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Abstract

The cerebellar cortex has a fundamental parasagittal organization that is apparent in the physiological response properties
of Purkinje cells (PCs) and the expression of several molecular markers such as zebrin II (ZII). ZII is heterogeneously
expressed in PCs such that there are sagittal stripes of high expression [ZII immunopositive (ZII+)] interdigitated with
stripes of little or no expression [ZII immunonegative (ZII�)]. Several studies in rodents have suggested that climbing
fiber (CF) afferents from an individual subnucleus in the inferior olive project to either ZII+ or ZII� stripes but not both. In
this report, we show that this is not the case in the pigeon flocculus. The flocculus (the lateral half of folia IXcd and X)
receives visual-optokinetic information and is important for generating compensatory eye movements to facilitate gaze
stabilization. Previous electrophysiological studies from our lab have shown that the pigeon flocculus consists of four
parasagittal zones: 0, 1, 2, and 3. PC complex spike activity (CSA), which reflects CF input, in zones 0 and 2 responds best
to rotational optokinetic stimuli about the vertical axis (VA zones), whereas CSA in zones 1 and 3 responds best to
rotational optokinetic stimuli about the horizontal axis (HA zones). In addition, folium IXcd consists of seven pairs of
ZII+/� stripes. Here, we recorded CSA of floccular PCs to optokinetic stimuli, marked recording locations, and
subsequently visualized ZII expression in the flocculus. VA neurons were localized to the P4+/� and P6+/� stripes and HA
neurons were localized to the P5+/� and P7� stripes. This is the first study showing that a series of adjacent ZII+/� stripes
are tied to specific physiological functions as measured in the responses of PCs to natural stimulation. Moreover, this study
shows that the functional zone in the pigeon flocculus spans a ZII+/� stripe pair, which is contrary to the scheme proposed
from rodent research.
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Introduction

The fundamental organization of the cerebellum is built upon “zones”
that lie in the sagittal plane, perpendicular to the transverse lobules of
the cerebellar cortex (e.g., Voogd & Bigaré, 1980). Such sagittal
zones are apparent in the distribution of climbing fiber (CF) and
mossy fiber afferents, Purkinje cell (PC) projection patterns, and PC
response properties (Voogd, 1967; Voogd et al., 1969; Ekerot &
Larson, 1973; Andersson & Oscarsson, 1978; Llinas & Sasaki,
1989; De Zeeuw et al., 1994; Voogd & Glickstein, 1998; Wu et al.,
1999; Ruigrok, 2003; Apps & Garwicz, 2005). Moreover, several
molecular markers that are expressed heterogeneously in the
cerebellum show a parasagittal distribution (for reviews, see
Hawkes & Gravel, 1991; Herrup & Kuemerle, 1997). The most
thoroughly studied of these is zebrin II (ZII) (a.k.a. aldolase C;
Brochu et al., 1990; Ahn et al., 1994; Hawkes & Herrup, 1995),
which is expressed by PCs. ZII immunopositive (ZII+) PCs are

distributed as a parasagittal array of stripes, separated by ZII
immunonegative (ZII�) stripes (see Fig. 1B–1D; e.g., Sillitoe
et al. 2005; Larouche & Hawkes 2006). The spatial pattern and
number of ZII stripes in different areas of the cerebellum are re-
markably similar in birds and mammals (Pakan et al., 2007; Iwaniuk
et al., 2009; Marzban et al., 2010). That is, the pattern of ZII
heterogeneity is highly conserved and is likely critical for fundamen-
tal cerebellar function.

Studies have attempted to show how the ZII stripes are related
to other aspects of the parasagittal cerebellar organization, in-
cluding the zonal distribution of CF and MF inputs and physio-
logical response properties (Gravel & Hawkes, 1990; Hawkes &
Gravel, 1991; Matsushita et al., 1991; Akintunde & Eisenman,
1994; Chockkan & Hawkes, 1994; Ji & Hawkes, 1994; Nagao et al.,
1997; Voogd et al., 2003; Sugihara & Shinoda, 2004, 2007; Voogd
& Ruigrok, 2004; Wadiche & Jahr, 2005; Gao et al., 2006; Pijpers
et al., 2006; Sugihara et al., 2007; Sugihara & Quy, 2007; Pakan &
Wylie, 2008; Ruigrok et al., 2008; Mostofi et al., 2010; Pakan et al.,
2010; Paukert et al., 2010) . Although these studies have provided
clues as to the functional significance of ZII stripes, a comprehensive
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Fig. 1. (A) A ventrolateral view of the pigeon cerebellum. (B–D) Cerebella immunoreacted for ZII. (B) A coronal section through folia
IXcd and X. The ZII+ stripes are numbered 1–7 (medial to lateral) from the midline. The +/� ZII pairs from P2+ to P6� are indicated in
IXcd. In X, there are no stripes as all PCs are ZII+. (C) A higher magnification of P5�/P6+. (D) A cerebellar wholemount
(ventroposterolateral view) processed for ZII illustrating the sagittal stripes in folium IXcd. The “?” indicates a satellite stripe only one
to three PCs in width that was seen in the middle of the P1� stripe. (E) and (F) The patterns of optic flow that maximally excite the CSA of
VA andHA PCs in the left flocculus. (G) A schematic of how the VA and HAPCs are organized in the flocculus. Zones 0 and 2 contain VA
neurons, whereas zones 1 and 3 contain HA neurons. Scale bars: 1 mm in (A) and (D); 250 lm in (B); 100 lm in (C). Au5 auricle, T5

telencephalon, TeO 5 optic tectum, cp 5 cerebellar peduncle, sc 5 spinal cord.
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picture has yet to emerge. With respect to CF input, studies in
rodents have emphasized that an olivary subnucleus projects to ZII
stripes of a particular sign, either a positive or a negative, but not
both (Gravel et al., 1987; Voogd et al., 2003; Sugihara & Shinoda,
2004; Voogd & Ruigrok, 2004; Apps & Garwicz, 2005; Pijpers
et al., 2006; Sugihara & Quy, 2007; Ruigrok et al., 2008). These
studies also suggested that the ZII� and ZII+ stripes may process
information from different sensory systems (Voogd et al., 2003;
Sugihara & Shinoda, 2004).

The flocculus of the pigeon cerebellum is ideal for studying the
relationship between ZII stripes, connectivity, and the response
properties of PCs. The flocculus integrates optokinetic and vestib-
ular information to generate compensatory eye movements (e.g.,
Waespe & Henn, 1987). In pigeons, the flocculus is the lateral half
of folia IXcd and X, which comprise the vestibulocerebellum (see
Fig. 1A;Wylie et al., 1993). The functional zonal organization of the
flocculus has been extensively documented and is essentially
identical in mammals and birds (Voogd & Wylie, 2004). The
complex spike activity (CSA) of floccular PCs responds best to
patterns of optic flow that result from self-rotation about one of two
axes: either the vertical axis (VA cells; Fig. 1E), or the horizontal axis
oriented at 45 deg azimuth (HA cells; Fig. 1B; Simpson et al., 1981;
Graf et al., 1988; Wylie & Frost, 1993). In several species, it has been
shown that the VA and HA cells are organized into parasagittal zones,
such that multiple VA zones are interdigitated with multiple HA
zones (Voogd & Wylie, 2004). In pigeons, two VA zones (0 and 2)
are interdigitated with two HA zones (1 and 3) (see Fig. 1G).
Recently, we have shown that ZII is expressed heterogeneously in
IXcd as an array of seven ZII+/� stripes (Fig. 1B–1D; Pakan et al.,
2007). Previously, we have shown that how the ZII stripes are related
to CF and MF inputs (Pakan & Wylie, 2008; Pakan et al., 2010).

