weakly immunoreac-
tive (Fig. 1D,E; Pakan et al., 2007). Alternating zebrin�/�
stripes observed in folium IXcd are the most consistent
and clear stripes seen throughout the cerebellum. The
stripes themselves are numbered following the nomencla-
ture used in Pakan et al. (2007), which is the same as that
in mammals (Brochu et al., 1990; Eisenman and Hawkes,
1993; Ozol et al., 1999; Sillitoe and Hawkes, 2002; re-
viewed in Sillitoe et al., 2005), whereby the most medial
positive stripe straddles the midline and is designated
P1� and the six other zebrin� stripes, P2�–P7�, are
located laterally on either side of the cerebellar midline
extending into the auricle.

There are a few additional classifications that we have
used in the current study to further delineate the various
zebrin-immunoreactive boundaries. In pigeons, there is of-
ten an additional, very small (perhaps one to three Purkinje
cells wide), unclassified zebrin stripe thatis between the
large P1� and P2� stripes. We previously labeled this
zone “?” in Pakan et al. (2007), because it was relatively
inconsistently and usually only weakly immunopositive
compared with the other surrounding positive stripes.
However, in the current study, this small stripe was seen in
all our cases (see Fig. 5D for example), especially in more
caudal regions of folium IXcd; therefore we refer to P1-
medial and P1-lateral as the zebrin-negative regions sur-
rounding the “?” zebrin� zone. Secondly, the P2� zebrin
stripe is quite large and has a paucity of Purkinje cells in its
midregion, spanning about two to four Purkinje cells wide.
Although this creates a pseudo-border, it is not a zebrin�
stripe, and we refer to the portion medial to this division as
P2�medial and the lateral portion as P2�lateral (see Fig.
5E for example).

Mossy fiber labeling and zebrin expression in
folium IXcd

In panel D of Figures 6–8, which show the reconstruc-
tions of MF terminal labeling from the LM and nBOR as well

as the zebrin expression pattern, the correlation between
the MF clusters and the zebrin stripes can be directly as-
sessed. As is evident from these representative recon-
structions, we found that, generally, MF terminals from the
LM and nBOR clustered within zebrin� stripes. This can
also be seen in Table 1, which shows percentages of MF
terminal labeling in the various zebrin stripes, averaged
across all cases.

From nBOR injections, the concordance of the MF and
the zebrin� stripes is especially apparent in the ventral
lamella, where 84% of the MF terminals were in zebrin�

zones. In the dorsal lamella 76% of terminals were in ze-
brin� zones. Even within the P1� zebrin zone, much of the
labeling fell within the very thin band of zebrin� Purkinje
cells, referred to as the “?” zebrin� zone. From this per-
spective it seems that the nBOR MF projection is organized
into several bands, each associated with a zebrin� stripe.

From the LM injections—similar to that observed in
nBOR—the concordance of the MF and the zebrin� stripes
is especially apparent in the ventral lamella, where 96% of
the MF terminals were in zebrin� zones. There were some
general differences in the organization of zebrin stripes
and MF terminals from injections in the LM compared with
the nBOR. For instance, we did not observe a main cluster
of MF rosettes in the “?” parasagittal stripe from injections
in the LM. Also, the parasagittal cluster corresponding to
P3� showed a striking difference between the contralat-
eral and ipsilateral sides, with more MF terminal labeling
on the contralateral side (7.3% on the contralateral com-
pared with 1.3% on the ipsilateral side). There was also
heavier terminal labeling in P4� on the contralateral side
(6.7% contralateral compared with 2.1% ipsilateral), espe-
cially in the dorsal lamella (4.0% in contralateral dorsal
lamella, 0.9% in ipsilateral dorsal lamella). As is apparent
from Figure 6D (and Table 1) there was very little MF ter-
minal labeling in the zebrin� zones from LM injections. On
average, through the entire rostrocaudal extent of folium
IXcd, 13 of the 16 zebrin� zones had less than 1% of MF
terminal labeling associated with each of them.

