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ARTICLE INFO ABSTRACT

Keywords: Despite its prominence in learning and memory, hippocampal influence in early auditory processing centers re-
fMRI mains unknown. Here, we examined how hippocampal activity modulates sound-evoked responses in the auditory
Auditory system midbrain and thalamus using optogenetics and functional MRI (fMRI) in rodents. Ventral hippocampus (vHP) ex-
Hlppf)campl_ls citatory neuron stimulation at 5 Hz evoked robust hippocampal activity that propagates to the primary auditory
Inferior colliculus . . . . . s o . .
Medial geniculate body cortex. We then tested 5 Hz vHP stimulation paired with either natural vocalizations or artificial/noise acoustic
Auditory cortex stimuli. vHP stimulation enhanced auditory responses to vocalizations (with a negative or positive valence) in
Optogenetics the inferior colliculus, medial geniculate body, and auditory cortex, but not to their temporally reversed counter-
Vocalizations parts (artificial sounds) or broadband noise. Meanwhile, pharmacological vHP inactivation diminished response
selectivity to vocalizations. These results directly reveal the large-scale hippocampal participation in natural
sound processing at early centers of the ascending auditory pathway. They expand our present understanding of

hippocampus in global auditory networks.

1. Introduction

In the central auditory system, auditory input from the ear trans-
mits to the cochlear nucleus, superior olivary complex, inferior collicu-
lus (IC), medial geniculate body (MGB) in thalamus, and auditory cortex
(AC) along the ascending auditory pathway (Sitko and Goodrich, 2021,
Schreiner and Winer, 2005, Malmierca, 2015). Information is hierarchi-
cally relayed along this ascending pathway, as distinct auditory features
like amplitude and frequency are gradually extracted and processed
throughout each auditory center (Malmierca, 2015, Chechik et al., 2006,
Leaver and Rauschecker, 2010, Eggermont, 2001, Suga and Ma, 2003).
Existing functional frameworks describing auditory processing in the as-
cending auditory pathway are often examined using basic stimuli such
as pure tones and broadband noise (Kim and Doupe, 2011, Ono et al.,
2017, Sturm et al., 2014). However, neural representation of sim-
plified acoustic stimuli may not reliably predict responses to natural
sounds (Kim and Doupe, 2011, Nagel and Doupe, 2008, Schneider and
Woolley, 2011, Woolley et al., 2006), such as vocalizations, which
are critical for facilitating communications and behavioral responses
(Portfors, 2007, Woolley and Portfors, 2013, Simmons, 2003). Natu-
ral sound processing requires decoding complex spectrotemporal dy-
namic properties (Theunissen and Elie, 2014, Overath et al., 2015) and
additional input from higher-order regions is needed to facilitate tac-

itly assumed auditory functions such as communication, learning, and
memory processes (Zhang et al., 2018, Aronov et al., 2017, Guo et al.,
2019, Xiao et al., 2018). Despite the current consensus on the pivotal
roles played by AC corticofugal projections in natural sound processing
(Suga and Ma, 2003, Winer, 2006, Xiong et al., 2015, Blackwell et al.,
2020), emerging structural evidence has revealed that auditory mid-
brain and thalamus project to non-auditory regions such as superior
colliculus (Lesicko et al., 2020) and striatum (Chen et al., 2019), re-
spectively, and receive afferents from sensory, prefrontal, and limbic
regions (Olthof et al., 2019, Marsh et al., 2002). These findings suggest
that information can transmit in and out of early auditory centers in
the ascending pathway to cortex and beyond, parallel with those at the
AC level in the processing hierarchy. We hypothesize that the auditory
network for natural sound processing is more brain-wide than presently
known.

Given its roles in memory, emotion, and learning functions (Bird and
Burgess, 2008, Buzsaki and Moser, 2013, Lisman et al., 2017), we con-
tend that the hippocampus is a strong candidate to participate in brain-
wide auditory processing of natural sounds. Notably, the hippocam-
pus has been indirectly linked with auditory processing, whereby func-
tional studies indicate interactions between the hippocampus and audi-
tory cortex during learning and memory processes (Aronov et al., 2017,
Terada et al., 2017). Electrophysiology studies demonstrate that the hip-
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pocampus actively engages the auditory cortex to transform auditory
inputs into long-term memories that are subsequently consolidated in
cortical networks (Bendor and Wilson, 2012, Rothschild et al., 2017).
Meanwhile, studies show that specific hippocampal neurons respond
to sounds associated with a trained sound behavioral task (Xiao et al.,
2018, Rothschild et al., 2017), implying that the hippocampus partici-
pates in the interpretation of complex auditory inputs. Anatomically, the
hippocampus can receive and relay auditory signals via reciprocal pro-
jections directly with AC (Cenquizca and Swanson, 2007, Ohara et al.,
2013) and indirectly through parahippocampal regions (van Strien
et al.,, 2009, Oh et al., 2014) and forebrain pathways (Zhang et al.,
2018, Munoz-Lopez et al., 2010), such as the entorhinal cortex, amyg-
dala and medial septum complex. Tracing studies also indicated indi-
rect projections, albeit scarcer, from the hippocampus to the IC and
MGB via parahippocampal regions and amygdala (Olthof et al., 2019,
Marsh et al., 2002, Cenquizca and Swanson, 2007). However, existing
studies have not directly examined the role of the hippocampus in pro-
cessing auditory inputs at these early auditory centers. Further, most
studies so far focus on the cortex. They provide little to no evidence of
the possible functional interactions between the hippocampus and au-
ditory regions at the midbrain and thalamic levels. At present, whether
and how the hippocampus functionally influences auditory responses,
especially in the early ascending auditory centers, remains unknown.