With respect to CF input to ZII stripes in the pigeon flocculus,
we (Pakan & Wylie, 2008) revealed an organization very different
from that suggested by the rodent studies mentioned above. The VA
and HA zones in the pigeon flocculus receive CF input from the
caudal and rostral margins of the medial column of the inferior olive
(mcIO), respectively. Injection of anterograde tracer in the caudal
mcIO resulted in CFs in ZII stripes, P4+/� and P6+/�, whereas
rostral mcIO injections resulted in CFs in P5+/� and P7+/�. This
suggests that ZII stripes P4+/� and P6+/� correspond to the VA
zones 0 and 2, whereas the HA zones correspond to P5+/� and
P7+/� stripes. Therefore, whereas in the rodent studies, an olivary
subnucleus was associated with either ZII+ or ZII� stripe(s) but not
both; in the pigeon flocculus, the CF projection encompassed pairs
of ZII+/� stripes. Also, both the ZII+ and ZII� stripes in the pigeon
flocculus appear to receive CFs carrying visual information.

Because these data from the pigeon flocculus are so unique, and
contrary to what has been shown in rodents, it is necessary to confirm
them with a technique that can address the possible shortcomings of
the study by Pakan and Wylie (2008). With the injections of tracer in
the mcIO, it is possible that spread of the injection or uptake by fibers
of passage contaminated our findings. One could also argue that it is
possible that visual neurons are not the only functional type found in
the subnuclei of the mcIO and that the visual neurons project to either
the ZII+ or the ZII� stripes, whereas a separate functional class of
neurons project to the stripes of the opposite sign. To address these
possibilities, in this study, we recorded the CSA of floccular PCs,
which reflects CF input (Eccles et al., 1966), marked the locations of
the VA and HA zones, and visualized the ZII expression pattern in the
flocculus using immunohistochemical techniques. We found that
a functional zone defined by CSA in response to visual stimuli
spanned a ZII+/� pair.

Materials and methods

Surgery and electrophysiological recording procedures

The methods reported herein conformed to the guidelines estab-
lished 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) were anesthetized by an intramuscular injection of a ketamine
(65 mg/kg)/xylazine (8 mg/kg) cocktail. 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). The left flocculus was accessed by removing the bone
surrounding the semicircular canals, as the dorsal surface of the
flocculus [folium IXcd and the auricle (Au)] lies within the radius of
the anterior semicircular canal. This exposure allows easy access to
the dorsal surface of folium IXcd, including the VA zones (zones
0 and 2) and the HA zones (zones 1 and 3) (see Fig. 5A for flocculus
exposure). Extracellular single-unit recordings were then made using
glass micropipettes filled with 2 m NaCl (tip diameters of 3–5 lm).
Electrodes were advanced using a hydraulic microdrive (Frederick
Haer & Co. Bowdoin, ME), and raw signals were amplified, filtered,
and fed to a data analysis system [Cambridge Electronic Designs
(CED) 1401plus, Cambridge England]. Using Spike2 (CED), spikes
were sorted and peristimulus time histograms were constructed.

The CSA of PCs was recorded from the molecular layer and
identified based on their characteristic spontaneous firing rate of
about 1 spike/s. Isolated units were first stimulated with a large
handheld stimulus, which consisted of visual noise, to determine
if the cell was sensitive to visual stimulation. By moving this
stimulus in different areas of the panoramic binocular visual field,
the optic flow preference of each unit was qualitatively determined.
The visual test stimuli were then back projected onto a screen
measuring 90 3 75 deg (width3 height) that was positioned in the
frontal visual field (from 45 deg ipsilateral to 45 deg contralateral
azimuth) (see Fig. 2C and 2D). The stimuli consisted of drifting
square wave gratings of an effective spatial and temporal frequency
(0.5 cycles per deg, 0.5 Hz), generated by a VSGThree (Cambridge
Research Systems, Rochester, England). Direction tuning was estab-
lished by measuring the responses to motion in eight directions, 45 deg
apart (see Fig. 2A). Responses were averaged over at least three
sweeps, where each sweep consisted of 4 s of motion in one direction,
a 3 s pause, and 4 s ofmotion in the opposite direction, followed by a 5 s
pause (see Fig. 2E and 2F). Using SigmaPlot, direction tuning curves
were plotted, and a preferred direction for each unit was determined
by calculating the peak of the best-fit cosine to the tuning curve
(see Fig. 2E and 2F). A modulation index (MI) was also calculated
for each unit: MI 5 (maximum response � minimum response)/
(maximum response + minimum response). Thus, if the maximum
response was twice that of the minimum response, MI 5 0.33.

These procedures do not truly provide the information on the
preferred axes of rotation of the HA and VA neurons [as did Graf
et al. (1988) and Wylie and Frost (1993) with stimuli generated by
a planetarium projector] but rather the preferred directions to motion
in the frontal region of the visual field. However, this does allow for
a definitive distinction of HA and VA neurons: VA neurons show
maximum excitation/inhibition to rightward/leftward motion and
little modulation to vertical motion, whereas HA neurons show
maximum excitation/inhibition to upward/downward motion and
little modulation to horizontal motion. It has been shown in rabbits
(Kano et al., 1990) and repeatedly in pigeons (Wylie et al., 1993,
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2003; Winship & Wylie, 2001, 2003) that these procedures are
effective in quantifying and distinguishing VA and HA neurons.

Several electrode penetrations were made to map out the lo-
cations of the VA and HA zones on the exposed surface of the
flocculus (e.g., as illustrated in Fig. 5A). In order to mark some of
the recording sites, and thus reconstruct the recording locations, we
made injections of red and green fluorescent tracers at as many as
four locations in the flocculus from which we had recorded CSA to
visual stimuli. (Note that the tracers were only used as fluorescent
dyes to mark the recording sites rather than tracers to examine
projections; see footnote below1.)

For accurate placement of the injection electrodes and re-
construction of the electrode tracts, we relied on stereotaxic

coordinates and photographs of each electrode placement (e.g.,
Fig. 5A). The injection electrodes were micropipettes (tip diameter
20–30 lm) containing 10% biotinylated dextran amine [BDA: either
miniruby D-3312 (red) or miniemerald D-7178 (green); 10,000
molecular weight; Invitrogen, Carlsbad, CA], 1% cholera toxin
subunit B [CTB: either CTB-AlexaFluor 488 (green) or 594 (red)
conjugate; Molecular Probes, Eugene, OR], or fluorescent latex
microspheres (referred to as Lumafluor; Lumafluor Corp, Naples,
FL). For the BDA and Lumafluor, 0.01–0.05 ll was pressure injected
using a Picospritzer II (General Valve Corporation, Fairfield, NJ) at
the site of recording. CTB was iontophoresed for 5–10 min (+4 lA,
7 s on, 7 s off). The advantage of using CTBwas that we could record
with the injecting electrode to confirm the response type as VA or HA
and the injections tended to be smaller. Lumafluor was only used in
our initial three experiments and not subsequent experiments because
the injections were larger than desired.