Although the abrupt zebrin�/� boundaries were not
always strictly limiting boundaries for the MF clusters, gen-
erally, the zebrin� Purkinje cells were directly superficial
to the MF terminals. This is not an artifact of there simply
being more zebrin-ositive Purkinje cells in folium IXcd.
From our own measurements, we found that 57% of the
Purkinje cells express zebrin (zebrin� Purkinje cells) and
43% do not (zebrin� Purkinje cells). When we consider this
along with the fact that 91% of MF terminals from LM
injections and 80% of MF terminals from nBOR injections
were correlated with zebrin� stripes, it is clear that there
was a strong bias for MF rosettes to cluster in zebrin�

stripes.

Figure 4. Typical injection sites in the nucleus lentiformis mesen-
cephali (LM) and the nucleus of the basal optic root (nBOR) and the
resulting pattern of mossy fiber (MF) labeling in folium IXcd. A,B:
Photomicrographs of typical injection sites in the nBOR (A; red) and
LM (B; green). C–E: Photomicrographs of typical resulting MF termi-
nals (rosettes) in folium IXcd from injections in the nBOR (red) and LM
(green). C,D: Note the proximity of the MF terminals in the superficial
granular cell layer (gl), directly adjacent to the Purkinje cell layer (pcl)
in both the dorsal lamella (C) and the ventral lamella (D). E: It can be
seen that the MF terminal pattern is organized in parasagittally ori-
ented clusters in the granular layer. For abbreviations see list. A
magenta-green copy of this figure is available as Supplementary Fig-
ure S3. Scale bar equals; 500 �m in A,B; 100 �m in C–E.
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Figure 5. Pattern of mossy fiber (MF) labeling in folium IXcd from injections in the nucleus lentiformis mesencephali (LM) and the nucleus of the
basal optic root (nBOR), and zebrin expression in folium IXcd. A–C: Photomicrographs of the typical pattern of resulting MF terminals (rosettes)
in folium IXcd from injections in the nBOR (red) and LM (green). A: Example of parasagittal clusters of labeled MF terminals in the dorsal lamella.
B: Example of parasagittal clusters of labeled MF terminals in the ventral flocculus from injections in the nBOR (red) and LM (green). C: Single
parasagittal zone in the dorsal portions of the lateral flocculus (anatomically known as the auricle [Au]) from an injection in LM. D,E: Examples of
zebrin expression in folium IXcd shown in red. D: The “?” zebrin-immunopositive zone, dividing the P1� zone into medial and lateral regions.
E: Natural paucity of Purkinje cells (arrowhead) in the midregion of the P2� zebrin-immunopositive zone, dividing the P2� zone into medial and
lateral regions. Dotted lines represent the boundaries of the granular cell layer. gl, granular layer; ml, molecular layer; Pcl, Purkinje cell layer; wm,
cerebellar white matter. A magenta-green copy of this figure is available as Supplementary Figure S4. Scale bar equals; 100 �m in A–E.
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DISCUSSION
The parasagittal, zonal organization of climbing fiber

projections from the IO has been well established in many
cerebellar systems and in many different species (Voogd
et al., 2003; Sugihara et al., 2004; Sugihara and Shinoda,
2004; Voogd and Ruigrok, 2004; Pijpers et al., 2005, 2006;
Schonewille et al., 2006; Sugihara, 2006). The parasagittal
organization of MF projections to the cerebellum has been
less thoroughly studied, but the majority of research in
mammals has found a zonal arrangement of terminals (for
review, see Ozol and Hawkes, 1997).

In the present study, by injecting anterograde tracers
into two retinal recipient nuclei in the pretectum and AOS,
we have shown that these visual MF projections terminate
in a zonal organization; this resulted in a number of para-
sagittal clusters of MF rosettes in the superficial granular
layer of folium IXcd in the pigeon VbC. Generally the pat-
tern of MF terminal labeling was very similar between LM
and nBOR injections (Fig. 8), and consisted of three to four
parasagittal clusters spanning the uvula and four clusters
spanning the flocculus. The parasagittal demarcations
were more defined in the ventral lamella of folium IXcd,
especially compared with the dorsal uvula, which showed
more horizontal spread of MF terminal labeling from both
LM and nBOR injections. Moreover, we showed that there
was a clear organization of the MF terminals in relation to
the zebrin stripes, to the extent that the bulk (80–91%) of
the terminal labeling was contained within the zebrin
stripes. We will consider these findings in light of what is
known with regard to the visual information carried from
the LM and nBOR to the VbC through the MF and olivocer-
ebellar pathways, and the functional organization of the
olivocerebellar pathways with the zebrin stripes.