Here, we posit that the hippocampus participates in natural sound
processing at early sound processing centers within the ascending au-
ditory pathway, especially the IC and MGB. The ventral hippocampus
(vHP) plays a role in processing sensory inputs with an emotional con-
text (Fanselow and Dong, 2010, Strange et al., 2014), thus it may in-
fluence natural sound processing throughout the ascending pathway.
In this study, we examined whether optogenetically evoked vHP ac-
tivity modulates sound processing in the auditory midbrain, thalamus
and cortex. Using a combined optogenetic cell-specific stimulation of
Ca?*/calmodulin-dependent protein kinase Ila (CaMKIla)-expressing
vHP neurons in the dentate gyrus and whole-brain functional MRI
(fMRI) visualization, we assessed blood-oxygenation-level dependent
(BOLD) fMRI responses to two different categories of sound — natural
sound (i.e., vocalizations) and artificial/basic acoustic stimuli. Here, two
behaviorally relevant vocalizations (i.e., aversive and postejaculatory)
representing opposite ends of the emotional valence (i.e., negative and
positive), respectively, were chosen. We revealed that the vHP activ-
ity enhances auditory responses to both vocalizations, but not artificial
stimuli or noise, in the IC, MGB and AC.

2. Methods
2.1. Subjects

Adult male Sprague-Dawley rats were used in all experiments. Ani-
mals were individually housed under a 12-h light/dark cycle with access
to food and water ad libitum. All animal experiments were approved by
the Committee on the Use of Live Animals in Teaching and Research of
the University of Hong Kong. Group I (n = 10) underwent optogenetic
fMRI experiments, group II (n = 11) underwent combined optogenetics
and auditory fMRI experiments (n = 11, aversive vocalizations experi-
ments; n = 10, postejaculatory vocalizations experiments; n = 8, broad-
band noise experiments), and group III (n = 7) underwent combined
pharmacological and auditory fMRI experiments (only aversive vocal-
izations experiments). Two animals each from Group I and II, respec-
tively, were selected at the end of the experiments for histological and
immunohistochemistry brain slice preparation. Methodological details
of histology and immunohistochemistry procedures can be found in our
previous optogenetic fMRI studies (Leong et al., 2016, Chan et al., 2017,
Leong et al., 2018, Wang et al., 2019, Leong et al., 2019, Leong et al.,
2021).
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2.2. Stereotactic Surgery for Viral Injection

Stereotactic surgery was performed when rats were 6 weeks old
with bodyweight around 250 g (Leong et al., 2016, Chan et al., 2017,
Leong et al., 2018, Wang et al., 2019, Leong et al., 2019, Leong et al.,
2021). Injection was performed at two depths (-6.00 mm posterior to
Bregma, +5.00 mm ML, -4.75 and -4.50 mm from brain surface) in the
right/ipsilateral hemisphere in the dentate gyrus of vHP (Fig. 1A). 1.5 uL
of viral constructs (i.e., AAV5-CaMKIla-ChR2(H134R)-mCherry) were
delivered through a 5 uL syringe and 33-gauge beveled needle injected
at 150 nL/min at each depth. Following viral injection, the needle was
held in the place for 10 minutes before slow retraction. Animals rested
for six weeks before fMRI experiments were performed.

2.3. Optical Fiber Implantation and Animal Preparation for MRI
Experiments

Stereotactic surgery was performed to implant custom made plas-
tic optical fiber cannula (POF, core diameter 450 ym; Mitsubishi Super
ESKA™ CK-20) at the viral injection site 1 — 2 hours before fMRI ex-
periments (Leong et al., 2016, Chan et al., 2017, Leong et al., 2018,
Wang et al., 2019, Leong et al., 2019, Leong et al., 2021). Before im-
plantation, the fiber tip was beveled to facilitate insertion and min-
imize injury to brain tissue. Then, it was inserted with the fiber tip
at a depth of 4.7 mm. The optical fiber was fixed on the skull with
UV glue and dental cement. The fiber outside the brain was made
opaque using heat-shrinkable sleeves to avoid undesired visual stim-
ulation (Leong et al., 2016, Chan et al., 2017, Leong et al., 2018,
Wang et al., 2019, Leong et al., 2019, Leong et al., 2021). All MRI ex-
periments were carried out on a 7T MRI scanner (PharmaScan 70/16,
Bruker Biospin) using a transmit-only birdcage coil in combination with
an actively decoupled receive-only surface coil. The animals were me-
chanically ventilated at a rate of 60 breaths per minute with 1% isoflu-
rane in room-temperature air using a ventilator (TOPO, Kent Scientific)
with continuous physiological monitoring. Vital signs were within nor-
mal physiological ranges (rectal temperature: 36.5 — 37.5°C, heart rate:
350 — 420 beat/min, respiration rate: 60 breath/min, oxygen saturation:
> 95%) throughout the experiments.

2.4. MRI-Synchronized Optogenetic and Auditory Stimulation

An Arduino programming board synchronized the scanner trigger
and the lasers for optogenetic and visual stimulation. Computers and
light delivery systems were kept outside the magnet, and long optical
patch cables (5-10 m) delivered light into the bore of the scanner. For
optogenetic stimulation, blue light was delivered using a 473-nm DPSS
laser. Light intensity was measured (PM100D, Thorlabs, USA) before
each experiment as 8 mW at the fiber tip (450 ym, NA = 0.5), corre-
sponding to a light intensity of 40 mW/mm?. For auditory stimulation,
acoustic stimuli were controlled by a computer and produced by a high
frequency multi-field magnetic speaker (MF1, TDT) driven by an ampli-
fier (SA1, TDT). Monaural stimulation was delivered through a custom-
made 165 cm long rigid tube and a 6.5 cm soft tube into the animals’
left/contralateral ear canal. The right/ipsilateral ear was occluded with
cotton and Vaseline, to reduce the scanner noise reaching the ears. The
sound pressure level (SPL) was measured by a recorder (FR2, Fostex,
Japan) placed at ~ 2 mm from the tip of the soft tube. The variance of
the light power was maintained less than 2.5 mW/mm? and the SPL less
than 2 dB. This setup has been used in our previous studies (Leong et al.,
2018, Leong et al., 2019, Gao et al., 2015).

