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Abstract
Auditory brainstem responses (ABRs), and envelope and frequency following responses (EFRs
and FFRs) are widely used to study aberrant auditory processing in conditions such as aging. We
have previously reported age-related deficits in auditory processing for rapid amplitude
modulation (AM) frequencies using EFRs recorded from a single channel. However sensitive
testing of EFRs along a wide range of modulation frequencies is required to gain a more complete
understanding of the auditory processing deficits. In this study, ABRs and EFRs were recorded
simultaneously from two electrode configurations in young and old Fischer-344 rats, a common
auditory aging model. Analysis shows that the two channels respond most sensitively to
complementary AM frequencies. Channel 1, recorded from Fz to mastoid, responds better to faster
AM frequencies in the 100–700 Hz range of frequencies, while Channel 2, recorded from the
inter-aural line to the mastoid, responds better to slower AM frequencies in the 16–100 Hz range.
Simultaneous recording of channels 1 and 2 using AM stimuli with varying sound levels and
modulation depths show that age related deficits in temporal processing are not present at slower
AM frequencies but only at more rapid ones, which would not have been apparent recording from
either channel alone. Comparison of EFRs between unanesthetized and isoflurane anesthetized
recordings in young animals, as well as comparison with previously published ABR waveforms,
suggests that the generators of Channel 1 may emphasize more caudal brainstem structures while
those of Channel 2 may emphasize more rostral auditory nuclei including the inferior colliculus
and the forebrain, with the boundary of separation potentially along the cochlear nucleus/superior
olivary complex. Simultaneous two channel recording of EFRs help to give a more complete
understanding of the properties of auditory temporal processing over a wide range of modulation
frequencies which is useful in understanding neural representations of sound stimuli in normal,
developmental or pathological conditions
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1. Introduction
Age-related declines in auditory processing are the result of combined degradation of
peripheral auditory function and central auditory processing (Frisina and Frisina, 1997). In
the peripheral auditory system, changes to the hair cells and the cochlea due to aging result
in altered hearing sensitivities and sharpness of frequency tuning (Buckiova et al., 2007,
Izquierdo et al., 2008, Chen et al., 2009). Auditory brainstem responses (ABRs) are the
predominant electrophysiological measures of peripheral sensitivity and the transmission of
phasic auditory information through the auditory brainstem and midbrain in response to
brief click or tone stimuli. ABR thresholds increase with age in humans and animals
(Boettcher et al., 2002) and ABR amplitudes decrease with age and have a shallower
increase in amplitude with increasing level (Boettcher et al., 1993, Konrad-Martin et al.,
2012). Wave I latencies, indicating excitation of the auditory nerve, increase with age, but
the latencies of other ABR waves remain relatively unaffected (Costa et al., 1990). These
results suggest that peripheral changes manifest as fewer or less synchronous auditory nerve
fibers recruited in aged animals for brief sounds.

Much less is known about the degradation of neural processing in the central auditory
pathway, particularly for sounds with longer durations that are relevant for processing
communication sounds (hundreds of milliseconds to seconds). Deficits in temporal
processing with age have been observed psychophysically in older humans (Fitzgibbons and
Gordon-Salant, 1996, Frisina and Frisina, 1997), even when they have comparable hearing
sensitivities to younger subjects (Dubno et al., 1984, Schneider et al., 1994, Snell et al.,
1994, Mazelova et al., 2002). Some evidence for this has also been observed at the level of
single neurons in the auditory pathway of animals including the cochlear nucleus
(Schatteman et al., 2008), inferior colliculus (Walton et al., 1998, Palombi et al., 2001), and
the auditory forebrain (Mendelson and Lui, 2004). However, despite numerous observed
anatomical changes (Caspary et al., 1990, Argence et al., 2006, Tadros et al., 2007), these
earlier studies have revealed relatively subtle changes in the neural responses of aged
animals that do not seem to capture the extent of behavioral difficulties.

Auditory evoked potentials, such as frequency following responses (FFRs) to the carrier
frequency or envelope following responses (EFRs) to the temporal modulation envelope and
middle and longer latency responses from the auditory forebrain, aim at providing non-
invasive neurophysiological measures of auditory temporal processing that can be directly
compared to psychophysical measures in humans or invasive single neuron recordings from
animals (Vander Werff and Brown, 2003, Tremblay et al., 2004, Anderson et al., 2011,
Warrier et al., 2011). FFRs and EFRs have been used in a variety of animals such as gerbils
(Dolphin and Mountain, 1992), dolphins (Finneran et al., 2007), birds (Lucas et al., 2007),
non-human primates (Burton et al., 1992) as well as humans of all ages (Krishnan, 1999,
Basu et al., 2010, Clinard et al., 2010) to assess auditory acuity and to detect changes in
auditory processing. These responses are typically recorded using surface electrodes in
humans and sub-dermal needle electrodes in other animals. We have previously recorded
EFRs to the amplitude modulation and frequency modulation envelope under isoflurane
anesthesia, with the positive electrode inserted along the midline of the skull from the Fz to
Cz position, and the negative (reference) electrode under the mastoid of the stimulated
(ipsilateral) ear in young and aged Fischer-344 rats (Parthasarathy et al., 2010, Parthasarathy
and Bartlett, 2011). Under these experimental conditions, we demonstrated deficits in
temporal processing with age for rapid modulation frequencies under degraded listening
conditions. These differences were clearest for an AM frequency range of 181–512Hz.

