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Functional hemispheric lateralization is a basic principle of brain organization. In the auditory domain, the right auditory cortex (AC)
determines the pitch direction of continuous auditory stimuli whereas the left AC discriminates gaps in these stimuli. The involved
functional interactions between the two sides, mediated by commissural connections, are poorly understood. Here, we selectively dis-
rupted the interhemispheric cross talk from the left to the right primary AC and vice versa using chromophore-targeted laser-induced
apoptosis of the respective projection neurons, which make up 6–17% of all AC neurons in Layers III, V, and VI. Following photolysis,
male gerbils were trained in a first experimental set to discriminate between rising and falling frequency-modulated (FM) tone sweeps.
The acquisition of the task was significantly delayed in lesioned animals of either lesion direction. However, the final discrimination
performance and hit rate was lowest for animals with left-side lesioned commissural neurons, demonstrating that also information
from the left AC is relevant for FM direction learning. Photolysis after successful learning did not affect the retrieval of the learned
task, indicating that the disruption during learning was not because of a general functional impairment. In a second experimental set,
the gerbil’s ability to detect and discriminate small silent gaps of varying length within FM sweeps was tested. This ability was also pre-
served after interhemispheric disruption. Taken together, interhemispheric communication between the left and right AC is important
for the acquisition of FM tone direction learning but not for its retrieval and for gap detection and gap duration discrimination.
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Significance Statement

Hemispheric lateralization of neuronal functions such as speech and music processing in humans are common throughout the brain;
however, the involved interhemispheric interactions are ill-defined. Here, we show that the selective photolytic disruption of auditory
cortical commissural connections in rodents impairs the acquisition but not retrieval of a frequency-modulated tone direction dis-
crimination task. The final discrimination performance and hit rate was lowest for animals with lesioned left-to-right-side projections;
thus, although right auditory cortex is dominant, left auditory cortex is also relevant for learning this task. The detection and discrim-
ination of small gaps within the tone sweeps remain intact, suggesting a pathway for the processing of these temporal structures,
which could be independent from the lesioned interhemispheric cross talk.

Introduction
The dominance of one cerebral hemisphere in processing certain
motor, sensory, and cognitive tasks, is well known in humans
and animals (Toga and Thompson, 2003; Hervé et al., 2013;
Güntürkün et al., 2020). One of the earliest findings of this func-
tional hemispheric lateralization in humans was the specializa-
tion of the left hemisphere for speech and language functions as
observed after lesions in Broca’s and Wernicke’s areas (for his-
torical review, see Hutsler and Galuske, 2003; Harris, 2019).
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Subsequent studies demonstrated that the degree of the left-hem-
ispheric dominance can be dependent on individual parameters
(Josse and Tzourio-Mazoyer, 2004; Sun and Walsh, 2006;
Corballis and Häberling, 2017) but primarily on certain sound
features. These include the speed and quantity of temporal and
spectral changes, which, in turn, determine the perceived pitch,
timbre, prosody, and phrasing of the speech stimuli (Zatorre et
al., 2002; Tervaniemi and Hugdahl, 2003; Scott and McGettigan,
2013; Poeppel and Assaneo, 2020). However, while this laterali-
zation linked to properties of speech are well documented in
humans, the circuity underlying this functional dichotomy
between hemispheres, as well as the implications for lateraliza-
tion of general auditory stimuli beyond speech, remain unclear.

In nonhuman primates and other mammals, evolutionary
precursors of speech-related and language-related asymme-
tries most likely exist (for review, see Concha et al., 2012;
Güntürkün et al., 2020). Extensive work on Mongolian ger-
bils trained on auditory discrimination tasks after unilateral
or bilateral auditory cortex (AC) lesions demonstrated that
certain hemispheric specializations depend on sound conti-
nuity or segmentation (Wetzel et al., 1998, 2008; Ohl et al.,
1999; Schulze et al., 2014). The results from these and other
studies in rats (Rybalko et al., 2006, 2010) and humans
(Brechmann and Scheich, 2005; Schönwiesner et al., 2005)
revealed that the right AC determines the perceived direc-
tion of continuous and segmented frequency-modulated
(FM) tones (sweeps) by using global cues, but not the dis-
crimination of gap durations. In contrast, the left AC, by
using discrete (local) cues, discriminates gap durations and
determines FM directions only when additional segmental
information is available. These findings are of particular
importance because speech prosody and the macrostructure
of musical melodies are predominantly processed in the
right hemisphere of humans and are characterized by rather
continuous or long spectral and temporal changes (Boemio
et al., 2005; Albouy et al., 2020). In contrast, speech pho-
netics (i.e., the segmentation of speech into phonemes, syl-
lables, words, and sentences) and the microstructure of
melodies are predominantly processed in the left hemi-
sphere and are characterized by rather discrete or rapid
spectral and temporal changes.

Despite distinct functional lateralization and specializations,
both cerebral hemispheres constantly interact via the corpus cal-
losum and the anterior commissure (Bamiou et al., 2007; van der
Knaap and van der Ham, 2011). In general, these interhemi-
spheric connections are essential for the functional integration of
stimuli from left and right sensory organs, including the percep-
tion, recognition, and attention to stimuli (Clarke and Zaidel,
1994; Gazzaniga, 2005; de Haan et al., 2020). Interhemispheric
connections are crucially involved in most higher cognitive func-
tions such as visual and verbal memory processing (Blackmon et
al., 2015; Paul et al., 2016) and speech comprehension (Bitan et
al., 2010; Westerhausen et al., 2009), but our knowledge of their
role in auditory learning is limited. In the present study, we
therefore investigated the role of interhemispheric cross talk
between the left and right primary AC of Mongolian gerbils dur-
ing auditory discrimination and detection tasks, which encom-
pass lateralized sound processing. To this end, we performed
selective photolytic apoptosis of interhemispheric projecting
neurons (see Saldeitis et al., 2021), thereby disrupting the infor-
mation transfer via the corpus callosum and anterior commis-
sure from the left to the right AC and vice versa, before or after
learning. We show that this interruption impairs the acquisition

but not retrieval of FM direction discrimination, while the detec-
tion and discrimination of gaps in FM tones is preserved. Our
results provide important insights into the role of interhemi-
spheric cross talk during auditory learning and into potential
compensatory mechanisms after its disturbance.

Materials and Methods
Experimental design
Behavioral experiments were conducted in 77 adult (four- to five-
month-old) male Mongolian gerbils (Meriones unguiculatus; Charles
River) weighing 70–90 g. Three additional gerbils were used for interhe-
mispheric tract tracing only. From the beginning of the experiment, ani-
mals were single-housed in a temperature-controlled room (22°C) under
a 12-h light (6 A.M. on/6 P.M. off) in standard laboratory cages
(Tecniplast, Italy; Eurostandard Type IV, 598� 380 � 200 mm) with
free access to food and water. Surgical procedures and behavioral train-
ing have been described in detail previously (Wetzel et al., 2008; Saldeitis
et al., 2014, 2021). All experiments were approved by the ethics commit-
tee of Sachsen-Anhalt (no. 42502-2-1103 IFNMD), Germany, in accord-
ance with the NIH Guide for the Care and Use of Laboratory Animals
and the Directive of the European Communities Parliament and
Council on the protection of animals used for scientific purposes (2010/
63/EU).