At the end of the experiments1, the pigeons were deeply anes-
thetized with sodium pentobarbital (100 mg/kg) and immediately

Fig. 2. CSA of PCs in response to optokinetic stimuli. (A) Directional tuning of CSA was recorded in response to drifting gratings, which
measured 90 deg wide3 75 deg high. Responses to motion in eight directions, 45 deg intervals, were obtained. (C) and (D) The patterns of
optic flow from the natural environment that would maximally stimulate CSA of VA and HA PCs in the left flocculus. The approximate
position of the whole-field stimulus that we used for directional tuning is superimposed on the optic flow patterns in the frontal field. The
directional tuning of individual VA and HA neurons are shown in (E) and (F), respectively. The tuning curves plot the firing rate as
a function of direction of motion in polar coordinates. The gray circles represent the spontaneous rates, and the arrows indicate the peak of
the best-fit cosine to the tuning curve. The peristimulus time histograms show the responses of a VA neuron to a single sweep of horizontal
motion (E, top) and a HA neuron to a sweep of vertical motion (F, top). Each sweep consisted of 4 s of motion in one direction, followed by
a 3 s pause, then 4 s of motion in the opposite direction. The distribution of the preferred directions of all VA and HA neurons are shown
in (B). U, D, R, and L 5 upward, downward, rightward, and leftward motion.

1We were very thorough in obtaining a lot of recordings in order to
sample as much of the flocculus as possible. As a result, the experiments
lasted a minimum of 12 h. Because of the length of time involved, the
Biosciences Animal Care and Policy Committee at the University of Alberta
advised us not to allow the animals to recover postsurgery.
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transcardially perfused with phosphate-buffered saline (PBS; 0.9%
NaCl, 0.1 m phosphate 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 through the
cerebellum in the coronal plane were cut (40 lm thick) and collated
into two series.

Immunohistochemistry

ZII expression was visualized using established immunohisto-
chemical techniques described previously (Pakan et al., 2007).
Briefly, tissue sections were rinsed thoroughly in 0.1 m PBS and
blocked with 10% normal donkey serum (Jackson Immunoresearch
Laboratories, West Grove, PA) and 0.4% Triton X-100 in PBS for 1
h. Tissue was then incubated in PBS containing 0.1% Triton X-100
and the primary antibody, mouse monoclonal anti-ZII (kindly pro-
vided byRichard Hawkes, University of Calgary; Brochu et al., 1990)
for 60–75 h at room temperature.

Sections were then rinsed in PBS and were incubated in
a fluorescent secondary antibody. Because recording sites were
marked with injections of green and red tracer in the same animal,
alternate series were visualized with Cy3 (red-) or Cy2 (green-)
conjugated donkey anti-mouse antibody (Jackson Immunoresearch
Laboratories: diluted 1:100 in PBS, 2.5% normal donkey serum, and
0.4% Triton X-100) for 2 h at room temperature. The tissue was then
rinsed in PBS and mounted onto gelatinized slides for viewing.

Statistical analysis

The recorded HA and VA units were localized to particular ZII
stripes. To see if there were any differences in the MI or preferred
directions of VA and HA cells in the different stripes, we per-
formed one-way analysis of variances (ANOVAs) with the data
grouped according to ZII stripe.

Microscopy and image analysis

Sections were viewed with a compound light microscope (Leica
DMRE, Wetzlar, Germany) equipped with the appropriate fluores-
cence filters (rhodamine and FITC). Images were acquired using
a Retiga EXi FAST cooled mono 12-bit camera (Qimaging, Burnaby,
BC) and analyzed with Openlab imaging software (Improvision,
Lexington, MA). Adobe Photoshop was used to compensate for
brightness and contrast.

Nomenclature of the pigeon flocculus

As in mammals, the cerebellum in birds is highly foliated but is
restricted to a vermis without hemispheres (see Fig. 1A). Folia IXcd
(uvula) and X (nodulus) comprise the vestibulocerebellum and
merge rostrolaterally to form the Au (Fig. 1A). The flocculus,
defined as the area containing VA and HA responses, is localized in
the lateral half of the vestibulocerebellum (Wylie et al., 1993). The
numbering of the floccular zones, 0–3 as shown in Fig. 1G, follows
that used for rats and rabbits (Voogd & Wylie, 2004).

Results

Electrophysiological recording of visual response properties

The data we report are based on experiments in 12 pigeons. The CSA
at 68 sites in the left flocculus was recorded and localized. All cells

showed significant directional tuning, and the neurons were identified
as either VA (n5 35) or HA neurons (n5 33), with the VA neurons
responding best to rightward motion in the frontal field, and the HA
neurons responding best to upward motion in the frontal field. The
response properties of HA and VA neurons in rabbits and pigeons to
large-field visual stimuli have been discussed in detail in previous
reports (Graf et al., 1988; Kano et al., 1990;Wylie&Frost, 1993;Wylie
et al., 1993). Representative direction tuning curves of VA and HA
neurons are shown in Figs. 2E and 2F and 4A.Of the 68 recording sites,
11 of thesewere in foliumX, and 57were in IXcd (30VA, 27HA). The
distributions of the preferred directions of the VA and HA neurons are
shown in Fig. 2B. The average MI was 0.536 0.024 (mean6 s.e.m.).

ZII immunohistochemistry

After ZII expression was visualized in the coronal sections through-
out the cerebellum, using immunohistochemical techniques, the
locations of the 57 recording sites in IXcd could be assigned to
a particular ZII stripe. In the cerebella of all animals, we observed
the expected pattern of ZII immunoreactivity in folium IXcd
(Figs. 3–5) consisting of seven ZII+/� stripes. We used the
nomenclature from Pakan et al. (2007), whereby the most medial
positive stripe is designated as P1+ (or simply 1+) and the number
increases as the stripes move laterally to P7+ (see Fig. 4D and 4E;
Brochu et al., 1990; Eisenman & Hawkes, 1993; Ozol et al., 1999;
Sillitoe & Hawkes, 2002; reviewed in Sillitoe et al., 2005). The
width of individual stripes can vary both between animals as well as
along the rostrocaudal axis of the cerebellum within animals.
Therefore, in designating the stripe numbers, it is important to
complete an examination of all sections throughout the rostrocaudal
extent of the vestibulocerebellum. Nonetheless, the seven ZII+/�
stripe pairs were easily identifiable. A reconstruction is offered in
Fig. 3. A series of 12 drawings spanning the rostralcaudal extent of
folium IXcd are shown. Abutting the midline is a wide ZII+ stripe
(P1+) followed by a wide ZII� stripe (P1�). In most cases, in the
middle of the P1� stripe, there is a thin ZII+ stripe that is one to three
PCs wide (see “?” in Fig. 1D). P2+ is consistently wide throughout
the rostral–caudal extent of IXcd, and there was almost always
a “notch” about 50 lm wide in the middle that appeared to contain
no PCs (Pakan et al., 2010). The P3+/� stripe pair was relatively
thin, with the P3� stripe becoming thinner rostrally. The P4� stripe
also became thinner rostrally. In P5�, a thin ZII+ stripe, one to two
PCs in width, was sometimes seen (see also Fig. 1D). The P6– and
P7– were quite a bit wider than their ZII+ counterparts. This was
particularly true for the P7+ stripe, which was about 5–10 PCs wide
and only seen in a few sections at the caudal end of the Au.