Visual mossy fiber projections to the
vestibulocerebellum

Previous investigations into the organization of MF ter-
minals in the pigeon VbC using anterograde tracer (3H-
labeled amino acids) injections in the LM (Clarke, 1977)
and nBOR (Brecha et al., 1980) have described the result-
ing labeling in folium IXcd as “patchy” or “varied,” but the
specific pattern of terminal labeling was not described.
Gamlin and Cohen (1988) also used audioradiographic
techniques to investigate the efferent projections from the
pigeon LM, including MF pathways to the cerebellum. Sim-
ilar to the current study, they found MF terminals bilater-
ally in folium IXcd, but more on the contralateral side, and
in the external half of the granule cell layer. They did not
provide a description of the organization of MF terminals,
but from the samples of data provided in their figures (Figs.
1 and 5 of Gamlin and Cohen, 1988), it is clear that the MF
terminals are arranged in zonal clusters, although it is im-
possible to interpret the specific pattern from these exam-

ples. Schwartz and Schwartz (1983) investigated the orga-
nization of primary vestibular MF terminals in the pigeon
VbC. They found that the labeled MF terminals were con-
centrated superficially in the granule cell layer (directly
adjacent to the Purkinje cell layer) but did not note a para-
sagittal zonal arrangement.

The direct MF pathways from the LM and nBOR to the
VbC are not found in all vertebrates. Similar to pigeons,
these direct MF pathways have been reported in turtles
and fish, but not frogs (fish: Finger and Karten, 1978; tur-
tle: Reiner and Karten, 1978; frogs: Montgomery et al.,
1981; Weber et al., 2003). In mammals, there has been no
report of a mossy fiber pathway from the NOT to the cer-
ebellum; however, a mossy fiber projection from the me-
dial terminal nuclei to the VbC has been reported in some
species (chinchilla: Winfield et al., 1978; tree shrew:
Haines and Sowa, 1985), but not others (cats: Kawasaki
and Sato, 1980; rats and rabbits: Giolli et al., 1984). There
is evidence of several indirect MF pathways from the NOT
and the AOS to the cerebellum through which optic flow
information can be conveyed. Most of the mossy fiber in-
put to the vestibulocerebellum arises in the vestibular nu-
clei and the prepositus hypoglossi (Voogd et al., 1996;
Ruigrok, 2003), but there are also projections originating
in the reticular formation, the raphe nuclei, a number of
pontine regions, and neurons located within and around
the medial longitudinal fasciculus (Blanks et al., 1983;
Sato et al., 1983; Gerrits et al., 1984; Langer et al., 1985;
Mustari et al., 1994; Voogd et al., 1996; Nagao et al., 1997;
Ruigrok, 2003). The NOT and AOS project to many of these
structures, including the vestibular nuclei, the medial and
dorsolateral nuclei of the basilar pontine complex, the
mesencephalic reticular formation, the prepositus hypo-
glossi, and the nucleus reticularis tegmenti pontis (NRTP;
Itoh, 1977; Terasawa et al., 1979; Cazin et al., 1982; Hol-
stege and Collewijn, 1982; Giolli et al., 1984, 1985, 1988;
Torigoe et al., 1986a,b; for review, see Simpson et al.,
1988; Gamlin, 2006; Giolli et al., 2006). Serapide and col-
leagues (2001, 2002) have observed that MF projections
from the NRTP and the basal pontine nuclei terminate in
parasagittal zones in the vermis of lobule IX, the flocculus,
and the paraflocculus.

