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ABSTRACT 
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Behavior 
Major Professor: Edward Bartlett 
 

Age-related hearing loss (ARHL) or presbycusis has grown to be a prevalent problem among 

the increasing aging population over the past century. Efficacy of hearing aids, cochlear implants 

or auditory brainstem implants have been shown, but with variable performance among patients, 

a fuller understanding of the complex circuitry of the auditory system would be beneficial for 

improving upon current technology as well as developing alternative treatments. In the current 

study, chemogenetics or DREADDs was utilized to inhibit the neuronal activity of the pathway 

between the medial geniculate body and the inferior colliculus. Subsequent effects of 

chemogenetic inhibition was assessed with electrophysiological measures– including auditory 

evoked potential recordings and single-unit recordings–as well as behavioral measures using the 

acoustic startle response and prepulse inhibition paradigm.  
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1. INTRODUCTION 

The auditory pathway plays a critical role in processing the environment in addition to other 

sensory pathways such as the visual, olfactory, somatosensory and gustatory pathway. The 

following overview of the auditory pathway is adapted from Purves et al., 2012 [2]. Sound enters 

the auditory pathway as a pressure wave through the external ear, consisting of the pinna, concha 

and auditory meatus which direct the pressure wave to the tympanic membrane. The pressure is 

enhanced while traveling through the ossicles (malleus, incus and stapes) as it is transmitted from 

the large-diameter tympanic membrane to the small-diameter oval window of the cochlea. Through 

increased gain, the pressure wave is properly transmitted from the air into the cochlear fluid. The 

characteristic spiral shape and varied diameter of the cochlea allows for tonotopic organization in 

which lower frequencies resonate at the basal end of the basilar membrane and higher frequencies 

resonate the apical end. At the cochlea, the pressure wave is converted into neural signals through 

mechanical movement of the stereocilia of hair cells.  The deflection of the stereocilia causes the 

opening cation channels which depolarize the hair cells. Subsequently, influx of calcium through 

voltage-gated calcium channels allows release of neurotransmitters from the hair cells to the 

auditory nerve.  

Transmission continues through the auditory nerve which synapses onto the cochlear nuclei 

and diverges into pathways through the ipsilateral reticular formation or the contralateral superior 

olivary nucleus. Projections from these structures form the lateral lemniscus and converge onto 

the inferior colliculus (IC). Multiple converging inputs are integrated and modified in the IC to 

enable processing of complex temporal information. Signals continue to be transmitted to the 

medial geniculate body (MGB) in which additional integration and modification is conducted 

before reaching the auditory cortex.  

Deficits or damage along the auditory pathway can manifest into hearing deficits. In particular, 

age-related hearing loss (ARHL) or presbycusis has grown to be a prevalent problem among the 

increasing aging population over the past century and is one of three major chronic conditions – 

along with hypertension and arthritis – to affect individuals above the age of 65 [3]. Current efforts 

to treat ARHL have included hearing aids and implants in the cochlea or auditory brainstem. 

Despite widespread use, these devices still pose issues for many patients. For instance, hearing 

aids lose their effectiveness in patients with severe hair cell damage and requires a relatively long 
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learning period to utilize the device to the fullest capacity [4]. Cochlear and auditory brainstem 

implants, on the other hand, have been more successful with widespread use but a high variability 

is observed between users [5].  

The limitations in the current clinical approaches are likely attributed to the complexity of the 

auditory pathway, particularly in the central pathway. As seen in Figure 1, multiple projections to 

a region are common and decussations begin early within the ascending auditory pathway. 

Multiple projections and decussations are also seen in the descending auditory pathway, 

contributing to the complexity of the pathway [6]. Descending corticofugal projections have been 

implicated in plasticity of auditory structures in sound localization learning in ferrets [7] and in 

modulation of frequency maps in the IC of bats [8]. In addition to corticofugal projections, 

corticothalamic projections and feedback projections from the inferior colliculus to the super 

olivary nuclei have been observed in rats and have been suggested to be implicated in modulation 

of auditory processing as well as parallel processing of acoustic stimuli [9]. Along with the 

complexity of the auditory pathway, the molecular mechanisms of ARHL, whether it involves 

reduced mitochondrial function or changes in the physiological properties of the neurons, are still 

under investigation [10].  

 
 

Figure 1:1  Summary of central auditory pathway. (A) Ascending auditory pathway in the rat. 
(B) Descending auditory pathway in the rat. Areas of particular interest include cochlear nucleus 

(CN), ventral and dorsal nucleus of the lateral lemniscus (VNLL and DNLL, respectively), 
inferior colliculus (IC) and medial geniculate body (MGB). Figure adapted from Pickles (2015).  
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Figure 1:2  Approaches for stereotaxic delivery or transgenic expression of viral vectors for 
chemogenetics. (A) The use of transgenic rodent models or delivery of viral vectors with 

expression under a cell-type specific promoter allows for cell-type specific expression. However, 
the approach is limited in pathway specificity. (B) Dual injections with cre-recombinase 
dependent DREADDs expression and cre-recombinase allow for pathway specificity. (C) 

Pathway specificity can be achieved with the approach described in (A) if infusion of designer 
drug is infused locally to the area of interest. (D) Combinations of different DREADDs 

constructs can allow for multiplexed cell manipulation. 

 
The focus of this study is the IC and MGB because previous studies have shown that auditory 

stimuli cannot bypass these structures in the ascending auditory pathway, that they are implicated 

in integration of spatial and temporal features and that they receive both ascending and feedback 

input from many areas along the pathway [6]. Current approaches to observe changes in the IC or 

MGB include immunohistochemistry of relevant proteins (e.g. GAD, vGluT2, vGlut1, GABAA 

receptors), non-invasive in vivo recordings (e.g. envelope following responses (EFR), frequency 
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following response (FFR) invasive single-unit or local field potential recordings [11]–[13] and 

pharmacological blockade of central auditory structures using drugs such as muscimol [14]. With 

the current approaches, however, it is difficult to target a specific pathway and determine a direct 

role in physiological or behavioral changes. Pharmacological blockade aims to determine a 

causative interaction but often lacks the ability to target particular projections.  

  Chemogenetics, or designer receptors exclusively activated by designer drugs (DREADDs), 

and optogenetics, however, offers the ability to manipulate neuronal activity with high specificity. 