To determine the frequency-dependent spatiotemporal characteris-
tics of evoked VHP responses (optogenetic fMRI experiments), five fre-
quencies were used (1 Hz, 5 Hz, 10 Hz, 20 Hz, and 40 Hz) with a light
intensity of 40 mW,/mm?2. 30 % duty cycle was used for all stimulation
frequencies, except 1 Hz, which was at 10 % duty cycle. The duty cy-
cle for 1 Hz optogenetic stimulation was reduced to avoid a very long
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stimulation pulse width which may not be physiological. vHP excitatory
neurons were stimulated with a block design paradigm that consisted of
60 seconds light-off followed by 20 seconds light-on and 140 seconds
light-off periods (Supplementary Fig. 2A). Three to four fMRI sessions
were recorded for each frequency in an interleaved manner in each an-
imal.

In combined optogenetic and auditory fMRI experiments, the effects
of optogenetic stimulation in the vHP on brain baseline BOLD signals
were first examined by presenting 5 Hz stimulation (60 seconds light-
off followed by 20 seconds light-on and 140 seconds light-off periods),
without presenting acoustic stimulation. This paradigm was repeated
twice in each animal. Subsequently, the effects of optogenetic stimu-
lation on auditory midbrain, thalamus, and cortex processing of sound
stimulation were investigated. Here, the optogenetic stimulation (light
wavelength: 473 nm, intensity: 40 mW/mm?, pulse rate: 5 Hz, duty cy-
cle: 30%) was continuously presented to the right vHP throughout the
auditory fMRI sessions and alternated between sessions (Supplemen-
tary Fig. 3A). The choice of using a continuous optogenetic stimula-
tion was made so that the modulatory effects upon vHP stimulation on
BOLD fMRI responses to sound in the auditory centers can be character-
ized without mapping activations that directly resulted from optogenetic
stimulation. This stimulation design choice was also made in our previ-
ous optogenetic fMRI study stimulating the hippocampus (Chan et al.,
2017).

In the vocalization experiment, two types of vocalizations (I.
‘Aversive’ Vocalizations: bandwidth: 22-25 kHz, peak frequency:
22 kHz; sound pressure level (SPL): 83 dB, obtained online from
http://www.avisoft.com/rats.htm (Gao et al., 2015); II. ‘Postejacula-
tory’ Vocalizations: bandwidth: 22 kHz, peak frequency: 22 kHz; SPL:
83 dB) from (Bialy et al., 2016) and their temporal reversions were
presented. Aversive vocalizations are emitted by rats during distressing
events (Gao et al., 2015) indicating negative emotional state, whereas
postejaculatory vocalizations are emitted following copulation or in the
presence of mating cues (Bialy et al., 2016) indicating positive emo-
tional state. Standard block-design paradigm was used for the auditory
stimulation (40 s sound-off followed by 4 blocks of 20 s sound-on and 40
s sound-off, fMRI no. of time points = 280) (Supplementary Fig. 3A).
During every 20 s sound-on period, the aversive vocalization (length 1.2
s, plus silence 0.8 s afterward corresponding to 60 % duty cycle) (Sup-
plementary Fig. 3B) was repeated ten times, whereas the postejacula-
tory vocalization (length 3.6 s, plus silence 0.4 s afterward correspond-
ing to 90 % duty cycle) (Supplementary Fig. 3B) were repeated five
times. For each animal, this paradigm was repeated six times for each
type of vocalization sounds. For three of them, the forward vocalization

Stimulation Paradigm

3

Time (s)

Merged
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Fig. 1. Experimental setup for optogenetic stimulation
and histological characterization of ChR2::CaMKII viral
expression in ventral hippocampus (VHP) excitatory neu-
rons. (A) Schematic (Left) and T2-weighted anatomical im-
age (Middle) shows the viral injection and fiber implantation
sites, respectively. Histology image shows viral expression in
vHP (Red box). The yellow box indicates the location of magni-
fied confocal images shown in B. Optogenetic fMRI stimulation
paradigm (Right). 5 Hz stimulation was presented at 30 % duty
cycle in a block-design paradigm (20 seconds ON; 140 seconds
OFF). (B) Merged representative confocal images co-stained
for the nuclear marker DAPI, ChR2-mCherry, and excitatory
marker CaMKIla confirmed colocalization of ChR2-mCherry
and CaMKIIa* neurons of vHP (white arrows).

220 240 380

was presented first; and for the other three, the reversed one was pre-
sented first (Supplementary Fig. 3A). Note that the forward and tempo-
rally reversed vocalizations contained identical acoustic features except
reversed temporal information (Supplementary Fig. 3B, C). Note that
temporally reversed vocalizations were employed here as the control for
forward (i.e., true and behaviorally relevant) vocalizations. Such tempo-
rally reversed vocalizations exhibited the identical sound pressure level
(SPL that is important to BOLD response level), but triggered minimal
behavioral responses (Gao et al., 2015).

In the control experiment, broadband noise (bandwidth: 1 — 40 kHz;
SPL: 83 dB) was presented to the left/contralateral ear canal of the an-
imals in a standard block-design paradigm (40 seconds sound-off fol-
lowed by four blocks of 20 seconds sound-on and 40 seconds sound-off,
fMRI no. of time points = 280) (Supplementary Fig. 4A). During each
20 seconds sound-on period, the broadband noise was presented with
amplitude modulation at 4 Hz and 80 % duty cycle (Supplementary
Fig. 4B).

2.5. Tetrodotoxin (TTX) Infusion and Auditory fMRI Experiment

Before animals were placed in the magnet, surgery was performed
to implant an MRI-compatible cannula, 250-ym internal diameter in
vHP (Supplementary Fig. 5A). A total of sixteen auditory fMRI ses-
sions were performed in each animal (Supplementary Fig. 5B). After
eight sessions, 5 puL. TTX (concentration: 5-10 ng/uL) (Chan et al., 2017,
Telensky et al., 2011) was infused into vHP. The next immediate session
was then acquired one minute after the TTX infusion. During auditory
fMRI sessions, auditory stimuli were presented to the left/contralateral
ear canal of the animals. Aversive vocalization and its temporal rever-
sion (i.e., identical to the one used for combined optogenetic and au-
ditory fMRI experiment in Supplementary Fig. 3B) were presented in
standard block design paradigm (40 s sound-off followed by 4 blocks
of 20 s sound-on and 40 s sound-off, fMRI no. of time points = 280).
Auditory fMRI sessions were interleaved (i.e., either starting with for-
ward aversive vocalization or temporally reversed aversive vocalization)
(Supplementary Fig. 5B).

2.6. MRI Acquisitions

Twelve coronal slices with 1.0 mm thickness were positioned to
cover the ascending auditory pathway with the 24 and 3" slice cov-
ered the whole IC. T2-weighted images were acquired as anatomical
reference using a Rapid Acquisition with Refocused Echoes (RARE) se-
quence (FOV = 32x32 mm?, data matrix = 256x256, RARE factor = 8,
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echo time (TE) = 36, repetition time (TR) = 4200 ms). All fMRI mea-
surements were obtained using a multi-slice single-shot Gradient-Echo
Echo-Planar-Imaging (GE-EPI) sequence (FOV = 32x32 mm?, data ma-
trix = 64x64, flip angle = 56°, TE/TR = 20/1000 ms, temporal resolu-
tion = 1000ms).

2.7. fMRI Data Analysis

For each animal, the fMRI images were realigned to the mean im-
age of the first fMRI session (SPM12, Wellcome Department of Imaging
Neuroscience, University College London, UK). FMRI sessions suffering
from motion artifacts (>0.125 mm voxel shifts detected by realignment)
and sudden physiological changes (i.e., abrupt changes in respiration
pattern, heart rate and oxygen saturation level) were discarded. Images
from each animal were co-registered to a custom-made brain template
using affine transformation and Gaussian smoothing, with the criteria of
maximizing normalized mutual information (SPM12). For optogenetic
fMRI and auditory fMRI, data from repeated sessions were averaged, in-
plane smoothed (FWHM = 1 pixel), and high-pass filtered (128 s), and
then standard general linear model (GLM) was applied, to calculate the
BOLD response coefficient (f) maps for each auditory stimulus (SPM12).
Hence, activation at the optogenetically stimulated region, vHP, was not
observed in the optogenetic fMRI and auditory fMRI experiments due
to the continuous 5 Hz stimulation paradigm. Typically, in each animal,
three fMRI sessions were averaged for each stimulation frequency in the
vHP optogenetic stimulation only experiments, whereas four sessions
were averaged for combined auditory and vHP optogenetic stimulation.
Finally, activated voxels were identified with Student’s t-test on the g
values (p < 0.01).

The regions-of-interests (ROIs) were defined by identifying clusters
of activated voxels (p < 0.05) that were restricted within the anatomical
location of each region. Anatomical locations of each identified region
were determined using the Paxinos & Watson rat brain atlas. In individ-
ual animals, the BOLD signal profiles for each ROI were first extracted
and averaged across voxels, before they were separated into six blocks
(each covering a period from 10 s before to 30 s after a sound-on pe-
riod) and two blocks (each covering a period from 10 s before to 50
s after an optogenetic-ON period for optogenetic stimulation only ex-
periments), respectively. They were then averaged across stimulation
blocks and normalized by the mean signal intensity of the first 10 s to
calculate the percentage of BOLD signal change. Final averaging was
then performed across animals to generate BOLD signal profiles. Given
the relatively large size of the inferior colliculus (IC) compared to the
medial geniculate nucleus (MGB), or auditory cortex (AC), three addi-
tional ROIs covering different IC subdivisions were defined as in our
previous auditory fMRI study (Gao et al., 2015, Gao et al., 2015). Note
that the size of ROI for each IC subdivision was different, and this could
influence the absolute SNR of the averaged BOLD responses.

In individual animals, f# values were also extracted from each ROI
and averaged across voxels. The final § value used for comparison be-
tween the BOLD responses to the sound stimulus with and without opto-
genetic stimulation of the vHP was computed by averaging. Further, the
p value difference between forward and reversed vocalizations (Brorward
- Preversed)> @S @ metric of response selectivity, was compared between
with and without optogenetic stimulation.

3. Results

3.1. Brain-wide propagation of neural activity initiated at ventral
hippocampus

We characterized the downstream targets of vVHP using optogenet-
ics to selectively stimulate CaMKIlIa-expressing vHP excitatory neurons,
primarily in the dentate gyrus of vHP in the right/ipsilateral brain hemi-
sphere. Anatomical MRI scans confirmed the location of the virus injec-
tion and optical fiber implantation in vHP of all animals (Fig. 1A). Im-
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munohistochemistry confirmed that CaMKIla* excitatory neurons of the
vHP (Fig. 1B), but not GABAergic inhibitory neurons, expressed ChR2-
mCherry (Supplementary Fig. 1A).

To examine frequency-dependent spatiotemporal characteristics of
brain-wide, long-range evoked BOLD responses driven by vHP, we per-
formed whole-brain optogenetic fMRI in lightly anesthetized rats (i.e.,
1.0% isoflurane). Blue light pulses at five frequencies (1 Hz with 10 %
duty cycle, 5 Hz, 10 Hz, 20 Hz, and 40 Hz with 30 % duty cycle; light in-
tensity, 40 mW/mm?) were delivered to vHP neurons in a block design
paradigm (Supplementary Fig. 2A). We chose a reduced duty cycle for
1 Hz stimulation to avoid excessively long stimulation pulse width that
may not be physiological. 5 Hz optogenetic stimulation of vHP evoked
robust brain-wide positive BOLD activations in regions related to learn-
ing, memory, sensory processing and emotion, including bilateral vHP,
dorsal hippocampus (dHP), entorhinal cortex (Ent), primary auditory
cortex (AC), perirhinal cortex (Prh), amygdala (AMG), medial septum
(MS), lateral septum (LS), diagonal band of Broca (DBB), and cingulate
cortex (Cg) (Fig. 2). Note that we did not detect any positive BOLD ac-
tivations in IC and MGB in midbrain and thalamus, respectively. Such
brain-wide activations evoked by 5 Hz stimulation indicated a high pos-
sibility of sound processing modulation. Importantly, we found robust
BOLD activations in the AC only during 5 Hz stimulation at vHP, but
not at the other four frequencies (1 Hz, 10 Hz, 20 Hz, 40 Hz) (Supple-
mentary Fig. 2C). These frequencies evoked weaker BOLD responses
in Prh, MS, and LS, and Cg, while retaining strong BOLD responses in
vHP and dHP. Altogether, these results demonstrate the most extensive
brain-wide vHP downstream targets found at 5 Hz stimulation, espe-
cially the robust BOLD activations in AC. These findings indicate that
5 Hz vHP stimulation generates strong and robust hippocampal activ-
ity outputs to AC and other regions, likely modulating sound processing
brain-wide.