One way to delve further into how the auditory system changes with age is to use different
recording configurations that emphasize different neural generators. The most common
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electrode configurations for obtaining ABRs and FFRs in humans have the non-inverting or
positive electrode in the Fz or Cz position on the forehead, the inverting or negative
electrode at either the mastoid of the stimulated ear alone or linked mastoids, and the ground
electrode either at the contralateral mastoid or the forehead (Aiken and Picton, 2008,
Krishnan et al., 2010, Parbery-Clark et al., 2011). This configuration is also typically
followed in animal recordings with the positive electrode in the vertex, the negative
electrode in the mastoid of the stimulated ear or the nose and the ground electrode in the
contralateral mastoid or nape of the neck (Burton et al., 1992, Backoff and Caspary, 1994,
Lucas et al., 2007). However, various other electrode configurations have also been used in
humans and animals with the aim of isolating different auditory structures within the
pathway, primarily using ABRs (Galbraith et al., 2006, Ping et al., 2007). Recording
between the two mastoids isolates caudal brainstem structures such as the auditory nerve
better than recording from the midline (Ping et al., 2007). There are a few studies that have
also obtained FFRs from humans using these different electrode configurations especially
recording from the mastoids (Galbraith, 1994, Galbraith et al., 2001) and very few others
that look at alternate electrode configurations, especially with the aim of emphasizing
different regions of the brainstem or midbrain. Emphasis of different auditory structures can
be used to focus on potential loci related to hearing loss or hearing changes. Furthermore,
selective emphasis of different auditory structures by electrode configurations would be
expected to produce responses with different temporal selectivities that reflect the most
prominent neural generators.

Here we report ABRs and EFRs recorded simultaneously from two channels using different
configurations of positive electrode positions in young and aged Fischer-344 rats. We
demonstrate that the two recording configurations used emphasize responses to different
amplitude modulation frequencies, thus allowing us to test changes in temporal processing
selectively across a wide range of modulation frequencies. We also compare responses from
animals under isoflurane anesthesia, which should strongly dampen thalamic and cortical
responses and their feedback, with responses from un-anesthetized animals. This provides
insight regarding the main generators for each component of each channel, potentially
isolating the caudal brainstem structures from the more rostral auditory nuclei such as the
inferior colliculus and the auditory forebrain. We also demonstrate that age related deficits
in temporal processing can be better understood by this simultaneous two channel recording
of EFRs, compared to recording from either channel alone.

2. Materials and methods
2.1 Subjects

12 Young adult (9–12 weeks old, weighing ~275g) and 10 aged (92–95 weeks old, weighing
350–400g) Fischer-344 rats obtained from Taconic were used in this study. The animals
were housed in the animal care facility for the period of the study in relatively quiet,
standard conditions. All protocols are approved by the Purdue animal care and use
committee (PACUC 06–106).

2.2 Experimental setup
Experiments were performed in a 9’×9’ double walled acoustic chamber (Industrial
Acoustics Corporation). The animals were initially anesthetized with isoflurane gas
anesthesia (4%) in an induction chamber. The animals were transferred post induction to a
manifold and maintained at 1% – 1.5% isoflurane (with the aged animals maintained at a
lower level of anesthesia) on a water circulated warming blanket (Gaymar) set to 37°C with
the pump placed outside the recording chamber to eliminate audio and electrical
interferences. The electrodes were then positioned at the different configurations (described
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below) and the animals were then injected intramuscularly with 0.1 –0.2mg/Kg of
medetomidine (Domitor) and taken off the isoflurane. The usual duration of isoflurane
anesthesia during this setup process was approximately ten minutes. Recordings were
commenced 15 minutes after cessation of isoflurane, with the time window for the effects of
isoflurane to wear off determined empirically as 9 minutes, based on ABRs waveforms and
latencies as well as the response to foot pinch stimuli. Medetomidine is an alpha adrenergic
agonist which acts as a sedative and an analgesic which is known to decrease motivation but
preserve behavioral as well as neural responses in rodents (Ruotsalainen et al., 1997, Ter-
Mikaelian et al., 2007). This helps to maintain animals in an un-anesthetized state, where
they still respond to pain stimuli like a foot pinch, but are otherwise compliant to EFR
recordings for a period of about two hours. In a subset of the young animals, the
medetomidine was not administered and the entire recording was conducted under isoflurane
anesthesia (1.5%) for a separate experiment described in the results section. The stimulus
was presented free-field using the speaker to the right ear of the animal, at a distance of 115
cm from speaker to ear. The travel time from speaker to the ear of the animal was calculated
to be 3.35ms. Impedances from the electrodes were always less than 1 kHz as tested using
the head-stage (RA4LI, Tucker Davis technologies, or TDT). Sounds were generated by
SigGenRP (TDT). Signal presentation and acquisition was done by BioSig software (TDT).
Waveforms were converted to sounds and delivered via a multichannel processor (RX6,
TDT) through a Bowers and Wilkins DM601 speaker. The output from the speakers was
calibrated using a Bruel Kjaer microphone and SigCal (TDT), and was found to be within +
6dB for the frequency range tested. Digitized waveforms were recorded with a multichannel
recording and stimulation system (RZ-5, TDT) and analyzed with BioSig or custom written
programs in MATLAB (Mathworks).

2.3 Recording electrode configurations
Subdermal needle electrodes (Ambu) were used to obtain the responses. In the electrode
configuration used in our previous studies (hereafter referred to as Channel 1), the positive
electrode was placed along the midline of the head, sagitally, in the Fz to Cz position. The
negative or inverting electrode was placed under the mastoid of the ear ipsilateral to the
speaker, and the ground electrode was placed in the nape of the neck. In addition to this, a
second positive electrode was placed horizontally, along the inter-aural line, above the
location of the inferior colliculus, which allowed us to simultaneously record auditory
responses from this positive electrode (hereafter referred to as Channel 2) and the same
inverting electrode using the second channel of the RA4LI (TDT). The Channel 2
configuration was determined empirically to produce the greatest phase locking responses to
lower modulation frequencies as reported in the results section below.