When the ZII expression pattern was visualized in conjunction
with the location of the specific recording sites, the results were
unequivocal: VA cells were found in the 4+/� and 6+/�, and HA
cells were found in the 5+/� and 7– stripes (Figs. 4 and 5). In Fig. 3,
four injection sites are shown in the series of drawings. VA cells
were recorded at the injections in the P4+ and P6+ stripes, and HA
cells were recorded at the injection sites in the P5� and P7� stripes.
In Fig. 4A, a drawing of a coronal section through IXcd is
shown, with the ZII+ stripes indicated in red. The locations of six
recording sites along two electrode penetrations (dashed lines)
separated by 300 lm are shown, and the green and blue asterisks,
respectively, indicate sites where HA and VA CSA was recorded.
The gray shaded area along the rightmost track indicates a marking
injection. Representative tuning curves for HA and VA neurons are
shown. At four sites (three in P5� and one in P5+), HA neurons
were recorded, and at two sites (both in P4�), VA neurons were
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recorded. Fig. 4B and 4C shows photomicrographs from a different
case. In Fig. 4B, HA CSA was recorded, and an injection of green
BDA was found in P5�. In Fig. 4C, red BDA was injected where
a VA neuron was recorded, and the injection was found to be in P4+.

Fig. 5 shows data from our most comprehensive case in which
six injections of BDA were made. Panel A shows the view of the
flocculus through the surgical microscope with the six injection
pipettes superimposed. Those marked C, E, and G contained green
BDA, whereas the others contained red BDA. When the perfused
brain was dissected, the six injections could be clearly seen under
a dissecting microscope (B). At sites C, F, and G, VA CSA was
recorded, whereas HA neurons were recorded at sites D, E, and H.
As shown in the corresponding panels with the ZII expression
pattern visualized in coronal sections, VA injections were localized
to stripes P4+ (Fig. 5C), P6+ (F), and P6� (G), whereas HA injec-
tions were found in P5+ (D), P5� (E), and P7� (H).

From all 12 cases, the distribution of VA and HA CSA within
the ZII stripes is shown in Table 1. Of the 30 VA recordings in
IXcd, 9, 7, 6, and 8 cells were localized to ZII stripes P4+, P4�, P6+,
and P6�, respectively. Of the 27 HA recordings in IXcd, 6, 16, and
5 were localized to ZII stripes P5+, P5�, and P7�, respectively.
Unfortunately, no recordings were obtained from the P7+ ZII stripe,
which is not surprising as it is so small.

The preferred directions and MIs of VA units were not sig-
nificantly different for those recorded in the P4+, P4�, P6+, and
P6� stripes. Likewise, the preferred directions and MIs of HA units
were not significantly different for those recorded in the P5+, P5�,
and P7� stripes (one-way ANOVAs, all P . 0.05).

Discussion

Zebrin stripes and the physiological properties of PCs

In the present study, we showed an explicit correlation between
the response properties of PCs across a series of ZII+/� stripes in
the flocculus. Although it has been known for over 20 years that
ZII is expressed in parasagittal stripes (Brochu et al., 1990), there
are few studies that directly address how these stripes relate to
zones defined by physiological properties. Sugihara et al. (2007)
showed that synchronicity of CSA was higher among PCs within
a ZII stripe. Although they did not look at the response properties
of PCs, Gao et al. (2006) found that parallel fiber stimulation
results in parasagittal bands of decreases in activity along a folium
that correspond to the location of ZII stripes. Most closely related
to the present study, Mostofi et al. (2010), in an eye-blink con-
ditioning paradigm, found that periocular-evoked CSA in the

Fig. 3. Serial sections through folium IXcd show a reconstruction of the ZII stripes. Sections are arranged caudal (top left) to rostral (bottom
right), and the distances (in microns) relative to the caudal-most section are indicated. The ZII+ stripes are shown as red in the molecular
layer and pink at the PC layer. Likewise, the ZII� stripes are shown as white/gray. Four injection sites from this case have been
pseudocoloured green. From caudal to rostral, the injection sites were red BDA, green BDA, green Lumafluor, and red Lumafluor. Scale
bar 5 300 lm.
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rabbit cerebellum was localized to a single ZII stripe: stripe P5� in
the hemisphere, corresponding to the C3 zone, which receives
somatosensory input via the dorsal accessory olive. The present
study extends the field by showing the physiological correlates of
an array of ZII stripes at a systems level. We maintain that this is
the only study showing how a series of adjacent ZII+ and ZII�
stripes are tied to specific physiological functions as measured in
the responses of PCs to natural stimulation.

Olivary inputs to zebrin stripes

Several studies in rodents have examined how the sagittal zones of
olivary afferent terminals are related to the sagittal ZII stripes
(Voogd et al., 2003; Sugihara & Shinoda, 2004; Voogd & Ruigrok,
2004; Pijpers et al., 2006; Sugihara & Quy, 2007). For example,
Pijpers et al. (2006) investigated the collateral terminations of CFs
from small retrograde tracer injections in the cerebellar cortex and
correlated the resulting terminal pattern with zebrin stripes. They
found that the labeled CF collaterals had the same ZII signature as
that of the injection site. Voogd et al. (2003) investigated the dis-
tribution of CFs to the copula pyramidis and the paramedian lobule
in relation to the pattern of ZII stripes in the rat. Olivocerebellar
fibers originating from the rostral–dorsal accessory olive innervate
the ZII� stripes of the C1 and C3 zones, and the rostral–medial
accessory olive and principal olive innervate, respectively, the ZII+
stripes of the C2 and D zones. Voogd and Ruigrok (2004)

investigated the CF projections to the vermis of the cerebellum in
relation to ZII stripes in rats. They found that small injections in
various inferior olivary subnuclei produced CF bands, which were
generally confined to either a positive or a negative ZII stripe but not
both. In a comprehensive study of the entire cerebellum, Sugihara
and Shinoda (2004) identified olivocerebellar projections to ZII
compartments by labeling CFs with BDA injected into numerous
olivary subnuclei in rats. They found that the principal olive and
several medial subnuclei innervated zebrin-positive stripes, whereas
the centrocaudal portion of the medial accessory olive innervated
zebrin-negative stripes in the vermis. The dorsal accessory olive and
neighboring regions innervated zebrin negative and lightly positive
stripes in the hemisphere and the rostral and caudal pars intermedia.
To reiterate, all these studies emphasize that subnuclei in the inferior
olive (IO) innervate either ZII+ or ZII� stripes but not both. This
strongly suggests that ZII+ and ZII� stripes are functionally
different. The results from the pigeon flocculus reveal a different
organization. In Pakan & Wylie (2008), injections into either the
rostral or the caudal mcIO resulted in CF labeling in sagittal strips
that spanned a ZII+ and ZII� stripe. Despite the possible short-
comings of olivary injections (spread, uptake by fibers of passage,
etc.), the implication that the adjacent ZII+ and ZII� pair has similar
function was upheld in the present study: adjacent ZII+/� pairs in
the flocculus receive identical olivary information. Whether this
type of organization is unique to the flocculus or the avian
cerebellum remains to be seen.

