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Abstract—The cerebellar cortex has a fundamental parasag-
ittal organization that is reflected in the physiological re-
sponses of Purkinje cells, afferent and efferent connections,
and the expression of several molecular markers. The most
thoroughly studied of these molecular markers is zebrin II
(ZII; a.k.a. aldolase C). ZII is differentially expressed in Pur-
kinje cells, resulting in a pattern of sagittal stripes of high
expression interdigitated with stripes of little or no expres-
sion. In this study, we examined the expression of the cal-
cium binding protein parvalbumin (PV) in the cerebellum
of several avian species (pigeons, hummingbirds, zebra
finches) and compared it to the expression of ZII. We found
that PV immunoreactivity was distributed across the cerebel-
lar cortex such that there were sagittal stripes of PV immu-
nopostive (PV�) Purkinje cells alternating with PV immunon-
egative (PV�) Purkinje cells. Although most Purkinje cells in
the anterior lobe were PV�, there were several thin (i.e. only
a few Purkinje cells wide) PV� stripes spanning the folia. In
he posterior lobe, PV� and PV� stripes were also apparent,
ut the PV� stripes were much wider than in the anterior

lobe. In sections processed for both ZII and PV, the expres-
sion was generally complementary: PV� stripes were ZII�,
and vice-versa. This complementary expression was most
apparent in folia II–IV and VIII–IXcd. The complementary ex-
pression was not, however, absolute; some Purkinje cells
co-expressed PV and ZII whereas others lacked both. These
novel findings relate to the complex neurochemical organi-
zation of the cerebellum, and are likely important to issues
regarding cerebellar plasticity. © 2011 IBRO. Published by
Elsevier Ltd. All rights reserved.
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Evidence accumulated over the past 20 years has shown
that Purkinje cells, despite their homogeneous appearance
in morphology and connectivity, are heterogeneous with
respect to the expression of a number of molecular mark-
ers (for reviews see, Hawkes and Gravel, 1991; Herrup
and Kuemerle, 1997; Armstrong and Hawkes, 2000; Apps
and Hawkes, 2009). The most extensively studied in this
regard, is zebrin II (ZII; a.k.a. aldolase C) (Brochu et al.,
1990; Ahn et al., 1994; Hawkes and Herrup, 1995). ZII is
distributed such that there are sagittally oriented stripes of
ZII immunopositive (ZII�) Purkinje cells alternating with
stripes of ZII immunonegative (ZII�) Purkinje cells (Brochu
et al., 1990; Eisenman and Hawkes, 1993; Akintunde and
Eisenman, 1994; Chockkan and Hawkes, 1994; Sillitoe
and Hawkes, 2002; Voogd and Ruigrok, 2004; Sugihara et
al., 2004; Sugihara and Shinoda, 2007; Sugihara and Quy,
2007). The parasagittal distribution of ZII reinforces the
fundamental organization of the cerebellar cortex based on
sagittal “zones” (Voogd and Bigaré, 1980), which are
known from the distribution of climbing fiber and mossy
fiber afferents, Purkinje cell projection patterns, and Pur-
kinje cell response properties (Voogd et al., 1969; Ander-
sson and Oscarsson, 1978; Llinas and Sasaki, 1989;
Voogd and Glickstein, 1998; Wu et al., 1999; Ruigrok,
2003; Apps and Garwicz, 2005). The pattern of ZII� and
ZII� stripes in the cerebellar cortex is remarkably similar
across all mammalian species studied (e.g. Sillitoe et al.,
2005; Fujita et al., 2010). Furthermore, ZII� stripes occur
in avian species with a pattern highly similar to that ob-
served in mammals (Pakan et al., 2007; Iwaniuk et al.,
2009b; Marzban et al., 2010). Thus, the spatial pattern of
ZII expression is highly conserved across species and
likely critical for cerebellar function.

ZII is not, however, the only molecular marker that
reveals this fundamental parasagittal organization of the
cerebellar cortex. For example, motilin (Chan-Palay et al.,
1981), acetylcholinesterase (Jaarsma et al., 1995), corti-
cotropin-releasing factor (van den Dungen et al., 1988;
Cummings, 1989; Cummings et al., 1989; King et al., 1997;
Sawada et al., 2008), heat shock protein 25 (Armstrong et
al., 2000), human natural killer cell antigen (Eisenman and
Hawkes, 1993; Marzban et al., 2004), and phospholipases
(Sarna et al., 2006; Marzban et al., 2007; Iwaniuk et al.,
2009b) all reveal parasagittal stripes in the cerebellar cor-
tex. Because ZII has received so much research effort, it
has become the benchmark to which other molecular
markers are compared (Dehnes et al., 1998; Armstrong et
al., 2000; Sarna et al., 2006; Iwaniuk et al., 2009b; Marz-
ban et al., 2010; Sawada et al., 2010; Sillitoe et al., 2010).

For example, the expression of phospholipase C�3 is con-
ts reserved.
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cordant with that of ZII, whereas phospholipase C�4
hows a complementary expression pattern to that of ZII
Sarna et al., 2006; Iwaniuk et al., 2009b; Marzban et al.,
010). The expression of corticotrophin releasing factor is
ore complex, and neither concordant nor complementary

o ZII (Sawada et al., 2008).
Several studies suggest that ZII� and ZII� Purkinje

cells differ in their role in synaptic plasticity (Nagao et al.,
1997; Wadiche and Jahr, 2005; Paukert et al., 2010).
Similarly, the calcium binding protein parvalbumin (PV)
has been implicated in cerebellar plasticity (Schwaller et
al., 2002; Bastianelli, 2003; Schwaller, 2007, 2009). PV is
expressed in stellate, basket, and Purkinje cells (see Bas-
tianelli, 2003 for review). There are reports in both mam-
mals and birds, that PV is heterogeneously expressed in
Purkinje cells such that there are parasagittal stripes of
PV� and PV� Purkinje cells (Braun et al., 1986; Fortin et
al., 1998). In these studies, neither the extent to which this
expression occurs in uniform stripes nor the distribution of
stripes across folia and lobules are discussed. This pre-
vents any extrapolation of comparisons to other molecular
markers, mossy and/or climbing fibre projections, and one
cannot determine whether this pattern is conserved across
vertebrate species. In this report, we therefore provide a
detailed description of PV expression across the avian
cerebellar cortex and then directly compared the distribu-
tion of ZII and PV expression to determine the extent to
which both ZII and PV overlap. To determine the generality
of our observations, we used a variety of distantly related
birds. These included pigeons (Columba livia) and hum-
mingbirds (Calypte ana, Selasphorus rufus) because we
have previously described the pattern of ZII expression in
these species (Pakan et al., 2007; Iwaniuk et al., 2009b).
We also used the zebra finch (Taeniopygia guttata). Braun
et al. (1986) showed heterogeneity of PV expression in
Purkinje cells in the developing cerebellum of zebra finch.
Because Purkinje cell heterogeneity that occurs during
development may be lost in adulthood (e.g. Sotelo and
Wassef, 1991) and Rogers (1989) did not mention PV�
Purkinje cells in chicken (Gallus domesticus) cerebellum,
we felt wise to include the zebra finch as a species for
comparison.

EXPERIMENTAL PROCEDURES

The procedures describing the use of animals for exprerimental
purposes conformed to the guidelines established by the Cana-
dian Council for Animal Care and were approved by the BioSci-
ences Animal and Policy Care Committee at the University of
Alberta. Brains were obtained from pigeons (Columba livia), hum-
mingbirds (Calypte anna and Selasphorus rufus), and zebra
nches (Taeniopygia guttata). Adult pigeons obtained from a local
upplier, were deeply anesthetized with sodium pentobarbital (100
g/kg, i.p.) and transcardially perfused with 4% paraformalde-
yde in 0.1 M phosphate buffer (PFA, pH�7.4). The brains were

hen removed and postfixed by immersion in the same fixative for
everal days. The brains from hummingbirds were kindly provided
o us by Drs. Kenneth Welch Jr. and Raul Suarez (University of
alifornia, Santa Barbara). All of the hummingbird brains were

mmersion fixed in 4% PFA (same as above) for several weeks
rior to processing. The brains from zebra finches were sent to

NI from Ákos Pogány (Eötvös Loránd University, Hungary) and
Gergely Zachar (Semmelweiss University, Hungary) as part of an
unrelated project. As with the hummingbirds, the finch brains were
immersion fixed in PFA for several days. Prior to sectioning, all
brains were cryoprotected in sucrose (30% in phosphate buffered
saline (PBS), pH�7.4), embedded in gelatin, and sectioned on a
freezing stage microtome in the coronal plane at a thickness of 40
�m. Serial sections through the cerebellum were collected into
everal series (in 0.1 M PBS).

Immunohistochemistry for parvalbumin and zebrin II

Free floating sections were washed several times in 0.1 M PBS
and blocked with 10% normal donkey serum (Jackson Immunore-
search Laboratories, West Grove, PA, USA) and 0.4% Triton
X-100 in PBS for 1–2 h at room temperature. Sections were then
incubated for 24–48 h at room temperature in PBS containing
0.1% Triton X-100 and a primary antibody to PV (1:2000; either
mouse anti-PV (P3088, Sigma, St. Louis, MI, USA) or rabbit
anti-PV (ab11427, abcam, Cambridge, MA, USA)). Sections were
then rinsed in PBS, and incubated in solutions containing the
appropriate secondary antibody; either DyLight 488-conjugated
donkey anti-mouse, or Cy2 conjugated donkey anti-rabbit (Jack-
son Immunoresearch Laboratories: diluted 1:200 in PBS, 2.5%
normal donkey serum, and 0.4% Triton X-100) for 2–24 h at room
temperature. The tissue was finally rinsed in PBS and mounted
onto gelatinized slides for viewing.

For ZII immunoreactivity, after washing and blocking as de-
scribed above, the sections were incubated in the primary anti-
body (1:400) for 48–72 h at room temperature. We used a mono-
clonal mouse anti-zebrin antibody kindly provided by Dr. R.
Hawkes, which is produced by immunization with a crude cere-
bellar homogenate from the weakly electric fish Apteronotus (Bro-
chu et al., 1990). This antibody recognizes a single polypeptide
band in mouse with an apparent molecular weight of 36 kDa that
cloning studies have identified as the isoenzyme aldolase C (Ahn
et al., 1994; Hawkes and Herrup, 1995). The sections were then
rinsed several times in PBS and incubated in DyLite 594 or Cy3
conjugated donkey anti-mouse secondary antibody (Jackson Im-
munoresearch Laboratories: 1:200 in PBS, 2.5% donkey serum,
and 0.4% Triton X-100) for 2–3 h at room temperature. Following
several rinses in PBS, the sections were then mounted onto
gelatinized slides.

Double-labeling was performed by first incubating the tissue
in the rabbit anti-PV primary antibody followed by the Cy2 donkey
anti-rabbit secondary, and then incubated in mouse anti-ZII fol-
lowed by the Cy3 donkey anti-mouse secondary. The procedures
for blocking, dilution factors, incubation periods, and the primary
and secondary antibodies used are as described above.

Serial sections were viewed with a compound light micro-
scope (Leica DMRE; Leica Microsystems, Wetzlar, Germany)
equipped with the appropriate fluorescence filters (i.e. fluorescein
isothiocyanate (FITC) and rhodamine to visualize the PV and ZII,
resepectively). Images were acquired using a Retiga EXi FAST
Cooled mono 12-bit camera (Qimaging, Burnaby, BC, Canada)
and analyzed with OPENLAB imaging software (Improvision, Lex-
ington, MA, USA). The images were compiled with PTGui v 6.0.3
(Rotterdam, Netherlands) and manipulated using Adobe Photo-
shop (San Jose, CA, USA) to compensate for brightness and
contrast.

Nomenclature

The lateral view of the pigeon cerebellum is shown in Fig. 1A and
midsaggital sections are shown for a zebra finch and hummingbird
in Fig. 1C, E, respectively. In comparison to mammals, the avian
cerebellum is best described as a vermis without hemispheres
(Larsell, 1967), although small rudimentary hemispheres may ex-
ist (Pakan et al., 2007). As in the mammalian vermis, the avian

cerebellum is divided into 10 lobules that are referred to as “folia”,



(A, C, E

D. R. Wylie et al. / Neuroscience 185 (2011) 73–84 75
and labeled using Roman numerals I–X (anterior to posterior).
Also like the mammalian vermis, the avian cerebellum is divided
into an anterior lobe (folia I-V), a posterior lobe (VI–IX) and the
nodulus (X). Possible homologies between parts of the avian and
mammalian cerebellum are discussed in Pakan et al. (2007) and
Larsell (1967).

With respect to gross morphology, the pigeon and finch cere-
bella can be considered representative for the majority of avian
species. Variation in cerebellar morphology among birds is dis-
cussed extensively by Iwaniuk et al. (2006a,b, 2007, 2009a). The
hummingbird cerebellum is very unique in that there is a reduction in
the anterior lobe such that folia II and III are greatly reduced or absent
(see Fig. 2E and Iwaniuk et al., 2006b). Nonetheless, the pattern and
number of ZII stripes in the anterior lobe of the hummingbird (Iwaniuk
et al., 2009b) is essentially the same as that seen in pigeon (Pakan
et al., 2007) and chick (Marzban et al., 2010).

RESULTS

Distribution of parvalbumin immunoreactivity

As expected, we observed PV immunoreactivity
throughout the cerebellar cortex in all cases. Generally,
there was more PV immunoreactivity in the Purkinje cell
layer and molecular layer compared to the granular layer
(see Fig. 1). In the molecular layer, interneurons were
labeled, and based on their position, appearance and
previous studies (Celio, 1990; Fortin et al., 1998; Bas-
tianelli, 2003), we assumed they were basket and stel-

Fig. 1. (A, C, E) Illustrate the gross morphology of the cerebellum for
(A) Shows a lateral view of a wholemount of the pigeon cerebellum
midsagittal sections for the finch and hummingbird. The folia are labele
then named alpha-numerically (e.g. VIc). (B, D, F) Show parvalbumin
hummingbird (F). Note that PV labeling is much heavier across the
interneurons are labeled, which appear to be stellate and basket cel
dendrites extending into the ml, and in some cases labeled axons are
PV immunopositive and immunonegative “stripes”. Scale bars, 1 mm in
sulcus; pl�posterolateral fissure.
late cells (Fig. 1B, D). Often, the labeling of these in-
terneurons was masked by the heavy labeling of Pur-
kinje cell somae and dendrites (see Fig. 1B, F). In Fig.
1D we have indicated what appear to be labeled PV
immunoreactive Purkinje cells axons in the granular
layer, although it is possible that some of these are
labeled climbing fibres (Fortin et al., 1998).

The PV immunoreactivity in Purkinje cells was clearly
heterogeneous: some Purkinje cells were strongly immu-
noreactive whereas others showed little or no immunore-
activity (see Fig. 1B, F). For convenience we refer to these
as PV� and PV� Purkinje cells. The PV immunoreactivity
was distributed across the cortex such that there were
“stripes” or “bands” of PV� cells alternating with PV�
Purkinje cells (Fig. 1B, F). The stripes had clear borders
and were quite distinct in the hummingbirds and finch, but
less so in the pigeon (see Fig. 2H).

Anterior lobe

Fig. 2 shows the pattern of PV expression in the anterior
lobe. Most Purkinje cells in the anterior lobe were PV�,
with several PV� stripes spanning the folia that were only
a few Purkinje cells wide (see Fig. 2C, E, F, I). Along the
midline, there was invariably a PV� stripe and several
more on either side of the midline out to the lateral margins
of the folia (Fig. 2A, D, G, H). The exception was folium I

. livia), finch (T. guttata), and hummingbird (G. hirsute), respectively.
ng major regions and the folia, whereas (C, E) show Nissl-stained
oman numerals (I–X) in an anterior to posterior direction. Subfolia are
pression in the avian cerebellar cortex for pigeon (B), finch (D), and
lar layer (ml) compared to the granular layer (gl). In the ml many
mall arrow in B and D). Purkinje cell somae are labeled, as are the
beled (triangles in D). In (B, F), PV� and PV� refer to the alternating
); 50 �m in (B); 20 �m in (D); 100 �m in (F). Au�auricle; uv 1�uvular
pigeon (C
indicati

d with R
(PV) ex
molecu

ls (see s
clearly la
(lingula) where PV� stripes were not observed. Rather, it
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appeared that all Purkinje cells showed a weak to moder-
ate level of PV expression (see Fig. 4E).

Posterior lobe and folium X

The posterior lobe is shown in Fig. 3. As with the anterior
lobe, most Purkinje cells were PV�, alternating with thin-
ner PV� stripes (e.g. Fig. 3D) and there was invariably a

V� band at the midline (Fig. 3A–C, E). In the posterior
obe, there were a few PV� bands that were wide in
omparison with the anterior lobe. For example, in Fig. 3C,
he lateral part of IXcd is largely PV�. Note also the large
V� stripes in IXab and IXcd in Fig. 3A. In the caudal
argin of IXcd, shown in Fig. 3B, E (finch and humming-
ird), wider PV� and PV� stripes were obvious, especially

n the ventral lamella. The stripes persisted through folia
Xab and VIII (Fig. 3D), although the PV� stripes were
hinner than those in IXcd. Stripes were still visible in the
ateral margins of caudal VII, but most Purkinje cells in VII,
nd the caudal margin of VI, expressed PV weakly, if at all
see Fig. 4F). In folium X, PV stripes were only apparent in
he rostolateral margin, where two and sometimes three
V� stripes were seen (see Fig. 5F). More medially and
audally in X, generally, PV� stripes were not apparent as
ost Purkinje cells were PV� (see Fig. 5E, G).