2.4 Stimulus description and recording procedures
ABRs were recorded using rectangular click stimuli of alternating polarity, 0.1ms long,
presented at 26.6 clicks per second. The acquisition window was 20ms and each ABR was
an average of 1500 repetitions.

Sinusoidally amplitude modulated (SAM) tones were 200 ms long with a 5ms cosine
squared ramp at onset and offset and played at a rate of 3.1 per second. The acquisition
window was 300ms long and each EFR was an average of 200 repetitions. The carrier
frequency of the SAM stimuli was 8 kHz. This frequency is in the most sensitive region of
the rat ABR audiogram (unpublished observations), and based on single neuron recordings
(Hernandez et al., 2005), is also the most sensitive region of the rat IC, which is thought to
be a major generator of EFRs (Kiren et al., 1994). The SAM stimuli at 45 Hz, 128 Hz and
256 Hz AM were presented in sound levels from 65dB SPL to 85 dB SPL in 5 dB steps. The
sound level for presentation of the other stimuli was chosen as the lowest sound level which
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produced the maximum response as assessed by the amplitude of the fast Fourier transform
(FFT) at the modulation frequency. This provided an animal-specific peak response while
eliminating any reduction in response amplitude due to high sound levels often observed in
the young. The absolute sound levels of presentation corresponded to 70–75dB SPL for the
young and 80–85 dB SPL for the aged animals. The modulation frequency was
systematically increased to yield the temporal modulation transfer function (tMTF). In the
next experiment the 8 kHz carrier frequency tone was replaced by a broad band noise carrier
(band-pass filtered between 40–40000 Hz) to isolate any frequency specific effects. The
amplitude modulation depth of the SAM stimuli was also varied in the following steps, 0dB
(100%), −2.5 dB (75%), −6 dB (50%), −12 dB (25%), −18 dB (12.5%), −24 dB (6.25%),
and −30dB (3.125%) for three modulation frequencies, 45 Hz, 128 Hz and 256 Hz AM.

2.5 Data analysis
The ABRs were filtered from 30–3000 Hz using BioSig software (TDT). The EFRs were
low pass filtered at 3000 Hz and high pass filtered below the modulation frequency for the
slower MFs and from 80Hz for MFs greater than 90 Hz. Filtered data were exported to
MATLAB. Fast Fourier transforms (FFT) were performed on time-domain waveforms
obtained from BioSig, from 10–190ms relative to stimulus onset to exclude the ABR
transients, using custom programs written in MATLAB. The maximum energy at
modulation frequency or one frequency bin (3Hz) above and below it gave the peak FFT
amplitude. The modulation depth detection threshold for both AM was defined as the
minimum modulation depth which elicited a response which was at least twice as high (>
6dB) as the noise floor for modulation frequencies ≤ 64 Hz, where there are numerous
competing generators of low frequency oscillations, and 10 dB above the noise floor for
higher modulation frequencies. Similar results were found on using the average noise floor +
3 SD as the threshold amplitude. The noise floor was calculated as the average of five
frequency bins above and five bins below the central three bins.

2.6 Statistical analysis
Significant differences are reported for the means of the FFT amplitudes using the
Wilcoxon’s rank-sum test with 95 % confidence interval for differences between young and
aged animals and using the Wilcoxon’s signed rank test for comparison between
simultaneous two channel recordings or between isoflurane-anesthetized and un-
anesthetized recordings from the same animal. The error bars reported are one standard
deviation (SD) from the mean.

3. Results
3.1 Auditory Brainstem Responses

The grand averages of the auditory brainstem responses obtained from young animals at
75dB SPL (n=12) are shown in Figure1 for both channels 1 and 2. The time marked along
the X-axis includes the travel time of 3.35ms to the ear. The ABR morphology indicates
distinct characteristics of the waveform in each channel, plotted as the mean ABR (thick
line) ± one standard deviation (thin lines) (Fig1, A). Channel 1 had a smaller wave I and a
large wave III, while Channel 2 had a large wave I as well as large waves IV and V at longer
latencies than wave III from ch1. The prominent wave III in Channel 1 was decreased
significantly in Channel 2, while the longer latency waves IV and V observed in Channel 2
were not evident in the Channel 1 waveforms. The basic waveform morphologies for
Channel 1 and Channel 2 did not differ considerably from animal to animal.

Similar grand averages from the two channels for the aged animals are displayed in Figure 1
(n=10), for ABRs to click stimuli evoked at 85dB SPL (Fig 1, B). This higher sound level
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was chosen to compensate for the increased hearing threshold in the aged, so that the
similarities in wave morphology can be more easily illustrated. As can be seen in the figure,
the aged animals show similar wave morphology to the young in both channels. However,
even with the increase in sound presentation level by 10dB, the amplitudes of the waves in
the ABR were often diminished compared to the young. Furthermore, for these click stimuli,
a greater variability in waveform morphology was observed in the aged, compared to the
young. The trough preceding wave IV in ch2 and coinciding with wave III in ch1 was
greatly reduced, and the later wave peaks (> 9 ms in Fig. 1) visible in young animals were
nearly absent in aged animals.