Fig. 4. (A) A drawing of a coronal section through folium IXcd is shown with the ZII+ and ZII+ stripes indicated, respectively, by red and
white shading in themolecular layer. The two dashed lines indicate two parallel electrode penetrations separated by 300 lm in themediolateral
plane. The blue and green asterisks, respectively, indicate locations where HA and VA neurons were recorded. The shaded gray area in dorsal
lamella along the right track indicates an injection site. Representative direction tuning curves are shown for each type of neuron. Firing rate is
plotted as a function of direction of motion in polar coordinates. The gray circles represent the spontaneous rates, and the arrows indicate the
peak of the best-fit cosine to the tuning curve. (B) and (C) Coronal sections through IXcd that have been immunoreacted for ZII. Both sections
contain BDA injection sites. An HA cell was recorded at the injection site in (B) (P5�), and a VA cell was recorded at that in (C) (P4+). Scale
bars: 5 250 lm in (A); 300 lm in (B, C). U, D, R, and L 5 upward, downward, rightward, and leftward motion.
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Fig. 5.Results from a single experiment are shown. (A) The view of the surface of the exposed flocculus. This is the superimposition of six
photos, such that the locations of six injection electrodes (C–H) filled with either red BDA (D, F, H) or green BDA (C, E, G) are shown. (B)
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Functional organization of the pigeon flocculus in relation to the
zebrin stripes

The functional unit of the cerebellum is the cerebellar “module”
(Voogd & Bigaré, 1980; Apps & Garwicz, 2005) that consists of
three parts: (i) a subnucleus of the IO, (ii) the parasagittally oriented
zone (or zones) of PCs to which CFs from the IO subnucleus project,
and (iii) the corticonuclear targets of those PCs. In Fig. 6, we show
the modular organization of the pigeon flocculus, but without the
corticonuclear targets, and how it relates to ZII immunoreactivity. In
addition, we show how visual optic flow and primary vestibular
information reaches the flocculus via MF and CF systems. The
pigeon flocculus thus consists of two modules; a VA module and an
HA module. Each module consists of two separate zones spanning
folia IXcd and X: VA zones 0 and 2 and HA zones 1 and 3. Pre-
viously, we have shown that the VA zones receive input from the
caudal half of the mcIO, whereas the HA zones receive input from
the rostral mcIO (Wylie et al., 1999; Winship &Wylie, 2003; Pakan
et al., 2005). The optic flow inputs to the mcIO originate in two
retinal recipient nuclei: the nucleus of the basal optic root (nBOR)
and the pretectal nucleus lentiformis mesencephali (LM). The input
to the caudal and rostral mcIO is largely from LM and nBOR, re-
spectively (Wylie, 2001; Pakan et al., 2010). Two lines of evidence
reinforce the idea that the VA zones 0 and 2 correspond to ZII stripes
P4+/� and P6+/�. First, in the present study, we found that
recording locations of VA cells were localized to these ZII stripes.
Second, Pakan et al. (2008) injected anterograde tracer into the
caudal mcIO and found two distinct bands of CFs spanning IXcd
and X. In IXcd, the labeled CFs were in the P4+/� and P6+/�
stripes. Likewise, similar information shows that the HA zones 1
and 3 correspond to ZII stripes P5+/� and P7+/�. In the present
study, we found that recording locations of HA cells were localized
to the P5+, P5�, and P7� stripes. After injections of anterograde
tracer into the rostral mcIO, Pakan et al. (2008) found two distinct
bands of CFs spanning IXcd and X. In IXcd, the labeled CFs were in
the P5+/� and P7+/� stripes. Thus, although we were not able to
localize any cells to the P7+ stripe in the present study, from the CF
data of Pakan et al. (2008), we infer that HA zone 3 includes the P7+
stripe. (Likely, we were not able to localize any recordings from this
stripe because it is quite small, only a few PCs wide.)

Do ZII+ and ZII� PCs within a floccular zone have differential
functions?

It therefore appears that each zone in the flocculus consists of two
subzones showing heterogeneous ZII immunoreactivity (i.e., a ZII
+ subzone and a ZII� subzone). Despite the fact that the CSA of all

PCs in a given zone seem to respond to optic flow in a homogeneous
manner, it is possible that the ZII+ and ZII� cells are functionally
different. The flocculus integrates multisensory information for the
generation of compensatory eye movements and more specifically
for the plastic modification of the vestibuloocular reflex (Miles &
Lisberger, 1981). It has been suggested that the ZII+ and ZII� PCs
differ in their role in synaptic plasticity (Nagao et al., 1997;Wadiche&
Jahr, 2005; Paukert et al., 2010), but how the ZII+ and ZII� stripes
may contribute differently to the plasticity of the vestibuloocular reflex
is unknown.

The scant data available does allow for some preliminary ob-
servations as to the differential functioning of ZII� and ZII+ PCs.
Sugihara et al. (2007) recorded from multiple PCs and found that the
tendency for CSA to occur synchronously (i.e., within 1 ms) was
higher for PCs within a ZII� or ZII+ stripe. Applied to the pigeon
flocculus, based on these data, one would predict that the CSA of PCs
within a ZII+ or ZII� stripe in IXcd should tend to fire synchronously.
Furthermore, those within the ZII+ stripe in IXcd may fire synchro-
nously with PCs in the same zones in X, which are all ZII+. Pakan et al.
(2010) also showed that the ZII+ and ZII� stripes in IXcd also receive
differential MF inputs (Fig. 6). In addition to providing input to the
mcIO, the LM and nBOR also project directly as MFs to IXcd but not
X (Clarke, 1977; Brecha et al., 1980). Given that there is a differential
projection from LM and nBOR to the mcIO, one might expect that the
nBOR and LM preferentially target the HA and VA zones, re-
spectively. This is not the case. Pakan et al. (2010) showed that after
injections of anterograde tracer in nBOR and LM, MF terminal
labeling from both LM and nBOR was equally distributed to all
floccular zones. However, a disproportionate amount of the terminal
rosettes were in the granular layer adjacent to ZII+ stripes in IXcd. If
one assumes that this translates to heavier input from the nBOR and
LM to the ZII+ PCs via granule cell axons, then the simple spike
activity of ZII+ PCs in IXcd would be more responsive to optic flow
stimuli. [This assumption, however, is challenged by the findings of
Barmack and Yakhnista (2008). After microinjections of retrograde
tracer in the molecular layer of the mouse uvula, retrogradely labeled
granule cells werewidespread, and thus, theremay be little topographic
specificity between the MF afferents and PC simple spike activity.
Moreover, Barmack and Yakhnista (2003) showed that much of the
simple spike modulation is due to CSA likely acting via interneurons.]
The simple spike activity of PCs in foliumXmight be entirely different
from IXcd. LM and nBOR do not project to X, but a primary vestibular
projection is almost exclusive to X (Schwarz & Schwarz, 1983). Thus,
within a module, simple spike activity of PCs in IXcd and X will be
dominated by visual and vestibular inputs, respectively. The CSA in
IXcd and X, however, will be driven by visual stimulation, but with
different timing in the ZII+ and ZII� subzones.

Taken together, the points raised above emphasize that in con-
sidering the organization of the cerebellum, one must consider
more than the sagittal zone (for review, see Apps & Hawkes,
2009). Clearly, there is a sagittal organization of CF inputs,
which traditionally define the zones, but the heterogeneity of ZII
expression shows that these zones can be further subdivided. The
idea of such sagittal organization, termed microzones, is not new
(Andersson & Oscarsson, 1978); however, our demonstration that
a functional zone defined by CSA responsiveness contains ZII+ and
ZII� subzones is unique. The pattern of MF projections to the

The dissected brain. Traces of the six injections can clearly be seen on the surface. VA neurons were recorded at C, F, and G, whereas HA
neurons were recorded at D, E, and H. (C–H) Coronal sections through the flocculus that have been immunoreacted for ZII to illustrate the
locations of all the injections. Scale bars: 1 mm in (A, B); 300 lm in (C–H). AC 5 anterior canal; TeO 5 optic tectum; cp 5 cerebellar
pedencle; m, l, r, and c 5 medial, lateral, rostral, and caudal.

Table 1. Distribution of VA and HA neurons in the zebrin stripes of
folium IXcd in the pigeon cerebellum

ZII stripe

4+ 4� 5+ 5� 6+ 6� 7+ 7�

VA cells 9 7 6 8
HA cells 6 16 5
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flocculus indicate that there is also a transverse organization of
sensory information in the flocculus, in this case, visual optic flow
inputs to IXcd and primary vestibular inputs to X. The pattern of MF
inputs from nBOR and LM to IXcd also indicates that there is an
interaction between the transverse and sagittal dimensions as these
MF inputs to IXcd preferentially target the ZII+ zones. Thus, although
all PCs in a sagittal zone may share a common olivary input and have
similar CSA, in terms of function, there may be a mosaic or patchy
organization within the zone (Apps & Hawkes, 2009).

Several pieces are needed to complete the picture of sensory
organization in the flocculus. Most notably, are there inputs that
preferentially target the granular layer adjacent to the ZII� stripes
in IXcd? MF projections to IXcd also arise from the vestibular
nuclei, spinal cord, and pontine nuclei (Freedman et al., 1975;
Clarke, 1977; Vielvoye & Voogd, 1977; Necker, 1992; Pakan &

Wylie, 2008). Do the PCs in the ZII+ and ZII� stripes within a zone
have different projections? Previously, we showed that the VA and
HA zones project to several nonoverlapping areas in the vestibular
and cerebellar nuclei (Wylie et al., 2003). In rats, Sugihara et al.
(2009) have shown that ZII+ and ZII� PCs project to different areas
in the vestibular and cerebellar nuclei.

ZII in the flocculus of rodents and primates

As the present study is the first demonstration of a correlation
between zebrin stripes and physiologically defined zones in the
cerebellum at a systems level, it is unclear if our results generalize
to other systems in the cerebellum. Moreover, it is unclear if our
results can generalize to the flocculus in mammalian species. As
reviewed by Voogd and Wylie (2004), to say that the organization

Fig. 6. Organization of the pigeon flocculus: correlating physiology, anatomy, and intrinsic immunochemistry. The organization of the VA
andHA zones are shown in relation toMF andCF inputs and the distribution of ZII. ZII+ PCs are represented as purple, whereas ZII� cells are
white. The visual optic flow inputs originate in both the nucleus of the nBOR and pretectal nucleus LM. This optic flow information reaches
both folia IXcd andX asCF inputs via from themcIO. nBOR and LMalso project directly to IXcd asMFs, which terminate primarily adjacent
to ZII+ stripes (red and yellow dots in the granular layer). Primary vestibular inputs reach X as MFs. See text for more details.
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of the flocculus appears highly conserved cannot be overstated. In
all animals studied (pigeon, rabbit, cat, monkeys, rat, and mouse),
the flocculus consists of a number (4–7) of interdigitated VA and
HA zones. The response properties of neurons, the pattern of olivary
input, and the projection patterns of the HA and VA zones are
strikingly similar across aves and mammals. Despite the fact that the
distribution of ZII immunoreactivity is generally conserved in avian
and mammalian cerebella (Pakan et al., 2007; Iwaniuk et al., 2009;
Marzban et al., 2010), studies of ZII immunoreactivity in rats and
mice do not reveal stripes in the flocculus: rather the flocculus
appears uniformly ZII+ (Brochu et al., 1990; Eisenman & Hawkes,
1993). However, in the rodent flocculus, other molecular markers,
for example, heat shock protein 25 (Hsp25), are expressed hetero-
geneously as a series of parasagittal stripes (Armstrong et al., 2000).
Schonewille et al. (2006) investigated the correspondence of the HA
and VA floccular zones in mouse with Hsp25. The relationship
between the optokinetic zones and the Hsp25 stripes was completely
different to what we found in the present study in relation to ZII. An
Hsp25-positive stripe encompassed zones 1 (HA) and 2 (VA), and
an Hsp25-negative stripe encompassed zones 3 (HA) and 4 (VA).

The uniformly ZII+ flocculus observed in rodents may be the
exception rather than the rule for mammals. Fujita et al. (2010)
examined ZII expression in marmosets (Callithrix jacchus). They
showed that the flocculus did have ZII stirpes, with four ZII+/�
pairs. Whether the VA and HA zones in the marmoset, each span
a ZII+/� pair as in the pigeon remains to be seen.

Acknowledgments

We would like to thank Dr. Richard Hawkes from the University of Calgary
for kindly providing us with the ZII antibody. This research was supported
by funding to D.R.W. from the Canadian Institute for Health Research and
the Canadian Foundation for Innovation. D.R.W. was supported by funding
from the Canada Research Chairs Program. J.M.P.P. was supported by
graduate scholarships from Natural Science and Engineering Research
Council of Canada (NSERC), Alberta Ingenuity Fund, and Killam. D.J.G.
was supported by graduate scholarships from NSERC. We thank A.
Iwaniuk for his comments.

References

Ahn, A.H.,Dziennis, S.,Hawkes, R. &Herrup, K. (1994). The cloning of
zebrin II reveals its identity with aldolase C. Development 120, 2081–
2090.

Akintunde, A. & Eisenman, L.M. (1994). External cuneocerebellar pro-
jection and Purkinje cell zebrin II bands: A direct comparison of
parasagittal banding in the mouse cerebellum. Journal of Chemical
Neuroanatomy 7, 75–86.

Andersson, G. & Oscarsson, O. (1978). Climbing fiber microzones in
cerebellar vermis and their projection to different groups of cells in the
lateral vestibular nucleus. Experimental Brain Research 32, 565–579.

Apps, R. &Garwicz, M. (2005). Anatomical and physiological foundations
of cerebellar information processing. Nature Reviews. Neuroscience 6,
297–311.

Apps, R. & Hawkes, R. (2009). Cerebellar cortical organization: A one-map
hypothesis. Nature Reviews. Neuroscience 10, 670–681.

Armstrong, C.L., Krueger-Naug, A.M., Currie, R.W. & Hawkes, R.
(2000). Constitutive expression of the 25-kDa heat shock protein Hsp25
reveals novel parasagittal bands of purkinje cells in the adult mouse
cerebellar cortex. The Journal of Comparative Neurology 416, 383–397.

Barmack, N.H., & Yakhnitsa, V. (2003). Cerebellar climbing fibers
modulate simple spikes in Purkinje cells. The Journal of Neuroscience
23, 7904–7916.

Barmack, N.H., & Yakhnitsa, V. (2008). Distribution of granule cells
projecting to focal Purkinje cells in mouse uvula-nodulus. Neuroscience
156, 216–221.

Brecha, N., Karten, H.J. & Hunt, S.P. (1980). Projections of the nucleus
of the basal optic root in the pigeon: An autoradiographic and horseradish
peroxidase study. The Journal of Comparative Neurology 189, 615–670.

Brochu, G., Maler, L. & Hawkes, R. (1990). Zebrin II: A polypeptide
antigen expressed selectively by Purkinje cells reveals compartments in
rat and fish cerebellum. The Journal of Comparative Neurology 291,
538–552.

Chockkan, V. & Hawkes, R. (1994). Functional and antigenic maps in the
rat cerebellum: Zebrin compartmentation and vibrissal receptive fields in
lobule IXa. The Journal of Comparative Neurology 345, 33–45.

Clarke, P.G. (1977). Some visual and other connections to the cerebellum
of the pigeon. The Journal of Comparative Neurology 174, 535–552.

De Zeeuw, C.I., Wylie, D.R., DiGiorgi, P.L. & Simpson, J.I. (1994).
Projections of individual Purkinje cells of identified zones in the
flocculus to the vestibular and cerebellar nuclei in the rabbit. The Journal
of Comparative Neurology 349, 428–447.

Eccles, J.C., Llinas, R. & Sasaki, K. (1966). Intracellularly recorded
responses of the cerebellar Purkinje cells. Experimental Brain Research
1, 161–183.

Eisenman, L.M. & Hawkes, R. (1993). Antigenic compartmentation in the
mouse cerebellar cortex: Zebrin and HNK-1 reveal a complex, over-
lapping molecular topography. The Journal of Comparative Neurology
335, 586–605.

Ekerot, C.F. & Larson, B. (1973). Correlation between sagittal projection
zones of climbing and mossy fibre paths in cat cerebellar anterior lobe.
Brain Research 64, 446–450.

Freedman, S.L., Feirabend, H.K., Vielvoye, G.J. & Voogd, J. (1975).
Re-examination of the ponto-cerebellar projection in the adult white
leghorn (Gallus domesticus).ActaMorphologicaNeerlando-Scandinavica,
13, 236–238.

Fujita, H., Oh-Nishi, A., Obayashi, S. & Sugihara, I. (2010). Organi-
zation of the marmoset cerebellum in three-dimensional space: Lobula-
tion, aldolase C compartmentalization and axonal projection. The
Journal of Comparative Neurology 518, 1764–1791.

Gao, W., Chen, G., Reinert, K.C. & Ebner, T.J. (2006). Cerebellar
cortical molecular layer inhibition is organized in parasagittal zones. The
Journal of Neuroscience 26, 8377–8387.

Graf, W., Simpson, J.I. & Leonard, C.S. (1988). Spatial organization of
visual messages of the rabbit’s cerebellar flocculus. II. Complex and
simple spike responses of Purkinje cells. Journal of Neurophysiology 60,
2091–2121.

Gravel, C., Eisenman, L.M., Sasseville, R. & Hawkes, R. (1987).
Parasagittal organization of the rat cerebellar cortex: Direct correlation
between antigenic Purkinje cell bands revealed by mabQ113 and the
organization of the olivocerebellar projection. The Journal of Compar-
ative Neurology 265, 294–310.

Gravel, C. & Hawkes, R. (1990). Parasagittal organization of the rat
cerebellar cortex: Direct comparison of Purkinje cell compartments
and the organization of the spinocerebellar projection. The Journal of
Comparative Neurology 291, 79–102.

Hawkes, R. & Gravel, C. (1991). The modular cerebellum. Progress in
Neurobiology 36, 309–327.

Hawkes, R. & Herrup, K. (1995). Aldolase C/zebrin II and the re-
gionalization of the cerebellum. Journal of Molecular Neuroscience 6,
147–158.

Herrup, K. & Kuemerle, B. (1997). The compartmentalization of the
cerebellum. Annual Review of Neuroscience 20, 61–90.

Iwaniuk, A.N.,Marzban, H., Pakan, J.M.,Watanabe, M., Hawkes, R.
& Wylie, D.R. (2009). Compartmentation of the cerebellar cortex of
hummingbirds (Aves: Trochilidae) revealed by the expression of zebrin
II and phospholipase C beta 4. Journal of Chemical Neuroanatomy 37,
55–63.

Ji, Z. & Hawkes, R. (1994). Topography of Purkinje cell compartments and
mossy fiber terminal fields in lobules II and III of the rat cerebellar cortex:
Spinocerebellar and cuneocerebellar projections. Neuroscience 61, 935–
954.

Kano, M.S., Kano, M. & Maekawa, K. (1990). Receptive field organiza-
tion of climbing fiber afferents responding to optokinetic stimulation in
the cerebellar nodulus and flocculus of the pigmented rabbit. Experi-
mental Brain Research 82, 499–512.

Karten, H. & Hodos, W. (1967). A Stereotaxic Atlas of the Brain of the
Pigeon (Columba livia). Baltimore, MD: Johns Hopkins Press.

Larouche, M. & Hawkes, R. (2006). From clusters to stripes: The
developmental origins of adult cerebellar compartmentation. Cerebellum
5, 77–88.

Llinas, R. & Sasaki, K. (1989). The functional organization of the olivo-
cerebellar system as examined by multiple Purkinje cell recordings. The
European Journal of Neuroscience 1, 587–602.

Optic flow zones in the pigeon flocculus 173



Marzban, H., Chung, S.H., Pezhouh, M.K., Feirabend, H.,Watanabe,
M.,Voogd, J. &Hawkes, R. (2010). Antigenic compartmentation of the
cerebellar cortex in the chicken (Gallus domesticus). The Journal of
Comparative Neurology 518, 2221–2239.

Matsushita, M., Ragnarson, B. & Grant, G. (1991). Topographic
relationship between sagittal Purkinje cell bands revealed by a mono-
clonal antibody to zebrin I and spinocerebellar projections arising from
the central cervical nucleus in the rat. Experimental Brain Research 84,
133–141.

Miles, F.A. & Lisberger, S.G. (1981). Plasticity in the vestibulo-ocular
reflex: A new hypothesis. Annual Review of Neuroscience 4, 273–299.

Mostofi, A., Holtzman, T. Grout, A.S., Yeo, C.H. & Edgley, S.A.
(2010). Electrophysiological localization of eyeblink-related microzones
in rabbit cerebellar cortex. The Journal of Neuroscience 30, 8920–8930.

Nagao, S., Kitazawa, H., Osanai, R. & Hiramatsu, T. (1997). Acute
effects of tetrahydrobiopterin on the dynamic characteristics and adapt-
ability of of vestibulo-ocular reflex in normal and flocculus lesioned
rabbits. Neuroscience Letters 231, 41–44.

Necker, R. (1992). Spinal neurons projecting to anterior or posterior
cerebellum in the pigeon. Anatomy & Embryology (Berlin) 185, 325–334.

Ozol, K., Hayden, J.M., Oberdick, J. & Hawkes, R. (1999). Transverse
zones in the vermis of the mouse cerebellum. The Journal of Compar-
ative Neurology 412, 95–111.

Pakan, J.M., Graham, D.J. & Wylie, D.R. (2010). Organization of visual
mossy fiber projections and zebrin expression in the pigeon vestibulo-
cerebellum. The Journal of Comparative Neurology 518, 175–198.

Pakan, J.M., Iwaniuk, A.N., Wylie, D.R., Hawkes, R. & Marzban, H.
(2007). Purkinje cell compartmentation as revealed by zebrin II expres-
sion in the cerebellar cortex of pigeons (Columba livia). The Journal of
Comparative Neurology 501, 619–630.

Pakan, J.M., Todd, K.G., Nguyen, A.P., Winship, I.R., Hurd, P.L.,
Jantzie, L.L. &Wylie, D.R. (2005). Inferior olivary neurons innervate
multiple zones of the flocculus in pigeons (Columba livia). The Journal
of Comparative Neurology 486, 159–168.

Pakan, J.M. &Wylie, D.R. (2008). Congruence of zebrin II expression and
functional zones defined by climbing fiber topography in the flocculus.
Neuroscience 157, 57–69.

Paukert, M.,Huang, Y.H., Tanaka, K.,Rothstein, J.D. &Bergles, D.E.
(2010). Zones of enhanced glutamate release from climbing fibers in the
mammalian cerebellum. The Journal of Neuroscience 30, 7290–7299.

Pijpers, A.,Apps, R., Pardoe, J.,Voogd, J. &Ruigrok, T.J. (2006). Precise
spatial relationships between mossy fibers and climbing fibers in rat
cerebellar cortical zones. The Journal of Neuroscience 26, 12067–12080.

Ruigrok, T.J. (2003). Collateralization of climbing and mossy fibers
projecting to the nodulus and flocculus of the rat cerebellum. The
Journal of Comparative Neurology 466, 278–298.

Ruigrok, T.J., Pijpers, A., Goedknegt-Sabel, E. & Coulon, P. (2008).
Multiple cerebellar zones are involved in the control of individual
muscles: A retrograde transneuronal tracing study with rabies virus in
the rat. European Journal of Neuroscience 28, 181–200.

Schonewille, M., Luo, C.,Ruigrok, T.J.,Voogd, J., Schmolesky, M.T.,
Rutteman, M., Hoebeek, F.E., De Jeu, M.T. & De Zeeuw, C.I.
(2006). Zonal organization of the mouse flocculus: Physiology, input,
and output. The Journal of Comparative Neurology 497, 670–682.

Schwarz, I.E. & Schwarz, D.W. (1983). The primary vestibular projection
to the cerebellar cortex in the pigeon (Columba livia). The Journal of
Comparative Neurology 216, 438–444.

Sillitoe, R.V. & Hawkes, R. (2002). Whole-mount immunohistochemis-
try: A high-throughput screen for patterning defects in the mouse
cerebellum. The Journal of Histochemistry & Cytochemistry 50, 235–
244.

Sillitoe, R.V., Marzban, H., Larouche, M., Zahedi, S., Affanni, J. &
Hawkes, R. (2005). Conservation of the architecture of the anterior lobe
vermis of the cerebellum across mammalian species. Progress in Brain
Research 148, 283–297.

Simpson, J., Graf, W. & Leonard, C.L. (1981). The coordinate system of
visual climbing fibres to the flocculus. In Progress in Oculomotor
Research, Amsterdam, The Netherlands: Elsevier.

Sugihara, I., Fujita, H., Na, J., Quy, P.N., Li, B.Y. & Ikeda, D. (2009).
Projection of reconstructed single Purkinje cell axons in relation to the
cortical and nuclear aldolase C compartments of the rat cerebellum. The
Journal of Comparative Neurology 512, 282–304.

Sugihara, I., Marshall, S.P. & Lang, E.J. (2007). Relationship of com-
plex spike synchrony bands and climbing fiber projection determined by

reference to aldolase C compartments in crus IIa of the rat cerebellar
cortex. The Journal of Comparative Neurology 501, 13–29.

Sugihara, I. &Quy, P.N. (2007). Identification of aldolase C compartments
in the mouse cerebellar cortex by olivocerebellar labeling. The Journal of
Comparative Neurology 500, 1076–1092.

Sugihara, I. & Shinoda, Y. (2004). Molecular, topographic, and functional
organization of the cerebellar cortex: A study with combined aldolase C
and olivocerebellar labeling. The Journal of Neuroscience 24, 8771–8785.

Sugihara, I. & Shinoda, Y. (2007). Molecular, topographic, and functional
organization of the cerebellar nuclei: Analysis by three-dimensional
mapping of the olivonuclear projection and aldolase C labeling. The
Journal of Neuroscience 27, 9696–9710.

Vielvoye, G.J. & Voogd, J. (1977). Time dependence of terminal de-
generation in spino-cerebellar mossy fiber rosettes in the chicken and the
application of terminal degeneration in successive degeneration experi-
ments. The Journal of Comparative Neurology 175, 233–242.

Voogd, J. (1967). Comparative aspects of the structure and fibre connexions
of the mammalian cerebellum. Progress in Brain Research 25, 94–134.

Voogd, J. & Bigaré, F. (1980). Topographical distribution of olivary and
cortico nuclear fibers in the cerebellum: A review. In The Inferior Olivary
Nucleus: Anatomy and Physiology, ed.Courville, J., deMontigny, C.
& Lamarre, Y., pp. 207–234. New York: Raven Press.

Voogd, J., Broere, G. & van Rossum, J. (1969). The medio-lateral
distribution of the spinocerebellar projection in the anterior lobe and
the simple lobule in the cat and a comparison with some other afferent
fibre systems. Psychiatria, Neurologia, Neurochirurgia 72, 137–151.

Voogd, J. &Glickstein, M. (1998). The anatomy of the cerebellum. Trends
in Neurosciences 21, 370–375.

Voogd, J., Pardoe, J., Ruigrok, T.J. &Apps, R. (2003). The distribution of
climbing and mossy fiber collateral branches from the copula pyramidis
and the paramedian lobule: Congruence of climbing fiber cortical zones
and the pattern of zebrin banding within the rat cerebellum. The Journal
of Neuroscience 23, 4645–4656.

Voogd, J. & Ruigrok, T.J. (2004). The organization of the corticonuclear
and olivocerebellar climbing fiber projections to the rat cerebellar vermis:
The congruence of projection zones and the zebrin pattern. Journal of
Neurocytology 33, 5–21.

Voogd, J. &Wylie, D.R. (2004). Functional and anatomical organization of
floccular zones: A preserved feature in vertebrates. The Journal of
Comparative Neurology 470, 107–112.

Wadiche, J.I. & Jahr, C.E. (2005). Patterned expression of Purkinje cell
glutamate transporters controls synaptic plasticity. Nature Neuroscience
8, 1329–1334.

Waespe, W. & Henn, V. (1987). Gaze stabilization in the primate. The
interaction of the vestibulo-ocular reflex, optokinetic nystagmus, and
smooth pursuit. Reviews of Physiology, Biochemistry & Pharmacology
106, 37–125.

Winship, I.R. & Wylie, D.R. (2001). Responses of neurons in the medial
column of the inferior olive in pigeons to translational and rotational
optic flowfields. Experimental Brain Research 141, 63–78.

Winship, I.R. & Wylie, D.R. (2003). Zonal organization of the vestibulo-
cerebellum in pigeons (Columba livia): I. Climbing fiber input to the
flocculus. The Journal of Comparative Neurology 456, 127–139.

Wu, H.S., Sugihara, I. & Shinoda, Y. (1999). Projection patterns of single
mossyfibers originating from the lateral reticular nucleus in the rat cerebellar
cortex and nuclei. The Journal of Comparative Neurology 411, 97–118.

Wylie, D.R. (2001). Projections from the nucleus of the basal optic root and
nucleus lentiformis mesencephali to the inferior olive in pigeons
(Columba livia). The Journal of Comparative Neurology 429, 502–513.

Wylie, D.R., Brown, M.R., Barkley, R.R.,Winship, I.R., Crowder, N.A.
& Todd, K.G. (2003). Zonal organization of the vestibulocerebellum in
pigeons (Columba livia): II. Projections of the rotation zones of the
flocculus. The Journal of Comparative Neurology 456, 140–153.

Wylie, D.R. & Frost, B.J. (1993). Responses of pigeon vestibulocerebellar
neurons to optokinetic stimulation. II. The 3-dimensional reference frame
of rotation neurons in the flocculus. Journal of Neurophysiology 70,
2647–2659.

Wylie, D.R., Kripalani, T. & Frost, B.J. (1993). Responses of pigeon
vestibulocerebellar neurons to optokinetic stimulation. I. Functional
organization of neurons discriminating between translational and rota-
tional visual flow. Journal of Neurophysiology 70, 2632–2646.

Wylie, D.R., Winship, I.R. & Glover, R.G. (1999). Projections from the
medial column of the inferior olive to different classes of rotation-
sensitive Purkinje cells in the flocculus of pigeons. Neuroscience Letters
268, 97–100.

174 Pakan et al.


