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T

he auditory cortex plays a key
role in auditory learning, speech
perception, auditory attention,
and cognitive analysis of sound.
Like other neocortices, it consists of a
layered network of excitatory cells and
inhibitory interneurons. The inhibitory
interneurons comprise only 15–20% of
neocortical neurons but are much more
diverse than the excitatory cells. Many
distinct types of inhibitory interneurons
have been identiﬁed based on differences
in morphology, physiology, connectivity,
and gene expression (1). These different
interneuron types may have specialized
functions within cortical circuits (2, 3).
Moreover, certain brain disorders seem
to be associated with dysfunction in particular interneuron classes. For example,
schizophrenia appears to be linked to
speciﬁc changes in cortical circuitry involving parvalbumin (PV)-positive interneurons (4); conversely, aging may have
a disproportionate impact on somatostatin
(SOM)-positive interneurons (5). How do
chronic reductions in particular inhibitory
interneuron populations affect cortical
processing? In PNAS, Seybold et al. (6)
address this question, exploring the effects
of chronic, late-onset reduction in the
number of dendrite-targeting interneurons
(DTIs) in the auditory cortex of mice with
a conditional KO of the gene Dlx1.
The Dlx family of homeobox transcription factors is involved in the development, migration, and survival of cortical
interneurons. Constitutive KO of the Dlx1
gene in mice has no observed effect on
interneuron density at postnatal day 20
(p20), after the critical period for development of tonotopy in mouse auditory
cortex (7, 8). However, by p30, ∼30% of
interneurons positive for somatostatin
(SOM), neuropeptide Y (NPY), and calretinin (CR)—interneurons that preferentially target their synapses to the
dendrites of cortical pyramidal cells—undergo apoptosis. Meanwhile, the density of
PV-positive interneurons, which primarily
target the soma and/or axon hillock, remains unchanged, and there is no observed alteration in the intrinsic properties
of interneurons surviving after p30 (8).
Therefore, in the Dlx1−/− mouse, populations of DTIs are chronically reduced
after p30, whereas populations of somatargeting interneurons (STIs) are spared.
In principle then, the Dlx1−/− mouse could
be used to address questions about how
chronic, relatively late-onset reduction in
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Fig. 1. Cartoon illustration of the hypothesis proposed by Seybold et al. (6). (A) (Upper) Auditory responses of pyramidal cells (Pyr) are shaped both by thalamic input (Thal) and by corticocortical input
from other pyramidal cells. STIs, such as PV-positive interneurons, form synapses on the pyramidal cell
body or axon hillock, and are therefore in a good position to control pyramidal cell output. In contrast,
DTIs, such as those positive for SOM, NPY, CR, and vasoactive intestinal peptide, presumably modulate
the impact of pyramidal cell inputs. (Lower) Response properties of auditory neurons are typically
characterized in terms of activity evoked by tones varying in frequency and intensity. Response measures
analyzed by Seybold et al. (6) include the following: intensity threshold (dashed line), CF (deﬁned as the
tone frequency evoking a response at threshold intensity), bandwidth of the frequency-intensity receptive ﬁeld at a ﬁxed intensity increment above threshold (double-headed white arrow on black triangle), and spontaneous (spont.) rate (light gray; average ﬁring rate below threshold or before stimulus
onset). (B) Acute pharmacological blockade of inhibition with GABA receptor blockers interferes with
synaptic transmission from both DTIs and STIs. Under these conditions, responses of presumed pyramidal
cells in auditory cortex have been observed to show increased spontaneous rates, lower thresholds, and
broader bandwidths (13, 14). (C) Chronic reduction in the number of DTIs (indicated by dotted outlines),
such as occurs in the Dlx1 cKO mouse, may trigger a compensatory reduction in corticocortical excitatory
drive (indicated by black downward arrows). Seybold et al. (6) compare response properties of presumed
pyramidal cells in cKO and control animals and show that spontaneous rates were increased in cKO
animals, just as would be expected after acute blockade of inhibition. However, in contrast to the effects
of acute blockade of inhibition, thresholds were higher rather than lower and bandwidths were narrower rather than broader. These alterations in the frequency-intensity receptive ﬁeld are consistent
with reduced corticocortical excitatory drive, because corticocortical excitatory input contributes primarily to the edges of the frequency-intensity receptive ﬁeld (15).

the number of DTIs alters auditory cortical function, and therefore, perhaps,
how reduction in the number of DTIs
during aging in humans might contribute
to increasing difﬁculty with speech-innoise processing.
However, just as investigations of agerelated changes in auditory cortical processing in humans are complicated by the
fact that peripheral auditory processing
also deteriorates with age, studies of the
Dlx1−/− mouse are complicated by the fact
that the mutation affects peripheral as well
as central auditory processing. The middle

ear bones fuse during development in
Dlx1−/− mice, causing an elevation in auditory brainstem response (ABR) thresholds of ∼30 dB (9, 10). Similar levels of
conductive hearing loss during development have previously been shown to alter
spontaneous ﬁring rates and the strengths
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of connections between excitatory and inhibitory neurons throughout the central
auditory system, including in the auditory
cortex (11, 12). Therefore, the only truly
appropriate control animals for studies of
auditory cortical changes in Dlx1−/− mice
would be heterozygous littermates in
which a comparable conductive hearing
loss had been experimentally induced with
exactly the same developmental time
course—a very tall order indeed.
To circumvent this problem, Seybold
et al. (6) use the toolkit of mouse genetics
to disentangle peripheral and central auditory dysfunction. They developed a conditional deletion of Dlx1, restricting the
mutation to forebrain GABAergic interneurons with a ﬂoxed conditional allele
of Dlx1 and Cre-recombinase under the
control of a Dlx1 enhancer element. This
enhancer element is expressed in the
forebrain but not in the developing middle
ear. Like adult Dlx1−/− mice, adult conditional knockout (cKO) mice had fewer
cortical inhibitory interneurons of the
types typically classiﬁed as dendritetargeting (SOM+, NPY+, and CR+ neurons, as well as neurons positive for vasoactive intestinal peptide), whereas the
density of PV-positive inhibitory interneurons was similar to that in control
animals (heterozygous littermates). However, unlike Dlx1−/− mice, cKO mice had
normal ABR thresholds compared with
controls (ref. 6, Supplementary Information). Therefore, the cKO animals allowed
the authors to separate potential effects
of the Dlx1 mutation on central auditory
function from the confounding effects of
peripheral hearing loss.
To examine central auditory processing,
Seybold et al. (6) recorded extracellularly
in vivo from (presumed pyramidal) neurons in the auditory cortex and compared
neuronal response properties between
cKO and control animals. In cKO mice,
spontaneous ﬁring rates were higher than
in control animals, and tone-evoked responses were less sparse; these alterations
in cortical response properties resemble
those observed following acute pharmacological blockade of inhibition (Fig. 1B).
However, there was no accompanying expansion of frequency-intensity receptive

ﬁelds, as is observed following acute
blockade of inhibition (13, 14). Instead,
frequency-intensity receptive ﬁelds were
smaller, with higher response thresholds
and narrower bandwidths, in cKO mice
than in control mice (Fig. 1C). Moreover,
frequency-intensity receptive ﬁelds in auditory thalamus were not signiﬁcantly different between cKO and control animals,
suggesting that the differences observed
in cortex were not inherited from the
thalamus.
Furthermore, Seybold et al. (6) ﬁnd that
the likely cause of the auditory cortical
abnormalities they observed in cKO animals was a reduction in the strength of
corticocortical excitatory drive. Auditory
cortical responses are shaped both by
thalamic inputs and by corticocortical inputs (Fig. 1A). Responses to high-intensity
tones near the characteristic frequency
(CF) are driven primarily by thalamic
inputs, but long-latency responses to
low-intensity, off-CF tones are thought to
be dominated by corticocortical inputs
(15). These long-latency neuronal responses, although evident in control animals, appeared to be absent in cKO mice.
Moreover, frequency-intensity receptive
ﬁelds calculated from the early vs. late
portions of tone-evoked responses were
negatively correlated in control animals but
positively correlated in cKO mice. Thus, the
usual auditory cortex response pattern observed in control animals—early, presumably thalamocortical drive to the center
of the receptive ﬁeld, followed by late, likely
corticocortical drive to the edges—was
altered in cKO animals, in a manner consistent with loss of corticocortical
excitatory drive.
The implication of these ﬁndings is
that chronic reduction of inhibition in auditory cortex has very different effects
from acute blockade of inhibition. Both
chronic reduction of inhibition and acute
blockade of inhibition increase spontaneous ﬁring rates and decrease response
sparsity, but the two manipulations appear
to have opposite effects on the size of
frequency-intensity receptive ﬁelds (Fig. 1).
These results make intuitive sense; presumably, homeostatic plasticity mechanisms kick in to limit overall activity levels

when hyperexcitability due to loss of inhibition is a chronic condition rather than
an acute event. However, further experiments are needed to determine whether
differences in the effects of chronic vs.
acute loss of inhibition truly arise from the
time course of the manipulation, or from
differences in the affected interneuron
populations [DTIs + STIs in previous
acute blockade studies vs. DTIs alone in
the study by Seybold et al. (6)]. Also, additional studies in awake animals are necessary to conﬁrm that apparent effects of
chronic reduction of inhibition on auditory
cortical receptive ﬁelds do not arise, in
part, from differences between cKO and
control animals in responsiveness to anesthesia. Nevertheless, Seybold et al. (6)
provide truly compelling evidence that
chronic reduction of cortical inhibition
leads to compensatory down-regulation of
corticocortical excitatory drive, and they
have created an excellent model system for
exploring the mechanisms underlying
this phenomenon.
Beyond its immediate relevance to
studies of the role of inhibition in auditory
cortical processing, the report by Seybold
et al. (6) represents a signiﬁcant step toward understanding how cortical function
might be altered by the chronic changes
in inhibitory interneuron populations observed in neuropsychiatric disorders, traumatic brain injury, tinnitus, and normal
aging. Some of these conditions, such as
schizophrenia, are thought to be associated
with speciﬁc deﬁcits in STI populations
(4); others, such as aging, may primarily
involve loss of DTIs (5). Compensatory
down-regulation of corticocortical drive
following chronic reductions in inhibitory
interneuron populations could undermine
cortical computation by limiting integration of information within the cortex. For
different interneuron populations, in different brain areas, and at different times
during development, the same fundamental process might give rise to disabilities
ranging from cognitive deﬁcits in neuropsychiatric disease to declining speech-innoise comprehension in aging. In short,
cortical compensation could have profound cognitive consequences.
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