3.2 Temporal modulation transfer function (tMTF) – Change in modulation frequency
EFRs were obtained from young and aged animals, simultaneously from the two channels to
a sinusoidally amplitude modulated 8 kHz carrier tone whose modulation frequency was
systematically varied from 16 Hz to 2048 Hz in half octave steps. In the young animals,
Channel 2 responded more robustly to the lower modulation frequencies, exhibiting a low
pass nature with the amplitudes beginning to drop at 64 Hz (Fig. 2). The EFR amplitudes of
Channel 2 were significantly greater than Channel 1 for modulation frequencies in the range
of 16Hz to 90 Hz (p<0.01, signed rank test). Channel 1 responded better to faster
modulation frequencies compared to Channel 2, exhibiting a comparatively band pass nature
with frequencies in the 128Hz – 1024Hz frequency range producing the most robust
responses. The EFR amplitudes of Channel 1 were significantly greater than Channel 2 for
128 Hz to 362 Hz AM frequencies (p<0.01, signed rank test). In the aged animals, the
overall shapes and nature of tMTF for both the channels were similar to that of the young
(Fig. 2). Channel 2 responded better to lower modulation frequencies, exhibiting a low pass
nature with a similar cut off frequency of 90Hz. The amplitudes elicited by AM frequencies
in the range of 16Hz to 90 Hz by Channel 2 were significantly greater than Channel 1 in the
aged (p<0.01, signed rank test). There was no significant difference in EFR amplitudes
between the young and the aged in Channel 2, from 16Hz AM to 512 Hz AM (p>0.05, rank-
sum test). However significant age related decrease in EFR amplitudes were observed in
responses from Channel 1, with aged animals eliciting lower responses than the young from
64Hz AM to 2048 Hz AM (p<0.01, rank-sum test), with no significant difference in
amplitude below 64Hz AM (p>0.05, rank-sum test).

3.3 Temporal modulation transfer function using a Noise carrier
In an effort to minimize carrier frequency dependence on the amplitude modulation
following responses, and to isolate the effects of temporal modulation alone, EFRs were
recorded using the same modulation frequencies as for the 8 kHz carrier, but using a broad
band noise carrier at the same sound level in 10 aged and 9 young animals. The results were
similar to using the 8 kHz carrier frequency, with Channel 2 responding more robustly to
lower modulation frequencies in the 16Hz to 90Hz AM range, and Channel 1 responding
more to higher modulation frequencies in the 128Hz to 1024 Hz AM range, with the cross
over at 128Hz for both young and aged animals (Fig. 3). Age related declines in EFR
amplitudes were also observed in Channel 1, for AM frequencies in the 64Hz to 2048 Hz
range (p<0.01, rank-sum test). Such robust decreases in FFT amplitudes with age were not
observed in Channel 2, with the aged animals having a significant decrease in amplitude
only at a few scattered AM frequencies (Fig. 3).

3.4 Change in sAM sound level
To determine the rate of growth of EFR amplitudes with presentation level, the sound level
of the sAM stimuli were systematically varied from 65dB SPL to 85 dB SPL in 5 dB steps
for three different modulation frequencies, 45 Hz, 128 Hz and 256 Hz AM at 100 %
modulation depth using an 8kHz carrier tone.
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At 45 Hz AM, Channel 1 produced very low EFRs as was seen in the tMTF, even for loud
sounds. This amplitude of the EFRs remained consistently low, decreasing very slightly with
sound level, and with no significant differences between the young and aged at any sound
level (Fig. 4A; p>0.05, rank-sum test). Channel 2 showed robust responses at 45 Hz AM for
both young and aged animals. The Channel 2 amplitudes were significantly higher than the
Channel 1 amplitudes for both young and aged animals at all sound levels tested (p<0.01,
signed rank test). The EFRs also showed a decrease in amplitude with decrease in sound
level for both young and aged animals. There was no significant difference in EFR
amplitudes between the young and aged at 85 dB in Channel 2 (p>0.05, rank-sum test).
However, the EFR amplitudes of the aged were significantly lower than the young, at all
sound levels below 85 dB SPL (Fig. 4A, p<0.05, rank-sum test).

At 128 Hz AM, evidence of the complementary frequency preferences of the channels was
seen, with Channel 1 responding more robustly, while the amplitudes of Channel 2 began to
decline. The amplitudes of responses from Channel 2 were similar to Channel 1 at 85 dB
SPL but were significantly lower than Channel 1 at all lower sound levels (Fig. 4B; p<0.01,
signed rank test). In the aged, there was no significant difference between the EFR
amplitudes obtained from Channel 1 and Channel 2 except at 85 dB SPL (p<0.05, signed
rank test) Evidence of age related declines in EFR amplitudes was seen in the responses
from Channel 1, with aged animals having significantly lower responses than the young
animals for all sound levels tested (p<0.05, rank-sum test). Age related differences were also
found in Channel 2, with aged animals showing significantly lower responses than the
young at sound levels of 80dB SPL and below (Fig. 4B; p<0.05, rank-sum test).

The trend of Channel 1 showing stronger responses to faster modulation frequencies was
more pronounced at 256 Hz AM, with Channel 1 showing significantly higher responses
than Channel 2 at all sound levels tested in the young (Fig 4C; p<0.01, signed rank test).
There were no significant differences in amplitudes between the two channels in the aged.
Age related decreases in response amplitude were observed for all presentation levels in
Channel 1 and in the 70db – 80dB SPL range in Channel 2 (p<0.05, rank-sum test).

3.5 Varying depth of amplitude modulation
In a previous study, we demonstrated age-related differences in modulation depth sensitivity
for Channel 1 at 256 Hz and 512 Hz AM in isoflurane anesthetized rats (Parthasarathy and
Bartlett, 2011). To compare those findings with recordings from Channel 2, and from
Channel 1 in un-anesthetized animals, EFRs were obtained to sAM stimuli using 8 kHz
carrier frequency, modulated at 45 Hz, 128 Hz and 256 Hz AM, and varying in AM depth
from 0 db (100%) to – 30dB (3.125 %).