Photolytic lesions of interhemispheric connections
We selectively lesioned the auditory cortical commissural neurons (pro-
jecting via the corpus callosum and anterior commissure) using a tar-
geted laser-induced photolytic apoptosis method (Macklis, 1993;
Madison and Macklis, 1993; Saldeitis et al., 2021). This method effec-
tively targets retrogradely labeled neuronal populations of interest via
the induction of free radicals within the labeled neurons without damag-
ing nearby nonlabeled neurons, glia, or axons of passage (Magavi et al.,
2000). We choose the apoptosis method in favor of optogenetic or che-
mogenetic approaches because it lesions the targeted projection neurons
permanently allowing for a longitudinal investigation of the disrupted
circuitry in freely behaving animals (Bajo et al., 2010; Homma et al.,
2017; Saldeitis et al., 2021).

An 1 mM solution of the photolytic chromophore chlorine e6
(-monoethylenediamineamide) (Phytochlorin, Frontier Scientific) was
prepared from 3 ml of 0.01 M phosphate buffer (PB; pH 7.4) and acti-
vated with 5mg N-cyclohexyl-N9-(2-morpholinoethyl)carbodiimide
metho-p-toluenesulfonate (Sigma-Aldrich) for 30min at 4°C on a rocker
table (70 rpm). A total of 50 ml Red RetrobeadsTM IX (Lumafluor; exci-
tation: 530 nm, emission: 590 nm) was diluted in 300 ml PB and added to
the solution. Chlorine e6 was then attached to the latex surface of the flu-
orescent microbeads by gentle agitation on a rocker table at 4°C. The
reaction was stopped after 60min with 335ml 0.1 M glycine buffer (pH
8.0). Then, this mixture was pelleted by a series of high-speed centrifuga-
tions (Optima MAX Ultracentrifuge, Beckman Coulter, 140,000 � g,
45.000 rpm; MLA-80 rotor, Beckman Coulter) until the supernatant was
fully clear. Following each round of 60min, the supernatant was
removed and the pellet was resuspended in 3 ml PB. The final pellet
was resuspended in 50 ml PB and stored at 4°C. Conjugated retrobeads
were injected within 14d. Immediately before use, the vial containing
the tracer solution was put into an ultrasound bath (Sonorex Super 10P,
Bandelin, 15min, room temperature) to prevent clotting.

The photolytic tracer was injected into the left or right AC of the ani-
mals via stereotaxic pressure injections and under general anesthesia.
Anesthesia was induced with a combination of ketamine (10mg/100 g
body weight, i.p.; Ratiopharm GmbH) and xylazine (0.5mg/100 g body
weight, i.p.; Bayer) prepared in isotonic sodium chloride solution. The
level of anesthesia was controlled by monitoring the hindlimb with-
drawal reflex as well as respiratory rate and maintenance doses were
given as needed. Body temperature was maintained at 37°C using a heat-
ing blanket. The animals’ head was shaved and anesthetized locally with
tetracain (Gingicain D, Sanofi) in the region of the incisions (one over
the sutura interparietoparietalis and one at a 90° angle, ending at the line
connecting the ipsilateral eye and ear canal). Connective tissue and parts
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of the temporal muscle were carefully detached and deflected. Then,
four small holes of 0.5-mm diameter were drilled unilaterally into the
skull over the AC (centered over primary field A1) with a dental drill
according to stereotaxic coordinates (Radtke-Schuller et al., 2016;
bregma: 2.0–3.5 mm caudal, 5.8–6.5 mm lateral, 3.0–4.5 mm ventral)
and external landmarks of the bone and vasculature (Budinger et al.,
2000). A total of 40 nl of the tracer solution was injected per hole over a
period of 2 min via a fine glass micropipette (tip diameter: 20mm)
mounted on an oil hydraulic nanoliter delivery system (WPI). The
micropipette was advanced vertically into the brain until the tip, meas-
ured from the cortical surface, was 0.8 mm deep. Following the injec-
tions, the cranial openings were closed with bone wax (Ethicon), the
muscle and skin replaced, and the surgical site was treated with an anti-
inflammatory ointment (Volon A, Dermapharm GmbH). The temporal
muscle was brought back to its original position and the skin over the
cranial opening was closed using surgical silk (Johnson & Johnson) and
tissue adhesive (Histoacryl, Braun).

Ten days after the injection, photolytic apoptosis of retrogradely la-
beled interhemispheric projection neurons was induced by exposure of
the contralateral A1 to long-wave laser light under general anesthesia
and surgery as described above. The exposed A1 was illuminated trans-
cranially with near-infrared light (670nm) from a tunable 300 mW laser
diode (Flatbeam-Laser 670, Schäfter 1 Kirchhoff). The laser light was
adjusted with beam-shaping optics to create a spot of 1.35-mm diameter
focused ;0.8–1 mm deep, and the laser intensity was tuned to 50 mW
(surface energy doses of ;1250 J/cm2, exposure area ;2.86 mm2) and
maintained for 10min (5min at two adjacent sites over rostral and cau-
dal A1). The exposure time and intensity was adjusted during prior pilot
experiments (not listed here), which had the aim to activate (bleach) the
conjugated beads but not to overheat the illuminated brain tissue.

Following illumination, the surgical opening was closed as described
above, and the animal was allowed to recover for another 10d to ensure
completed apoptotic processes (Madison and Macklis, 1993; Saldeitis et
al., 2021). The unilateral lesions lead to two groups of animals based on
the projection direction of the targeted neurons: lesions of neurons pro-
jecting from left to right AC (denoted: Les L-.R) and lesions of neurons
projecting from right to left AC (denoted: Les R-.L). Animals receiving
tracer injections but no laser treatment (ShamBeads) as well as animals
receiving injections of physiological saline (instead of the tracer) plus
contralateral laser treatment (ShamNaCl) served as sham-lesioned con-
trols (Table 1).

Training procedures and stimulus characteristics
An overview of the different experimental paradigms is given in Figure
1. Animals were trained and tested in a two-compartment shuttle-box
(Hasomed GmbH; 38� 19 � 22.5 cm, height of the hurdle 4 cm) inside
a sound-proof chamber according to one of a set of go/no-go avoidance
discrimination paradigms (see FM discrimination and Gap detection/

discrimination further below this paragraph). On the day before the first
session (i.e., on the last day of the recovery period), animals were
adapted to the shuttle box 20min without stimuli. Learning experiments
were conducted in 10 (FM acquisition, gap detection) plus 5 (FM re-
trieval, gap discrimination) daily midmorning sessions consisting of 60
trials in FM discrimination experiments or 100 trials in gap detection/
discrimination experiments, respectively. Sessions started with an adap-
tation period of 165 s without presentation of acoustic signals.