ifferences among species

he pattern of the distribution of PV immunoreactivity ap-
lies to all species we studied as we could discern no
ifferences among the four species. This is apparent in the

Fig. 2. Parvalbumin immunoreactivity in the anterior cerebellum. Cor
finch (A–C), hummingbird (D–G), and pigeon (H, I) to illustrate the “str
n (B); 250 �m in (G); 100 �m in (C, E, F, I).
V immunoreactivity of both the anterior lobe (e.g. Fig. 2A,
, H) and the posterior lobe (Fig. 3A, C). The similarity of
he distribution of PV immunoreactivity across the species
s best illustrated by comparing the photomicrographs of
audal folium IXcd in Fig. 3B (finch), with Figs. 3E and 6A, B
hummingbird) and Fig. 5A, B (pigeon).

comparison of the distribution of parvalbumin and
ebrin II immunoreactivity

he alternating sagittal PV� and PV� bands were similar
o the ZII stripes that were described previously in the
vian cerebellum (Pakan et al., 2007, 2010; Iwaniuk et al.,
009b; Pakan and Wylie, 2008; Marzban et al., 2010),
owever, there is more polarity with the ZII stripes and the
oundaries are easier to demark (see Figs. 4–6).

Generally speaking, there was a tendency for the labeling
to be complementary: PV� stripes tended to be ZII�, and
vice versa (Figs. 4–6). This was most evident in folia II–IV,
VIII, and IX. However, such an organization was not absolute.
Fig. 4A shows the lateral margin of folium III in the pigeon
where there are several thin ZII� stripes. In the overlay,
these appear to be concordant with the PV�areas. This
pattern of ZII�/PV� stripes is reinforced in Fig. 4B with the
magnification of the two ZII� stripes in the ventral lamella
(see also Fig. 4C). In folium VI, the overall level of ZII expres-
sion in high, but numerous thin ZII� stripe pairs can be seen,
as can the complimentary expression of PV and ZII. This is
shown in Fig. 4D, with a section from the lateral margin of VI.
The PV� cells are lateral to the ZII� cells, although there are
many double-labeled Purkinje cells. ZII expression is also

ions are shown through the anterior lobe of the cerebellum for zebra
V� and PV� Purkinje cells. Scale bars; 500 �m in (A, D, H); 400 �m
onal sect
strong in VII, but PV expression is very weak (Fig. 4F). In
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folium I, ZII and PV stripes are absent. Most Purkinje cells
would be described as ZII�, but PV immunoreactivity is
comparatively weak (Fig. 4E).

Fig. 5 shows coronal sections through folia IXcd and X
(the vestibulocerebellum) in a pigeon reacted for both ZII
(red) and PV (green). Our previous studies in pigeons (and
hummingbirds) have shown that there are seven ZII� stripe
pairs spanning IXcd, which are labeled Z1� to Z7� from
medial to lateral (Pakan et al., 2007, 2010, 2011; Pakan and
Wylie, 2008; Iwaniuk et al., 2009b). Fig. 5A, B shows a
section from caudal IXcd, where the Z1�, Z1�, and Z2�
stripes are apparent. The complimentary expression of ZII
and PV is evident. Fig. 5C shows a section from a more
rostral level, to illustrate the expression in the regions lateral
to Z2�. Z2� was PV� except at the most lateral edge which
was PV� and ZII� (see rightmost arrow in Fig. 5C overlay).
Z3� was usually entirely PV� although the Purkinje cells in
the lateral half appeared to show higher PV immunoreactivity.
Z3�, which is a thin stripe, was invariably PV� (middle arrow
in Fig. 5C). The Z4� and Z5� stripes had a similar organi-
zation to one another. The ZII�stripes were PV�, but the
PV� Purkinje cells extended into the medial regions of the
ZII� stripes. This is shown for the Z5� stripes in Fig. 5D. The
boundary between the Z5� and Z5�stripes can be difficult to
demarcate at times, but the PV� cells, although they showed
the strongest immunoreactivity in the Z5� stripe, clearly ex-
tended into the lateral half of the Z5� stripe and several cells
were ZII� and PV�. At the lateral edge of the Z4� stripe,

Fig. 3. Parvalbumin immunoreactivity in the posterior cerebellum. Cor
finch (A, B) and hummingbird (C–E) to illustrate the “stripes” of PV� an
�m in (A–C); 250 �m in (E); 100 �m in (D).
there was always a stripe that was PV� (see leftmost arrow
in Fig. 5C, and arrows in 5D). Such a stripe was sometimes
observed at the lateral edge of Z5�.