At 45 Hz AM, similar to the change in sound level, Channel 2 responded more robustly than
Channel 1 for both young and aged animals. Channel 2 responses decreased monotonically
with decreasing depth for both young and aged animals. Responses from Channel 1 were
significantly lower than Channel 2 for young animals from 100% down to 12.5% for the
young, and to 25 % for the aged (Fig. 5A; p<0.01, signed rank test). There were no
significant differences between responses from young and aged animals in Channel 2 or
Channel 1 for any of the modulation depths tested at 45 Hz AM.

At 128 Hz AM, the Channel 1 and Channel 2 responses were comparable. The responses of
the young and aged animals in both channels decreased monotonically with decreases in
depth. Though the responses of Channel 1 generally seemed larger than Channel 2,
especially at high modulation depths, there were no significant differences between Channel
1 and Channel 2 responses for any modulation depths in the aged, or for most modulation
depths in the young (Fig. 5B). For Channel 2, the young animals had significantly higher
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responses than the aged only at 100 % modulation depth (p<0.01, rank-sum test). Age
related decreases in temporal processing were more evident in Channel 1, with the younger
animals having significantly higher responses than the aged at most of the modulation
depths (p<0.05, rank-sum test, Fig 5B).

This trend was further strengthened at 256 Hz AM, with the young animals having
significantly greater responses than the aged at most modulation depths in Channel 1 (Fig.
5C; p<0.05, rank-sum test). However there were no significant differences between the
responses of the young and the aged at any modulation depths tested in Channel 2.

In order to illustrate differences in detection thresholds between the two channels for young
and aged animals at the modulation frequencies tested, the detection threshold as a
difference of Channel 1 to Channel 2 is provided in Table 1. A positive number indicates
that the detection threshold of Channel 2 is lower than Channel 1 and a negative number
indicates that the detection threshold of Channel 1 is lower. As can be seen from the table, at
45 Hz AM, the difference is strongly positive for both young and aged animals and is
significantly different between Channel 1 and Channel 2 for young and aged animals
(p<0.05, signed rank test). At 128 Hz AM, Channel 1 thresholds are significantly lower in
young animals (p<0.05, signed rank test). Channel 1 thresholds were also lower at 256 Hz
AM, but the trend was not statistically significant. There were basically no differences
between Channel 1 and Channel 2 thresholds in the aged animals at 128 and 256 Hz AM.
This illustrates that the channel and modulation frequency specific decreases in temporal
processing are evident in the response amplitudes as well as the detection thresholds with
age. Therefore, in the case of modulation depths, recording from only one channel would
miss a clear age-related difference in auditory-evoked responses.

3.6 Comparison of responses from anesthetized and un-anesthetized animals
Multiple neural generators are known to contribute to the ABR and EFRs, including
contributions from the inferior colliculus (Kiren et al., 1994) and potentially the auditory
thalamus and auditory cortex (Arnold and Burkard, 2001). In order to drastically reduce the
contributions of thalamus and cortex, ABRs and EFRs were recorded from nine young
animals, simultaneously from Channel 1 and Channel 2, using isoflurane anesthesia.
Isoflurane anesthesia is known to have a drastic effect on responses in the auditory forebrain
(Tennigkeit et al., 1997, Cheung et al., 2001), while it is thought to affect auditory responses
in the auditory midbrain or brainstem to a much lesser degree (Santarelli et al., 2003,
Anderson and Young, 2004). This strategy of using anesthesia to isolate generators of EFRs
has been previously used for single channel EFR recordings (Kuwada et al., 2002, Szalda
and Burkard, 2005). Responses were compared to those from the same nine young animals
sedated with Domitor, whose forebrain contributions should be largely intact.

Figure 6 shows the comparison of the grand averages of the ABRs from Channel 1 and
Channel 2, obtained from 9 animals to click stimuli presented at 75dB SPL from
anesthetized as well as un-anesthetized conditions. As can be observed from the grand
averages, in Channel 1, wave I and wave III are minimally affected by anesthesia, either in
amplitude or latency, while the negativity following wave III is significantly affected. In
Channel 2, the effects were clearer than in Channel 1 and became evident at approximately
the same latencies (6.5 ms post-stimulus onset). Reduced amplitudes in waves IV, V, and
the components through 13 ms post-stimulus onset were observed.

A quantitative analysis of the ABR amplitudes revealed that there was no significant
difference in wave I amplitudes with anesthesia in Channel 1 or Channel 2 (p>0.05, signed
rank test). The inset of Figure 6 shows wave III amplitudes in Channel 1, as well as wave IV
and V amplitudes in Channel 2 as a ratio relative to their respective wave I amplitudes. In
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Channel 1, there was no significant decrease in wave III amplitudes with anesthesia (p>0.05,
signed rank test). In Channel 2, anesthesia had a more profound effect on the later waves,
with a significant decrease in the amplitudes of waves IV and V, relative to wave I in the
anesthetized animals (p<0.05, signed rank test).

EFRs were obtained from 9 young animals to different modulation frequencies, at 100 %
modulation depth, using a broadband noise carrier. Thus tMTFs, simultaneously from both
channels, were generated similar to Figure 3, for the same animals from both un-
anesthetized and anesthetized conditions. In both channels there seemed to be an overall
shift in the tMTF towards the right i.e. towards the higher modulation frequencies, and a
reduction of responses in the lower modulation frequencies, with anesthesia. Statistical
analysis revealed that anesthesia significantly decreases the amplitudes of the responses
from 90Hz to 362 Hz in Channel 1, and from 22 Hz to 90 Hz in Channel 2 (p<0.01, signed
rank test, Figure 7A, B).