Stereotaxic injections of viral vectors allow for expression of designer receptors or 

channelrhodopsins limited to the injection site [15–18]. There are several strategies for introducing 

the viral vector expression into the system as seen in Figure 2. Specificity can be achieved through 

cell type specific promoters or Cre-recombinase-dependent DREADDs expression [15–18]. After 

expression, DREADDs can be activated by an exogenous designer drug which is most commonly 

clozapine N-oxide (CNO). Plasma levels of CNO have been observed to peak at approximately 30 

minutes, decline 2 hours following administration and have sustained behavioral effects up to 6 

hours following administration [19, 20]. Although optogenetics enables manipulation of neuronal 

activity with high temporal fidelity and much shorter onset times (seconds to milliseconds), 

DREADDs is more conducive for studies in which sustained manipulation of neuronal activity is 

desired (hours) [17]. In addition, CNO can be administered through various routes including 

intraperitoneal injections or incorporation into the diet or water supply [17]. DREADDs are also 

easier to incorporate into deeper structures compared to optogenetics which are limited by the 

length of the fiber optic. Furthermore, DREADDs are arguably easier to incorporate into an animal 

model as it typically involves a single, minimally-invasive injection surgery whereas optogenetics 

requires injection of viral vectors and implantation of a fiber optic to deliver light stimulation.  

Chemogenetics has been utilized in a variety of studies ranging from in vitro or in vivo 

electrophysiology to behavioral assays. Previous studies have correlated increased excitatory 

DREADDs expression levels with increased c-Fos protein, a marker of recent neuronal activity, 

expression and reported colocalization of DREADDs and c-Fos expression in dorsomedial 

prefrontal cortex, dorsal striatum, brainstem structures and in hypothalamus [21–23]. Furthermore, 

a recent publication reported a significant positive correlation between the percent of neurons 

transduced with the DREADDs constructs and performance on a behavioral task in rhesus 

monkeys, suggesting a strong relationship between DREADDs expression levels and behavioral 
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effects [24]. Such studies suggest that DREADDs expression levels can be correlated to changes 

in neuronal activity and in performance on behavioral tasks.   

Despite widespread use of chemogenetics and optogenetics in studies involving other sensory 

pathways in addition to studies in learning and memory and addiction, literature searches 

suggested little use in regards to the auditory pathway [21, 25]. In the present study, DREADDs 

was utilized to inhibit the neuronal activity in the ascending projection from the central IC to the 

ventral division of the MGB. Subsequent effects of inhibition will be assessed with auditory 

brainstem responses (ABR), envelope following responses (EFR), single-unit responses and an 

acoustic startle response (ASR) and prepulse inhibition (PPI), which tests discrimination of 

auditory stimuli. 
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2. ELECTROPHYSIOLOGICAL ASSESSMENT OF INFERIOR 
COLLICULUS CHEMOGENETIC INHIBITION 

 Methods 

2.1.1 Subjects 

5 female Fischer-344 rats (3-4 months, 200-350g) and 3 male Fischer-344 rats (3-4 months, 

250-450g) were used for this study (Taconic Biosciences). All animals were individually housed 

upon arrival and had ad libitum access to standard rodent chow and water. All protocols were 

approved by the Purdue Animal Care and Use Committee (PACUC 1111000167).  

2.1.2 Stereotaxic viral delivery 

The following HSV constructs were injected into rats that express the DREADDs construct: 

hEF1α-LS1L-hM4Di-IRES-mCherry and hEF1α-cre (MIT Vector Core) is injected into the 

inferior colliculus and medial geniculate body, respectively. The Adeno-associated virus (AAV), 

AAV-CBA-GFP (UNC Chapel Hill Vector Core), is injected into both sites for control rats. 

Surgical procedures were adapted from Lowery and Majewska (2010) [26]. Following 

induction with isoflurane in air (4%), animals were positioned into a stereotaxic frame with its 

head fixed. Isoflurane in air (1.5-2%) was delivered through a nose cone throughout surgery to 

maintain the animal under the anesthetic plane. Heart rate and blood oxygenation was monitored 

with a pulse oximeter. Physiological body temperature was maintained with a water-circulating 

heating pad. Toe pinch reflex was assessed once an hour throughout surgery. If the reflex was 

present, isoflurane levels were increased until the reflex was no longer present.  

An initial incision along the sagittal suture from 5 mm posterior to lambda and 5 mm 

anterior to bregma was made. Periosteal tissue was removed and coordinates were zeroed at 

bregma.  Bilateral craniectomies over central inferior colliculus (-8.3 mm, ±1.8 mm) and ventral 

division of the medial geniculate body (-6 mm, ±3.5 mm). Viral vectors were loaded into 5µL 

glass Hamilton syringes using a microsyringe pump controller (World Precision Instruments). The 

glass microsyringe (Hamilton) was lowered along the dorsal-ventral axis into inferior colliculus (-

4.6 mm) and medial geniculate body (-6 mm) at a rate of 1 mm/minute. 1 µL of viral vector was 

delivered to each site at a rate of 1 µL/10 minutes. Once infused, the syringe was left at the site for 
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an additional minute before removal. The incision was sealed with 6-0 silk sutures which were 

removed 7-10 days after surgery.  

Animals were monitored each day for 3-5 days after each surgery. Recovery of lost weight 

was verified and meloxicam (1 mg/kg, s.q.) was administered for pain management. 

 

Figure 2:1  Schematic of stereotaxic viral delivery. Viral vectors containing the cre construct 
were injected into the ventral division of the MGB and viral vectors containing the DREADDs 

construct were injected into the central division of IC. The dual injection method allows for 
expression of the designer receptors specifically in the pathway between MGB and IC. Control 

animals received injections of AAV-CBA-GFP in both MGB and IC. All animals were 
bilaterally injected.  

2.1.3 Auditory evoked potential recordings 

Two types of auditory evoked potential (AEP) recordings were utilized for the present 

study: acoustic brainstem response (ABR) and envelope following response (EFR). As subdermal 

electrodes were utilized for the study, the ABR and EFR recordings can be regarded as auditory 

EEG signals. ABR waveforms capture the response of the auditory structures to click trains and 

are utilized to determine hearing thresholds[27, 28]. In addition, the ABR waveforms contains 

characteristic peaks which have been correlated to neural activity generated at different structures 

along the auditory pathway [28, 29]. As seen in Figure 2.2, Wave I-II correlates to activity from 

the cochlear nerve (CN), Wave III to the cochlear nuclei, Wave IV to the olivary nuclei and Wave 

V to the lateral lemniscus and IC [29]. EFR waveforms, on the other hand, utilize periodic or nearly 

periodic stimuli and represent the synchronized activity of populations of neurons [30]. In addition, 
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the response is unique in that the envelope of the response waveforms follows the envelope of the 

stimulus waveform with high fidelity [30].  

 

Figure 2:2  Characteristic ABR waveform and corresponding generators. Adapted figure [1].  

 

AEP recording protocols described in previous publications were utilized [31, 32]. All 

recordings were performed in a 9’ x 9’ anechoic chamber (Industrial Acoustic Corporation). 

Following induction with isoflurane in air (4%), a lower concentration isoflurane in air (2%) was 

delivered through a nose cone while subdermal electrodes (Ambu) were placed into the scalp in a 

4-channel configuration (Fig.2.3). For channel 1, a positive electrode was placed along the sagittal 

suture just caudal to the eyes. For channel 2, a positive electrode was placed along the interaural 

line. For channel 3 and 4, a positive electrode was placed parallel to channel 1 and along the 

temporal ridge of the ear ipsilateral and contralateral to the speaker, respectively. For all positive 

channels, the negative electrode was placed along the mastoid under the ipsilateral ear and the 

ground electrode was placed on the nape of the neck. Electrode impedance was checked using a 

low-impedance amplifier (RA4LI, TDT) and ensured to be less than 1 kΩ. Channel 1 has been 

reported to represent activity from caudal auditory brainstem structures while channel 2 was 

reported to represent activity from the lateral lemniscus and IC [32]. Channel 3 and 4 have not 

been characterized but are hypothesized to represent activity from lower auditory structures such 

as the auditory nerve. Further studies are needed to determine the generators for activity seen in 

channel 3 and 4.  
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Following electrode placement, animals were administered dexmedetomidine (Dexdomitor, 

0.2 mg/kg, i.m.) and removed from isoflurane anesthesia to maintain the animal in a sedated state 

during the 2.5-3 hour recording sessions. Physiological body temperature was maintained with a 

water-circulating heating pad. All stimuli were presented via a farfield speaker placed 115cm from 

the animal. Stimuli were presented and responses were acquired using BioSig software (TDT).  

CNO (3 mg/kg, i.p.) was administered after obtaining a single round of ABR and EFR 

responses. Prior to administration, isoflurane in air (2%) was delivered via a nose cone to minimize 

pain. After CNO was administered, the animals were taken off of isoflurane. Electrode positions 

were maintained before and after CNO administration. ABR and EFR responses were recorded 

once more 40 minutes after the CNO injection. AEP recordings were also collected before and 

after acoustic startle response and prepulse inhibition training.  

 
 

Figure 2:3  4-channel electrode configuration for auditory evoked potential recordings. 4 positive 
electrodes were placed along the sagittal suture (channel 1), the interaural line (channel 2), and 
the temporal ridge (channel 3 and 4). A ground electrode was placed along the nape of the neck 

and a negative electrode was placed along the mastoid.  

2.1.4 Single-unit recordings 

Single-unit recording protocols described previously were utilized [33, 34]. Animals were 

administered ketamine (VetaKet, 60 mg/kg, i.m.) and dexmedetomidine (Dexdomitor, 0.15 mg/kg, 

i.m.) to achieve an anesthetic state. Heart rate and blood oxygenation was monitored with a pulse 

oximeter. Physiological body temperature was maintained with a water-circulating heating pad. 

Toe pinch reflex was assessed once an hour throughout surgery. If the reflex was present, 

supplemental doses of ketamine were administered intramuscularly.  
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An initial incision along the sagittal suture from 5 mm posterior to lambda and 5 mm 

anterior to bregma was made. Periosteal tissue was removed and a stainless steel headpost was 

adhered to the skull at bregma. The headpost was secured to the skull using three bone screws, one 

of which served as a ground screw, and dental cement (Dentsply). A 1-2 mm by 1-2 mm 

craniectomy centered on the previously made IC craniectomy was made.  

Tungsten microelectrodes (A-M Systems, 2MΩ) encased in glass capillary tubes were 

advanced in the dorsal/ventral plane using a hydraulic microdrive (Narishige). Electrode outputs 

were sent through a headstage (RA4, TDT) and amplifier (RA4PA preamplifier, TDT) and 

recorded (RZ5, TDT) at a sampling rate of 24.42 kHz. Signals were filtered from 500 to 5000 Hz 

and spike-sorted using OpenEx and RPvdsEx software (TDT). Click stimuli were presented via a 

farfield speaker while advancing the electrode to find auditory-evoked responses. Once auditory-

evoked responses were confirmed, responses to bandpass noise, noise amplitude modulated stimuli, 

iterated rippled noise and tuning were recorded prior to CNO (3 mg/kg, i.p.) injection. Recordings 

were resumed 10 minutes after CNO administration for 145-165 minutes after injection. At the 

conclusion of each acute recording, animals were euthanized with Beuthanasia (200 mg/kg) and 

transcardially perfused with phosphate buffer solution (PBS) and 4% paraformaldehyde. 

2.1.5 Acoustic stimuli 

The following stimuli were generated using SigGenRP (TDT): bandpass noise (BPN), click 

trains, noise amplitude modulated (NAM) stimuli and tones. Iterated rippled noise (IRN) stimuli 

were generated with custom-written MATLAB (Mathworks) software. IRN stimuli were 

generated from 250 ms white noise segments bandpass filtered from 80-32000 Hz with 32 

iterations. Frequency sweeps of 100-500 Hz, 500-1000 Hz, 1000-500 Hz and 500-100Hz were 

applied to the IRN stimuli.   

BPN, NAM, tones and IRN stimuli were utilized for single-unit recordings. For BPN 

stimuli, 22 signals of central frequencies ranging from 1-36 kHz were presented for a duration of 

800 ms and 176 sweeps. For NAM stimuli, 9 signals of modulation frequencies ranging from 4-

1024 Hz were presented for a duration of 2000 ms and 90 sweeps. IRN stimuli were presented for 

a duration of 2000 ms and 90 sweeps. Click stimuli and IRN stimuli were utilized to obtain ABR 

and EFR recordings, respectively, and presented at a 100-kHz sampling rate. 
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2.1.6 Analysis  

ABR and EFR waveforms were high-pass filtered at 30 Hz and low-pass filtered at 3 kHz. 

ABR waveforms were separated by channel and compiled as an average waveform for comparison. 

Thresholds, indicated by the lowest sound level at which a response was present, were determined 

during each recording session before and after CNO administration. EFR responses from channel 

1 were visualized as spectrograms which plot the frequency density over the course of each 

recoding window. The first 15 ms were excluded from spectrogram analysis as low frequency 

densities corresponding to ABR-like responses are present. IRN stimuli with frequency sweeps 

from 1000-500 Hz and 100-500 Hz were chosen for analysis as they were the stimuli utilized in 

the ASR and PPI paradigm.  

Single-unit recordings were analyzed using custom-written MATLAB (Mathworks) 

software. Spiking rates for each signal was extracted and averaged for each type of stimuli (BPN, 

NAM, IRN and tones) and for each time point (0, 15, 20, 25, … 165 minutes). For single-unit 

responses, the Wilcoxon rank sum test was performed to compare average spiking rates at the time 

points after CNO administration to average spiking rates before CNO administration. Statistical 

significance was classified with a p-value of less than 0.05. 

 Results  

2.2.1 Auditory brainstem response recordings  

ABR waveforms were collected from the 4 channels, as seen in Figure 2.4, and utilized to 

determine the threshold of auditory perception. Thresholds for all animals ranged from 30-35 dB 

and was similar before and after acoustic startle training as well as before and after CNO 

administration (data not shown). Generally, the administration of CNO did not affect the amplitude 

of the overall waveform from channel 1 recordings in DREADDs animals (Fig.2.5a-b) or control 

animals (Fig.2.5a-b) at high sound levels tested. However, the waveform appears to have a latency 

shift with CNO administration in DREADDs animals (Fig.2.6a-b). The waveform appears to have 

a slight latency shift though not to the degree observed in DREADDs animals (Fig.2.6c-d). Similar 

trends were observed in channel 2 recordings in which waveform magnitudes were comparable 

before and after CNO administration and a slight latency was seen with CNO administration in all 

animals (Fig.2.7). Responses to lower sound level stimuli seemed to have change in the waveform 
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amplitude with CNO administration in all animals but is likely due to variability seen in responses 

at sound levels close to threshold as well as slight variability in thresholds (data not shown). 

 
Figure 2:4  Representative ABR waveforms from a single animal. Responses to sound levels 

ranging from 95-15 dB were collected for (A) channel 1, (B) channel 2, (C) channel 3 and (D) 
channel 4.  
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Figure 2:5  Averaged ABR waveforms from channel 1 for DREADDs animals (A-B) and control 
animals (C-D) before (A and C) and after (B and D) acoustic startle response training. Averages 
were compiled from 6 DREADDs and 2 control animals. Click stimuli were presented at 75dB.  

 
Figure 2:6  Averaged ABR waveforms from channel 2 for DREADDs animals (A-B) and control 
animals (C-D) before and after acoustic startle response training. Averages were compiled from 

6 DREADDs and 2 control animals. Click stimuli were presented at 75dB. 
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2.2.2 Envelope following response recordings 

Spectrogram analysis of DREADDs animals’ responses to IRN tones with frequency 

sweeps from 1000-500 Hz suggest that there is a higher density of neural activity corresponding 

to this frequency sweep after ASR and PPI training as seen in the thinner bands of light blue and 

yellow which follow a linear stepwise trend from 1000-500 Hz (Fig.2.7a-b). This suggests that 

there is neural activity more confined to the frequency sweep following the acoustic discrimination 

learning task. With CNO administration before ASR and PPI training, the spread of neural activity 

density appears to decrease as reflected in smaller light blue bands (Fig.2.7c). After ASR and PPI 

training, the CNO appeared to have little effect on the spectrograms (Fig.2.7d).  

Spectrogram analysis of control animals’ responses to IRN tones with frequency sweeps 

from 1000-500 Hz also suggests similar neural activity locking to the stimuli. Neural activity is  

  

Figure 2:7  Averaged EFR spectrograms in response to IRN stimuli with 1000-500 Hz frequency 
sweep in DREADDs animals. Spectrograms represent responses before CNO administration 

before (A) and after (B) acoustic startle response training and after CNO administration before 
(C) and after (D) acoustic startle response training. (n=6).  



27 
 

  
 

Figure 2:8  Averaged EFR spectrograms in response to IRN stimuli with 1000-500 Hz frequency 
sweep in control animals. Spectrograms represent responses before CNO administration before 
(A) and after (B) acoustic startle response training and after CNO administration before (C) and 

after (D) acoustic startle response training. (n=2) 

 

spread across a wider range of frequencies before training in the control animals (Fig.2.8a) 

compared to DREADDs animals (Fig.2.7a). After ASR and PPI training, the density of neural 

activity appears to become more confined to the 1000-500 linear frequency range, suggesting 

increased ability to lock to the stimulus (Fig.2.8b). CNO administration appeared to decrease the 

spread of neural activity density before ASR and PPI training (Fig.2.8c), whereas it appeared to 

not change the density of neural activity considerably after ASR and PPI training (Fig.2.8d). While 

the effect seen after training is expected as CNO should be inert in control animals with no designer 

drug expression, the decreased activity observed before training was unexpected and might suggest 
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some baseline effects of CNO on wild-type animals. The relationship, however, is unclear due to 

a small sample size (n=2) and could benefit from the addition of more control animals to the study.  

Spectrogram analysis of DREADDs animals’ responses to IRN tones with frequency 

sweeps from 100-500 Hz, on the other hand, do not show frequency locking as clear as that seen 

with IRN tones with frequency sweeps from 1000-500 Hz. Locking to the 100-500 Hz linear 

frequency sweep can be observed before ASR and PPI training (Fig.2.9a) but appears to be 

obscured after ASR and PPI training by densities of neural activity which are spread over a larger 

frequency range (Fig.2.9b). The spread appears to be slightly mitigated with CNO administration 

as seen with the responses seen in Figure 2.7b (Fig.2.9d). Minimal effects, except for a slight 

increase in neural activity, were observed with CNO administration before ASR and PPI training 

(Fig.2.9c).  

 
 

Figure 2:9  Averaged EFR spectrograms in response to IRN stimuli with 100-500 Hz frequency 
sweep in DREADDs animals. Spectrograms represent responses before CNO administration 

before (A) and after (B) acoustic startle response training and after CNO administration before 
(C) and after (D) acoustic startle response training. (n=6) 
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Figure 2:10  Averaged EFR spectrograms in response to IRN stimuli with 100-500 Hz frequency 
sweep in control animals. Spectrograms represent responses before CNO administration before 
(A) and after (B) acoustic startle response training and after CNO administration before (C) and 

after (D) acoustic startle response training. (n=2) 

 

Similar to DREADDs animals, spectrogram analysis of control animals’ responses did not 

display clear frequency sweep locking before (Fig.2.10a) and after (Fig.2.10), although the neural 

activity was confined to a small frequency range after ASR and PPI training. The minimized 

frequency range indicates an increased ability to lock to the stimulus, but the trend is not as clear 

as the one observed with responses to the IRN tone with frequency sweeps from 1000-500 Hz. 

With CNO administration, the overall spectrogram did not appear to change before (Fig.2.10c) or 

after (Fig.2.10d) ASR and PPI training, suggesting minimal effect of CNO on control animals with 

no designer receptor expression. Because effects were observed in control animals responding to 

IRN tone with frequency sweeps from 1000-500 Hz (Fig.2.8c), further investigation and a higher 

sample size would be beneficial.  
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Differences in the effects of CNO at the two different frequency sweeps observed may be 

attributed to frequency preferences in the central IC. A previous study reported that frequency 

following responses presented primarily monoaurally, similar to the experimental setup of the 

current study, were more present at low frequency stimuli and synchronization of neural activity 

decreases with increased stimulus frequency [35]. Based on these previous findings, the less 

pronounced effects with CNO administration with the IRN stimulus with the frequency sweep 

from 1000-500 Hz could be attributed to decreased neural synchronization or sensitivity to higher 

frequencies compared to the 100-500 Hz frequency sweep.  

2.2.3 Single-unit recordings 

Recordings from 3 animals (2 DREADDs and 1 control) were included in the analysis. The 

two DREADDs animals showed different trends following CNO administration. For animal DR02, 

the average spiking rate appeared to decrease for most time points. For animal DR05, the average 

spiking rate appeared to increase for most time points except for the responses to tones (Fig.2.11d). 

In addition, for animal DR02, the onset of the decreased activity agrees with previous studies 

which cite that effects of CNO were observed 20-30 min after adminstration [19]. Average spiking 

rates were signifcantly decreased compared to baseline levels with BPN, NAM and IRN stimuli at 

all time points for animal DR02 (Fig.2.11a-c). A general decrease in spiking activity was also 

observed with tone stimuli, but was found to be statistically signficant only at 65 and 85 min after 

CNO administration (Fig.2.11d). In addition, a recovery toward baseline levels was observed with 

BPN, IRN and tone stimuli beginning at 110 min, 120 min and 85 min after CNO administration, 

respectively. Previous literature suggest that the effects of CNO last around 2 hours, which appears 

to be consistent with the overall trends seen with DR02 [19]. A clear recovery was not observed 

with the NAM stimuli, but may be revealed with extended recording times. Representative raster 

plots of responses to BPN stimuli displays the decrease of neural firing 70 minutes after CNO 

administration (Fig.2.12a, middle row) compared to baseline levels (Fig.2.12a, top row) and a 

recovery toward baseline levels 100 minutes after CNO adminstration (Fig.2.12a, bottom row).  
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Figure 2:11  Average spiking rate in response to (A) BPN, (B) NAM, (C) IRN and (D) tone 

stimuli at time points after CNO administration. All spiking rates were normalized to the 
baseline spiking rate prior to CNO administration (0 min). Each animal’s recording was plotted 

individually in which red lines indicate DREADDs animals and black lines indicate control 
animals. Error bars represent standard deviations.  

 

Average spiking rates for the control animal oscillated around baseline levels with BPN, 

NAM and IRN stimuli (Fig.2.11a-c) but appeared to increase the average spiking rate for tone 

stimuli (Fig.2.11d). Statistically signifcant decreases were observed at several time points for BPN, 

NAM and IRN stimuli but tended to be less of a decrease than that of DR02 (Fig.2.11a-c). 

Representative raster plots of reponses to BPN stimuli displays a slight decrease in neural activity 

firing 70 minutes after CNO administration (Fig.2.12b, middle row) compared to baseline levels 

(Fig.2.12b, top row). The decrease in neural activity firing appears to be maintained at 100 minutes 

after CNO administration but not the the degree seen in the DREADDs animal.  
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Figure 2:12  Representative raster plots of single unit recordings of a DREADDs animal (A) and 

a control animal (B) in response to BPN stimuli. Raster plots represent distribution of neural 
activity firing before CNO administration (0 min) as well as 70 min and 110 minutes after CNO 

administration. Neural firing at stimuli (SGIs) of central frequencies ranging from 1-36kHz 
(numbered 1-22, respectively) are plotted against time (0.15-0.5 ms). Stimuli were presented 

from 0.2-0.4 ms, as indicated by the vertical lines on the plots.  
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3. BEHAVIORAL ASSESSMENT OF INFERIOR COLLICULUS 
CHEMOGENETIC INHIBITION 

 Methods 

3.1.1 Subjects 

4 female Fischer-344 rats (3-4 months, 200-350g) and 3 male Fischer-344 rats (3-4 months, 

250-450g) were used for this study (Taconic Biosciences). All animals were individually housed 

upon arrival and had ad libitum access to standard rodent chow and water. All protocols were 

approved by the Purdue Animal Care and Use Committee (PACUC 1111000167).  

3.1.2 Acoustic startle response & prepulse inhibition 

Figure 3.1 describes the ASR/PPI training protocols which were adapted from Floody and 

Kilgard (2007) and Valsamis and Schmid (2011) [36, 37]. Prior to ASR/PPI training, all animals 

were handled for three days. Animals underwent 3 consecutive days of acclimation (5 min, 7 min 

and 10min) to allow adaptation to the animal holder, startle box and the background noise. 

Following acclimation, the animals underwent 3 test days separated by 48 hours. Each test day 

consisted of a 5-min acclimation period, a 10-min habituation period (during which learning of the 

association between the prepulse and the subsequent startle stimulus occurred) and a 45-min test 

trial (Fig.3.1a). The 45-min test trial consisted of 9 blocks each with 9 trials (Fig.3.1b). For 6 trials, 

the interval between the beginning of the trial and the prepulse was varied and the startle stimulus 

was presented at a fixed interval after the prepulse. Three trials served as controls: For 1 trial, the 

prepulse was not presented, serving as a positive control. For 2 trials, only the background stimulus 

was presented, serving as a negative control. On the third test day, all animals were administered 

CNO (3 mg/kg, i.p.) 35 minutes before the beginning of the test session.  

The IRN stimuli with frequency sweeps of 100-500 Hz and 1000-500 Hz were utilized as 

the prepulse and the background, respectively. White noise presented at 100 dB and for a duration 

of 20 ms was utilized as the startle stimulus. Background stimuli of 200 ms duration and 

interstimulus intervals of 100 ms were presented at 30 dB above threshold, which was determined 

through the ABR recordings previously obtained. The onset of the prepulse was varied between 

15-30 s after the beginning of each trial. The interval between the prepulse and the startle stimulus 

was fixed at 50 ms for all trials. The startle response of the animal was measured through the 
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vertical movement of the platform which was transduced into a voltage signal and acquired with 

RZ6 Multi-I/O Processor (TDT).  

 

Figure 3:1  Acoustic startle response and prepulse inhibition training paradigm. (A) The entire 
training paradigm lasted 8 days: 3 acclimation days and 3 test days. Each test day consisted of 3 
blocks: acclimation, habituation and test session. (B) Each test session consisted of 9 blocks with 

9 trials per block. In 1 trial, only the background tone. In 1 trial, both the background tone and 
prepulse were presented. In 1 trial, both the background tone and startle stimulus were presented. 

In 6 trials, background tone, prepulse tone and startle stimulus were presented and the interval 
between the beginning of the trial and the onset of the prepulse was varied.  
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3.1.3 Analysis 

Startle response was quantified using custom-written MATLAB (Mathworks) software. 

Responses from the first two blocks were utilized as habituation or a decline in maximum startle 

response was observed over the course of the 9 blocks in each animal as seen in Figure 3.2. In 

addition, the minimize variability, the maximum and minimum response of trials with background, 

prepulse and startle stimulus were excluded [38]. Prepulse inhibition trial responses were 

normalized to the maximum startle response in each trial (which consisted of only the startle 

stimulus and the background stimulus) and was represented as a percentage of the maximum startle 

response. A Wilcoxon rank sums test was performed to test statistical significance between startle 

responses across test days in one animal. Statistical significance was classified with a p-value of 

less than 0.05.  

 
Figure 3:2  Decrease in median maximum startle response over the course of 9 blocks in a single 
test session. Each bar represents the median startle response of all animals tested (DR01-DR05, 

DRC01, DRC03) for 3 test days. Error bars represent standard deviations.  
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 Results  

As seen in Figure 3.3, fluctuation in the maximum startle response was observed in some 

animals, notably in animal DR01 and DR04 which both show decrease in maximum startle 

response over the course of 3 test days while animal DR03 shows an increase in maximum startle 

response. With the other animals tested, the maximum startle response remained relatively stable 

with high variability between animals (Fig.3.3). As seen in Figure 3.4, most animals were able to 

learn the association between the prepulse and the onset of the startle stimulus indicated by startle 

responses that were less than 100% of the maximum startle response during test days 1 and 2. 

Animal DR01, in particular, shows the predicted pattern in which the startle response was less than 

100% of the maximum startle response on the first test day, further reduced on the second test day 

and rebounded or increased on the third test day during which CNO was administered (Fig.3.3). 

This trend suggests that inhibition of the IC appears to inhibit prepulse inhibition to a certain degree. 

As the ASR/PPI training serves as a test of auditory stimuli discrimination, the inhibition of IC 

may have impaired the ability of the DREADDs animals to discriminate between the prepulse and 

the background stimuli. A similar trend has been established in a previous study in which 

intraperitoneal injections of scopolamine, a muscarinic receptor antagonist, was found to inhibit 

prepulse inhibition compared to saline injections [39]. The trends, however, varied between the 

other DREADDs animals. When comparing the first and third test days, animal DR02 shows a 

similar inhibition of prepulse inhibition, but little change was observed in animal DR03 and a lack 

of inhibition was observed in animals DR04 and DR05. Control animals, on the other hand, did 

not have a noticeable rebound effect with CNO administration. Although a small rebound was seen 

in animal DRC01, the startle response amplitude continued to decrease compared to the first test 

day for DRC03. Thus, the results suggest that learning is not impaired with CNO in control animals. 

Changes in startle responses across test days for each animal was not found to be significant (p-

value>0.05). The lack of statistical significance is likely due to the high variability within and 

between each animal. Statistical tests with the averaged responses of the 5 DREADDs animals or 

the 2 control animals also failed to yield statistical significance (p-value>0.05, data not shown). In 

addition, with the small number of animals included in the study, the statistical power of the study 

remains low for conclusive results 



24 
 

 
Figure 3:3  Median maximum startle responses and control condition responses of DREADDs 
(DR01-DR05) and control animals (DRC01, DRC03) over the course of 3 test days. For each 

animal, the left 3 bars represent maximum startle responses and the right 3 bars represent startle 
responses in control conditions in which only the background and prepulse tone is presented. All 
animals received an injection of CNO prior to the third test session. Error bars represent standard 

deviations. 

 

 

 

Figure 3:4  Median prepulse inhibition of DREADDs (DR01-DR05) and control animals 
(DRC01, DRC03) over the course of 3 test days. All animals received an injection of CNO prior 
to the third test session. Error bars represent standard deviations. No statistical significance was 

found using the Wilcoxon rank sums test.   
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4. HISTOLOGICAL VERIFICATION OF DREADDS EXPRESSION 

 Methods and Analysis 

At the conclusion of single-unit recordings, all animals were transcardially perfused with 

1M phosphate buffer solution (PBS) followed by 4% paraformaldehyde. Brains were extracted 

and incubated in 4% paraformaldehyde for 24 hours and transferred into 30% sucrose solution 

before freezing. 35µm slices were obtained using the Leica CM3050 Cryostat and mounted onto 

microscope slides using PBS and treated with Prolong Gold anti-fading reagent. Cover slips were 

sealed onto each slide using clear nail polish.  

Slices were imaged under 10x magnification centered on central IC for image sizes of 849.8 

µm2 using the Zeiss LSM 710 Confocal Microscope. The brightfield setting was utilized to locate 

the central IC with reference to the Rat Brain Atlas [40]. Tile scans of 2x1 images were taken and 

stitched together in Zen10 software. Excitation wavelength of 587 nm was utilized to capture 

mCherry fluorescence, which is included in the DREADDs vector, while an excitation wavelength 

of 395 nm was utilized to capture GFP fluorescence, which is included in the viral vector injected 

into control animals.  

Relative optical density (ROD) measurements were obtained with ImageJ/Fiji software. 

ROD was calculated by normalized the average pixel intensity value of the region of interest with 

an unlabeled region. A ROD of 1 indicated the lack of fluorescence signals above background 

fluorescence while a ROD above 1 indicates fluorescence signals above background fluorescence.  

 Results  

As seen in the representative image in Figure 4.1, mCherry expression but no GFP 

expression was observed in DREADDs injected animals (Fig.S1-S5). The opposite was observed 

in control animals in which GFP expression but no mCherry expression was observed (Fig.4.2) 

mCherry expression also appeared to be limited to small region compared to GFP expression 

which had more widespread expression. The differences in the localization of expression is likely 

due to the cre-dependent expression of the hEF1α-LS1L-hM4Di-IRES-mCherry viral vector which 

confines expression to the IC-MGB pathway in the present study. The AAV-CBA-GFP, however, 

is not cre-dependent and is more likely to spread from the injection site.  
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Figure 4:1  Representative image of central IC of a DREADDs injected animal (DR03). GFP and 
mCherry expression are merged in the image. A vertical band of mCherry expression is observed 

along the center of the image while no GFP expression is observed in the image.   

 

 
 

 
Figure 4:2  Representative image of central IC of a control animal (DRC03). GFP and mCherry 

expression are merged in the image. Relative spread of GFP expression is observed while no 
mCherry expression is observed in the image.  
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 Expression levels of mCherry, quantified by ROD measurements, varied between all of the 

DREADDs animals, ranging from approximately 1.5-2 arbitrary units (Fig.4.3). Unexpectedly, 

ROD levels did not necessarily follow trends with ASR and PPI performance. For instance, 

animals DR01 and DR02 followed the expected trends of decreased prepulse inhibition with CNO 

administration (Fig.3.4) but did not have the highest ROD levels (Fig.4.3). Animal DR04, on the 

other hand, had comparable ROD levels but showed little effect of CNO on prepulse inhibition 

(Fig.3.4, Fig.4.3). Thus, improvements in quantification methods including averaging the ROD 

across multiple sequential slices may better capture the expression levels.  

 
Figure 4:3  Relative optical density of central IC brain slices of all animals. All slices were 

imaged with excitation wavelengths of 395 nm and 587 nm corresponding to GFP and mCherry, 
respectively. The dotted line represents a relative optical density of 1 or no appreciable 
fluorescence compared to an unlabeled region. No GFP fluorescence was detected for 

DREADDs animals (DR01-DR06) while no mCherry fluorescence was detected for control 
animals (DRC03).  

Notably, animal DR05 showed moderate mCherry expression levels but did not show any 

impact on prepulse inhibition with CNO administration (Fig.3.4). Histological assessment 

confirmed that the injection site was more rostral and lateral than the targeted site. Based on 

estimates from the Rat Brain Atlas, the injection site is estimated to be at the edge of the external 

cortex of the IC and the parasubiculum [40]. Because an auditory brain region was not likely 

expressing the designer receptor, the effects of CNO on prepulse inhibition was likely absent as 

seen in Figure 3.4. In addition, electrode track marks that were rostral and lateral to the central IC 

was observed in a few slices (data not shown). The location of the electrode tracks aligns with the 



28 
 

results seen with the single-unit recordings in which the trends of CNO administration on average 

spiking rate was nearly opposite to that of another DREADDs animal (Fig.2.7).  

For control animal DRC03, high ROD levels of GFP were detected (Fig.4.3) which 

correlates to the widespread expression of GFP fluorescence observed in Figure 4.2. Fluorescence 

expression of GFP or mCherry was not observed in animal DRC01 (data not shown). The lack of 

fluorescence is likely due to the 7-month interval between the injection surgery and the perfusion 

of the animal. While the hEF1α-LS1L-hM4Di-IRES-mCherry vector allows for long-term 

fluorescence expression (MIT Vector Core), the AAV-CBA-GFP was not specifically indicated to 

have long-term fluorescence expression. Due to the prolonged period between the injection surgery 

and the perfusion, the fluorescence signal was likely degraded unlike animal DRC03 which had a 

shorter time interval between the injection surgery and the perfusion.  
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5. DISCUSSION 

The current study suggests that chemogenetics could be a powerful tool for investigating the 

auditory system as effects were observed in single-unit responses, auditory evoked responses and 

performance on acoustic discrimination task. In general, chemogenetic inhibition of the central IC 

did not produce a notable change in hearing thresholds as the maximum increase in threshold with 

CNO administration observed in the current study was 5 dB. The overall shape of the ABR 

waveform was also unaffected with chemogenetic inhibition. The minimal effects observed align 

with previous studies which report that the auditory nerve is the primary generator of the ABR and 

lesions at auditory areas further along the auditory pathway produced changes at specific waves in 

the ABR waveform [28-29]. Because the current study selectively inhibited the central IC, there 

was likely compensation in the other structures along the auditory pathway which resulted in little 

changes observed in the threshold and the overall waveform. Further analysis of the ABR 

waveform could offer more insight into selective changes which result from the selective inhibition 

of the central IC. In particular, Wave V of the ABR waveform has been shown to correspond to 

IC activity [41]. Thus, comparing changes in the latency or the amplitude of Wave V with 

chemogenetic inhibition may reveal changes which are specific to the IC. Based on previous lesion 

studies, the magnitude of Wave V is predicted to decrease through not to the same degree as 

expression of the DREADDs was generally limited [29].  

EFR recordings confirmed some changes in neural activity with ASR and PPI training, as 

increased ability to lock to the IRN stimuli frequency sweeps was observed after behavioral 

training. More pronounced effects observed at lower frequency stimuli may indicate sensitivity of 

the central IC to lower frequency stimuli compared to higher frequency stimuli. While CNO 

appeared to decrease neural activity for most DREADDs animals, there were variable effects 

which warrant further investigation and the addition of more animals to the study. Control animals, 

in general, did not have much change in the spectrograms, which suggests minimal or no effect of 

CNO on animals lacking designer receptor expression. However, there was an instance in which 

CNO appeared to decrease neural activity density in control animals in a recording session, 

suggesting a possibility of CNO affecting normal animals with no designer receptors. Again, with 

a small sample size, clear conclusions could not be drawn and a larger sample size is needed. 

Future studies would also benefit from additional analysis methods such as cross-correlation 
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analysis between the stimulus pitch contour and the response. Such analysis will facilitate 

quantification of frequency-locking to the frequency sweep in the IRN stimuli utilized. If the 

chemogenetic inhibition reduces frequency-locking responses, the cross-correlation values would 

be predicted to become close to zero.  

Despite the variability in the single-unit responses, the inhibition of auditory evoked responses 

in IC with CNO administration was verified in one animal, showing promise of the technique for 

alternative studies. With a larger sample size, the effects of DREADDs inhibition would become 

more robustly supported. Through histological assessment, the unexpected trends observed in the 

single-unit recordings of the other DREADDs animal (DR05) was attributed to off-target 

injections and subsequent off-target electrode placement. Therefore, because the DREADDs was 

likely expressed in a non-auditory area, the responses to auditory stimuli were not inhibited as 

expected. CNO appeared to have some effect on the control animal, though arguably not to the 

degree seen in the DREADDs animal. Many recent publications have indicated the possible effects 

of CNO through accumulated levels of CNO through multiple injections or through reverse 

metabolism of CNO to clozapine [42–44]. While the single-unit recordings from this study might 

suggest a similar baseline effect, a larger sample size is needed for conclusive evidence. In addition, 

the current study may be improved by modifying the stimuli utilized. As seen in Figure 2.12, the 

responses in the DREADDs and control animal appeared to be more sensitive to higher frequency 

stimuli. Given the tonotopic organization of the IC, determining the central frequency of the 

recording site would be beneficial. Once the central frequency is determined, some stimuli can be 

presented at the frequencies which elicit the most response in a particular region. By presenting 

stimuli at the best frequency, the variability of the single-unit responses would likely be reduced 

and may provide a better comparison between animals. An additional electrode in auditory areas 

further along the auditory pathway than the IC or non-auditory regions would also provide insight 

into downstream effects of manipulation of the IC or provide a control condition to confirm 

changes specific to the auditory pathway, respectively. Alternatively, multi-channel electrodes 

which can record simultaneously at different depths of the IC could describe the spatial selectivity 

of the DREADDs.  

The ASR and PPI results suggest some impairment of auditory stimuli discrimination as 

performance tended to worsen with the administration of CNO in some DREADDs animals, 

although this trend was not found to be statistically significant. The high variability observed in 
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the animals tested and could be improved by additional test days to obtain a more stable response 

prior to CNO administration or adjusting the interstimulus interval between the prepulse and startle 

stimulus. The current study utilized an interstimulus interval of 50 ms, but previous studies have 

shown successful prepulse inhibition with interstimulus intervals ranging from 5-500 ms in rats, 

suggesting potential in changing this interval [39]. In addition, habituation was observed over the 

course of the blocks in each test session, suggesting that experimental design of the startle training 

could be further improved by introducing additional discrimination tasks or decreasing the number 

of blocks to maintain the animal’s attention and interest in the task. The protocol can also be 

extended to alternative stimuli to investigate different routes of auditory processing and the effects 

of manipulating the auditory structures involved such as detecting amplitude or frequency 

modulation changes in stimuli.  

Histological assessment of the injection site for all animals confirmed expression of the 

DREADDs construct for all DREADDs animals and expression of GFP for one control animal. 

Expression in the central IC was confirmed in all animals except one which likely targeted a non-

auditory area. Compared to the expression of GFP, the expression of DREADDs was relatively 

sparse which could explain the relatively minimal effects observed in the EFR waveforms and the 

variable effects observed in the ASR and PPI training. To combat sparse expression and reduce 

variability, future experiments could include multiple injections of the viral vectors to facilitate 

more robust expression of the DREADDs receptors throughout the central IC as opposed to a small 

region of IC. With more robust expression, the effects of chemogenetic manipulation is predicted 

to become more apparent in the EFR waveforms and ASR and PPI training. Single-unit recording 

trends would likely decrease in variability as well because electrode placement in an area with 

DREADDs expression would be easier with more widespread expression. Multiple injections 

would also be beneficial for manipulating neural activity larger auditory regions such as the 

auditory cortex which spans approximately 3 mm in the anterior-posterior plane [40]. The use of 

alternative viral vectors such as AAV vectors carrying the genetic information for DREADDs 

receptors may facilitate more widespread expression. For instance, AAV serotypes 2-5 were 

reported to have low expression, serotypes 1, 6 and 8 were reported to have moderate expression 

and serotypes 7 and 9 were reported to have high expression in mice [45]. As such, the use of an 

AAV7 or AAV9 vector which utilizes cre-dependent expression could ensure higher expression 

of the DREADDs while maintaining specificity to the IC-MGB pathway. The GFP expression in 
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the control animal was found to be much higher and widespread than the mCherry expression in 

DREADDs injected animals, likely due to the use of an AAV vector which did not have cre-

dependent expression. As an additional control, future experiments could also include injections 

of GFP-expressing viral vectors which are also cre-dependent as further confirmation of the 

expression in the IC-MGB ascending pathway.  

As the IC receives inputs from other auditory brain areas, future studies may also observe 

chemogenetic manipulation in alternative pathways. For instance, corticofugal projections that 

terminate onto nucleus of the brachium of the IC and the medial geniculate body have been 

confirmed with histological studies and have been suggested to play a role in cortical modulation 

of auditory processing [46]. Studies utilizing chemogenetic manipulation could supplement 

previous histological studies to determine the function of specific projections at different levels of 

auditory processing, ranging from the activity of a single neuron or behavior. Extending the study 

to utilizing cell-type specific DREADDs vectors could also be beneficial to isolate the effects of 

manipulating excitatory and inhibitory projections which have been implicated in a number of 

projections along the auditory pathway [7, 9]. A previous study demonstrated the utility of cell-

type specific promoters in optogenetic silencing of excitatory neurons in the auditory cortex [47]. 

Based on the strong GABAergic projections from the central IC to the MGB previously reported 

in cats and rat, the use of viral vectors with promoters specific to GABAergic neurons may be 

useful to better target the IC-MGB projection to extend the current study [48–50]. As optogenetics 

and chemogenetics both utilize viral vectors with customizable promoters, cell-type specific 

promoters are feasible for future studies.  

Developments in DREADDs technology have improved the utility of chemogenetics for a 

variety of applications. In addition to the commonly used CNO-activated designer receptors, the 

κ-opioid receptor has been engineered to create the κ-opiod receptor DREADD (KORD), which 

is activated by salvinorin B and is activated more rapidly than the stereotypical DREADDs [51]. 

Because the KORD construct is activated by a different designer drug, there is opportunity for 

multiplexed manipulation of neural activity. As both excitatory and inhibitory inputs from the 

central IC to the ventral division of MGB have been reported, the use of both salvinorin B and 

CNO-activated DREADDs may be beneficial for investigating effects manipulating each type of 

projection separately and in a reversible manner in the same animal [52]. Developments in making 

DREADDs technology more translatable have also been made ranging from bypassing invasive 
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intracranial injections with ultrasound-activated DREADDs expression (acoustically targeted 

chemogenetics) or the delivery of designer drugs with eye drops instead of an intraperitoneal 

injection [53, 54]. Such developments suggest some potential of utilizing DREADDs for clinical 

use with further development and refinement of the technique.  
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APPENDIX 

Figure A.  1  Representative image of central IC in DREADDs injected animal (DR01). GFP and 
mCherry expression are merged in the image. The right insert is the magnified image of the 

outlined area in the left image. Scale bar on the left image represents 100 µm.  

 

Figure A.  2.  Representative image of central IC in DREADDs injected animal (DR02). GFP 
and mCherry expression are merged in the image. The right insert is the magnified image of the 

outlined area in the left image. Scale bar on the left image represents 100 µm. 
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Figure A.  3  Representative image of central IC in DREADDs injected animal (DR04). GFP and 
mCherry expression are merged in the image. The right insert is the magnified image of the 

outlined area in the left image. Scale bar on the left image represents 100 µm. 

Figure A.  4  Representative image of central IC in DREADDs injected animal (DR05). GFP and 
mCherry expression are merged in the image. The right insert is the magnified image of the 

outlined area in the left image. Scale bar on the left image represents 100 µm. 
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Figure A.  5  Representative image of central IC in DREADDs injected animal (DR06). GFP and 
mCherry expression are merged in the image. The right insert is the magnified image of the 

outlined area in the left image. Scale bar on the left image represents 100 µm.   
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