Visual olivo-vestibulocerebellar pathways
In this study, we also describe the topography of projec-

tions from the LM and nBOR to the mcIO. We found a
bilateral projection from the nBOR, which was much
heavier to the ipsilateral mcIO, and a unilateral projection
from the LM to the ipsilateral mcIO. This is in agreement
with previous anterograde studies (Clarke, 1977; Brecha
et al., 1980; Gamlin and Cohen, 1988; Wylie et al., 1997).
We also observed a rostrocaudal difference, with the nBOR
projecting heavily to the rostral regions, and the LM pro-
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jecting exclusively to the caudal regions of the mcIO. This
confirms the results from a retrograde study that noted
more labeling of neurons in the nBOR and LM from injec-
tions in the rostral and caudal mcIO, respectively (Wylie,
2001). The differences in the projections from the LM and
nBOR to the caudal and rostral mcIO, respectively, are
similar to those seen in homologous pathways from the
pretectum ad AOS to the dorsal cap of Kooy, the homolog
of the mcIO in mammals (Mizuno et al., 1973; Maekawa
and Takeda, 1976; Takeda and Maekawa, 1976; Holstege
and Collewijn, 1982; Mustari et al., 1994).

Physiology of the visual projections to the
VbC

Most LM and nBOR neurons have large receptive fields
restricted to the contralateral eye, and respond best to
large-field stimuli such as checkerboards, gratings, and
random dot patterns moving in a particular direction. Gen-
erally speaking, the LM and nBOR are complementary with
respect to direction preference. About half of LM neurons
prefer temporal-to-nasal (T-N) motion. T-N neurons are
rare in the nBOR, where neurons that prefer upward, down-
ward, and nasal-to-temporal (N-T) motion are equally rep-
resented (Burns and Wallman, 1981; Morgan and Frost,
1981; Gioanni et al., 1984; Winterson and Brauth, 1985;
Wylie and Frost, 1990, 1996). LM and nBOR neurons are
also sensitive to speed (i.e., temporal frequency of moving
gratings), and there are two response groups in both the
nBOR and LM: fast cells and slow cells (Wylie and Crowder,
2000; Crowder and Wylie, 2001; Crowder et al., 2003;
Winship et al., 2006). Recording from the VbC, Winship et
al. (2005) showed that the olivocerebellar system receives
input from only slow cells in the LM and nBOR, whereas the
MF projections to the VbC arise from both slow and fast
cells in the LM and nBOR (Fig. 9). In the LM, the slow cells

prefer T-N motion, whereas in the nBOR the slow cells
prefer upward, downward, or N-T motion, but not T-N mo-
tion (Wylie and Crowder, 2000; Crowder and Wylie, 2001).
Thus, the visual information to the mcIO from the nBOR
and LM differs with respect to direction preference, and it
is not surprising that these projections are topographic.

The topography of these terminals in the mcIO is impor-
tant in establishing the panoramic receptive fields of both
the mcIO and Purkinje cells that are responsive to partic-
ular patterns of optic flow. For example, the caudal mcIO
contains medially located rVA neurons, and the lateral re-
gions of the caudal mcIO contain neurons that are respon-
sive to visual stimuli resulting from self-translation in the
backward direction. The preferred optic flowfield resulting
from both of these response types consists of T-N motion
in the contralateral hemifield. Therefore, as we have shown
in the present study, one would expect this caudal region
to receive a large portion of its input from the LM, which
transmits T-N motion to the mcIO (see also Wylie et al.,
1999b; Crowder et al., 2000; Winship and Wylie, 2001;
Wylie, 2001).

The fast units in the nBOR and LM respond to all cardinal
directions of motion, upward, downward, N-T, and T-N
(Wylie and Crowder, 2000; Crowder and Wylie, 2001). As
the MFs to the VbC originate from both fast and slow cells
in the nBOR and LM (Winship et al., 2005), these nuclei are
transmitting similar information to the VbC; this is not the
case for the olivary inputs. Perhaps this is why the MF
inputs from the nBOR and LM to the VbC are overlapping
and not topographically separated as they are in the mcIO.