Linearly FM tones with rising (FM up) or falling (FM down) modu-
lation directions (FM discrimination task) or FMs up with silent gaps
(gap detection/discrimination task) were used as conditioned stimuli
(CSs). The continuous FM stimuli consisted of trains of 250-ms-long
sweeps (1-.2/2-.1 kHz frequency, 5-ms rise/decay times, 65–70dB
SPL) separated by 250-ms silent pauses. The gap (segmented) FM stimuli
were split by two gaps (ramps: 5ms) of up to 50-ms duration centered at
50 and 150ms after sweep onset. Stimuli were delivered free-field by a
loudspeaker at the top of the shuttle box. The intertrial intervals were
uniformly distributed 18–21 s (FM discrimination task) or 13–19 s (gap
detection task) long.

Animals learned to jump from one compartment to the other as
response to a CS1 (hit; H) and to stay in same compartment as response
to a CS– (correct rejection). Crossing the hurdle within a period of 6 s
following a CS– was scored as false alarm (FA) and was punished with a
mild electrical foot stimulus (500–700 mA depending the animal’s sensi-
tivity threshold, max. 6 s long) applied via the grid floor of the box. This
unconditioned stimulus (US) was also applied when the animal failed to
jump within 6 s following a CS1 (miss). The occurrence of CS1 and
CS– was varied according to a Gellerman pseudorandom schedule.

FM discrimination
Animals had to learn to discriminate the FM tone direction between
continuously rising (CS1) versus falling (CS–) FM sweep tones. For the
acquisition paradigm (experiment 1; Fig. 1A; Table 1), animals had to
learn the task 10d after they had been lesioned (Nsham = 21, including
the five control animals from the retrieval experiment 2; NLes R-.L = 8;
NLes L-.R = 8). For the retrieval paradigm (experiment 2; Fig. 1A; Table
1), the training was conducted 10d after tracer injection, but before laser
illumination (Nsham = 5; NLes R-.L = 5; NLes L-.R = 6). Laser treatment
was performed after completion of 10 training sessions (CS1: 1–2 kHz
continuous FM; CS–: 2–1 kHz continuous FM). The test block consisting
of five daily sessions using the same stimuli started 10d after laser
treatment.

Gap detection/discrimination
Lesioned and control animals were initially trained in 10 sessions to dis-
criminate between continuous (i.e., 0-ms gap, CS1) and segmented (50-
ms gap, CS–) rising FMs, i.e., they had to detect the gaps in these FMs
(experiment 3; Fig. 1B; Table 1; in total: Nsham = 12; NLes R-.L = 8; NLes

Table 1. Overview of the experimental paradigms and number of animals per group

Experiment number Experiment type Acoustic stimuli

Number of animals

ShamBeads ShamNaCl Les L-.R Les R-.L

1 FM discrimination acquisition 11* 10 8 8

2 FM discrimination retrieval 5* 0° 6 5

3 Gap detection 12# 0° 9 8

4 Gap duration discrimination 12# (10/2)1 0° 9 (7/2)1 8 (5/3)1

R 23 R 10 R 23 R 21
* Control animals from experiment 2 were included into 1.
# The same animals were used in experiments 3 (training) and 4 (testing).
1 Number of animals tested with the first (long) and the second (short) gap stimulus set, respectively.
° Since experiment 1 revealed that there are no differences in behavioral performance between the two sham-lesioned groups, they were pooled for analysis and in subsequent experiments, only ShamBeads was used.
For further information, see Materials and Methods.
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L-.R = 9). The animals were then conveyed to five test sessions, in which
reinforced continuous and segmented FMs as on training days (given in
2� 18 trials) as well as nonreinforced FMs with varying gap lengths were
combined in randomized order (experiment 4; Fig. 1B; Table 1). A test ses-
sion started with a “warm up phase,” consisting of 16 (2� 8) trials with CS
only, before nonreinforced stimuli were interspersed with the remaining 20
(2� 10) CS. The first set of animals (Nsham = 10; NLes R-.L = 5; NLes L-.R =

7) was tested with gap durations of 10, 15, 17, 19, 21, 23, 25, and 30ms, con-
sistent with a prior study on gerbils (Wetzel et al., 2008). However, since
our results suggested that in the current study shorter gaps were more suited
to detect the dependency of responses on gap duration, an additional set of
animals (Nsham = 2; NLes R-.L = 3; NLes L-.R = 2) was tested using nonrein-
forced stimuli with 0 (ramps only)-, 1-, 2-, 4-, 7-, 10-, 15-, and 21-ms gaps.

Statistical analysis of behavioral experiments
As measures of discrimination performance in acquisition and retrieval
experiments (experiments 1–3) the difference between H (CR1) rate
and FA (CR–) rate was used (CR rate difference; Figs. 3A, 4A, 5A, top)

as well as values of the parametric detectability index d-prime [(d’ = z
(H) – z(FA), where z(H) and z(FA) are the z transforms of H rate and
FA, respectively; Figs. 3A, 4A, 5A, middle]. Further, in acquisition condi-
tions, the learning performance was assessed by how quickly animals
learned the task (first of at least two consecutive sessions with significant
performance, Fisher’s test, p, 0.01, which we termed learning speed;
Schulze et al., 2014) and the final discrimination performance (median
of the differences between CR1 and CR– rates across the last four train-
ing sessions; Schulze et al., 2014). Between-group comparisons for learning
speed and final discrimination performance were conducted using Kruskal–
Wallis tests and for all post hoc pairwise comparisons Holm–Bonferroni-
corrected Mann–Whitney U statistics. Additionally, Kolmogorov–Smirnov
tests were employed to compare the distributions of learning speeds
between pairs of animal groups. In the retrieval condition, possible effects of
interhemispheric lesioning were determined from the individual median
differences of CR rates of 5 test sessions using the Kruskal–Wallis test.

In the gap discrimination task (experiment 4; Fig. 5), response rates
were averaged from 5 test sessions (because of the small number of

Figure 1. Experimental design and principle of apoptosis method. Sequence of experimental steps according to the different experimental paradigms for the (A) FM discrimination acquisi-
tion (Exp. 1) and retrieval (Exp. 2) and the (B) gap detection (Exp. 3) and discrimination (Exp. 4).
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repetitions per nonreinforced stimulus and trial). For this, the 16 first
“warm-up” trials were not considered, since animals tended to respond
less frequently to CS1 during the intersperse-phase (in which CS1
occurred less often). To identify potential differences in gap detection
between groups, psychometric curves of individual animals were fitted
with a Weibull function. The detection thresholds were defined as the
gap durations halfway between the maximum and minimum response
rate and compared by means of the Kruskal–Wallis test. In addition,
normalized response rates to the 10-ms gap segmented FMs, which was
the shortest gap stimulus common to both stimulus sets, were compared
(Table 2). Furthermore, we performed a binomial logistic regression
using MATLAB’s fitglme function, with behavior (jump, stay) on each
trial as the response variable, gap duration and experimental group
(Sham, Les L-.R, Les R-.L) as fixed effects, and subject as random
effect [Response; Group*GapLengthadj1 (1|Animal; generalized linear
mixed-effect model (GLMM); Fig. 5D]. To allow distinction between the
continuous FM stimulus CS1 and the 0-ms gap stimulus (ramps only),
the ramp duration (5ms) was added to each gap stimulus length
(GapLengthadj).