4. Discussion
In this paper we have recorded ABRs and FFRs simultaneously from two channels in un-
anesthetized young and aged Fischer-344 rats. These two channels produced distinct ABR
morphologies (Fig. 1A, B), suggesting that they emphasized different neural generators,
which was supported by differential effects of isoflurane on the two ABR waveforms (Fig.
6). Channel 1 had a larger wave III amplitude in the ABR, while Channel 2 had larger waves
I, IV and V (Fig. 1). Although the overall morphologies were similar in aged animals, the
amplitudes of all components were significantly reduced (Fig 1C, D). This was true even
when threshold differences were accounted for, similar to previous studies in gerbils
(Boettcher et al., 1993) and humans (Konrad-Martin et al., 2012).

Using the FFRs to sustained sound stimuli, the two channels were found to be sensitive to a
complementary range of modulation frequencies, and enabled a more precise understanding
of temporal processing deficits in aged animals. Channel 1 was more sensitive to faster
modulation frequencies, in the range of 128 Hz to 1024 Hz, whereas Channel 2 was more
sensitive to slower modulation frequencies, in the range of 16Hz to 128 Hz. Hence,
recording EFRs from both channels simultaneously allows testing of a more complete range
of AM frequencies with higher sensitivity than would be possible recording from either
channel alone. This can facilitate understanding of deficits in temporal processing which can
occur not only in aging but also in pathological conditions such as hearing loss, dyslexia, or
central auditory processing disorder (CAPD). This was also evident from our data. Aged
animals showed a similar shape of the tMTF and similar preference for frequency ranges as
the young in both Channel 1 and Channel 2 (Fig 2). There was no significant decrease in
EFR amplitudes due to an increase in modulation frequency, for any of the frequencies up to
512Hz AM in Channel 2 for the aged. However, looking at Channel 1, significant age
related decrease in EFR amplitudes emerged for ≥ 64Hz AM, which would not be detected
by looking at Channel 2 alone (Fig 2). Similar trends were observed in the tMTF while using
a broad band noise carrier (Fig 3). Regardless of carrier type, two channel recording shows
that neural representations of higher modulation frequencies are strongly affected by aging.

EFR amplitudes were sensitive to sound level only in Channel 2 but not in Channel 1 for 45
Hz AM, mainly because Channel 1 was minimally responsive at 45 Hz AM at all sound
levels tested. EFR amplitudes were significantly lower in aged animals in Channel 2 from
65–80 dB (Fig 4A). Aged animals had significantly lower response amplitudes than the
young for most sound levels in Channel 1 for 128 Hz and 256 Hz AM which was not
observed in Channel 2 (Fig 4B, C). This further demonstrates that age related deficits in
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auditory processing can be studied over a wider range of modulation frequencies by
recording from two channels simultaneously.

We have previously shown age related decreases in response amplitudes with decreases in
modulation depth for the aged at 128 Hz and 256 Hz AM frequencies under isoflurane using
Channel 1 (Parthasarathy and Bartlett, 2011). This was reproduced using medetomidine to a
similar degree (Fig 5 B, C). However there are no age related deficits in temporal processing
with decrease in depth at 45 Hz AM from Channel 2 recordings (Fig 5A). Thus it can be
seen that age related loss in temporal processing is mainly evident at faster modulation
frequencies, and not the slower ones, using evoked-potential recordings. This has been
observed in EFR studies in humans where AM frequencies of 40 Hz showed very little age
related differences (Boettcher et al., 2001), while age related loss of temporal processing
was observed for higher modulation frequencies (He et al., 2008). This is also consistent
with single unit studies in the IC of rodents, where age related changes in gap detection
thresholds were only present for gaps less than 10ms (corresponding to a period of 100 Hz
or more) and not for larger gaps (Walton et al., 1998).

The electrode placements in this study were determined empirically. Previous studies have
primarily recorded FFRs or ABRs using a vertical versus horizontal configuration to
emphasize the brainstem or the auditory nerve respectively in humans (Galbraith, 1994,
Galbraith et al., 2000) as well as rats (Galbraith et al., 2006). The intention in the present
study was to find an electrode position that would yield more robust responses to lower
modulation frequencies than the configuration used in our previous studies. Based on
published waveform morphologies of previous studies, the Channel 2 ABRs (Figure 1A,
bottom) are more typical of responses obtained from rodents using sub-dermal needle
electrodes (Backoff and Caspary, 1994) or surface electrodes (Funai and Funasaka, 1983) at
similar configurations while the waveform morphologies of Channel 1 (Figure 1A, top) are
similar to those reported before from similar positions using surface electrodes (Chen and
Chen, 1991). Our previous studies demonstrated temporal processing deficits with age in the
128–512 Hz AM range using the Channel 1 configuration and isoflurane anesthesia
(Parthasarathy et al., 2010, Parthasarathy and Bartlett, 2011). In the current study, the
differences observed between young and aged animals to changes in sound level,
modulation frequency and SAM depth are essentially similar between anesthetized and un-
anesthetized recordings (Figs 2, 4, 6). However there is a significant decrease in EFR
amplitudes with anesthesia in the young in both Channel 1 (64–362 Hz) and Channel 2 (22–
64 Hz) (Figure 7). Whether the aged animals are affected in a similar fashion to anesthesia
warrants further study. The responses from the anesthetized animals also seem to be greater
than the un-anesthetized animals for a small range of modulation frequencies in both
Channel 1 (22–32 Hz) and Channel 2 (90–128 Hz). Whether this phenomenon is of
physiological relevance also requires further study, since isoflurane is known to modulate
the GABA-ergic system (Banks and Pearce, 1999, Benkwitz et al., 2003) which is essential
for temporal processing of auditory stimuli (Caspary et al., 2008), as well as induce changes
in the membrane properties of forebrain neurons (Puil et al., 1994, Tennigkeit et al., 1997).

Since we have not performed any lesion or specific inactivation studies, the generators of the
EFRs and ABRs for each channel can only be estimated based on latencies of ABRs,
sensitivities to isoflurane in ABRs and EFRs, and modulation frequency preferences. Lesion
studies and studies using electrode recordings from various auditory nuclei of humans and
animals suggests that primary generators of the ABR waves are the distal portion of the VIII
nerve for waves I and II, pontine sources for waves III and IV and the midbrain for wave V
(Lev and Sohmer, 1972, Buchwald and Huang, 1975, Hashimoto et al., 1981). Based on
previously published ABR waveform morphologies of lesion studies, the generators of our
Channel 1 ABR seem to include primarily the caudal auditory brainstem structures. The
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generator of the most prominent wave III seems to be the cochlear nucleus, with the superior
olivary complex and the lateral lemniscus making up the small waves and the negativity
after wave III (Chen and Chen, 1991). The generators for the most prominent peaks of our
Channel 2 ABRs seem to be primarily made up of, after the auditory nerve, the lateral
lemniscus, lateroventral inferior colliculus and IC outputs (Funai and Funasaka, 1983, Kaga
et al., 1997). This is also similar to studies in humans recording ABRs from various auditory
using depth electrodes, and confirmed by studies in patients with lesions at various nuclei
(Stockard and Rossiter, 1977), that the primary generators of waves III and IV are below the
level of the mid-brain, and are potentially the cochlear nucleus and the superior olivary
complex (Buchwald and Huang, 1975), while wave V is primarily generated from the
inferior colliculus (Hashimoto et al., 1981). Hence it would be beneficial to see if these
electrode configurations can be reproduced in human recordings and if similar selectivity to
different auditory nuclei can be observed.

It should be noted that the generators for FFRs and EFRs are not similar to the generators of
the specific waves of the ABRs, with a large component of the EFRs coming from the IC as
well as the auditory forebrain (Kiren et al., 1994, Kuwada et al., 2002). The absence of any
effect of isoflurane on modulation frequencies higher than 362 Hz in Channel 1, with
responses in 90–362Hz being most affected suggests that the major generators for Channel 1
include the auditory nuclei including and below the IC since 362 Hz is close to the upper
limit of phase locking observed in the rodent IC (Rees and Moller, 1987, Zhang and Kelly,
2003) whereas cochlear nucleus and other auditory brainstem nuclei can phase-lock up to
much higher modulation frequencies (Joris et al. 2004). In Channel 2, the selective
degradation of lower modulation frequencies up to 90Hz with isoflurane suggests that the
main EFR generators include the IC as well as potentially more rostral auditory nuclei as the
upper limit of phase locking for neurons in the primary auditory cortex and MGB in un-
anesthetized rodents are typically around 100 Hz (Creutzfeldt et al., 1980). Hence the two
channels seem to emphasize the caudal or the rostral auditory nuclei with the separation
being near the cochlear nucleus/superior olivary complex, though the exact nature of this
can only be determined by future lesion or inactivation studies. Age related changes in our
study begin to emerge in Channel 1, for the faster modulation frequencies, and continue in
Channel 2, also for the faster modulation frequencies (above 90 Hz AM). This seems to
suggest that age related neural changes in temporal processing begin to emerge early on in
the auditory pathway, in the caudal brainstem structures like the cochlear nucleus, which has
also been shown in single unit studies (Schatteman et al., 2008). This selective degradation
of responses at faster modulation frequencies could be due to a reduction in inhibitory
neurotransmitters glycine and GABA with age, which has been observed in various
anatomical and single unit studies (reviewed in (Caspary et al., 2008). Whether changes in
any other neurotransmitters or metabolic factors like oxidative stress also play a role in this
degradation of responses at faster AM frequencies remains to be studied.

Potential analogous configurations for the two electrode configurations in humans based on
anatomical landmarks could be from Fz to mastoid for Channel 1 and from either Cz or
more caudal sources like Pz to mastoid for Channel 2. Studies in humans have shown a
larger wave V when recording from the vertex to the mastoid, as compared to recording
from the forehead to the mastoid (Beattie et al., 1986, Beattie and Taggart, 1989). However,
the precise configurations require careful study in multichannel human recording
configurations to determine whether similar sensitivities to complementary modulation
frequency ranges and changes with age can be observed, as the generators of the human FFR
are also known to be similar to the animal FFR, comprising the cochlear nucleus, inferior
colliculus as well as the auditory forebrain (Sohmer et al., 1977, Hoormann et al., 1992).
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Overall, in this study we have demonstrated simultaneous two channel recordings from
young and aged un-anesthetized animals to obtain ABRs and EFRs. We have shown that this
simple recording configuration provides responses complementary to each other and when
put together can be used to effectively and sensitively test across a range of modulation
frequencies more effectively than a single channel. Two-channel ABR and EFR recordings
can be useful to better understand temporal processing difficulties with aging, as it can be
seen that age related loss of AM depth processing does not occur at lower modulation
frequencies but only at higher modulation frequencies, which would be missed by only
recording from Channel 2. This dual channel configuration can be applied to a wide range of
animal models to pinpoint more accurately the auditory regions and frequency ranges
affected by a given manipulation.