Visual inputs to IXcd in relation to zebrin
stripes

In the present study, we are able to use the antigen
zebrin II as a molecular marker in order to relate the vari-
ous patterns of organization in the cerebellum. Although
the specific function of zebrin II (or aldolase C) in the cer-
ebellum is largely unknown (Welsh et al., 2002; Wadiche
and Jahr, 2005), zebrin expression is useful for, and often
used as, a positional landmark in the cerebellar cortex
(Hawkes and Gravel, 1991; Hawkes, 1992; Hawkes et al.,
1993; for review, see Herrup and Kuemerle, 1997; Ozol et
al., 1999). We have previously (Pakan and Wylie, 2008)
investigated the correlation between CF zones and the
zebrin expression pattern in the flocculus by making small
anterograde tracer injections into either the rostral or cau-
dal mcIO and visualizing the resulting CF labeling with the
zebrin stripes. We found that there was a strict concor-
dance between CF organization and zebrin labeling such
that a specific CF zone corresponded to a zebrin�/� pair
in the flocculus (Fig. 1E). For instance, the most caudome-
dial CF zone, an rVA zone, spanned the P4� and P4�
zebrin stripes, the adjacent rH45 zone spanned the P5�

Figure 6. Reconstruction of mossy fiber (MF) terminals resulting
from injections in the nucleus of the basal optic root (nBOR) from
Case #5. Figure 7 shows a reconstruction of MF terminals resulting
from an injection in the nucleus lentiformis mesencephali (LM) from
the same case. Figure 8 shows the overlay of the MF terminal labeling
from these two injections. A: Lateral view of the pigeon cerebellum
illustrating the plane of the reconstruction through the rostrocaudal
extent of the folium. B: Injection site in a photomicrograph of the
nBOR. C,D: Reconstructions of folium IXcd through its rostrocaudal
extent. Each dot on the reconstructions represents an MF terminal
observed in serial coronal sections, but in order to present the overall
pattern of labeling, the dorsal lamella and ventral lamella were sep-
arated and coronal sections were stacked from caudal to rostral. In
other words, caudal coronal sections are represented more ventrally
and rostral sections are represented more dorsally. D also shows the
corresponding zebrin expression in folium IXcd. Au, auricle; R, rostral;
C, caudal; D, dorsal, V, ventral; for other abbreviations see list. Scale
bar equals; 1 mm in A; 200 �m in B.
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and P5� stripes, the second rVA zone spanned the P6�
and P6� stripes, and the most rostrolateral rH45 zone
spanned the P7� and P7� zebrin stripes.

This relationship of zebrin stripes to parasagittal CF
zones was contrary to findings in other species and other
regions of the cerebellum where CF zones generally
project to either zebrin� stripes or zebrin� stripes, but
not both (Voogd et al., 2003; Sugihara and Shinoda, 2004;
Voogd and Ruigrok, 2004; Pijpers et al., 2006; Sugihara
and Quy, 2007; Sugihara and Shinoda, 2007; Pakan and
Wylie, 2008). For instance, in a comprehensive study of the
entire cerebellum, Sugihara and Shinoda (2004) identified
olivocerebellar projections to zebrin compartments by la-
beling climbing fibers with BDA injected into various small
areas within the inferior olive in rats. They found that there
was a correspondence between a given olivary region and
zebrin stripes of a particular sign, either positive or nega-
tive, but not both.

In this study, to determine the relationship of visual MF
projections to the zebrin pattern, we examined the organi-
zation of the MF terminals from the LM and nBOR to the
granular layer and the parasagittal zebrin antigenic stripes
in the Purkinje cells of folium IXcd in the pigeon. Consis-
tent and well-demarcated zebrin antigenic stripes and
parasagittal clusters of MF terminals from both the LM and
nBOR were visualized simultaneously, enabling a direct
comparison of the zonal relationship. We found that the MF
terminations were more pronounced in regions where Pur-
kinje cells were zebrin�. This was a strong relationship,
with a clear correlation of MF parasagittal clusters and
zebrin� stripes; however, the zebrin-immunoreactive bor-
ders were not explicit boundaries for the MF terminals, and
there were some MF rosettes observed in zebrin� regions
as well.