Graphing and statistical analyses were performed with MATLAB
(The MathWorks Inc).

Immunohistochemistry and histologic analysis
On the day after the last behavioral experiment (Fig. 1), animals were
reanaesthetized and perfused transcardially with 20 ml of 0.1 M PBS (pH
7.4) followed by 4% paraformaldehyde in PBS (PFA; 200 ml). Brains
were postfixed in 4% PFA overnight, cryoprotected in 30% sucrose, fro-
zen at �50°C in isopentane, and cut on a cryostat (Leica CM 1950) into
50-mm-thick horizontal sections. Every first and second section was
directly mounted on slides and coverslipped using Immu-Mount
(Thermo Fisher Scientific) to analyze the injection site and retrograde
transport of beads (Fig. 2A). To assess the efficacy of the laser treatment,
indicated by a reduction of cell numbers in Layers III and V, every third
section was stained for neuronal nuclei using a mouse anti-NeuN anti-
body (1:500, overnight, Chemicon/Millipore Europe, catalog #MAB 377,
RRID: AB_2298772; solution containing 0.1–0.3% Triton X-100, 1% bo-
vine serum albumin). The NeuN antibody was visualized by means of a
biotinylated goat anti-mouse secondary antibody (1:200, 2 h, Vector
Labs, catalog #BA-9200, RRID: AB_2336171) and the avidin-biotin-per-
oxidase method (Vectastain Elite ABC kit, Vector Labs) and using 3,39-
diaminobenzidine (Sigma-Aldrich) as chromogen. Then, the sections
were mounted on gelatin-coated slides, dehydrated, and coverslipped
with Merckoglass (Merck).

To determine the layer-specific ratio of interhemispheric projection
neurons on all neurons in A1, brains of three additional animals, which
were injected with conjugated Red Retrobeads but not laser-treated,
were processed as described above; however, the NeuN antibody was
visualized by a green fluorescent secondary antibody (anti-mouse Alexa
Fluor 488; 1:200, 2 h, Invitrogen by Thermo Fisher Scientific, catalog
#A11017, RRID: AB_143160). Commissural neurons appeared double-
labeled (Fig. 2C).

Microscopic analyses and photography were conducted using a com-
bined light and epifluorescence microscope (Zeiss Axioskop 2) fitted
with the appropriate filter sets and a digital camera (Leica DFC 500)
except for the double-staining experiments. Here, sections were scanned
in five to seven confocal planes at 5� magnification using a confocal
microscope (Zeiss LSM 700).

Quantitative validation of targeted photolysis was performed in 18
example animals (13 lesioned and 5 controls) using ImageJ (http://
imagej.nih.gov/ij/). Lesioned animals were from the acquisition (three
Les L-.R, three Les R-.L), retrieval (three Les L-.R, 1 Les R-.L), and
gap detection/discrimination groups (2 Les L-.R, 1 Les R-.L). Since
we did not expect any toxicity effects of the NaCl injections or laser illu-
mination alone (based on pilot experiments), control animals were all
from the ShamBeads group (two left and three right injected, all FM ac-
quisition). The image analysis was performed largely blind to the experi-
mental group and injected hemisphere (though observer could see the
injection site in some images). To calculate a proxy of neuronal cell loss
in Layers III and V of the lesioned relative to the nonlesioned side, RGB

images of NeuN-stained sections were converted first nonweighted into
16-bit images (gray scale), and then into binary images by choosing a
reasonable threshold resulting in separated neuronal somata (Fig. 2B).
The same threshold was applied for all sections of a given animal and it
was similar across animals. Then, the ImageJ standard watershed algo-
rithm was applied for particle separation. Finally, individual cortical
layers were outlined in both the lesioned (laser-illuminated side) and the
nonlesioned (tracer-injected side) A1 and the relative area occupied by
(black) particles (i.e., NeuN-positive neurons) versus (white) neuropil
was determined in at least three sections per hemisphere as a measure of
neuronal density.

The overall ratio of commissural neurons on all A1 neurons was
determined by counting single-stained NeuN-positive neurons and dou-
ble-labeled tracer containing neurons in the different cortical layers
using the Cell Counter plugin of ImageJ (Fig. 2C). Basically, for each of
the three brains used, five sections of 150-mm distance, covering the
homotopic region within A1 contralateral to the injection sites, were
selected. Then, the six cortical layers were delineated on the basis of their
cytoarchitectonic features (Budinger et al., 2000) as regions of interest
and differentially labeled cells were counted manually.

Results
Photolytic apoptosis lesions interhemispheric projection
neurons
First, we investigated whether our laser-induced photolytic apo-
ptosis approach selectively lesions auditory commissural neurons
and consequently disrupts their interhemispheric projections.
Therefore, we compared the relative number of neurons at the
intact ipsilateral tracer injection site with the contralateral side of
retrogradely labeled and subsequently lesioned commissural
neurons.

Figure 2A depicts a typical example of an injection site of con-
jugated retrobeads centered in Layer V of the ipsilateral A1 and
of the laminar location of retrogradely labeled neuronal somata
in the contralateral A1. The resulting pattern of labeling shows
that A1 receives contralateral cortical input mainly from Layer
V, but also from other layers, in particular Layer III (see also Fig.
2C). Targeted apoptosis of the interhemispheric projection neu-
rons resulted in a reduction of NeuN staining density, i.e., the num-
ber of most likely commissural neurons, in these cortical layers of
the hemisphere contralateral to injection (Fig. 2B). Quantitative
analysis revealed a reduction of 13.8 6 3.1% (mean6 1 SEM) of
the area covered by neuronal nuclei in Layer V and 3.0 6 2.3% of
the area covered by neuronal nuclei in Layer III of AC (Fig. 2C).
Within the analyzed control group (ShamBeads) there was no notice-
able reduction of the neuronal density (3.16 2.1% in Layer V,�2.2
6 1.8% in Layer III).

To determine the efficiency of interhemispheric lesions one
has to know the percentage of commissural neurons in the corti-
cal layers of the AC. Since, to the best of our knowledge, no such
data are available in the literature, we performed additional dou-
ble-labeling tracing experiments in 3 animals (Fig. 2C). The ratio
of single-labeled NeuN-stained neurons versus double-labeled
(tracer 1 NeuN) showed that 16.7 6 1.3% (mean6 1 SEM) of
neurons in Layer V and 6.3% 6 1.0 of neurons in Layer III
provide commissural connections to the contralateral A1. This
suggests that our lesions included, on average, close to all com-
missural neurons in Layer V and approximately half of the com-
missural neurons in Layer III.

Discrimination learning of FM tone direction is impaired by
disrupted interhemispheric cross talk
We next sought for functional consequences of disrupted inter-
hemispheric connections in auditory discrimination learning of
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Figure 2. Histologic analysis of the retrograde transport between auditory cortices of both hemispheres, the degree of photolytic lesions, and overall ratio of auditory commissural neurons. A,
Retrograde labeling of interhemispheric neurons. Left panel, Photograph showing an injection site of red fluorescent (clorine-e6-conjugated) beads into left A1 from the ShamBeads group. Scale
bar: 400mm. Middle panel, Corresponding retrograde labeling in all layers of the contralateral A1. Scale bar: 400mm. Right panel, Enlarged view of labeled neurons in Layer V (white box of middle
panel; scale bar: 20mm). B, top and middle, Original and binary converted images of NeuN-stained horizontal brain sections showing neuronal apoptosis in Layer V of the lesioned illuminated cortical
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FM direction, which has been previously demonstrated to be
dominated by right-hemispheric AC processing. First, we tested
the role of interhemispheric communication on the acquisi-
tion of this task (experiment 1; Fig. 1A; Table 1). Animals had
to learn the discrimination between a rising (CS1) and a fall-
ing (CS–) continuous FM sweep. In general, lesions of audi-
tory cortical interhemispheric connections induced before
training delayed the acquisition of the learning task compared
with control animals (Fig. 3A). Thereby, Les R-.L animals
had significantly worse performance in terms of CR rate dif-
ference on sessions 3–5 and Les L-.R animals on sessions 4–

/

side of A1 (e.g., between arrowheads), discernible by its reduced cell density compared with the
nonlesioned injected side. Scale bar: 400mm. Bottom, Quantitative analysis of neuronal cell loss
in Layers III and V of the lesioned compared with the nonlesioned side in 18 example animals
(for individual numbers, see Materials and Methods). C, top, Confocal image (maximum intensity
projection) of AC showing all NeuN1 cells (i.e., all neurons; green) and tracer-labeled cells (red/
yellow) after injections of Red Retrobeads into the contralateral A1. Scale bar: 400mm. Middle,
Same image with the overlay of manually counted neurons and tracer-labeled neurons in the dif-
ferent AC layers using the Cell Counter plugin of ImageJ. Bottom, Percentage of neurons
(mean6 1 SEM) projecting to the contralateral A1 across different AC layers (n = 3). Layers I
and IV did not contain retrogradely labeled neurons. I-VI, cortical layers I-VI; A1, primary auditory
field; VP, ventroposterior auditory field.

Figure 3. Effects of interhemispheric lesions on the ability to discriminate between falling and rising continuous FM tones (250-ms duration, CS1: 1–2 kHz, CS–: 2–1 kHz), when the lesion
was induced before training (acquisition paradigm, experiment 1). A, top, Learning curves show the mean (61 SEM) of behavioral performance (CR rate difference: H rates minus FA rates) of
lesioned and control animals in daily sessions. Lesioned animals took more sessions to acquire the direction discrimination task (see also B, C). Note that the Les L-.R animals learned the
task not as well as the other animals (see also C). Middle, Mean6 1 SEM values of the parametric detectability index d-prime [(d’ = z(H) – z(FA), where z(H) and z(FA) are the z transforms
of H rate and FA, respectively]. Controls perform better than Les R-.L animals during sessions 3 and 5, and better than Les L-.R in sessions 5–8, comparable to CR differences measures. d-
prime = 1 is indicated, which corresponds to a signal strength of 1 SD above noise. Bottom, Mean 6 SEM of H (solid lines) and FA (dashed lines) rates. Performance differences between
groups mainly based on differences in H rates. Nsham = 21; NLes R-.L = 8; NLes L-.R = 8. Between-group comparisons for each session were conducted using Holm–Bonferroni-corrected
Mann–Whitney U statistics; *p, 0.05, **p, 0.01. B, top, Representative individual example learning curves showing Hs (solid line) and FAs (dotted line). Sessions with significant discrimina-
tion (*) as well as the learning speed (LS; first of at least two consecutive sessions with *) are indicated. Middle, Histograms showing the distribution of learning speed (LS) for each group.
Sessions were binned into five time periods. Bottom, Step graphs depicting the cumulative learning speed. Between-group comparisons of learning speed distributions were conducted using
Holm–Bonferroni-corrected Kolmogorov–Smirnov tests. Sham versus Les R-.L: p= 0.0167, Sham versus Les L-.R: p= 0.0485, Les R-.L versus Les L-.R: p= 0.9290. C, Scatter plot of
learning speed versus final discrimination performance (DP; median of the CR rate differences across the last 4 training sessions). Given are median values and quartiles. Between-group com-
parisons were conducted using Holm–Bonferroni-corrected Mann–Whitney U statistics; *p, 0.05, **p, 0.01.
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9. On day 8, the performance of the Les L-.R was signifi-
cantly lower than of the Les R-.L animals. Performance dif-
ferences between groups were mainly based on differences in
H rates; the FA rates were relatively constant over all sessions
for all three experimental groups. Thereby, Les L-.R but not
Les R-.L animals had significantly lower Hs in sessions 6–10
than the controls, indicating that particularly the FM task ac-
quisition of the Les L-.R animals was disturbed.

To further compare learning performances, we determined
the learning speed (defined as the first session of at least two
consecutive sessions with a significant difference between CS1
and CS– induced hurdle crossings, Fisher’s test, p, 0.01; Fig. 3B,
C) and final discrimination performances (defined as the
median of the differences between H (CR1) and FA (CR–) rates
across the last four training sessions of each individual animal;
Fig. 3C). The learning speed distributions of control and lesioned
animals were significantly different (Holm–Bonferroni-corrected
Kolmogorov–Smirnov tests: Sham vs Les R-.L, p=0.0167;
Sham vs Les L-.R, p=0.0485; Les R-.L vs Les L-.R,
p=0.9290). The relative frequency and cumulative distributions
of learning speed for each group revealed that lesioned animals
achieve significant performance later than control animals (Fig.
3B). While .50% of the control animals were able to discrimi-
nate the FMs during session 2 and ;95% by session 5, lesioned
animals showed a more gradual increase of the cumulative learn-
ing speed distribution. The median learning speed was fastest in
control animals (two sessions), while Les L-.R and Les R-.L
animals had a median of six sessions (Fig. 3C; p=0.0024,
Kruskal–Wallis ANOVA). Pairwise comparisons show signifi-
cant differences only for Sham versus Les R-.L (Holm–
Bonferroni-corrected Mann–Whitney U test; p= 0.002) because
of the larger variance of learning speed in the Les L-.R group
(Fig. 3B, middle). The final discrimination performance of con-
trol and Les R-.L animals converged on similar levels, while Les
L-.R animals were not able to fully catch up their lag within 10
sessions (Fig. 3C; p=0.0233).

There was no correlation between the behavioral performance
of the animals in terms of final performance and learning speed
with the degree of the lesion in cortical Layers V and III (n=11;
6 lesioned and 5 control animals; Pearson correlation; Table 3).

We then investigated effects of disrupted auditory interhe-
mispheric connections on the retrieval of the learned FM direc-
tion discrimination (experiment 2; Figs. 1A, 4; Table 1). In
contrast to the acquisition task, no impairment in the retrieval
of the discrimination performance was observed when laser
illumination was conducted after successful training (Fig. 4B;
Kruskal–Wallis test; p= 0.9433). The slight drop of perform-
ance for all animals between the last training before (session
10) and the first test session after (11) the lesion, which was
because of a slight decrease in the H and increase in the FA
rates (Fig. 4A, bottom), was not significant in any of the groups
(Wilcoxon signed-rank test).