Although folium X is contiguous with IXcd, X is largely
ZII�, and ZII� stripes are absent until the most rostral
regions where folium IXcd and X join to form the auricle
(Pakan et al., 2007, 2010; Pakan and Wylie, 2008; Iwaniuk
et al., 2009b). In this rostro-lateral region of folium X, we
observed a generally complementary expression of ZII and
PV (Fig. 5F). Throughout the remainder of X (i.e. medially
and caudally), PV and ZII stripes were not observed; in-
stead the folium appeared largely PV�. Although most
Purkinje cells in folium X would be described as both PV�
and ZII� (Fig. 5G), some single labeled PV� and ZII�
Purkinje cells were seen (Fig. 5E).

Fig. 6 shows a coronal section through folia VIII–IXcd
in a hummingbird reacted for both ZII (red) and PV (green).
Overall, the complementary distribution of ZII and PV im-
munoreactivity was clearly apparent as shown in the insets
in Fig. 6C (folium VIII) and Fig. 6D (ventral IXab and dorsal
IXcd), although there were some Purkinje cells double
labeled for both PV and ZII (see arrow in Fig. 6C overlay).
As was seen the pigeon (Fig. 5A, B), in the caudal margin
of the ventral lamella of IXcd, the complementary pattern
was also quite evident in the hummingbird (Fig. 6A, B).
Although there were some double-labeled Purkinje cells
(arrows in Fig. 6B overlay).

In summary, the expression of PV and ZII was gener-
ally complementary, such that the cerebellum consisted of

ions are shown through the posterior lobe of the cerebellum for zebra
urkinje cells. The vertical arrows indicate the midline. Scale bars; 500
onal sect
d PV� P
PV�/ZII� and PV�/ZII� stripes. This was especially ev-
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ident in folia II–IV, and VIII–IXcd. However, this was far
from absolute, and there were Purkinje cells that co-ex-
pressed PV and ZII, especially in folia I and X.

DISCUSSION

In the present study, we showed that PV is expressed
heterogeneously in Purkinje cells in the avian cerebellum
as a series of sagittal stripes. Stripes of Purkinje cells that
strongly express PV (PV�) alternate with stripes that
weakly express PV (PV�). Moreover, the expression of PV
was, generally, complementary to that of ZII.

Do PV� and PV� Purkinje cells have differential
function roles?

The restricted expression of the calcium-binding pro-
teins in neuronal populations in the central nervous
system has been described in several species (e.g.
Celio, 1990; Van Brederode et al., 1990; Resibois and
Rogers, 1992; Pfeiffer and Britto, 1997; Pritz and Sia-
dati, 1999). Calcium-binding proteins have numerous
cellular functions (Kohr et al., 1991; Yamaguchi et al.,

Fig. 4. A comparison of parvalbumin and zebrin II immunoreactivity in
I (E) and VII (F) are shown. In this and subsequent figures, the data a
�m in (A); 100 �m in (B, C, D, F); 50 �m in (E).
1991; Baimbridge et al., 1992; Schwaller et al., 2002;
Schwaller, 2007), although their role from a systems
perspective is still not well understood. That calcium
binding proteins are expressed in Purkinje cells is not
surprising; they are important for buffering calcium and
thus preventing excitotoxicity that might occur with cal-
cium influx. Calbindin, another calcium binding protein,
is expressed uniformly in Purkinje cells (Schwaller et al.,
2002; Bastianelli, 2003). Why PV is differentially ex-
pressed in Purkinje cells is unknown. PV is said to be a
“slow” buffer, compared to calbindin, thus one would
expect that PV� and PV� cells would behave differ-
ently. Bastianelli (2003) outlines how PV helps maintain
the synapse at its resting level during sustained excita-
tion. This would allow Purkinje cells to transmit informa-
tion linerally to the postsynaptic neuron throughout its
firing range.

Schwaller (2009) emphasizes that PV is important for
short-term plasticity in the cerebellum. It has also been
suggested that ZII� and ZII� Purkinje cells differ in their
role in synaptic plasticity (Nagao et al., 1997; Wadiche and
Jahr, 2005; Paukert et al., 2010). The cerebellum is well
known for its role in behavioral plasticity (e.g. Thompson

on cerebellum. Coronal sections though folia III (A, B), II (C), VI (D),
as tryptichs of ZII (red), PV (green), and the overlay. Scale bars, 500
the pige
and Steinmetz, 2009; Zheng and Raman, 2010) and the
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flocculus in particular is involved in the plasticity of the
vestibulo-ocular reflex (Miles and Lisberger, 1981). From
studies of PV knock-out mice, one could surmise that PV�
and PV� Purkinje cells would show different activity. In
act, PV� Purkinje cells in such mice show a decrease in

Fig. 5. A comparison of parvalbumin and zebrin II immunoreactivity
Xcd, whereas (E–G) show sections through folium X. (A) Shows the ov
C) Shows the overlay from a more rostral section highlighting the la
ndicated in (A, C). In (C, D), the stylized arrows indicate spaces in the
imple arrow in (D) indicates some double labeled cells. (E–G) Respect
f folium X. Closed and open arrows indicate Purkinje cells single-labe

(B, D, F, G); 50 �m in (E).
he duration of the complex spike, a decrease in the Pur- a
kinje cell pause, and an increase in the firing rate of simple
spikes (Servais et al., 2005). These effects might be offset
by the presence of ZII. ZII� Purkinje cells tend to have a
longer duration complex spike with more wavelets (Pauk-
rt et al., 2010). Nonetheless, differences in neuronal firing

tibulocerebellum of the pigeon. (A–D) Show sections through folium
V (green) and ZII (red) from a section through the caudal part of IXcd.

rgin of IXcd. (B, D) Show triptychs (PV, ZII, overlay) from the areas
cell layer lacking Purkinje cell bodies labeled for either PV or ZII. The

w sections through the caudo-lateral, rostro-lateral, and medial regions
ither PV or ZII, respectively. Scale bars, 500 �m in (A, C); 100 �m in
in the ves
erlay of P
teral ma
Purkinje

ively sho
led for e
ctivity would surely translate into different roles in plas-
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ticity, and it might be that the ZII�/PV� and ZII�/PV�
zones have differential roles in cerebellar plasticity. What-
ever the role of heterogeneous PV expression in the cer-
ebellar cortex, the fact that the pattern of expression is
conserved across three highly divergent species suggests
that its role is critical for cerebellar function.

Complementary and noncomplementary ZII and PV
stripes

Throughout Figs. 4–6, it is clear that ZII� stripes are

Fig. 6. A comparison of parvalbumin and zebrin II immunoreactivity
coronal section through posterior lobe are shown. In (A), the arrows
labeled Purkinje cells. Scale bars, 500 �m in (A); 100 �m in (B–D).
generally PV� and vice versa. Thus, the overall pattern of A
ZII and PV expression is complementary. As we have
mentioned several times already, this complementarity is
not, however, absolute. There were numerous instances of
ZII� cells being PV� and ZII� cells being PV�. That is,
within a ZII� stripe, although most cells were PV�, a
smaller number of these ZII� cells were PV�. In this
respect, PV is similar to phospholipase c�4 (PC�4). PC�4
xpression is complementary to ZII, in general, with ZII�
tripes alternating with PC�4� stripes, but some PC�4�
ells are ZII� (Iwaniuk et al., 2009b; Marzban et al., 2010).

sterior cerebellum of hummingbird. Photomicrographs from a single
rlay indicate the midline. The arrows in (B, C) indicate some double
in the po
in the ove
n important difference between PC�4 and PV, however,
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is that PC�4 is found primarily in the soma of Purkinje cells
hereas PV is also found in Purkinje cell dendrites, cell
odies, and axons.

It remains to be seen what other markers can be used
o characterize the compartmentalization of the avian cer-
bellar cortex. Some markers, such as corticotropin-re-

easing factor, are heterogeneously expressed in some
limbing and mossy fibre afferents, but the pattern is not as
imple as coincident or complementary with ZII (Bishop et
l., 2000; Sawada et al., 2008). Other markers are heter-
geneous in mammals, but not in birds. For example, heat
hock protein 25 does not reveal stripes in the pigeon
erebellum (Pakan et al., 2007), in stark contrast to the
ammalian cerebellum (Armstrong et al., 2000). To obtain
complete picture of how the “seemingly simple” cerebel-

ar cortex is neurochemically organized, it will be neces-
ary to undertake further double and triple labeling studies
nd map out the distribution of multiple neurochemical
arkers relative to one another as well as hodological

onnections.

he vestibulocerebellum

he vestibulocerebellum (VbC) in birds is comprized of
olia IXcd and X, and is involved in the generation of
ompensatory eye movements (Waespe and Henn,
987). Much is known about the organization of IXcd in
igeons from; (i) electrophysiological recordings of Pur-
inje cell response properties (Wylie and Frost, 1991,
999; Wylie et al., 1993, 1998); (ii) studies of efferent
nd afferent projections of the VbC (Lau et al., 1998;
ylie et al., 1999, 2003a,b; Crowder et al., 2000), and

iii) studies showing the relationship between the ZII
tripes and climbing and mossy fibre inputs to IXcd
Pakan and Wylie, 2008; Pakan et al., 2010). Pukinje

cells in the VbC respond to optic flow, which is the
pattern of motion that occurs across the retina during
self-motion (Wylie et al. 1998). In the medial half of IXcd,
which is referred to as the uvula, cells respond to pat-
terns of optic flow that results from self-translation
(Wylie et al., 1993; Wylie and Frost, 1999). In the lateral
half of IXcd, which is referred to as the flocculus, cells
respond best to patterns of optic flow that results from
self-rotation about one of two axes: either the vertical
axis (VA cells), or a horizontal axis oriented at 45°
azimuth (HA cells) (Simpson et al., 1981; Graf et al.,
1988; Wylie and Frost, 1993). As shown in several spe-
cies, VA and HA cells are organized into parasagittal
zones (Voogd and Wylie, 2004). In pigeons, the floccu-
lus contains four sagittal zones that span folia IXcd and
X: two VA zones are interdigitated with two HA zones.
Previously, we showed that the ZII stripes in the floccu-
lus are related to visual climbing fibre inputs in folium
IXcd (Pakan and Wylie, 2008). The VA zones receive
input from the caudal half of the medial column of the
inferior olive (mcIO), whereas the HA zones receive
input from the rostral mcIO (Wylie et al., 1999; Winship
and Wylie, 2003; Pakan et al., 2005). Pakan and Wylie
(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. After injections of anterograde tracer into the
rostral mcIO, Pakan and Wylie (2008) found two distinct
bands of CFs spanning IXcd and X. In IXcd, the labeled
CFs were in the P5� and P7� stripes. It therefore
appears that each zone in the flocculus consists of two
subzones defined by ZII immunoreactivity.

With data from the present study, we can also add that
the subzones are defined by PV immunohistochemistry
(although the complementary pattern of ZII and PV label-
ing was not absolute). Thus, each zone in the flocculus
consists of a ZII�/PV� subzone and a ZII�/PV� sub-
zone. We also know that each subzone receives different
visual mossy fibre inputs. These originate in two retinal-
recipient nuclei: the nucleus of the basal optic root (nBOR)
and the pretectal nucleus lentiformis mesencephali (LM)
(Clarke, 1977; Brecha et al., 1980). Pakan et al. (2010)
showed that after injection of antergade tacer in nBOR and
LM the majority (�80%) of the terminal rosettes were in the
granular layer adjacent to ZII� stripes in IXcd. If one as-
sumes that this translates to heavier input from the nBOR and
LM to the ZII�/PV� Purkinje cells via granule cell axons,
then the simple spike activity of Purkinje cells in the ZII�/
PV� subzones in IXcd would be more responsive to optic
flow stimuli than those in the ZII�/PV� subzones. This
assumption, however, is challenged by data from Barmack
and Yakhnitsa (2008). They made microinjections of retro-
grade tracer in the molecular layer of the mouse uvula, and
found that retrogradely labeled granule cells were wide-
spread. As such, there may be little topographic specificity
between the mossy fibre afferents and Purkinje cell simple
spike activity (see also Barmack and Yakhnitsa, 2003,
2011). This paradox, that there is a sagittal distribution of
at least some mossy fibre afferents, yet no conclusive
evidence that this topography is maintained with the gran-
ule cell to Purkinje cell projection, must be resolved before
definitive conclusions can be made regarding the relation-
ship between Purkinje cell function and neurochemically
defined stripes.
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