There have been few studies investigating the relation-
ship between MF terminal organization and zebrin expres-
sion; the results of these studies seem to implicate a con-
sistent yet complicated relationship between MF zones

and zebrin stripes (Gravel and Hawkes, 1990; Akintunde
and Eisenman, 1994; Ji and Hawkes, 1994). However, a
study by Matsushita et al. (1991) examined the topo-
graphic relationship between zebrin stripes and the distri-
bution of spinocerebellar fibers originating from the cen-
tral cervical nucleus in the rat. They found that in lobules
I–V and VIII and the copula pyramidis, the labeled MF ter-
minals were seen clustered beneath zebrin-positive bands.
Similar to the results of this study, they also found that the
borders of MF terminal distribution were not well delin-
eated, and were not strictly bounded by the borders of
zebrin-positive bands.

In general, the organization of the MF projections to the
cerebellum appears less spatially restricted and seems
more suited for carrying a wide divergence of information,
not only because MF information originates from many
different regions in the central nervous system, but also
due to the indirect nature of the MF projection to Purkinje
cells through granule cells and parallel fibers. In contrast,
the CF system, originating solely in the IO, sends its pro-
jections directly to the Purkinje cell dendrites in narrow,
parasagittally arranged stripes. The current study, along
with our previous study on the CF correlation with zebrin
(Pakan and Wylie, 2008), illustrates these differences be-
tween visual CF and MF projections from the pretectum
and the AOS to the flocculus of the pigeon VbC. Along with
the function of the Purkinje cells themselves, the organi-
zational differences in these two afferent systems have
been central to all major theories of cerebellar function
(Marr, 1969; Albus, 1971; Ito, 1984); however, major por-
tions of these theories remain largely unevaluated be-

TABLE 1.
Quantification of Mossy Fiber (MF) Rosettes Labeled in Folium IXcd From Anterograde Tracer Injections Into the Nucleus

Lentiformis Mesencephali (LM) and the Nucleus of the Basal Optic Root (nBOR)1

P1�

P1�

med ?
P1�

lat
P2�

med
P2�

lat P2� P3� P3� P4� P4� P5� P5� P6� P6� P7� P7�

Total
all

Total
�

nBOR I 7.0 2.1 2.4 3.2 9.2 6.1 2.2 3.7 0.3 4.3 0.3 1.8 0.6 1.2 0.2 0.3 0.7 45.5 36.0
C 13.5 2.7 2.3 3.5 7.5 5.0 1.3 5.9 0.8 5.4 0.9 3.1 0.7 1.1 0.3 0.1 0.4 54.5 43.9
Bi 20.5 4.8 4.7 6.7 16.7 11.1 3.5 9.6 1.1 9.7 1.2 4.9 1.3 2.3 0.5 0.4 1.1 100 79.9
LM I 10.5 0.9 1.0 0.4 7.6 7.3 0.6 1.3 0.3 2.1 0.0 2.0 0.2 0.4 0.2 0.0 0.7 35.3 32.2
C 21.6 1.9 1.4 1.0 7.2 9.9 0.6 7.3 0.4 6.7 0.7 3.8 0.9 1.0 0.2 0.0 0.1 64.7 58.9
Bi 32.1 2.8 2.4 1.4 14.8 17.2 1.2 8.6 0.7 8.8 0.7 5.8 1.1 1.4 0.4 0.0 0.8 100 91.1

1MF rosettes corresponding to zebrin stripes (labeled P1�/� through P7�/�) on each side of the folium were counted from serial coronal sections and
expressed as percentages of the total number of labeled rosettes per case. The numbers presented are averaged over all cases. I, ipsilateral; C,
contralateral; Bi, bilateral.

Figure 7. Reconstruction of MF terminals resulting from injections in
the nucleus lentiformis mesencephali (LM) from Case #5. B: Injection
site in a photomicrograph of the LM. See Figure 6 legend for details of
A, C, and D. A magenta-green copy of this figure is available as
Supplementary Figure S5. Scale bar equals; 1 mm in A; 200 �m in B.
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cause there has been a lack of sufficient investigation into
the anatomical interrelationship between these MF and CF
systems, as well as the intrinsic biochemical properties of
the Purkinje cells (Pijpers et al., 2006).

Recent investigations into the collateralization of CF and
MF terminals in the cerebellum in relation to zebrin expres-
sion, in rats, have made great strides in determining the
anatomical relationship between these systems (Ruigrok,
2003; Voogd et al., 2003; Pijpers et al., 2006). For exam-
ple, Pijpers and colleagues (2006) investigated the collat-
eral terminations of MFs and CFs from small retrograde
tracer injections and correlated the resulting terminal pat-

tern with zebrin stripes. They found that labeled MF collat-
erals generally distribute to the same lobules as CF collat-
erals and were always present in the granular layer directly
subjacent to labeled CF collaterals. They also found that
additional parasagittal clusters of MF terminals were la-
beled in other cerebellar regions, and these MF terminal
zones often had the same zebrin signature as the source of
the collateralization. They suggest that the various MF col-
lateral zones, with the same zebrin expression character-
istic, may be functionally linked. They also conclude that
the MF and CF systems are closely aligned and that this is
a consistent and widespread feature of cerebellar cortical
organization.

In the pigeon VbC, the lack of sharp MF terminal bound-
aries and the fact that the relationship between visual MF
afferents and zebrin expression seems to be more of a
general pattern might suggest that, whereas the zebrin�

regions may share some underlying similarity in functional
architecture with the visual MF terminal regions from the
LM and nBOR, it is unlikely that the zebrin boundaries
themselves are driving the organization of the MF projec-
tion pattern. Taken together with the zebrin correlation to
the CF projection pattern observed in the pigeon flocculus
(Pakan and Wylie, 2008), our results suggest a compli-
cated organizational relationship between visual afferents
and the intrinsic zebrin antigenic map in the VbC.

Figure 9. Optic flow input from the the nucleus lentiformis mesencephali (LM) and the nucleus of the basal optic root (nBOR) to the vestibulo-
cerebellum (VbC) in pigeons. This schematic illustrates the visual afferents projecting to the flocculus (of folium IXcd) from the LM and nBOR. For
simplicity, only floccular zones 0 and 1 are shown. The mossy fiber (MF) inputs originate from both fast and slow cells in the LM and nBOR, whereas
the climbing fiber (CF) inputs via the medial column of the inferior olive (mcIO) originate primarily from slow cells in the LM and nBOR (see Winship
et al., 2005). The MF pathway terminates in the granular cell layer in zebrin-immunopositive stripes (P4� and P5�). The CF pathways terminate
in parasagittal zones of a zebrin-immunopositive and -immunonegative pair (P4�/� and P5�/�), with the caudal mcIO projecting to the rVA
responsive zones in the flocculus (zones 0) and the rostral mcIO projecting to the rH45 zones in the flocculus (zone 1). gl, granular layer; ml,
molecular layer; Pcl, Purkinje cell layer; wm, cerebellar white matter.

Figure 8. Reconstruction of MF terminals resulting from injections in
the nucleus lentiformis mesencephali (LM) and the nucleus of the
basal optic root (nBOR) from Case #5. A,B: Photomicrographs of the
typical pattern of resulting MF terminals (rosettes) in folium IXcd
from injections in the nBOR (green) and LM (red) and the zebrin
expression. A: Note the correspondence between the zebrin-positive
stripes (P2� and P4�; red in Purkinje cell layer and molecular layer)
and the MF terminals of the LM and nBOR in the granular layer.
B: Region of folium IXcd directly surrounding the midline (dotted line)
and the P1� zebrin stripe (green in Purkinje cell layer and molecular
layer); note the absence of MF terminal labeling in the ipsilateral
dorsal lamella. gl, granular layer; ml, molecular layer; Pcl, Purkinje
cell layer; wm, cerebellar white matter. See Figure 6 caption for
details on C and D. A magenta-green copy of this figure is available as
Supplementary Figure S6. Scale bar equals; 200 �m in A,B.
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Functional implications for the control of
compensatory eye and eye movements