3.2. Hippocampal outputs enhance neural responses and their selectivity to
vocalizations with negative valence in auditory midbrain, thalamus and
cortex

To explore the large-scale hippocampal modulatory effects on early
auditory processing of natural sound (i.e., vocalizations), we performed
auditory fMRI with and without continuous 5 Hz optogenetic stim-
ulation at vHP. Forward aversive vocalizations (i.e., natural and be-
haviorally relevant) and the same but temporally reversed vocaliza-
tions (i.e., artificial and behaviorally irrelevant) were presented to the
left/contralateral ear in a block-design paradigm (Supplementary Fig.
3A). As expected, auditory evoked BOLD responses occurred along the
ascending auditory pathway in the right/ipsilateral brain hemisphere,
including ipsilateral IC, MGB, and bilateral AC (Fig. 3). Without optoge-
netic stimulation, the BOLD responses (as described by g values) in IC,
MGB and AC were stronger using forward than reversed vocalizations
(with g percentage difference between forward and reversed vocaliza-
tion responses in IC: 8.6 + 2.7 %, p < 0.01; MGB: 34.7 + 10.53 %,
p < 0.05; AC: 22.0 + 7.7 %, p < 0.05, paired Student’s t-test followed
by Holm-Bonferroni correction). This finding demonstrates the response
selectivity to forward vocalizations, which is consistent with our prior
findings in rodent auditory system (Gao et al., 2015). Here, the response
selectivity was most prominent in the external cortex (ECIC) and dorsal
cortex (DCIC) of IC (with f percentage difference in ECIC: 8.8 + 2.6 %,
p < 0.01; DCIC: 7.8 + 1.6 %, p < 0.01, paired Student’s t-test followed
by Holm-Bonferroni correction).

Optogenetic 5 Hz vHP stimulation significantly enhanced response
selectivity to forward vocalizations throughout the ascending auditory
pathway (with the p percentage difference between forward and re-
versed vocalization responses in IC: 16.3 + 3.5 %, p < 0.01; MGB: 166.2
+ 57.6 %, p < 0.01; AC: 46.5 + 11.9 %, p < 0.001, paired Student’s
t-test followed by Holm-Bonferroni correction). Specifically, only the
BOLD responses in IC, MGB and AC evoked by the forward vocaliza-
tions were significantly increased by optogenetic stimulation (with g
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Fig. 2. Brain-wide activations detected in the hippocampal formation, and cortical and subcortical regions during 5 Hz optogenetic stimulation of exci-
tatory neurons in VHP. (A) Regions of interest (ROIs) defined by the rat brain atlas used to extract the BOLD signal profiles. (B) Averaged activation () maps of
optogenetic stimulation in vHP. Robust positive BOLD responses detected in bilateral vHP, dHP, Ent, AC, Prh, AMG, MS, LS, DBB, and Cg during 5 Hz optogenetic
stimulation (n = 10; t > 3.1; corresponding to p < 0.001). (C) BOLD signal profiles extracted from the ROIs. Error bars indicate + SEM. The area shaded in grey
indicates the 20 s 5 Hz optogenetic stimulation window. Abbreviations: Ventral Hippocampus (vVHP); Dorsal Hippocampus (dHP); Entorhinal Cortex (Ent); Auditory
Cortex (AC); Perirhinal Cortex (Prh); Amygdala (AMG); Medial Septum (MS); Lateral Septum (LS); Diagonal Band of Broca (DBB); Cingulate Cortex (Cg).

percentage increase in forward vocalization response in IC: 18.2 + 7.3
%, p < 0.05; MGB: 76.5 + 22.6 %, p < 0.01; AC: 28.7 + 14.1 %, p <
0.05, paired Student’s t-test followed by Holm-Bonferroni correction).
This finding demonstrates that the hippocampal outputs modulate the
responses to forward vocalizations that convey contextual information.
Note that such increased responses in IC occurred in ECIC and DCIC, as
well as CNIC (with g increase in ECIC: 20.5 + 9.5%, p < 0.05; DCIC:
20.8 + 4.2 %, p < 0.001, CNIC: 26.3 + 6.1 %, p < 0.01, paired Stu-
dent’s t-test followed by Holm-Bonferroni correction). Note that we did
not observe robust responses to the aversive vocalization sound in the
hippocampus likely due to the limited sensitivity of BOLD fMRI in de-
tecting weak hippocampal neural activity in response to sound from a
localized small neural population (Xiao et al., 2018, Rothschild et al.,
2017, Mays and Best, 1975). Altogether our fMRI results indicate that
hippocampal outputs (initiated by the 5 Hz vHP stimulation) can en-
hance IC, MGB and AC auditory responses and their selectivity to behav-
iorally relevant sounds at early processing centers within the ascending
auditory pathway.

3.3. Hippocampal outputs enhance neural responses and their selectivity to
vocalizations with positive valence

We then utilized the same approach to examine whether such hip-
pocampal modulation on vocalizations was biased for only the aversive

content. So, we performed auditory fMRI with postejaculatory vocal-
izations with and without presenting the 5 Hz optogenetic stimulation
at vHP. Similarly, auditory evoked BOLD responses predominantly oc-
curred along the ipsilateral ascending auditory pathway, including IC,
MGB, and AC (Fig. 4). Without optogenetic stimulation, the BOLD re-
sponses evoked by postejaculatory vocalizations also showed response
selectivity to the forward one (with f percentage difference between for-
ward and reversed vocalization responses in IC: 7.8 + 1.7 %, p < 0.001;
MGB: 43.0 + 16.2 %, p < 0.05; AC: 40.5 + 14.4 %, p < 0.05, paired Stu-
dent’s t-test followed by Holm-Bonferroni correction). Consistent with
the results of aversive vocalization experiment, the response selectivity
to forward postejaculatory vocalizations in IC was mainly observed in
ECIC and DCIC (with g percentage difference in ECIC: 5.4 + 1.8 %, p <
0.01; DCIC: 6.5 + 2.5 %, p < 0.05, paired Student’s t-test followed by
Holm-Bonferroni correction), but not CNIC (no significant difference).
During optogenetic stimulation, similar to the aversive vocalization
experiment, the response selectivity to the forward postejaculatory vo-
calizations was significantly enhanced throughout the ascending audi-
tory pathway (with the g percentage difference between forward and
reversed vocalization responses in IC: 19.2 + 3.5 %, p < 0.001; MGB:
118.1 + 43.0 %, p < 0.01; AC: 84.7 + 23.2 %, p < 0.001, paired Stu-
dent’s t-test followed by Holm-Bonferroni correction). Specifically, such
enhancement primarily arose from increased responses to forward vo-
calizations (with f percentage increase in forward vocalization response
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A Averaged Activation Maps of Aversive Vocalizations (n = 11)
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in IC: 15.2 + 4.8 %, p < 0.01, MGB: 123.1 + 36.6%, p < 0.01; AC: 74.7
+ 34.2 %, p < 0.05, paired Student’s t-test followed by Holm-Bonferroni
correction). In IC, such increased responses were found in ECIC, DCIC
as well as CNIC (with g increase in ECIC: 16.0 + 6.3 %, p < 0.05; DCIC:
9.8 + 3.0 %, p < 0.01; CNIC: 17.3 + 4.3 %, p < 0.01, paired Student’s
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Fig. 3. VHP optogenetic stimulation en-
hances neural responses and their selectiv-
ity to aversive vocalizations in the auditory
midbrain (inferior colliculus or IC), thala-
mus (medial geniculate body or MGB), and
cortex (auditory cortex or AC). (A) Illustra-
tion of the atlas-based region of interest (ROI)
definitions (Top). Averaged BOLD activation
() maps with and without 5-Hz optogenetic
(OG) stimulation generated by fitting a canon-
ical hemodynamic response function (HRF) to
individual voxels in the fMRI image (n = 11;
t > 2.6; corresponding to p < 0.01) (Bottom).
Note that two color bar ranges with differ-
ing upper bound g values were used to visu-
alize responses in the IC (Bregma -9.0 and -
8.0 mm) and MGB/AC (Bregma -6.0 and -5.0
mm), respectively, due to the two-fold differ-
ence in peak BOLD amplitudes as shown in
B. (B) BOLD signal profiles extracted from the
corresponding ROIs (IC, MGB, AC, ECIC, DCIC,
and CNIC). Error bars indicate + SEM. The area
shaded in grey indicates the 20 s acoustic stim-
ulation. (C) BOLD signal (averaged f) compar-
ison showing the modulatory effects of optoge-
netic stimulation on responses to forward aver-
sive vocalizations in IC, MGB, AC, ECIC, DCIC,
and CNIC, but not temporally reversed counter-
parts (that are artificial and evoke no behav-
ioral response). Statistical comparisons were
performed using paired two-sample t-test fol-
lowed by Holm-Bonferroni correction with * for
p < 0.05, ** for p < 0.01, *** for p < 0.001, and
n.s. for not significant.
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t-test followed by Holm-Bonferroni correction). Taken together, these
results demonstrate that the hippocampus plays a key role in modu-
lating natural vocalization processing. Such hippocampal modulatory
effects are not biased towards the aversive content embedded in the
vocalizations.
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A Averaged Activation Maps of Postejaculatory Vocalizations (n = 10)
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3.4. Hippocampal outputs do not overtly alter neural responses to

broadband acoustic noise

To further investigate whether the modulatory effects of hip-
pocampal outputs are only specific to auditory processing of behav-
iorally relevant sounds, we replaced the vocalizations with a ba-

sic acoustic stimulus, 1 — 40
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Fig. 4. vHP optogenetic stimulation en-
hances neural responses and their selectiv-
ity to postejaculatory vocalizations in the
auditory midbrain (IC), thalamus (MGB),
and cortex (AC). (A) Illustration of the atlas-
based region of interest (ROI) definitions (Top).
Averaged BOLD activation () maps with and
without 5-Hz optogenetic stimulation (Bottom)
generated by fitting a canonical HRF to individ-
ual voxels in the fMRI image (n = 10; t > 2.6;
corresponding to p < 0.01). (B) BOLD signal
profiles extracted from the corresponding ROIs
(IC, MGB, AC, ECIC, DCIC, and CNIC). Error
bars indicate + SEM. The area shaded in grey
indicates 20 s acoustic stimulation. (C) BOLD
signal (averaged f) comparison showing the
modulatory effects of optogenetic stimulation
on responses to forward postejaculatory vocal-
izations in IC, MGB, AC, ECIC, DCIC, and CNIC,
but not the temporally reversed counterparts.
Statistical comparisons were performed using
paired two-sample t-test followed by Holm-
Bonferroni correction with * for p < 0.05, **
for p < 0.01, *** for p < 0.001, and n.s. for not
significant.

tary Fig. 4). As expected, the broadband noise evoked BOLD re-

sponses primarily along the ipsilateral ascending auditory pathway,
including IC, MGB, and AC. Importantly, the noise evoked BOLD re-

kHz broadband noise (Supplemen- stimuli.

sponses in IC, MGB, and AC remained unchanged during the vHP
stimulation (Fig. 5). This finding reveals that the hippocampal out-
puts do not overtly influence behaviorally irrelevant or basic acoustic
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Averaged Activation Maps of Broadband Noise (n = 8)
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Fig. 5. vHP optogenetic stimulation shows no modulatory effects on the responses to broadband acoustic noise in the auditory midbrain (IC), thalamus
(MGB), and cortex (AC). (A) Illustration of the atlas-based region of interest (ROI) definitions (Top). Averaged BOLD activation (f) maps with, without 5-Hz
optogenetic stimulation (Bottom) generated by fitting a canonical HRF to individual voxels in the fMRI image (n = 8; t > 2.6; corresponding to p < 0.01). (B) BOLD
signal profiles (Left) extracted from the corresponding ROIs (IC, MGB, AC, ECIC, DCIC, and CNIC). Error bars indicate + SEM. The area shaded in grey indicates the
20 s acoustic stimulation. BOLD signal (averaged f) comparison (Right) showing no effects of optogenetic stimulation on broadband noise responses in IC, MGB, and
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3.5. Pharmacological hippocampal inactivation alters auditory responses
and their selectivity for vocalizations

In addition, we examined the effects of pharmacologically inactivat-
ing neurons in the dentate gyrus of vHP on vocalization sound process-
ing using TTX. Auditory fMRI was performed before (PRE) and after
(POST) infusion of TTX at vHP (Supplementary Fig. 5). As expected,
before the TTX infusion, the BOLD responses evoked by aversive vocal-
izations showed response selectivity to the forward one (Fig. 6) (with
B percentage difference between forward and reversed vocalization re-
sponses in IC: 15.6 + 1.9 %, p < 0.01; MGB: 77.6 + 23.5 %, p < 0.05;
AC: 132.2 + 60.5 %, p < 0.05, paired Student’s t-test followed by Holm-
Bonferroni correction). Similarly, the response selectivity to forward
aversive vocalizations in IC was mainly observed in ECIC and DCIC (with
p percentage difference in ECIC: 11.2 + 4.1 %, p < 0.05; DCIC: 31.4 +
8.8 %, p < 0.05, paired Student’s t-test followed by Holm-Bonferroni
correction), but not in CNIC.

Notably, pharmacological vHP inactivation via TTX infusion abol-
ished the response selectivity to forward aversive vocalizations through-
out the ascending auditory pathway, including IC, MGB, and AC. In gen-
eral, the BOLD responses to forward and reversed vocalizations were
also reduced. Yet the BOLD responses to forward vocalizations were di-
minished by a much greater extent (with f percentage decrease in for-
ward vocalization response in IC: -20.6 + 3.9 %, p < 0.01; MGB: -54.4
+ 21.5 %, p < 0.05; AC: -44.9 = 17.0 %, p < 0.05, paired Student’s
t-test followed by Holm-Bonferroni correction). In IC, such decreased
responses were mainly found in ECIC and DCIC (with # percentage de-
crease in ECIC: -12.9 + 3.9 %, p < 0.05; DCIC: -18.3 + 3.6 %, p < 0.01,
paired Student’s t-test followed by Holm-Bonferroni correction), but not
in CNIC. These findings present additional evidence that vHP modulates
and shapes IC, MGB and AC response selectivity to behaviorally relevant
sounds at early sound processing centers within the ascending auditory
pathway.

4. Discussion

In the classical view, the auditory cortex processes complex auditory
features and provides corticofugal feedback to modulate the responses
in IC and MGB (Chechik et al., 2006, Zhang et al., 2018, Aronov et al.,
2017, Guo et al., 2019, Xiao et al., 2018). In particular, the existing hi-
erarchical notion of cortical processing (Rauschecker and Scott, 2009,
Rauschecker and Tian, 2000, Guo et al., 2017) postulates that the AC de-
codes the spectrotemporal dynamic features of auditory inputs, which
facilitate responses to complex natural acoustic stimuli like vocaliza-
tions (Leaver and Rauschecker, 2010). However, studies suggest that
complex sound processing may also occur at early auditory centers
(Mihai et al., 2019, Diaz et al., 2012). Converging evidence indicates
that extraction and processing of spectral and temporal features begin
at the midbrain level for discriminating natural sounds (Felix et al.,
2018, Winer and Schreiner, 2005), such as vocalizations (Gao et al.,
2015, Pollak, 2013, Woolley and Portfors, 2013). Moreover, an elec-
trophysiological study showed that IC and MGB represent more com-
prehensive stimulus identities of natural stimuli relative to the cortex
(Chechik et al., 2006), highlighting the importance of early auditory
structures in processing natural sounds. In addition, recent discoveries
of non-canonical regions in processing complex auditory stimuli, such as
Ent and MS (Zhang et al., 2018, Aronov et al., 2017), and inevitably the
hippocampus due to the dense reciprocal axonal projections (Oh et al.,
2014, Muller and Remy, 2018), challenge current dogma on the hierar-
chical notion of cortical processing.

Here, we experimentally revealed that the hippocampus, a limbic
region vital for learning and memory functions, modulates auditory
responses to natural sound processing along the early ascending au-
ditory pathway by monitoring auditory responses during optogenetic
vHP stimulation or pharmacological inactivation using large-view fMRI.
We discovered a robust hippocampal influence on BOLD responses to
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vocalizations, but not artificial/basic acoustic stimuli, in the auditory
midbrain, thalamus, and cortex. However, due to the limited sensitivity
of fMRI, we do not discount the weak neural activity changes in small
neural populations in response to artificial/basic acoustic stimuli at IC,
MGB and AC that can be caused by vHP outputs. Nevertheless, these
fMRI results directly support the large-scale and faciliatory influence
of the hippocampus on vocalization sound processing and shaping the
corresponding response selectivity in early auditory centers within the
ascending auditory pathway.

4.1. Hippocampal outputs enhance responses to vocalizations at early
auditory centers and the pathways likely subserving such hippocampal
top-down modulation

The exact mechanisms underlying our experimentally observed se-
lective modulation of vocalizations by optogenetically triggered hip-
pocampal outputs remains unclear and requires further investigation.
We posit that specific spectrotemporal information embedded in the
sound drive this specificity. The hippocampus is positioned to pro-
cess temporal information of sensory inputs (Aronov et al., 2017,
Eichenbaum, 2014), as hippocampal lesions can impair memory for the
temporal order of events in both animals (Kesner et al., 2005, DeVito
et al., 2009) and humans (Mayes et al., 2001, Spiers et al., 2001). When
learning to associate specific time intervals with a given stimulus, the
hippocampus is essential for discriminating minute temporal differences
in rodents (Jacobs et al., 2013). These findings indicate that the hip-
pocampus plays a critical role in encoding and recognizing temporal
information to subsequently discriminate and interpret the temporal
organization of incoming sensory inputs. We observed that hippocam-
pal modulation primarily facilitates auditory responses in IC, MGB, and
AC to both types of vocalizations (i.e., aversive/fear and postejacula-
tory/positive), but not their temporally reversed counterparts (Figs. 3
and 4). Moreover, blocking hippocampal outputs through pharmacolog-
ical manipulation altered responses to forward vocalizations, and con-
sequently disrupted the response selectivity to vocalizations (Fig. 6).
We postulate that temporally reversing vocalizations alter specific prop-
erties. Reversed vocalizations no longer carry the critical information
embedded in forward vocalizations, which diminishes the behavioral
relevance of the sound. The hippocampus, by interpreting and discrimi-
nating the embedded spectrotemporal features of the incoming sounds,
can discriminate and recognize behaviorally relevant stimuli by contex-
tual memory recall according to past experience (Tanaka et al., 2018,
Ross et al., 2018) and then can exert selective influence to downstream
targets.

Multiple complementary pathways likely subserve long-range hip-
pocampal modulation of central auditory processing of vocalizations
(Fig. 7). Recent evidence indicates that the reticular limbic auditory
pathway may provide a fast route to relay auditory inputs from the
cochlear nucleus to high-order regions (Zhang et al., 2018), suggesting
that the hippocampus receives and processes behaviorally relevant au-
ditory inputs via Ent and MS. Further, our histological findings showed
strong anterograde ChR2 mCherry expression in the MS and LS, as well
as the DBB (Supplementary Fig. 1B), suggesting a circuit loop that
is dedicated for auditory processing outside of the central pathways.
These regions support learning (Vega-Flores et al., 2014) and mem-
ory functions (Klinkenberg and Blokland, 2010), particularly related
to auditory processes. For instance, MS inactivation impairs acquiring
auditory fear memory (Xiao et al., 2018). MS and DBB are the pri-
mary sources of cholinergic projections to HP and AMG (Chavez and
Zaborszky, 2017), which can be critical for contextual memory for-
mation (Tronson et al., 2009), sensory cue detection and discrimina-
tion (Gritton et al., 2016, Roland et al., 2014). Disrupting MS and DBB
cholinergic projections to vHP prevents auditory fear memory acquisi-
tion and retention (Staib et al., 2018). Further, a prior study showed that
systemic blockade of cholinergic signaling via atropine, a muscarinic
acetylcholine receptor antagonist, inhibited response selectivity to vo-
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A Averaged Activation Maps of Aversive Vocalizations (n = 7) Fig. 6. Pharmacologically inactivating vHP
Cerebrospinal I IC MGB mmmm AC alters neural responses and decreases their
ROI Definitions g (CSF) mmmm ECIC DCIC mmmm CNIC selectivity to aversive vocalizations in the
auditory midbrain (IC), thalamus (MGB),
and cortex (AC). (A) Illustration of the atlas-
based region of interest (ROI) definition (Top).
Averaged BOLD activation () maps before and
after TTX infusion (Bottom) generated by fit-
ting a canonical hemodynamic response func-
tion (HRF) to individual voxels in the fMRI
image (n = 7; t > 2.6; corresponding to p <
" 0.01). (B) BOLD signal profiles extracted from
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calizations in the auditory midbrain (Gao et al., 2015). Here, robust
activations in the septum complex (i.e., MS, LS, and DBB) initiated from
vHP (Fig. 2B, C) may trigger rapid downstream signaling cascades in
the cholinergic system (Gritton et al., 2016) and evoke postsynaptic re-
sponses at the terminal fields (Nelson and Mooney, 2016), such as the
AMBG. Cholinergic signaling within AMG is crucial for encoding and pro-

10

cessing emotionally salient memories (Jiang et al., 2016), which could
facilitate selective amplification of auditory responses evoked by be-
haviorally relevant stimuli. Overall, we detected robust activations in
cortical (i.e., AC, Ent, Prh, Cg) and subcortical regions (i.e., AMG, MS,
LS, DBB) during 5 Hz optogenetic stimulation at vHP (Fig. 2B, C). The
hippocampal modulatory outputs evoked from vHP could propagate and
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functionally interact with these activated regions, thereby modulating
auditory responses at early auditory centers within the ascending audi-
tory pathway, particularly at the midbrain and thalamic levels.

In this study, we uncovered long-range hippocampal modulation of
vocalizations within the ascending auditory pathway during 5 Hz op-
togenetic stimulation at vHP. However, we do not preclude the poten-
tial modulatory effects of other stimulation frequencies like 10 Hz. Even
though BOLD activations evoked by 10 Hz optogenetic stimulation were
not as widespread as 5 Hz, we still observed robust activations in sub-
cortical regions (e.g., AMG, MS, LS, DBB) albeit with weaker activations
in cortical regions (e.g., AC, Prh, Cg) (Supplementary Fig. 2). Overall,
our findings suggest that hippocampal top-down modulatory outputs,
which may be triggered by behaviourally relevant auditory inputs, were
augmented by optogenetic stimulation of vHP to enhance responses to
vocalizations.

In summary, the present fMRI study established a top-down and
large-scale modulatory role for the hippocampus throughout the ascend-
ing auditory pathway, including the auditory midbrain, thalamus and
cortex, to facilitate natural sound processing such as vocalizations. Our
findings expand our present understanding of central auditory system
beyond the traditional cortex centric views. Future studies should eluci-
date the precise hippocampal modulatory processes of natural sound
that arise from the brain-wide auditory information processing net-
works.
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