In summary, photolytic apoptosis of interhemispheric neu-
rons before training impairs the animals’ ability to learn to dis-
criminate between a rising and a falling continuous FM sweep;
however, photolysis of commissural neurons after successful
learning did not affect the retrieval of the learned task. This also
suggests that there is no specific functional deficit in processing
FM sweeps after interhemispheric lesions, but that the commis-
sural connections between primary auditory regions specifically
function as a learning capacity in this regard. Since H and FA
rates of lesioned and control animals show generally similar

trends there seem to be no different strategies in the acquisition
and retrieval of the task in all animals. The direction of the lesion
mainly affected the discrimination performance toward the end
of the training sessions with the final discrimination perform-
ance and H rate being lower for Les L-.R than for Les R-.L
animals. This indicates that despite the dominance of the right
AC in discrimination learning of FM tone direction the left AC
contributes to solving this task.

Gap detection and discrimination are not affected by
disrupted interhemispheric cross talk
Next, we investigated the influence of interhemispheric cross talk
on auditory gap discrimination learning, a task, which has been
demonstrated to be lateralized toward the left AC.

Initially, animals were trained to discriminate between a ris-
ing continuous FM (CS1) and a rising segmented FM sweep
(CS–), i.e., they had to detect a 50-ms gap in these stimuli
(experiment 3; Fig. 1B; Table 1). There was no difference in the
performance between control and lesioned animals as seen in the
learning curves, H and FA rates (Fig. 5A), learning speed
(Kruskal–Wallis, p= 0.1591; Kolmogorov–Smirnov, p. 0.05 for
all pairwise comparisons; not shown), and final discrimination
performance (Kruskal–Wallis, p= 0.4514; not shown). This indi-
cates, that the general ability for detecting larger gaps in FMs is
still preserved following disruption of auditory cortical interhe-
mispheric communication.

In further test sessions (experiment 4; Fig. 1B; Table 1), we
investigated possible effects of interhemispheric lesions on
responses to segmented FMs with varying shorter gap durations.
For this purpose, we interspersed both the CS1 (continuous
FM) and CS– (50-ms segmented FM) with untrained nonrein-
forced gap stimuli having 10-, 15-, 17-, 19-, 21-, 23-, 25-, and 30-
ms gap durations. The intention was to identify a discrimination
threshold in case the animals behaviorally assign shorter-gap
stimuli to the CS1 and longer-gap stimuli to the CS–. However,
there was no significant difference in response rates between
lesioned and nonlesioned animals (except for 23ms because of a
very short response rate in the control animals; Fig. 5B, upper
panel/cohort 1; Mann–Whitney U test with Holm–Bonferroni-
correction, p. 0.05) and no (linear or monotonic) relationship
between response rates and gap durations. Together, this demon-
strates that also the discrimination between continuous FMs and
FMs with gaps of 10–30ms is not affected by a disturbed interhe-
mispheric cross talk.

Since there was no apparent relationship between response
rate and gap duration (i.e., animals detected shorter and longer
gaps equally easy) but a steep increase in response rates from the
shortest gap duration (10ms) to the CS1, we tested additional
animals with gaps of 0 (ramps only)-, 1-, 2-, 4-, 7-, 10-, 15-, and
21-ms duration (Fig. 5B, lower panel/cohort 2). Using this stimu-
lus set, a relationship between gap duration and response rate
was observed in all seven animals (Pearson’s correlation coeffi-
cient; p, 0.05 for each animal; for group means see Table 2).
Then, we sought to identify possible differences in gap detection
threshold between lesioned and control groups. Therefore, psy-
chometric curves of individual animals were fitted with a
Weibull function (Fig. 5C). 50% thresholds determined from the
data collected using the second stimulus set (i.e., shorter gaps)
lay within the same range as those determined from the long gap
dataset (Table 2); hence, we joined them for statistical analysis.
The mean thresholds were around 10ms (Sham: 8.20ms, Les R-
.L: 9.23ms, Les L-.R: 11.47ms). The data do not suggest dif-
ferences between groups with respect to their 50% thresholds
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(Kruskal–Wallis, p= 0.1390) and to higher thresholds, albeit con-
trol animals tended to have smaller thresholds. Also, the shortest
common gap duration (10ms) was detected with similar fre-
quency in all groups (Kruskal–Wallis, p= 0.1867; Table 2).
Finally, we performed a GLMM analysis with behavior (jump,
stay) on each trial as the response variable, gap duration and ex-
perimental group as fixed effects, and subject as random effect
(Fig. 5D). This analysis did not reveal significant differences
between experimental groups (ANOVA; p=0.314) as well.

Taken together, the interruption of interhemispheric cross
talk between the auditory cortices does not impair the detection
and discrimination learning of larger (50ms) as well as smaller
gaps in FMs. In comparison to our previous studies on gerbils

(Wetzel et al., 2008), the detection threshold is smaller than
expected, namely, around 10ms.

Discussion
The present study demonstrates specific consequences of unidir-
ectional lesions of auditory cortical interhemispheric connec-
tions on FM tone direction discrimination and gap detection
learning. Photolytic apoptosis of interhemispheric neurons
before training impairs the animals’ learning ability to acquire
the discrimination between a rising and a falling continuous FM
tone sweep. That is, lesioned animals need longer than controls
to learn the task; however, eventually all animals learn to solve it

Figure 4. Effects of interhemispheric lesions on the ability to discriminate between falling and rising continuous FM tones (CS1: 1–2 kHz, CS–: 2–1 kHz), when the lesion was induced after
training (retrieval paradigm, experiment 2). A, top, Learning curves show the mean (61 SEM) of behavioral performance (CR rate difference) of lesioned and control animals in daily sessions.
Middle, Mean6 1 SEM values of the parametric detectability index d-prime. Bottom, Mean6 1 SEM H (solid lines) and FA (dashed lines) rates. There are no significant differences between
experimental groups; thus, lesioning interhemispheric connections after successful acquisition did not change task performance. Nsham = 5; NLes R-.L = 5; NLes L-.R = 6. For other conventions
see Figure 3A. B, Scatter plot of retrieval discrimination performance (median of the 5 test sessions) versus discrimination performance during the last four training days before laser illumina-
tion (final DP; see Fig. 3C). Given are median values and quartiles. Mann–Whitney U statistics did not reveal any significant between-group differences.
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suggesting that only learning-specific and not general functional
mechanisms are impaired. When the projections from the left to
the right AC are disrupted, the final discrimination performance
and H rate is lower than in control animals and animals with a dis-
ruption the other way round suggesting a specific, most likely sup-
portive rather than dominant role of the left AC in FM direction
discrimination. Photolysis after successful learning does not affect
the retrieval of the task again indicating a specific role of interhemi-
spheric commissural connections in acquisition learning of this
task. Likewise, the discrimination learning of a rising continuous

FM versus a rising segmented FM sweep was also preserved after
interhemispheric cross talk disturbance and gap detection thresh-
olds were similar across the intact and lesioned experimental
groups.

Functional anatomy of interhemispheric cross talk
It is still an open question whether commissural connections
functionally have a rather excitatory or inhibitory influence onto
the contralateral hemisphere, which may be influential for shar-
ing and integrating information or maintaining independent

Figure 5. Effects of interhemispheric lesions on the ability to detect and discriminate between gaps in FM tones. Lesions were induced before training. A, Learning curves (CR rate difference;
top), parametric detectability index (d-prime; middle) as well as H and FA rates (bottom) of lesioned animals that were trained to discriminate rising continuous (CS1: 1–2 kHz, no gaps) ver-
sus rising segmented (CS–: 1–2 kHz, two 50-ms gaps) FM sweeps (experiment 3). There are no significant group differences between performances (except for d’ in session 9); thus, interhemi-
spheric lesioning did not affect the task performance in general. Nsham = 12; NLes R-.L = 8; NLes L-.R = 9. Between-group comparisons for each session were conducted using Holm–
Bonferroni-corrected Mann–Whitney U statistics; *p, 0.05. For other conventions see Figure 3A. B, Responses to reinforced and nonreinforced FM stimuli segmented by varying gap durations
(experiment 4). CS1 with no gaps and CS– with 50-ms gaps (as in experiment 3) were used as reinforced stimuli. Top, Response rates of animals tested with gap stimuli of 10-, 15-, 17-, 19-,
21-, 23-, 25-, and 30-ms gap durations (cohort 1, long gaps). Given are means6 SEM. Nsham = 10; NLes R-.L = 5; NLes L-.R = 7. Bottom, Response rates of animals tested with gap stimuli
of 0 (ramps only)-, 1-, 2-, 4-, 7-, 10-, 15-, and 21-ms gap durations (cohort 2, short gaps). Nsham = 2; NLes R-.L = 3; NLes L-.R = 2. Response rates were determined from five
test sessions. Between-group comparisons for each stimulus were conducted using Holm–Bonferroni-corrected Mann–Whitney U statistics; *p = 0.0151. C, Psychometric
curves of individual animals (one animal per lesion group and stimulus cohort) fitted with a sigmoid Weibull function (black curves). The fitting served to identify possible
differences in gap detection threshold (50%, indicated by a dot in the black curve). For average gap lengths at 50% performance threshold of all groups see Table 2. There
are no differences between control and lesioned animals. D, GLMM analysis of behavioral data for gap detection and discrimination. Fitted response probabilities (95% confi-
dence intervals) to different gap lengths (GapLengthadj; see Materials and Methods) using trial based binomial logistic regression. There is no difference between groups
(ANOVA, p = 0.314). Response probability is higher for shorter gap lengths since animals were trained to change the compartment in response to a continuous FM and to
stay in the compartment when a gap was detected.
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processing across hemispheres (for review, see Bloom and Hynd,
2005; van der Knaap and van der Ham, 2011). In the AC, experi-
mental evidence has been obtained for both types of effects using,
for example, electrical, pharmacological, cooling, and optoge-
netic techniques (Kitzes and Doherty, 1994; Richter et al., 1999;
Carrasco et al., 2013; Slater and Isaacson, 2020). The interhemi-
spheric cross talk is mediated by a complex neuroanatomical
substrate, which involves both excitatory and inhibitory commis-
sural neurons, which, in turn, terminate on both excitatory py-
ramidal neurons and inhibitory interneurons (for AC, Cipolloni
and Peters, 1983; Code and Winer, 1985; Rock et al., 2018; for
review, see Conti and Manzoni, 1994; Karayannis et al., 2007).
Thus, behavioral effects of lesioning interhemispheric connec-
tions can be expected to be diverse. In gerbils (Budinger et al.,
2000; Thomas and López, 2003) and other mammals (e.g., cats:
Lee and Winer, 2008; mice: Rock and Apicella, 2015), auditory
interhemispheric cortical neurons are predominantly located in
Layers V and III (for review, see Budinger, 2020). In our current
study, the neuronal degeneration as investigated by a relative
density analysis with the neuronal marker NeuN was strongest
in Layer V; thus, the majority of behavioral effects can be attrib-
uted to Layer V based interhemispheric disruptions. Information
about the ratio of interhemispheric projection neurons on the
total of all neurons across AC layers is, to the best of our knowl-
edge, not available from the literature. Thus, we performed addi-
tional experiments to determine this ratio. We found that
;16.6% of the neurons in Layer V and 6.4% in Layer III provide
commissural connections to the homotopic area of the contralat-
eral AI. Consequently, on average, nearly all of the Layer V and
approximately half of the Layer III connections were lesioned in
our behavioral experiments.

Disruption of interhemispheric cross talk impairs the
acquisition of FM direction discrimination
We show that an interrupted interhemispheric transfer
delays discrimination learning of FM tone direction in
Mongolian gerbils. Previous studies employing similar
stimuli have demonstrated the essential and dominant role
of the right AC in performing this task (e.g., gerbil: Wetzel

et al., 1998, 2008; rat: Rybalko et al., 2006; human: Poeppel
et al., 2004; Brechmann and Scheich, 2005; König et al.,
2008). Our results support this notion and provide evidence
that only an intact interhemispheric cross talk enables its
proper acquisition, i.e., lesioned animals in either direction
take significantly longer to acquire the task. However, these
animals are still able to learn the discrimination with suffi-
cient training. This suggests that the disrupted function of the
interhemispheric auditory cortical connections can be compensated
by other mechanisms (Paiement et al., 2010; Bartolomeo and
Thiebaut de Schotten, 2016; Roland et al., 2017). These compensa-
tion mechanisms seem to be rather rapid (within a few days) and
may include alternative crossing subcortical pathways (e.g., com-
missure of the inferior colliculi: Pollak et al., 2003) but most likely
cortical routes, for example, via commissural connections of higher
cortical areas (e.g., auditory belt and parabelt: Hackett and Phillips,
2011; frontal cortex: Berlucchi, 2012) and top-down ipsilateral con-
nections (Winkowski et al., 2018). It is, however, feasible that in our
experiments some of the lesioned interhemispheric connections
were still or partially intact and subsequently reorganized.

Our finding that the final discrimination performance in con-
trol animals and in animals with lesioned projections from the
right to the left AC is at the same high level indicates that a com-
missural information transfer from the right to the left side is not
required for solving the task. This corresponds to the dominance
of the right AC in processing FM direction and the ability of ani-
mals with left-side (but not right-side) AC lesions to finally dis-
criminate FM directions (Wetzel et al., 1998, 2008; Rybalko et al.,
2006). We also show that animals with disrupted interhemi-
spheric projections from the left to the right AC have a lower
final discrimination performance and H rate than control ani-
mals and animals with right-to-left lesions. This suggests that the
left AC is nonetheless, albeit not essentially, involved in FM
direction discrimination learning. Correspondingly, noninvasive
imaging studies in humans have also shown additional left AC
activations during FM tone discrimination (Poeppel et al., 2004;
Brechmann and Scheich, 2005; König et al., 2008).

We conclude that FM direction discrimination is gener-
ally processed by the right AC using mainly inherent spectro-
temporal information derived from the ascending auditory
pathway and diverse cortical top-down connections but it
also uses information from the left AC. The interhemispheric
information transfer is mainly required for the rapid acquisi-
tion of the task; however, its disruption can be compensated
by other, so far unknown mechanisms within a few days.
Nevertheless, disturbed left-to-right AC projections gener-
ally lead to a destabilized neuronal FM direction processing
in the right AC, which limits the individual’s H rate and final
performance.

Table 2. Comparison of performances in the gap detection task

Sham Les R-. L Les L-. R

Linear correlation coefficients (performance vs gap length) Long gap set �0.286 0.44 �0.426 0.47 �0.396 0.39
Short gap set �0.83 �0.8116 0.07 �0.91

Response rate at 10-ms gap stimulus (normalized) Total 0.316 0.24 0.376 0.18 0.386 0.12
Long gap set 0.29 0.42 0.41
Short gap set 0.39 0.29 0.29

Gap length at 50% performance threshold (fitted) Total 8.206 2.98 ms 9.236 4.54 ms 11.476 3.28 ms
Long gap set 7.84 ms 10.23 ms 11.76 ms
Short gap set 10.02 ms 7.47 ms 10.49 ms

Linear correlation between response rate and gap length. Response rates to 10-ms gap stimulus (rate normalized between minimum and maximum response) as well as 50% thresholds for each experimental group are given
(means6 1 SD; long gap set = experiment 3; short gap set = experiment 4).
For further information, see Results.

Table 3. Linear correlation between behavioral performance and degree of
lesions in Layers V and III in the FM acquisition task

Correlation values

r p

Final DP vs lesion degree Layer V �0.2553 0.4486
Final DP vs lesion degree Layer III 0.0451 0.8953
Learning speed vs lesion degree Layer V 0.4965 0.1203
Learning speed vs lesion degree Layer III 0.2460 0.4659

Person correlation, n= 11.
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Disruption of interhemispheric cross talk does not affect the
retrieval of learned FM direction discrimination
While FM direction discrimination learning was impaired, the
discrimination performance of animals that learned the task
before lesioning interhemispheric neurons was not affected. As
shown in the current as well as in several human studies, interhe-
mispheric communication facilitates effective learning of verbal
and visual memory (Erickson et al., 2014; Paul et al., 2016) and
other complex, attention demanding tasks (Banich, 1998;
Weissman and Banich, 2000; Passarotti et al., 2002; Scalf et al.,
2009; Stracke et al., 2009). However, the retrieval of a prior
learned task may require other cognitive resources and most
likely involves other mechanisms than to establish the associa-
tion between CS and US. It is well known that specific neuronal
networks that represent the behavioral meaning, for example,
the category of sounds (Scheich et al., 1997; Selezneva et al.,
2006; Weinberger, 2007; Tsunada et al., 2012; Tsunada and
Cohen, 2014) are formed during the acquisition of an auditory
task within the AC (Ohl et al., 2001; Fritz et al., 2005; Ohl and
Scheich, 2005; Scheich et al., 2007; Bagur et al., 2018; Francis et
al., 2018) and other brain regions (e.g., PFC: Knight et al., 1999;
Stark et al., 2007, 2008; Lee et al., 2009; Marton et al., 2018; OFC:
Winkowski et al., 2013). These persistent traces or functional
connections (Weinberger, 2004; Fritz et al., 2010; Leske et al.,
2015) established before photoloytic apoptosis of interhemi-
spheric connections in our animals, are most likely operative de-
spite post-training lesions. Thus, it can be concluded that
interhemispheric cross talk serves very specific learning func-
tions; here, in particular during the acquisition of FM direction
discrimination.

Disruption of interhemispheric cross talk is not required for
gap detection and discrimination
Previous studies in gerbils and rats using unilateral and bilateral
AC lesioned animals revealed that the gap detection (i.e., dis-
crimination between continuous and segmented FMs) is not
affected by unilateral but bilateral AC ablations (Syka et al., 2002;
Wetzel et al., 2008; Rybalko et al., 2010). Our data contribute to
these results and expand them by demonstrating that auditory
interhemispheric cross talk is also not required to solve this task.
It was furthermore demonstrated that the discrimination of gap
durations (10–30ms) in segmented FMs is impaired by left (but
not right) AC lesions (Wetzel et al., 2008). In contrast to our
expectations derived from this data, our current results did not
show lesion effects of interhemispheric cross talk on gap discrim-
ination. In contrast to earlier work (Wetzel et al., 2008), we also
did not observe a linear or monotonic relationship between gap
length and response rate in control animals for the same stimulus
set. Instead, a linear relationship was found for shorter gap dura-
tions, implying that the FM gap detection threshold of gerbils
tested in a negative-reinforcement paradigm is around 10ms.
This is in general agreement with other findings on gerbils
(Gleich et al., 2006 and references therein) as well as on other
species (e.g., monkey: Petkov et al., 2003 and references therein);
however, among additional factors (e.g., sound pressure level,
age, behavioral paradigm) the stimulus type, in which the gaps
have to be detected, plays an important role as well. For example,
when gaps are embedded in white or broad band noise, thresh-
olds are lower (gerbil, ,4ms: Wagner et al., 2003; Hamann et
al., 2004; rat, 2ms: Rybalko et al., 2010; human, 2–3ms: Phillips
et al., 1998). Nevertheless, although research on stimulus gener-
alization indicates that the particular training procedures influ-
ence the form of gradients obtained (Honig and Urcuioli, 1981),

there is no evidence that animals exposed to the short versus
long stimulus set developed different strategies allowing for a
common analysis. We found that across stimulus sets lesioned
and control animals responded in a similar way to segmented
FM with varying gap durations. Further, all groups displayed
stimulus generalization such that stimuli with perceived gaps
were classified as CS–. Our results thus indicate that lesioned ani-
mals have no different perception or strategies than control ani-
mals to cope with ambiguous stimuli.

In conclusion, by using similar stimuli and training para-
digms, which have been demonstrated to encompass lateralized
auditory processing in various species, we could show by a selec-
tive disruption of the interhemispheric connections between the
left and right AC that interhemispheric cross talk plays an im-
portant role during the acquisition learning of FM direction dis-
crimination. Although the final performance of some lesioned
animals does not reach the level of healthy controls, the dis-
turbed learning process may be compensated by other, so far
unknown mechanisms. The retrieval of already learned FM
direction discrimination does not critically dependent on inter-
hemispheric cross talk since it may already be manifested in spe-
cialized circuitries of the dominant right hemisphere. There are,
however, lateralized auditory brain functions such as gap detec-
tion and discrimination, which do not seem to require interhe-
mispheric interactions for learning.

Our study may contribute to a better understanding of mech-
anisms underlying potential interhemispheric cross talk-depend-
ent pathologies such as auditory verbal hallucinations in
schizophrenia (Mulert et al., 2011; Steinmann et al., 2014, 2019),
tinnitus (Chen et al., 2015), developmental language impairment
(Northam et al., 2012), as well as dyslexia (Henderson et al.,
2007), and may provide a useful methodological approach for
their experimental investigation.
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