It has been well established that the VbC is important for
integrating visual, vestibular, and other sensorimotor infor-
mation in producing compensatory head and eye move-
ments (for reviews, see Simpson, 1984; Waespe and Henn,
1987; Voogd and Barmack, 2006). The functional implica-
tions of the findings of the present study (the organization
of visual MF inputs to the zebrin stripes) are dependent on
the actions of the granule-cell/parallel fibers on nearby
Purkinje cells. A principle excitatory drive to a Purkinje
cells arises from the synaptic contacts of ascending axons
of granule cells that are directly subjacent to that Purkinje
cell (Eccles et al., 1968; Brown and Bower, 2001; Lu et al.,
2005). In this vein, the zebrin� Purkinje cells in folium IXcd
of the VbC would receive more excitatory visual MF input
than the zebrin� Purkinje cells. In terms of the visual-
vestibular interactions in mediating the vestibulo-ocular
response, it is known that visual signals are especially use-
ful at low head velocities, at which the vestibular response
is quite sluggish (Wilson and Melvill Jones, 1979). That is,
the zebrin� Purkinje cells would be more active during
low-frequency head movements. Also, at the onset of a
visual stimulus there is a very brief period (50–100 ms)
prior to any compensatory eye movement when retinal slip
velocity is high (Collewijn, 1972), and again one might
expect that the zebrin� Purkinje cells would be preferen-
tially active. However, the actions of granule cells on Pur-
kinje cells via parallel fiber synapses and inhibitory inter-
neurons cannot be discounted (Lu et al., 2005). Indeed, for
the forelimb C3 region of the anterior lobe, Ekerot and
Jorntell (2003) suggest that granule cells actually have a
profound inhibitory influence through the actions of inter-
neurons on directly adjacent Purkinje cells, and an excita-
tory influence on Purkinje cells in neighboring microzones
(see also Garwicz et al., 1998; Ekerot and Jorntell, 2001,
2008; Jorntell and Ekerot, 2006). Therefore, the functional
implication of these zonal MF patterns remains to be re-
solved.

Other mossy fiber inputs to folium IXcd
As the visual MFs project mainly to the zebrin� regions

in folium IXcd, the question arises as to which afferent MF
inputs are projecting to the zebrin� regions. There are
several other inputs to folium IXcd in birds, including: pri-
mary vestibular inputs (although these are mainly to folium
X; Schwarz and Schwarz, 1983), secondary vestibular in-
puts (Brecha et al., 1980; Arends and Zeigler, 1991; Diaz
and Puelles, 2003; Pakan et al., 2008), pontocerebellar
inputs (Freedman et al., 1975), and spinocerebellar inputs
(Vielvoye and Voogd, 1977; Okado et al., 1987; Necker,
1994). Using anterograde techniques, the topographic dis-
tribution of mossy fibers has been described only with

respect to the spinocerebellar and pontocerbellar projec-
tions. Vielvoye (1977) described in detail the topography
of the spinocerebellar projections in white leghorn chick-
ens (Gallus domesticus). The spinocerebellar mossy fibers
(and pontocerebellar mossy fibers; Freedman et al., 1975)
tend to project to deeper portions of the granular layer,
rather than superficially (i.e., subjacent to the Purkinje cell
layer), as is the case for the LM and nBOR mossy fiber
inputs. More importantly, there is a clear parasagittal dis-
tribution of mossy fiber terminals in IXcd, where there are
several clusters (Vielvoye, 1977; Okado et al., 1987). How
these clusters relate to the visual mossy fiber inputs and
the zebrin stripes is yet to be determined.

CONCLUSIONS
From the results of the current study and our previous

findings (Pakan and Wylie, 2008), a comprehensive picture
of the visual MF and olivocerebellar inputs in relation to the
zebrin stripes in the flocculus has emerged and is shown in
schematic form in Figure 9. In folium IXcd of the pigeon
flocculus, the functional units consist of two rVA zones
(zones 0 and 2) and two rH45 zones (1 and 3), which
receive input from the caudal and rostral mcIO, respec-
tively. Each of these zones includes a zebrin� and zebrin�
stripe. The visual MF projections terminate in a parasagit-
tal organization and generally cluster in the zebrin� re-
gions of each of these larger CF zones.
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