Highlights

• ABRs & EFRs were obtained from two electrode configurations in young and
aged rats

• The two channels emphasize complementary AM frequencies

• Aging deficits due to sound level only in preferred AM ranges for either channel

• Aging deficits in AM depth processing evident for faster AM frequencies only

• Anesthesia effects suggest two channels may emphasize different auditory
nuclei
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Figure 1. ABR waveforms from Channel 1 and Channel 2 show distinct and complementary
waveform morphologies
ABRs elicited to click stimuli at 75dB SPL grand-averaged across 12 young animals in red
(A), and at 85dB SPL grand-averaged across 10 aged animals in blue (B) for Channel 1 (top)
and Channel 2 (bottom). Waves I, III, IV and IV are marked for appropriate channels in
black. Dotted gray lines compare waves between two channels at same latencies. Solid gray
lines indicate standard deviation from the mean for the grand average waveforms. ABR
waveforms of Channel 1 (C) and Channel 2 (D) from young (red) and aged (blue) animals
superimposed to illustrate changes in ABR morphology with age. ABR amplitude in µV is
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marked along the y-axis and total time from stimulus onset (including travel time to the ear)
is marked along the x-axis in ms.
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Figure 2. Temporal modulation transfer function (tMTF) for Channel 1 and Channel 2
emphasize complementary modulation frequency ranges for both young and aged
Responses from young animals are shown in red, and aged in blue. Channel 1 responses are
shown in dashed lines and Channel 2 responses in solid lines. Asterisks indicate significant
differences (p<0.05, rank-sum test for young vs. aged and p<0.01, signed rank test for
Channel 1 vs. Channel 2). Grey asterisks indicate Channel 1 greater than Channel 2. X-axis
indicates modulation frequency in Hz and Y-axis indicates FFT amplitude at modulation
frequency in mV.
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Figure 3. tMTF using noise carrier indicates characteristics for Channel 1 and Channel 2 are not
dependant on carrier type for young and aged animals
Responses from young animals are shown in red, and aged in blue. Channel 1 responses are
shown in dashed lines and Channel 2 responses in solid lines. Asterisks indicate significant
differences (p<0.05, rank-sum for young vs. aged and p<0.01, signed rank test for Channel 1
vs. Channel 2). Grey asterisks indicate Channel 1 greater than Channel 2. X-axis indicates
modulation frequency in Hz and Y-axis indicates FFT amplitude at modulation frequency in
mV.
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Figure 4. Age-related decreases in response amplitudes with decreasing sound level are evident
for 45 Hz AM only in Channel 2 and for faster modulation frequencies primarily in Channel 1
FFT amplitudes at modulation frequency with decrease in sound level for young (red) and
aged (blue) animals shown for Channel 1 (dashed lines) and Channel 2 (solid lines) for 45
Hz (A), 128 Hz (B) and 256 Hz (C) AM. Asterisks indicate significant differences (p<0.01,
signed rank test for Channel 1 vs. Channel 2, and p<0.05 rank-sum test for young vs. aged).
X-axis indicates sound level in dB and Y-axis indicates FFT amplitude at modulation
frequency in mV.
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Figure 5. Differential age-related sensitivity to modulation depth was only seen in Channel 1 for
128 Hz and 256 Hz
FFT amplitudes at modulation frequency with decrease in AM depth for young (red) and
aged (blue) animals shown for Channel 1 (dashed lines) and Channel 2 (solid lines) for 45
Hz (A), 128 Hz (B) and 256 Hz (C) AM. Asterisks indicate significant differences (p<0.05,
signed rank test for Channel 1 vs. Channel 2, rank-sum test for young vs. aged). X-axis
indicates modulation depth in dB and Y-axis indicates FFT amplitude at modulation
frequency in mV.
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Figure 6. Isoflurane affects amplitudes of later but not earlier ABR waves
Grand-averaged ABRs elicited to click stimuli at 75 dB SPL from the same nine young
animals under un-anesthetized conditions (red) as well as under isoflurane anesthesia (blue)
simultaneously from Channel 1 (left) and Channel 2 (right). Total time from stimulus onset
is marked along the X-axis in ms, and ABR amplitudes in µV are marked along the Y-axis.
Inset shows ratio of wave III/wave I amplitudes for Channel 1 (left) and wave IV/wave I and
wave V/wave I amplitudes for Channel 2 (right). Ratio is marked along the Y-axis and wave
type is marked along the X-axis. Asterisks indicate significant differences (p<0.05, signed
rank test).
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Figure 7. tMTF from young animals indicates that isoflurane decreases responses up to 90 Hz in
Channel 2 and from 90–362 Hz in Channel 1
Responses from un-anesthetized animals are shown in red, and isoflurane anesthetized
animals in blue for Channel 1 (top) and Channel 2 (bottom) from the same nine young
animals. Asterisks indicate significant differences (p<0.01, signed rank test). Grey asterisks
indicate anesthetized responses greater than un-anesthetized responses. X-axis indicates
modulation frequency in Hz and Y-axis indicates FFT amplitude at modulation frequency in
mV.
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Table 1

Differences in AM depth detection thresholds between channel 1 and channel 2 for young and aged animals at
various modulation frequencies.

Young (dB) Aged (dB)

45 Hz AM 10.6 ± 3.5 9.4 ± 3.0

128 Hz AM −6.0 ± 4.2 −0.75 ± 5.9

256 Hz AM −7.5 ± 8.9 −0.75 ± 3.9

Values indicate difference of channel 2 and channel 1 detection thresholds ± 1 standard deviation in dB. Positive values indicate that channel 2 has
a lower threshold than channel 1.
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