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Abstract

The perineuronal net (PNN) is a specialized type of extracellular matrix found in the central 

nervous system. The PNN forms on fast spiking neurons during postnatal development but the 

ontogeny of PNN development has yet to be elucidated. By studying the development and 

prevalence of the PNN in the juvenile and adult rat brain, we may be able to understand the PNN’s 

role in development and learning and memory. We show that the PNN is fully developed in the 

deep cerebellar nuclei (DCN) of rats by P18. By using enzymatic digestion of the PNN with 

chondroitinase ABC (ChABC), we are able to study how digestion of the PNN affects cerebellar-

dependent eyeblink conditioning in vivo and perform electrophysiological recordings from DCN 

neurons in vitro. In vivo degradation of the PNN resulted in significant differences in eyeblink 

conditioning amplitude and area. Female animals in the vehicle group demonstrated higher levels 

of conditioning as well as significantly higher post-probe conditioned responses compared to 

males in that group, differences not present in the ChABC group. In vitro, we found that DCN 

neurons with a disrupted PNN following exposure to ChABC had altered membrane properties, 

fewer rebound spikes, and decreased intrinsic excitability. Together, this study further elucidates 

the role of the PNN in cerebellar learning in the DCN and is the first to demonstrate PNN 

degradation may erase sex differences in delay conditioning.
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1. Introduction

Nervous system function is centered on neurons, but these neurons are modulated by many 

external factors including other cells like glia and even the extracellular matrix (ECM) 

(Araque et al., 1999; Brückner et al., 1993; Cope & Gould, 2019; Ferrer-Ferrer & Dityatev, 

2018; Perea et al., 2009; Rakic, 1971). Although there are multiple types of ECM, a 

specialized ECM structure called the perineuronal net (PNN) plays a key role in myriad 
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functions in the central nervous system (CNS) ranging from memory storage to inhibiting 

neuronal regeneration following injury (Carulli et al., 2010; Celio et al., 1998; Chu et al., 

2018; De Luca & Papa, 2016; Iwata et al., 1993; Kecskes et al., 2015; Krishnaswamy et al., 

2019; Minta et al., 2019; Pizzorusso et al., 2002; Rowlands et al., 2018; Stryker et al., 2017; 

Suttkus et al., 2016). The PNN can restrict neuronal plasticity by acting as a physical barrier 

to sprouting neurons, acting as a scaffold for inhibitory molecules, as well as acting as a 

corral for receptors, like AMPA receptors, at the synapse (for review see (Sorg et al., 2016)). 

The PNN is implicated in the exit from a critical period, a period of enhanced experience-

dependent plasticity found in sensory processes like audition and vision as well as cognitive 

processes such as learning and memory (Alberini & Travaglia, 2017; Hensch, 2005; Hou et 

al., 2017; Nabel & Morishita, 2013; Umemori et al., 2015).

The PNN is typically associated with the soma and proximal dendrites of neurons (Brückner 

et al., 2006; Dityatev et al., 2007; Fawcett et al., 2019; Giamanco et al., 2010; Matthews et 

al., 2002) and comprises multiple components including hyaluronic acid (HA), chondroitin 

sulfate proteoglycans (CSPG), hyaluronan and proteoglycan link proteins including brain 

associated link protein 2 (Bral2) (Bekku et al., 2012; Carulli et al., 2006; Cicanic et al., 

2017; Edamatsu et al., 2018) or cartilage link protein 1 (Crtl1) (Carulli et al., 2007; Galtrey 

et al., 2008) and tenascin-R. Wisteria Floribunda agglutinin (WFA) or lectin is a commonly 

used marker for PNN because it exclusively binds to residues found in CSPG (Brückner et 

al., 1996; Hilbig et al., 2001; O’Connor et al., 2019). Together the components assemble into 

the PNN to ensheathe primarily fast-spiking neurons in many brain regions and across many 

species. Although interneurons, particularly inhibitory parvalbumin-positive interneurons, 

are more commonly found with a PNN (Baker et al., 2017; Bradshaw et al., 2018; 

Cabungcal et al., 2013; Guirado et al., 2014; McDonald et al., 2017; Morris & Henderson, 

2000; Ohira et al., 2013; Slaker et al., 2018), there is also a subset of excitatory neurons in 

the CNS with a PNN (Carstens et al., 2016; Carulli et al., 2007; Morikawa et al., 2017; 

Seeger et al., 1994). Specifically, the deep cerebellar nuclei (DCN) are enriched with an 

abundance of large excitatory cells with a PNN (Bekku et al., 2012; Carbo-Gas et al., 2017; 

Carulli et al., 2006, 2013; de Winter et al., 2016; Edamatsu et al., 2018; Hirono et al., 2018; 

Mueller et al., 2016; Stamenkovic et al., 2017).

The DCN comprise the sole output of the cerebellum (Glickstein et al., 2009; Thompson & 

Steinmetz, 2009). The DCN, including the anterior interpositus nucleus (AIN), receive 

converging inputs from inhibitory Purkinje cells in the cerebellar cortex and excitatory 

projections from the mossy fibers originating in the pontine nucleus and the climbing fibers 

from the inferior olive (Steinmetz et al., 1989). As a result, the DCN are in a perfect position 

anatomically to integrate both the input and output pathways essential to eyeblink 

conditioning (EBC) and have been implicated as the crucial site of learning and memory for 

EBC, particularly the AIN. Although this is a contested view, lesions to the AIN do prevent 

acquisition, expression, and savings of the eyeblink conditioned response (CR) whereas 

lesions to downstream targets of the AIN involved in the output of EBC, such as the red 

nucleus, only eliminate the expression of the CR (Brown & Woodruff-Pak, 2011; Freeman et 

al., 1995; Nolan et al., 2002; Thompson & Steinmetz, 2009). Despite the abundance of the 

PNN in the DCN, their role in learning and memory following enzymatic disruption has not 

been as well studied in comparison to disruption of PNN-associated neurons in other brain 
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regions including the hippocampus, amygdala, and regions of the cortex (Chu et al., 2018; 

Hettiaratchi et al., 2019; McDonald et al., 2017; Sun et al., 2018; Xue et al., 2014).

Although there have been investigations into modifying the PNN in the DCN or cerebellar 

cortex, there has been little inquiry into how this affects cerebellar learning (Carbo-Gas et 

al., 2017; Carulli et al., 2013; Corvetti & Rossi, 2005; de Winter et al., 2016; Stamenkovic et 

al., 2017) or how the PNN in the DCN changes throughout development. In fact, there have 

been only two studies investigating PNN disruption in the DCN and the effects on EBC, and 

both studied mice with air puff as the unconditioned stimulus. The first study (Hirono et al., 

2018) examined EBC and the synaptic electrophysiology of the large excitatory neurons in 

the DCN following exposure to chondroitinase ABC (ChABC), a bacterial enzyme that 

digests the CSPG in the PNN as evidenced by decreased WFA labelling (Bradbury et al., 

2002; Brückner et al., 1998; Gogolla et al., 2009; Massey et al., 2006). The second study 

investigated the effects of injecting a virus expressing chondroitinase into the AIN (Carulli et 

al., 2020). In the Hirono et al. study, naïve male mice between P21-P23 were given ChABC 

infusion into the DCN and euthanized 4–6 days later to examine the electrophysiology of 

DCN neurons following PNN digestion in acute cerebellar slices while Carulli et al., 

performed in vivo recordings in adult male mice injected with a virus expressing 

chondroitinase. In both studies, mice that had a reduction of PNN had an enhancement of 

learning expressed as percent conditioned responses (% CRs) during acquisition of EBC, 

findings that are unlike the effects of ChABC digestion in the amygdala, which aided the 

removal of aversive memories following extinction without altering acquisition (Gogolla et 

al., 2009). The study by Carulli et al., saw similar group differences during extinction, 

animals with a digested PNN had lower %CRs compared to the vehicle controls, as well as 

group differences during acquisition. Animals in the control group in both the Hirono and 

Carulli studies had relatively low acquisition %CRs (around 60%) even after extensive 

training compared to other EBC studies using mice (Heiney et al., 2014; Koekkoek et al., 

2002). There was no report of additional eyeblink parameters, such as peak latency or 

response amplitude, which can give a more nuanced assessment of learning effects and are 

perturbed in patients with diagnoses like post-traumatic stress disorder (Ayers et al., 2003). 

Carulli et al., found DCN neurons had a lower spontaneous firing rate after exposure to viral 

expression of chondroitinase (Carulli et al., 2020). Hirono et al., observed PNN disruption 

by infusion of ChABC in mouse cerebellar slices which showed increased amplitude of 

evoked inhibitory postsynaptic currents (IPSCs) as well as mini-inhibitory postsynaptic 

potential frequency; they also observed loss of the PNN facilitated spontaneous ISPCs 

(Hirono et al., 2018).

Additional studies of the role of the PNN in EBC are needed to compare differences 

between species. The other studies only used male mice and, as a result, were unable to 

assess potential sex differences. Further, cells in the DCN are excitatory neurons with a 

PNN, which is rather uncommon compared to the vast majority of cells with a PNN. The 

most common studies of the PNN investigate the relationship between the PNN and 

inhibitory interneurons. Only a fraction of PNN research includes excitatory cells, 

suggesting there is a need to look outside the interneuron population. Since EBC is not 

acquired well prior to P17 (Stanton et al., 1992), it is also in our interest to study how the 

PNN changes from the preweanling to adult in the rat DCN. The goal of this research was to 
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study the role of the PNN in the DCN of male and female rats by temporarily degrading the 

PNN with ChABC in vivo to study how ChABC infusion alters EBC in adult animals as 

well as in vitro application to investigate changes in the electrophysiology of the large 

excitatory neurons of the DCN. Our perturbations of the PNN revealed significant group 

differences in CR amplitude and area in addition to decreased membrane excitability in large 

DCN neurons.

2. Methods

2.1. Animals

Forty-three Long Evans rats (Rattus norvegicus) (male and female) between post-natal day 

12 (P12) and 6 months of age were supplied by Charles River (Wilmington, MA). Twenty-

six rats underwent surgery, twelve were used for ontogeny analysis, and five were slated for 

electrophysiological studies. Rats were housed with littermates of the same sex after 

weaning and were given ad libitum access to food and water and maintained on a 12 h light/

dark cycle, all in accordance with the National Institute of Health guidelines. Adult rats 

undergoing cannulae implantation and/ or electromyogram (EMG) surgery were housed 

individually post-surgery. This was to prevent damage to the EMG and/ or cannulae via 

social grooming. All animals were socially housed until they were at least P80. All 

procedures were approved by the West Virginia University (WVU) Animal Care and Use 

Committee and the WVU Biosafety Committee.

2.2. Surgeries

Twenty-six 3-month old rats (13 F, 13 M) underwent cannula implantation in the AIN. Eight 

underwent bilateral cannulae implantation while eighteen had cannula implanted only in the 

left AIN and were also fitted with the EMG hardware for eyeblink conditioning. Sterile 

surgical technique was used to implant cannulae into the rat’s brain at coordinates 

determined from the literature with reference to a stereotaxic rat brain atlas (Paxinos & 

Watson, 2004). Each rat was sedated with isoflurane (5% induction, 2% maintenance) with 

supplemental oxygen (0.5–1 L/min). The incision site (scalp) was shaved and washed three 

times with alternating swipes of Povidone-iodine scrub and 70% alcohol followed by 

application of Povidone-iodine solution after which the rat was positioned in a rodent adult 

stereotaxic (Kopf Model 900LS) device. Bupivacaine (max dose 2 mg/kg), a local 

anesthetic, was infiltrated into the scalp, which was incised with a surgical scalpel blade, to 

create an approximately 20-mm incision, just rostral to the eyes and just caudal to the ears. 

The scalp was reflected and cleaned, exposing just enough of the skull to accommodate a 

plastic connector for the EMG implant and up to two guide cannulae. Holes were drilled into 

the skull for skull screws and guide cannula implantation. Gelfoam (Capital Wholesale Drug 

Company, 245780) was used to stop any bleeding while drilling as the cannula drill site was 

over a major vessel. Each guide cannula (C317G/SPC GUIDE 23GA 38172, Plastics One, 

Roanoke, VA) was attached to the stereotaxic apparatus and slowly lowered at the following 

stereotaxic coordinates from Bregma AP: −11.5, ML: (±)3.8, DV: −5.2 from skull surface 

and then was secured to the skull screws with acrylic dental cement. Following surgery and 

excepting during infusion, dummy cannulae (C317DC/SPC DUMMY(SM) 0.010/25MM) 

were placed into the guide cannulae to protect the opening.
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The rats assigned to EBC were next fitted with differential EMG electrodes that were 

implanted in the left eyelid muscle by inserting a sterile 25-gauge needle (affixed to a 1-mm 

empty sterile syringe) through the eyelid until the needle tip was visible on the other side as 

a result of the open scalp incision. The needle was then threaded with the fine wire EMG 

electrodes and pulled through the eyelid, leaving the recording electrode in the middle of the 

eyelid and the reference wire in the rostral corner of the eyelid. Where in contact around the 

eyelid, wires were stripped of insulation and excess wire was trimmed in an effort to prevent 

displacement via grooming. A bipolar stimulating electrode for delivering the electrical 

stimulation unconditioned stimulus was implanted subdermally, immediately caudal to the 

eye. The EMG recording electrode and stimulating electrode wire leads terminated on gold 

pins in a plastic connector, which was secured to the top of the skull, cannula, and the skull 

screws with acrylic dental cement. The surgical site was closed with nylon suture on both 

sides of the plastic connector and/ or cannulae. A non-steroidal anti-inflammatory analgesic 

(ketoprofen 1 mg/mL) was administered at the end of surgery and 3 mL of lactated Ringer’s 

solution was given subcutaneously to restore any fluids lost during surgery.

2.3. Eyeblink conditioning

Rats were allowed to recover from cannula and/ or EMG surgery for four days and then 

underwent one session per day for five days of paired tone conditioned stimulus (CS) and 

periorbital electrical stimulation unconditioned stimulus (US) training followed by one 

session per day for three days of CS-alone extinction. The rat head plug was connected to a 

cable connected to a freely-rotating commutator which allowed the rat to move freely around 

a Coulburn Instruments modular testing cage within a sound-attenuating training chamber. 

The back wall of the chamber had a panel containing a speaker mounted at a 45° angle 

above the testing cage. The cable separated and terminated as the input to an AC/DC 

differential EMG amplifier (A-M Systems, Sequim, WA) and the output of a stimulus 

isolator (World Precision Instruments (WPI), Sarasota, FL) for shock delivery. The training 

chamber was lit with an LED and contained a low-light camera to allow videographic 

monitoring of the animal at all times. Shock was delivered by a rechargeable, constant-

current stimulator (WPI, Model A365) that had been calibrated with a multimeter (WPI). 

LabVIEW software (National Instruments, Austin, TX) controlled the delivery of stimuli 

and the recording of eyelid EMG activity. Each adult rat was adapted to the enclosure 

without stimulus presentations for 10 min before every session. Paired delay conditioning 

sessions consisted of 100 trials each with 90 paired presentations of a tone CS and a 

periorbital electrical stimulation US as well as 10 tone-alone test trials or probes presented 

after every ninth paired trial to assess integrated EMG activity without a shock artifact. The 

tone CS consisted of a 380-ms, 88-db, 2.8-kHz pure tone. The electrical stimulation US 

consisted of a 100-ms, 3.0–4.0-mA, 60-Hz, ±50-volt, square-wave constant-current pulse to 

the periorbital region using the precalibrated stimulator. A blanking circuit in operation 

during the US prevented the shock from swamping the EMG signal. During the tone-shock 

paired trials, the CS co-terminated with the US. During acquisition, all trials were separated 

by an inter-trial interval averaging 30 s. To assess memory of and to extinguish responding 

to the tone CS, we performed CS-alone extinction beginning one day after the last paired 

training session. The tone CS was presented by itself for 100 trials daily on each of three 

consecutive days. Every 10th trial during extinction was considered a probe trial.
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2.4. Behavior data analysis

Data analyses have been described previously (Schreurs et al., 2013; Smith-Bell & Schreurs, 

2017; Wang et al., 2018). In brief, EMG signal was filtered (300 – 3,000-Hz), amplified, and 

stored (raw EMG), in addition to being rectified and integrated (20-ms time constant). 

Baseline activity was averaged during the first 200-ms from trial onset. If EMG activity 100-

ms before CS onset was four standard deviations (SDs) or more above baseline, the trial was 

omitted from analysis to ensure that movement or spontaneous blinking artifacts did not 

artificially inflate response levels (~1% of total trials). During paired trials, we characterized 

unconditioned responses (URs) to the US as integrated EMG activity occurring 35-ms after 

the end of the US that exceeded the average baseline value by eight SDs. CRs were assessed 

as EMG activity that exceeded 8 SDs above the baseline during the period 80-ms after tone 

onset until just before US onset. This window ensured that US signal and movement or 

startle artifacts did not artificially inflate levels of responding. During probe trials, CRs were 

assessed as EMG activity beginning 80-ms after CS onset, to eliminate the potential for 

including alpha responses, that was eight SDs above the average baseline value during a 

200-ms pre-CS period. In addition to conditioned response frequency indicated as %CRs, 

the amplitude of each response was calculated as the average EMG signal during the 

baseline period, subtracted from the maximum EMG signal during the response period. Area 

under the curve of the CR was obtained by summing the average heights of 2.5-ms bins of 

data that occurred during the CR period. Peak latency of the CR was calculated as the time 

when the maximum CR period height occurred (Schreurs et al., 2013; Wang et al., 2018). If 

an animal did not reach 70 %CRs during probe trials on at least one day of acquisition, they 

were excluded from behavioral analyses. This is the laboratory’s standard for determining 

adequate levels of EBC in rats for a determination of conditioning-specific changes in 

unconditioned responding. Traces were made using OriginPro 2019b (OriginLab 

ver.9.6.5169 (Academic)).

2.5. Slice preparation and patch-clamp recordings:

Procedures identical to those previously published (Wang et al., 2018; Wang & Schreurs, 

2010, 2014; Wang & Zheng, 2015) were used for slice preparation, electrophysiological 

recordings, and data analysis. Briefly, P24-28 rats (n = 5 rats) were anesthetized with carbon 

dioxide and then decapitated. Animals were selected at this age because successful 

recordings of DCN becomes increasingly difficult after P32 (Wang et al., 2018). After rapid 

brain removal, coronal cerebellar slices from the cerebellum were cut at 34°C on a vibrating 

slicer (LEICA VT1200S) with sucrose artificial cerebrospinal fluid (ACSF) containing (in 

mM) Sucrose 200, KCl 2.5, MgCl2 1.2, CaCl2 0.5, NaH2PO4 1.25, NaHCO3 26 and 

Dextrose 20, incubated for 1 h at 34 °C in 95% O2– and 5% CO2-saturated ACSF containing 

(in mM) NaCl 125, KCl 3.0, MgSO4 1.2, CaCl2 2.0, NaH2PO4 1.2, NaHCO3 26 and 

Dextrose 10. After postslicing recovery, slices were maintained at room temperature until 

electrophysiological recording. Vertical vibration of the blade was manually adjusted with a 

Vibrocheck device (Leica) before slice preparation and set to 0 μM.

A slice was placed in a modified recording chamber containing ACSF. DCN neurons were 

identified morphologically through a 40X water immersion objective using DIC-IR optics 

(Olympus BX50WI, Dulles, VA). Whole-cell patch-clamp recordings were performed using 
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an Axon MultiClamp 700B on cells with diameters of 15–20 μM in the interpositus and the 

medial portion of the lateral nucleus. These neurons are regarded as large glutamatergic 

projection neurons (Aizenman et al., 2003; Huang & Uusisaari, 2013). Generally, recordings 

were performed in 2–3 cells from DCN slices per rat after the slices were exposed to 

ChABC or Vehicle in the medium. Patch pipettes made from borosilicate glass (catalog #: 

BF150-86–10; 1.5 mm OD, 0.86 mm ID; Sutter Instrument Company, Novato, CA) were 

pulled with a P97 Brown-Flaming micropipette puller (Sutter Instrument Company, Novato, 

CA). The final resistances of pipettes filled with the internal solution [containing (in mM) 

potassium gluconate (C6H11O7K) 140, MgCl2·6H2O 4.6, HEPES 10, EGTA 10, Na2ATP 

4.0, pH 7.3 (KOH)] were between 5 and 8 MΩ. Data were low-pass filtered at 2 kHz and 

acquired at 20 kHz. Membrane properties were measured when the neuron had stabilized for 

5 min after the whole-cell configuration was achieved. Quantitative analysis included resting 

membrane potential measured directly upon breakthrough in whole-cell configuration, input 

resistance based on membrane potential changes to depolarizing current injections 

immediately after whole cell configuration, action potential (AP) threshold, current required 

for eliciting the first AP, half-width of elicited AP (APD50) including rising and falling 

phases, amplitude of elicited AP, the number of elicited APs, latency to the first AP elicited 

by a 250-ms duration depolarizing current injection, peak amplitude of the 

afterhyperpolarization (AHP), interval between first and second evoked action potentials 

(S1S2 interval), current required for hyperpolarization-induced rebound spikes, and the 

properties of rebound spikes. Recordings were only accepted if the resistance of initial seal 

formations were greater than 1 GΩ and rejected if their output was unstable or series 

resistance changed by more than 20%. To obtain an accurate measurement of neuronal 

excitability independent of membrane potential changes, continuous direct current was 

applied through the recording electrode to hold the cell at a − 70 mV baseline. All 

recordings were made at room temperature. All electrophysiological data were recorded 

online using Clampex 10.0 software (Molecular Devices, LLC.). Standard off-line analyses 

were conducted using Clampfit 10.0 (Molecular Devices, LLC.).

2.6. ChABC degradation of PNN

2.6.1. ChABC in vivo—A 0.5 μL solution containing either ChABC (0.01U/μg/side/0.5 

μL) or vehicle (0.1 M PBS) was infused into the left AIN. We chose to perform a unilateral 

infusion because a number of studies have demonstrated that the ipsilateral DCN is largely 

responsible for the CR when testing the ipsilateral eye (Bracha et al., 1997; Campolattaro & 

Freeman, 2009; Freeman et al., 1995; Gerwig et al., 2006; Miller et al., 2003). Infusate was 

injected using a microinfusion pump at a rate 0.5 μL/ minute and the infusion cannula 

(C317I/SPC, INTERNAL 30GA, Plastics One, Roanoke, VA) was kept in place for another 

2 min to allow diffusion into the cerebellar tissue. Afterwards, the infusion cannula was 

removed and replaced with a dummy cannula for the remainder of the experiment. 

Immediately following removal, sterile water was run through the infusion cannulae to 

ensure none had clogged. