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ABSTRACT
The pallid bat (Antrozous pallidus) listens to prey-

generated noise to localize and hunt terrestrial prey

while reserving echolocation to avoid obstacles. The

thalamocortical connections in the pallid bat are organ-

ized as parallel pathways that may serve echolocation

and prey localization behaviors. Thalamic inputs to the

cortical echolocation call- and noise-selective regions

originate primarily in the suprageniculate nucleus (SG)

and ventral division of medial geniculate body (MGBv),

respectively. Here we examined the distribution of par-

valbumin (PV) and calbindin (CB) expression in cortical

regions and thalamic nuclei of these pathways. Electro-

physiology was used to identify cortical regions

selective for echolocation calls and noise. Immunohisto-

chemistry was used to stain for PV and CB in the

auditory cortex and MGB. A higher percentage (relative

to Nissl-stained cells) of PV1 cells compared with CB1

cells was found in both echolocation call- and noise-

selective regions. This was due to differences in cortical

layers V–VI, but not layers I–IV. In the MGB, CB1 cells

were present across all divisions of the MGB, with a

higher percentage in the MGBv than the SG. Perhaps

the most surprising result was the virtual absence of

PV staining in the MGBv. PV staining was present only

in the SG. Even in the SG, the staining was mostly dif-

fuse in the neuropil. These data support the notion that

calcium binding proteins are differentially distributed in

different processing streams. Our comparative data,

however, do not support a general mammalian pattern

of PV/CB staining that distinguishes lemniscal and non-

lemniscal pathways. J. Comp. Neurol. 522:2431–2445,

2014.
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Parvalbumin (PV) and calbindin (CB) are fast cytosolic

calcium buffers that have differential distributions in dif-

ferent regions/nuclei of sensory pathways (Baimbridge

et al., 1992; Bennett-Clarke et al., 1992; Hof et al.,

1999; Rausell and Jones, 1991; Rogers et al., 1990).

The functional roles of neurons containing these pro-

teins are only beginning to be identified (Sohal et al.,

2009; Wu et al., 2008). These proteins have served as

useful markers in neuroanatomical studies because of

the differential expression patterns. For example, there

is a complementary expression pattern of PV and CB in

the auditory thalamocortical system of some mamma-

lian species. In the rabbit and in rodents, the ventral

medial geniculate body (MGBv) and dorsal MGB (MGBd)

divisions of the auditory thalamus express primarily PV

and CB, respectively (Cruikshank et al., 2001; de Vene-

cia et al., 1995, 1998). In the macaque monkey as

well, MGBv is distinguished by more PV1 cells than

CB1 cells (Jones et al., 1995; Molinari et al., 1995). In

the mouse and macaque auditory cortex, PV and CB

expression can distinguish primary from secondary

auditory fields (Cruikshank et al., 2001; Kosaki et al.,

1997; Molinari et al., 1995). These data suggest a

mammalian plan of complementary PV/CB expression

in the lemniscal/nonlemniscal auditory pathways. How-

ever, in the macaque MGBd, both PV and CB are
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strongly expressed in cells. Studies of bats also show

divergence from a general plan. In the mustached bat,

PV and CB are strongly expressed in both MGBd and

MGBv (Zettel et al., 1991). In the horseshoe bat, both

PV and CB are expressed strongly in the MGBv (Vater

and Braun, 1994). PV/CB expression patterns may

therefore distinguish species-specific processing

streams as opposed to being biochemical markers of

lemniscal/nonlemniscal pathways.

The goal of this study was to examine expression

patterns of calcium binding proteins in a bat species in

which different thalamocortical pathways may serve

two different behaviors. PV and CB expression pattern

was investigated in the MGB and auditory cortex of the

pallid bat (Antrozous pallidus). Unlike the mustached

and horseshoe bats, which use echolocation primarily

to hunt aerial prey, the pallid bat belongs to a small

group of bats called gleaners, which hunt terrestrial

prey (Barber et al., 2003; Bell, 1982; Fuzessery et al.,

1993). Gleaners depend, at least partially, on listening

to prey-generated sounds to hunt and are found across

families, suggesting convergent evolution of this behav-

ior. Pallid bats listen to prey-generated noise to localize

and hunt prey such as crickets and scorpions while

reserving echolocation for obstacle avoidance.

The auditory cortex of the pallid bat is dominated by

two adjacent, and mostly segregated, regions with

response selectivity for the sounds used in echolocation

(60!30 kHz downward frequency modulated sweeps,

2–6 msec) and prey localization (5–35 kHz noise transi-

ents; Razak, 2011; Razak and Fuzessery, 2002, 2006).

Both cortical regions are overlain on a tonotopic map

representing the species-specific audible range (�5–70

kHz). In addition, neurons in both regions have short

latency responses and narrow tuning, suggesting that

they are both part of the primary auditory cortex (A1).

However, only one half of this tonotopic map receives

input from the MGBv (Razak and Fuzessery, 2010;

Razak et al., 2007, 2009). The noise-selective region

(tuning between 5 and 35 kHz) receives input from the

MGBv. The echolocation call-selective region (tuning

between 30 and 70 kHz) receives most input from the

suprageniculate nucleus (SG) of the MGBd. These data

suggest that the thalamocortical connections emphasize

segregation of the two pathways in the pallid bat, per-

haps to enhance segregated processing of two sound

streams (FM and noise) that likely co-occur in natural

hunting situations (Barber et al., 2003). This study

tested the hypothesis that these two parallel processing

streams show different patterns of PV/CB expression.

Data show that the expression of PV/CB in the pallid

bat MGB is different from that in any other species

examined, including other bats. PV is expressed only in

the SG of the pallid bat MGB. CB is expressed across

the MGB, but in a larger percentage of cells in the

MGBv compared with the SG. In A1, PV is expressed in

a similar percentage of cells in the noise- and echoloca-

tion call-selective region. More PV1 than CB1 cells are

present in A1.

MATERIALS AND METHODS

Adult pallid bats were netted in Arizona, California,

New Mexico, or Texas and held in a 11 3 14 ft room

at the University of California, Riverside. The bats were

able to fly in this room and were provided crickets/

mealworms and water ad libitum. The room was main-

tained on a reversed 12:12-hour light:dark cycle. All

procedures followed the animal welfare guidelines

required by the National Institutes of Health and were

approved by the Institutional Animal Care and Use

Committee.

General overview of procedure
Single- and multiunit electrophysiology was used to

generate a coarse map of the right auditory cortex in

terms of characteristic frequencies (CF). A fluorescent

marker was placed in putative FM- and/or noise-

selective region identified based on CF. In sections con-

taining the cortical fluorescent marker, PV- and CB-

stained cells were counted in the opposite (left) hemi-

sphere at locations homotopic to the dye location. In

the MGB, PV and CB staining was compared between

different divisions identified based on Nissl staining.

Surgical procedures for cortical
electrophysiology

Isoflurane was used to anesthetize the bats briefly

for injections of sodium pentobarbital. Recordings were

obtained from bats anesthetized with an i.p. injection of

pentobarbital sodium (30 lg/g body wt) and aceproma-

zine (2 lg/g body wt). Both male and female bats were

used. Because the goal of electrophysiology was to sim-

ply identify tonotopy to target dye marking, it is unlikely

that the pentobarbital anesthesia had a significant

impact on the observed results. To expose the auditory

cortex, the head was held in a bite bar, a midline inci-

sion was made in the scalp, and the muscles over the

dorsal surface of the skull were reflected to the sides.

The front of the skull was scraped clean and a layer of

glass microbeads applied, followed by a layer of dental

cement. The bat was then placed in a Plexiglas holder.

A cylindrical aluminum head pin was inserted through a

cross bar over the bat’s head and cemented to the pre-

viously prepared region of the skull. This pin served to

hold the bat’s head secure during the recording
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session. The location of A1 was determined relative to

the rostrocaudal extent of the midsagittal sinus, the dis-

tance laterally from the midsagittal sinus, and the loca-

tion of a prominent lateral blood vessel that travels

parallel to the midsagittal sinus (Razak and Fuzessery,

2002). The size of the exposure was usually �2 mm2.

Exposed muscle was covered with petroleum jelly, and

exposed brain surface was covered with silicone oil to

prevent desiccation.

Recording procedures
Electrophysiological recordings were used to identify

and mark putative noise- and/or FM sweep-selective

regions of the pallid bat auditory cortex. Several previ-

ous studies have shown that the noise-selective region

is tonotopically organized with CF between �5 and 30

kHz and robust responses to broadband noise (Razak,

2011, 2012a; Razak and Fuzessery, 2002, 2007). The

FM sweep-selective region is also tonotopically organ-

ized with CF between �30 and 60 kHz and direction-

and rate-selective responses to the 60!30 kHz FM

sweeps used by the pallid bat to echolocate (Razak,

2012b; Razak and Fuzessery, 2002, 2006, 2009).

Therefore, the focus was to obtain a map of CFs and to

place dye to mark the high and/or low CF cortex that

corresponds to FM- and/or noise-selective region. In a

number of sites, the intuition based on CF regarding

noise vs. FM sweep selectivity was verified by recording

responses to these sounds as well.

Experiments were conducted in a warm (80�F),

sound-proofed chamber lined with anechoic foam

(Gretch-Ken Industries). All recordings were obtained

from the right hemisphere. Bats were kept anesthetized

throughout the course of the experiments with addi-

tional pentobarbital sodium (one-third of the presurgical

dose) injections. Acoustic stimulation and data acquisi-

tion were driven by custom-written software (Batlab;

written by Dr. Don Gans, Kent State University) and a

Microstar digital signal-processing board. Programmable

attenuators (PA5; Tucker-Davis Technologies) allowed

control of sound intensities before amplification by an

integrated amplifier (Yamaha AX430) or a power ampli-

fier (Parasound HCA1100).

Extracellular single- or multiunit recordings were

obtained using glass electrodes (1 M NaCl, 2–10 MX
impedance) at depths between 200 and 600 lm. Pene-

trations were made orthogonal to the surface of the

cortex. Action potentials were amplified by a Dagan

extracellular preamplifier (2400A) and a spike signal

enhancer (FHC) and bandpass filtered (0.3–3 kHz;

Krohn-Hite). Waveforms and peristimulus time histo-

grams were stored by using the Microstar DSP board

and Batlab software. Single-unit recordings were

identified based on window discrimination and the con-

sistency of action potential amplitude and waveform

displayed on an oscilloscope.

Stimuli were presented with an LCY-K100 ribbon

tweeter (Madisound, Madison, WI) fitted with a funnel

that was inserted into the left pinna (contralateral to

recorded cortex). The amplifier-speaker-funnel fre-

quency–response curve measured with a 1/4-in micro-

phone (Bruel and Kjaer) was flat within 63 dB for

frequencies from 8 to 35 kHz. The decline in response

at higher frequencies was smooth up to 70 kHz at a

fall-off rate of �20 dB/octave. In two experiments, the

FM sweep-selective region was identified by using a

free-field speaker (LCY-K100 ribbon tweeter) placed at

0� azimuth and elevation with respect to the bat’s

snout at a distance of 40 cm.

Upon penetration of the cortical surface with the

electrode, pure tones (5–60 kHz, 1 msec rise/fall time,

5–10 msec duration), downward and upward FM

sweeps (30–70 kHz, 20–40 kHz bandwidth, 2 msec/

rise/fall time, 2–30 msec duration), and noise (5–40

kHz broadband, 1 msec rise/fall time, 5–10 msec)

were played at a repetition rate of 1 Hz and at different

intensities (10–70 dB) to search for sound-driven

responses. When robust multiunit responses or isolated

single-unit responses to one or more of these stimuli

were obtained, the CF was determined. CF was defined

as the tone frequency that elicited action potentials to

at least five successive stimulus repetitions at the low-

est intensity. This intensity was noted as the minimum

threshold (MT) of the neuron. A similar procedure was

used to map the CFs across the cortex.

Dye injection
A fluorescent dye was injected to mark the low-CF

(5–30 kHz) and/or high-CF (30–60 kHz) cortical

regions. Tips of glass electrodes (�10 lm diameter)

were capillary-filled with 20 mg/ml dextran tetramethyl

rhodamine (Invitrogen, Carlsbad, CA; diluted with 0.9%

normal saline) and back-filled with 1 M NaCl. The dye

was injected using a Midgard precision current source

(Stoelting, Wood Dale, IL) with 7 seconds on–7 seconds

off current stimulus of 14 lA. The duration of injection

was 5 minutes at a depth of �300–600 lm. After his-

tological processing (details below), dye injection sites

were viewed with a Nikon Eclipse 80i microscope with

epiflourescent light filters. Images were taken with a

Nikon Digital Sight camera.

Immunohistochemistry
After a lethal injection of sodium pentobarbital (125

mg/kg), bats were transcardially perfused with a peri-

staltic pump (Fisher Scientific, Fair Lawn, NJ) with

Calcium binding proteins in auditory cortex and thalamus
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0.1 M PBS, followed by 4% paraformaldehyde (0.1 M

PB, pH 7.4). The brains were immediately removed,

postfixed overnight (�15–20 hours) in 4% parafomalda-

hyde, and cryoprotected in 30% sucrose until sinking.

Brains were coronally sectioned at 40 lm on a cryo-

stat. Immunohistochemistry was carried out with free-

floating sections at room temperature with agitation

unless otherwise indicated. Sections were pretreated in

0.5% H2O2 (in 0.1 M PBS, pH 7.4, 30 minutes) to

reduce endogenous peroxidase activity, then rinsed

with 0.3% Tween-20 detergent (in 0.1 M PBS, 3 3 10

minutes) and blocked with 6.7% goat normal serum

(s-1000, Vector, Burlingame, CA; in 0.1 M PBS, 2–3

hours). Sections were incubated at 4�C in a solution

containing either rabbit anti-PV (1:5,000, PV-25; Swant,

Bellinzona, Switzerland) or mouse anti-CB (1:5,000,

D-28k; Swant), 2% goat normal serum, and 0.3% Triton

X-100 (in 0.1 M PBS, 2–4 nights).

Sections were rinsed in 0.3% Tween-20 (in 0.1 M

PBS, 3 3 10 minutes), followed by an incubation in a

solution containing peroxidase-conjugated AffiniPure

goat anti-rabbit IgG (H1L; 1:500; Jackson Immunore-

search, West Grove, PA), 2% goat normal serum, and

0.3% Triton X-100 (in 0.1 M PBS, 2–3 hours). Sections

were then rinsed (in 0.1 M PBS, 3 3 10 minutes).

Staining was visualized without agitation by first prein-

cubating the sections in 3,30-diaminobenzidine (DAB;

sk-4100; Vector) solution, followed by incubation with

H2O2 and DAB. Sections were rinsed in dH2O (2 3 10

minutes), transferred to 0.1 M PBS, mounted on

gelatin-coated slides, air dried, and coverslipped with

DPX mounting medium (Electron Microscopy Sciences,

Fort Washington, PA).

Antibody characterization
An antibody against calbindin D-28k (300; Swant) was

examined for antigen specificity by using Western blot

analysis (Fig. 1). Brain extracts from the pallid bats were

separated by SDS-PAGE protein separation, transferred

to a nitrocellulose membrane, and then probed with the

antibody. A single band at 28 kDa was observed, con-

firming a high level of specificity in the pallid bat. An

antibody against parvalbumin (PV25; Swant) could not

be validated in the pallid bat because, according to the

manufacturer, the PV25 antibody does not recognize the

antigen after SDS-gel electrophorectic separation of

brain extracts (Swant product specification sheet). We

have used this antibody in a previous study (Martin del

Campo et al., 2012) in the mouse auditory cortex and

reported similar cortical staining patterns. The manufac-

turers report that staining is absent in PV KO mouse

brain tissue. As far as the authors are aware, there have

been no examples of cross-reaction with other antigens

on record. Additional information on the antibodies used

is provided in Table 1.

Image analysis, counting, and data
representation

Nissl1, CB1, and PV1 cells were counted in the left

hemisphere of each cortex. The general location of the

auditory cortex was identified based on hippocampal

landmarks. More accurate location of the FM sweep-

and/or noise-selective regions in the right hemisphere

was accomplished based on the dye injection (Fig.

2A,B). Homotypic regions in the left hemisphere were

chosen for counting (Fig. 2C,D). Adjacent sections were

counted for CB1, PV1, and Nissl1 cells.

Figure 1. Specificity of calbindin D28K antibody shown by West-

ern blotting of pallid bat brain tissue after electrophoretic SDS-

PAGE protein separation. Position of molecular mass markers in

kilodaltons reported is at left.

TABLE 1.

Antibodies Used in This Study

Antibody Supplier Type Host Dilution Immunogen

Anticalbindin D-28K1 Swant, 300, lot 07(F) Monoclonal IgG1 Mouse 1:5,000 Calbindin D28K purified from chicken gut
Antiparvalbumin2 Swant, PV25, lot 5.10 Polyclonal Rabbit 1:5,000 Parvalbumin purified from rat muscle

1Antibody was validated by Western blot assay with purified pallid bat cortex (Fig. 1).
2Validation was not possible by Western blot assay (manufacturer’s information). The authors previously used PV25 antibody in mouse cortex and

had staining patterns that were similar to those in the present study in the pallid bat (Martin del Campo et al, 2012).
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NIS Elements advanced research software was used

to capture 400-lm-wide images of the auditory cortex

in CB1, PV1, and Nissl1 sections (height from white

matter to pia). The auditory cortex was divided into

layers I–IV and layers V–VI based on the laminar

distribution of cells (solid line, Fig. 2E). Layer IV con-

tains small, densely concentrated cells, and layer V

contains larger, more darkly stained and sparsely

spaced pyramidal cells. Based on this difference, the

boundary between layers IV and V was placed between

Figure 2. Illustration of the main methods used in this study. A: Photomicrograph of a coronal section through the frequency-modulated

(FM) sweep- and noise (N)-selective regions of the pallid bat auditory cortex. Fluroruby was used to mark the N region. These regions

were identified by using electrophysiology. The inset shows the map of characteristic frequencies (CF) identified using electrophysiology

from the right auditory cortex (pallid bat PAL024). The black circle shows the site of fluroruby injection to mark the noise-selective neu-

rons (CFs �20–27 kHz). The neurons located more medially with CF �38 kHz are in the FM sweep selective region. R, rostral; L, lateral.

B: Photomicrograph of the section located adjacent to the section shown in A. This section was Nissl stained. C: The contralateral side of

the same section shown in B was used to identify layers and count Nissl-stained cells in the putative FM and N region. The assumption

that the locations of FM- and N-selective regions were symmetrical across the midline was made. Nissl-stained cell counts were deter-

mined in 400-lm-wide rectangles spanning the layers of the cortex. D: Photomicrograph of a PV-stained section located adjacent (40 or

80 lm) to the Nissl-stained section. The number of PV-positive cells was counted within the 400-lm-wide rectangles placed over the puta-

tive FM and N regions. E: Nissl-stained section through the FM sweep-selective region of the auditory cortex. The solid line demarcates

layers IV and V to facilitate a comparison of cell counts between layers I–IV and layers V–VI. Scale bars 5 500 lm in D (applies to A–D);

200 lm in E; �200 lm in inset in A. [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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54% and 61% of total section height (pia to white matter)

for all bats in this study. This is consistent with a previ-

ous study on the pallid bat cortex (Marsh et al., 2002),

which placed the boundary at �60% from the pia. The

boundary between the

layers IV and V was

then marked on adja-

cent sections stained

for PV or CB to count

cells positive for these

calcium binding proteins

in layers I–IV and layers

V–VI. A finer-grained

layer analysis was not

possible because the

boundaries between

layers III–IV and layers

V–VI were not consis-

tently distinguishable

with Nissl staining.

Prior to counting,

images were adjusted

for brightness and con-

trast in NIS Elements.

Nissl-stained cells were

counted in one of the

eight randomly selected

50-lm-wide rectangles

within the 400-lm

image of Nissl-stained

section. This count was

multiplied by a factor of

8. CB1 and PV1 cells

were counted across the entire 400-lm-wide image of CB

and PV stained sections. Only those CB1 and PV1 cells

that had intensely stained soma were included in the

counts. Counting bias was avoided by counting only cells

Figure 3. A–C show a rostral-to-caudal sequence of sections through the MGB of a pallid bat. The sections were at 70% (A), 40% (B), and

20% (C) rostrocaudal MGB positions (100% being most rostral). The dashed white lines demarcate the approximate boundaries of the vari-

ous regions of interest in this study. Although the SG is considered a part of the MGBd, they were analyzed separately. The SG is most

distinct based on large cell bodies and darker Nissl staining. Scale bar: 200 lm.

Figure 4. Example photomicrographs of PV (A) and CB (B) immunostaining in the FM sweep-selective

region of the auditory cortex of the pallid bat. Dashed line is at the boundary between layers IV and V

identified in a Nissl-stained adjacent section. Wm, white matter. Scale bar 5 150 lm.
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that either had their soma contained completely within

the image or that fell on the left border of the image.

Those cells that fell on the right border of the image were

excluded from counting (Gundersen et al., 1988). Data

are represented in terms of percentage of CB1 or PV1

cells relative to Nissl-stained cells.

The different divisions of the MGB were identified via

Nissl staining (Fig. 3) based on the scheme of Morest

(1964). Although the SG is considered a part of the

MGBd, we analyzed it separately in this study because

most of the echolocation pathway appears to be routed

through the SG (Razak et al., 2007). In the text, MGBd

refers to parts of this division excluding the SG. Figure 3

shows three Nissl-stained sections through the MGB

arranged in a rostral-to-caudal fashion. The SG can be

distinguished from the MGBv and MGBd based on darkly

stained cells with larger soma. The MGBm has a broader

range of cell sizes and reduced cell density. It is rela-

tively more difficult to distinguish MGBd and MGBv

based on Nissl staining. The approximate boundary

between these two divisions was placed based on previ-

ous studies that used fiber staining procedures and

showed that the MGBv is mostly devoid of fibers com-

pared with the MGBd (Razak et al., 2007; Shen, 1996).

It must be noted that the primary focus was on differen-

tiating the SG from the MGBv, because these nuclei are

the main sources of input to the FM sweep- and noise-

selective regions of the cortex. Cell counts in the MGB

were made in 100-lm2 squares placed in the center of

the dashed contours (Fig. 3) outlining each region.

RESULTS

PV expression was studied in seven bats in the MGB.

In six of these bats, PV expression was also studied in

the FM- and noise-selective regions of the auditory cor-

tex. In a separate set of five bats, CB expression was

studied in the MGB. For four of these bats, we also

examined CB expression in the auditory cortex.

PV and CB staining in the auditory cortex
Figure 4 shows representative PV and CB staining in

the auditory cortex. Intense staining of cell bodies was

present for both PV and CB. The percentage of PV1

and CB1 cells relative to Nissl-stained cells was com-

pared between the FM and the N areas and analyzed by

using two-way ANOVA (cortical area 3 calcium binding

protein) with post hoc Tukey pairwise comparisons

(Fig. 5). Table 2 shows the absolute cell counts in the

sections used for the analysis. There was no difference

between FM and N areas in terms of the percentage of

calcium binding proteins (P> 0.05). However, within

each area, there were more PV1 cells than CB1 cells

Figure 5. Distribution of parvalbumin (PV)- and calbindin (CB)-

immunoreactive (IR) cells in the FM and noise regions of pallid

bat auditory cortex. The data for this figure are shown in Table 2.

A: Percentage of PV1 or CB1 cells expressed as a percentage of

Nissl-stained cells across all layers of the cortex. Both FM and

noise regions contain a significantly greater percentage of PV1

than CB1 cells. There was no difference in expression of either

calcium binding protein across the two cortical regions. B:

Comparison only within layers I–IV shows no difference in the

percentage of PV1 and CB1 cells in either FM or noise regions.

However, in layers V–VI, there was significant difference in the

percentage of PV1 and CB1 neurons (C).

Calcium binding proteins in auditory cortex and thalamus
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(P< 0.05) when the cells were counted across all six

cortical layers (Fig. 5A). Analyzing granular/supragranular

layers I–IV (Fig. 5B) and infragranular layers V–VI

(Fig. 5C) separately indicates that the difference between

PV and CB expression was mainly in the infragranular

layers (P< 0.001) in both the FM and the N regions.

There was no difference in the percentage of CB1 and

PV1 cells in layers I–IV in both regions (P> 0.05). These

data indicate that the two calcium binding proteins tested

were expressed at different levels in the cortex, without a

difference between functional cortical areas.

Differential staining patterns of PV and CB
in the MGB

The MGBv, MGBd, and SG were analyzed for expres-

sion of CB and PV. Although the SG is generally consid-

ered a part of the MGBd, we analyzed the data

separately for these two regions because the echoloca-

tion pathway is routed to a larger extent through the

SG. In the text below, MGBd refers to the parts of the

dorsal division excluding the SG.

Expression patterns of CB and PV in the MGB were

region specific. Perhaps the most surprising finding was

TABLE 2.

Quantification of CB1 and PV1 Cells in the Auditory Cortex

All layers Layers I–IV Layers V–VI

Section ID Region Nissl cells IR cells % IR cells Nissl cells IR cells % IR cells Nissl cells IR cells % IR cells

PV PAL23-1 FM 1,376 36 3 736 18 2 640 18 3
N 1,440 30 2 728 12 2 712 18 3

PAL23-2 FM 1,3441 40 3 7041 19 3 6401 21 3.
N 1,4181 13 1 7841 9 1 6341 4 1

PAL24-1 FM 1,200 38 3 592 23 4 608 15 3
N 1,512 44 3 800 17 2 712 27 4

PAL24-2 FM 1,232 38 3 560 15 3 672 23 3
N 1,528 31 2 824 24 3 704 7 1

PAL27-1 FM 1,288 30 2 680 22 3 608 8 1
N 1,520 24 2 872 1 1 648 23 4

PAL27-2 FM 1,336 36 3 616 18 3 720 18 3
N 1,144 35 3 568 14 3 576 21 4

PAL37-1 FM 1,376 16 1 728 8 1 648 8 1
N 1,520 27 2 720 15 2 800 12 2

PAL37-2 FM 1,288 16 1 624 3 1 664 13 2
N 1,232 34 3 696 13 2 536 21 4

PAL40-1 FM 1,136 24 2 552 9 2 584 15 3
N 1,024 36 4 544 13 2 480 23 5

PAL40-2 FM 1,136 16 1 528 6 1 608 10 2
N 1,112 18 2 656 7 1 456 11 2

PAL53-1 FM 1,376 29 2 744 12 2 632 17 3
N 1,560 25 2 944 13 1 616 14 2

PAL53-2 FM 1,328 27 2 704 5 1 624 20 3
N 1,600 30 2 880 8 1 720 22 3

CB PAL64-1 FM 1,376 4 1 736 3 1 640 1 1
N 1,376 11 1 712 8 1 664 3 1

PAL64-2 FM 1,496 6 1 904 1 1 592 5 1
N 1,488 3 2 864 1 1 624 2 1

PAL67-1 FM 1,544 3 2 872 2 1 672 1 1
N 1,496 21 2 880 16 2 616 5 1

PAL67-2 FM 1,608 24 2 920 20 2 688 4 1
N 1,592 17 1 912 13 1 680 4 1

PAL68-1 FM 1,3441 11 1 7041 8 1 6401 3 1
N 1,4181 20 1 7841 13 2 6341 7 1

PAL68-2 FM 1,3441 25 2 7041 20 3 6401 5 1
N 1,4181 28 2 7841 21 3 6341 7 1

PAL69-1 FM 1,408 24 2 768 16 2 640 8 1
N 1,536 22 1 944 16 2 592 6 1

PAL69-2 FM 1,3441 22 2 7041 18 3 6401 4 1
N 1,4181 18 1 7841 14 2 6341 4 1

1A few sections that would have been used for Nissl counting were damaged. Average Nissl counts of all sections corresponding to the same FM/

N region and layers of the cortex were used in place of the missing counts. The percentage IR value in the table has been rounded to the closest

integer, with values between 0.1% and 1% rounded to 1%.
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the virtual absence of PV staining in the MGBv and

MGBd (Figs. 6A–C, 7A–D). Figure 6A–C shows PV stain-

ing in three sections through the MGB. Figure 7A–D

shows PV expression in two other bats. Only the SG

showed evidence of PV staining, and, even there, the

staining was diffuse and limited to the neuropil with

rare somata staining (Fig. 7B shows the section with

the most number of PV1 SG cells in the study). MGBv

and MGBd were devoid of PV-stained cells or neuropil.

Figure 8 shows both MGB and cortex (note that this

not auditory cortex) in the same section. Staining is

visible in cortical cells and the SG but not in the MGBv

or MGBd, indicating that the weak PV immunoreactivity

in the MGB is not a result of potential differences in

staining protocol. Given that only the rare cell body in

the SG showed PV staining, percentage of PV-stained

cells was not quantified.

In contrast to PV, CB immunoreactivity was present

in all divisions of the MGB, albeit at different levels and

in a pattern that appears complementary to PV expres-

sion. Figure 6D–F shows CB staining in the MGB.

Comparison of PV and CB staining in Figure 6 indicates

the complementary patterns with more CB1 cells in the

MGBd and MGBv than the SG and with PV staining only

in the SG. Figure 7E–H shows CB staining in the MGB

of two other bats. Quantification of CB1 cell counts rel-

ative to Nissl-stained cells supports the observation of

more CB1 cells in the MGBd and MGBv compared with

the SG (Table 3, Fig. 9). A one-way ANOVA revealed

that there was no difference between the MGBv and

the MGBd in the percentage of CB1 cells. However, the

percentage of CB1 neurons in the SG was significantly

lower (P< 0.01) than the other two regions. Together

these data indicate differential staining patterns of PV

and CB in the different regions of the MGB of the pallid

bat.

DISCUSSION

The main goal of this study was to quantify PV and

CB staining in parallel thalamocortical pathways: 1) the

thalamic SG nucleus and its cortical projection zone,

Figure 6. Parvalbumin (A–C) and calbindin (D–F) staining in the MGB suggestive of complementary expression patterns. The left to right

(e.g., A–C) progression of sections for each animal is in a rostral to caudal direction. The PV- and CB-stained sections are from two differ-

ent bats taken at approximately similar rostrocaudal locations of the MGB (70%, 55%, and 40% rostral to caudal). The labels indicate

approximately the center of each MGB region demarcated using adjacent Nissl-stained sections. PV staining was limited to the SG, in

which it was diffuse and limited mostly to the neuropil. PV staining was not discernible in the MGBd and MGBv. CB1 cells, in contrast,

were found in all three regions analyzed. However, more caudally, there was a reduction in CB1 cells in the SG appearing in an essentially

complementary fashion to PV staining. Scale bar 5 250 lm.
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the FM-selective region (putative echolocation pathway),

and 2) the thalamic MGBv division and its cortical pro-

jection zone, the noise-selective region (putative prey-

localization pathway). There were two major findings.

First, the calcium binding proteins CB and PV show dif-

ferential staining patterns across the MGB (summarized

in Fig. 10). CB1 cells were present across the various

divisions of the MGB but were differentially distributed.

Specifically for the functional pathways, a greater per-

centage of CB1 cells was found in the MGBv compared

with the SG. There was no difference between the

MGBd and the MGBv. PV staining was, however, con-

strained to the SG and absent in the MGBv and parts

of the MGBd outside the SG. Most PV expression was

limited to diffuse staining of the neuropil in the SG.

Second, in the auditory cortex, there was a higher per-

centage of PV1 than CB1 cells in layers V–VI but not in

layers I–IV. However, this was seen in both the FM-

and the noise-selective areas, with no area-specific dif-

ference. Thus, the MGB, but not cortical, expression

pattern of CB/PV appears to be functional pathway

specific.

The FM-selective region contains neurons tuned

between 30 and 60 kHz. The majority (�70–75%) of

neurons in this region are selective for the 60!30 kHz

downward FM sweeps used by the pallid bat to echolo-

cate obstacles. This form of response selectivity sug-

gests this region’s involvement in echolocation. The FM-

selective region receives input mostly from the SG and

none from the MGBv. The noise-selective neurons are

tuned between 6 and 35 kHz. Most neurons respond

robustly to 5–40 kHz noise, and this region contains a

systematic map of binaural and azimuth selectivity that

may be involved in localization of prey-generated noise

(Razak, 2011). The noise-selective region receives most

inputs from the MGBv, and none from the SG. Taken

together, the pallid bat thalamocortical connections

appear to emphasize functional, connectional, and

molecular segregation of parallel pathways involved in

two different behaviors. Such parallel processing may

enhance behavioral segregation of streams of echoes

and prey-generated noise that will arrive at the cochlea

nearly simultaneously in typical hunting situations.

Comparison across species
MGB. Considerable species-specific differences exist

in the expression patterns of PV and CB in the MGB

(Fig. 11). The general trend in rodents and in the rabbit

is a complementary expression pattern of PV and CB in

a lemniscal/nonlemniscal or core/shell organization

(Cruikshank et al., 2001; de Venecia et al., 1995; Ouda

et al., 2008). PV expression is strongest in the MGBv

and weak or absent in the MGBd, whereas CB expres-

sion is weak or absent in the MGBv and strong in the

MGBd. The SG in the rabbit is devoid of PV expression.

The SG was not explicitly identified in the rodent stud-

ies. In rodents, unlike rabbits, strong PV expression in

the MGBv is limited to the neuropil, with sparse labeling

of the somata. Although less specific in terms of identi-

fied MGB divisions, studies of gerbil and guinea pig

MGB also support the trends observed in rabbits and

Figure 7. Additional examples of PV (A–D) and CB (E–H) staining

in the MGB. Each row corresponds to two sections from the

same bat, the left column being more rostral than the right. The

sections are approximately at the same rostrocaudal location in

the MGB. Scale bar 5 250 lm.
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Figure 8. Photomicrograph of PV staining (310) showing intense cell body staining in the cortex (note that this is not auditory cortex) and

neuropil staining in the SG but no staining in the MGBv or the MGBd. This image illustrates the low level of PV expression in the MGB

compared with the cortex in the same section. Scale bar 5 250 lm.

TABLE 3.

Quantification of CB1 Cells in the Medial Geniculate Body

Region Section ID % Location1 Nissl cells CB1 cells % CB1 cells CB1 cells/100 lm2

MGBv PAL64 2–4 57 201 103 51 26
PAL65 2–3 57 161 79 49 20
PAL65 2–4 43 161 68 42 17
PAL67 2–6 71 176 80 46 20
PAL67 2–7 57 166 88 53 22
PAL67 2–8 43 161 94 58 24
PAL67 2–9 29 210 66 31 17
PAL68 2–5 57 235 44 19 11
PAL68 2–6 43 214 69 32 17
PAL68 2–7 29 198 82 41 21
PAL69 2-2 57 147 74 50 19
PAL69 2–3 43 149 85 57 21

MGBd PAL64 2–4 57 190 97 51 24
PAL65 2–3 57 155 79 51 20
PAL65 2–4 43 253 78 31 20
PAL67 2–6 71 191 62 33 16
PAL67 2–7 57 175 96 55 24
PAL67 2–8 43 163 79 49 20
PAL67 2–9 29 204 79 39 20
PAL68 2–5 57 208 72 35 18
PAL68 2–6 43 196 88 45 22
PAL68 2–7 29 146 86 59 22
PAL69 2-2 57 162 51 32 13
PAL69 2–3 43 169 68 40 17

SG PAL64 2–4 57 187 23 12 6
PAL65 2–3 57 179 42 28 11
PAL65 2–4 43 237 29 12 7
PAL67 2–6 71 195 42 22 11
PAL67 2–7 57 175 44 25 11
PAL67 2–8 43 180 40 22 10
PAL67 2–9 29 205 59 29 15
PAL68 2–5 57 173 29 17 7
PAL68 2–6 43 177 31 18 8
PAL68 2–7 29 183 62 34 16
PAL69 2-2 57 175 49 28 12
PAL69 2–3 43 159 45 28 11

1Percentage location based on Nissl-stained sections. The caudal-to-rostral extent of the MGB was assessed by assigning the first caudal section in

which the MGB was visible to 0% and the last rostral section in which the MGB was visible to 100%.
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mice (Bruckner et al., 1994; Budinger et al., 2000; De

Biasi et al., 1994). The macaque monkey is similar to

rodents and rabbits in that PV expression is strong and

CB expression is weak in the cells of the MGBv (Hashi-

kawa et al., 1991; Molinari et al., 1995). However, the

monkey differs from rodents and rabbit in that PV1

cells are also common in the MGBd. More PV1 cells

than CB1 cells are found in the anterodorsal MGB of

the macaque. Similar numbers of PV1 and CB1 cells

are found in the posterodorsal MGB.

Horseshoe bat and mustached bat are two species

of bats in which PV/CB expression in the MGB has

been studied (Vater and Braun, 1994; Zettel et al.,

1991). Both species are called constant frequency–fre-

quency modulation (CF–FM) bats that are obligate

echolocators (use echolocation for obstacle avoidance

and prey tracking). In general, the PV expression pat-

terns in the MGB of these bats are similar to each

other and to those of the macaque monkey but differ

from those of rodents and rabbits. PV1 cells and neu-

ropil staining are found in both MGBv and MGBd

(including the SG). CB1 cells are also found in both

MGBv and MGBd in these bats. CB1 cells are absent

in the SG of the mustached bat. The pallid bat differs

from the other species exam-

ined (including bats) in terms

of PV expression in the MGB.

PV staining is absent in the

MGBv and is constrained to

only the SG. In fact, PV stain-

ing appears to be a suitable

method to demarcate the SG

from other areas of the MGB.

Even in the SG, the staining

was diffuse, with only a few

PV1 cells found in some sec-

tions (e.g., Fig. 7B). The vast

majority of the sections

through the SG showed no

PV1 cells. As in the CF–FM

bats, but different from other

species, expression of CB in

the pallid bat is similar in

MGBd and MGBv. However,

similarly to the mustached

bat, there appears to be

reduced expression of CB in

the SG in the pallid bat.

Taken together, comparative

data do not support a general

mammalian plan for expres-

sion of PV and CB in the

MGB. The only trend is that

there is stronger PV than CB

expression in the MGBv of

Figure 9. Quantification of percentage of CB1 cells relative to

Nissl1 cells in the different regions of the MGB. The percentage

of CB1 cells was significantly lower in the SG compared with the

MGBd and MGBv. There was no difference between the MGBd

and MGBv. The data for this figure are shown in Table 3.

Figure 10. Parallel pathways used in different behaviors show distinct staining patterns for calbindin

and parvalbumin. The pallid bat thalamocortical connections contain two parallel pathways: 1) from

the suprageniculate (SG) nucleus in the MGB to the echolocation call-selective (E) auditory cortical

region and 2) from the ventral MGB (MGBv) to the noise-selective (N) cortical region. These pathways

likely serve echolocation for obstacle avoidance and passive localization of ground-dwelling prey (e.g.,

crickets), respectively. At the level of the MGB, these two functional pathways show differential pat-

terns of staining for the calcium binding proteins parvalbumin (PV) and calbindin (CB). The most sur-

prising finding is the virtual lack of PV1 neurons in any division of the MGB. Only in the SG was PV

staining seen, and that only in the neuropil. CB1 cells were present throughout the MGB, but the den-

sity was significantly lower in the SG compared with the other MGB regions. [Color figure can be

viewed in the online issue, which is available at wileyonlinelibrary.com.]
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nonchiropterans but not in chiropterans. The functional

significance of the species-specific CB/PV expression

pattern is unclear. One possibility is that PV expression is

higher in thalamic targets of central inferior colliculus

(ICc) projection (de Venecia et al., 1995). In support of

this suggestion, MGBd in bats shows ICc inputs and high

PV expression (Wenstrup et al., 1994). Likewise, the SG

in the pallid bat also receives input from the ICc (Razak

and Fuzessery, unpublished observations). However, this

does not explain the high number of PV1 cells in the

MGBd of the monkey or the lack of PV expression in the

MGBv of the pallid bat. A second possibility is that PV/

CB expression correlates with cellular metabolic demands

(Braun et al., 1985; Celio et al., 1986) or temporal proc-

essing requirements. In echolocating bats, both the

MGBd and the MGBv exhibit adaptations for echolocation

signal processing (Wenstrup, 1999; Wenstrup and Grose,

1995). During the approach phase of hunting (terminal

buzz), many bat species echolocate at a high rate. The

homogenous and relatively high expression levels of PV in

both MGBv and MGBd in the mustached and horseshoe

bat may therefore be a specialization for the metabolic

and/or neural temporal fidelity demands of rapid echolo-

cation call processing. The pallid bat data support this

suggestion in that the SG, but not the MGBv, appears to

be used in echolocation call processing and shows PV

expression.

Auditory cortex. Data from rodents, monkeys, and

rabbits show that cortical areas with MGBv input

strongly express PV. This suggests that MGBv input is

correlated with PV expression. Alternatively, cortical PV

expression may be an intrinsic property of the primary

auditory cortex based on processing requirements such

as selectivity for rapid temporal modulations (Atencio

and Schreiner, 2008) and/or metabolic demands. The

pallid bat data do not support the hypothesis that

MGBv input is necessary for high cortical PV expres-

sion. The echolocation call- and noise-selective cortical

regions are overlain on a tonotopic map of the pallid

bat’s audible range (6–70 kHz). Together with tonotopy,

the short latency and narrowly frequency tuned

responses of both areas indicate that they constitute

the primary auditory cortex in this species, but only the

noise-selective region (5–35 kHz) receives input from

MGBv. Thus, if MGBv input was necessary for PV

expression, only the noise-selective region part of the

primary auditory cortex would show such expression.

However, both FM- and noise-selective cortical regions

contain similar number of PV1 cells. The present study

also showed that both PV1 and CB1 cells were seen in

similar numbers in layers I–IV but that PV expression

was stronger than CB expression in the deeper layers.

In the mouse cortex, more intense CB labeling is seen

in the superficial layers compared with the deeper

Figure 11. Comparison of PV/CB expression patterns in the MGB across species. The size of the circle indicates qualitative strength of

staining (number of cells or strength of neuropil staining). The solid circumference indicates presence of cell body staining. Absence of a

solid circumference line indicates mostly neuropil/fiber staining. Question mark indicates unclear. None indicates absence of staining. *In

the monkey, there are differences between the anterodorsal and posterodorsal areas of the MGB. **In the vast majority of the sections

through the SG of the pallid bat (this study), there were no PV-immunopositive cells. We therefore indicate no cell staining in the SG of

the pallid bat. It is important to note that the size of the circles does not indicate similarity of absolute numbers/percentage of stained

cells across species; it is intended only to show the relative levels of CB vs. PV staining within each species.
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layers (Cruikshank et al., 2001; Hof et al., 1999). A

PV1 circuit linking the MGBv and the primary auditory

cortex seen in the rabbit (de Venecia et al., 1998) is

absent in the noise-selective pathway but may be pres-

ent in the FM-selective pathway in the pallid bat. Future

studies will examine this possibility. Together, these

data indicate species-specific patterns in the expression

of calcium binding proteins in the auditory thalamocorti-

cal pathways.

CONCLUSIONS

Bat species use diverse foraging strategies. Broad

classification schemes of bats have focused on the

type of echolocation calls used (CF–FM vs. FM bats) or

the relative importance of passive vs. active hearing in

prey localization. The neuroanatomical and neurophysio-

logical adaptations for various foraging strategies are

understood for only a few species. The two CF–FM bats

(mustached and horseshoe bat) studied show more sim-

ilarities to each other than to the pallid bat in terms of

calcium binding protein expression in the MGB. All

three species belong to different families (mustached

bat: Mormoopidae, horseshoe bat: Rhinolophidae, pallid

bat: Vespertilionidae). It remains unclear whether the

differences in calcium binding protein expression are

related to foraging strategy (obligate echolocators vs.

passive gleaner) and/or other factors such as the dif-

ferent types of echolocation calls used. Comparative

studies of bats, including bats that depend on gleaning

to different extents across families, will shed light on

the functional basis for differential patterns of calcium

binding protein expression and on the convergent neu-

ral adaptations for gleaning.
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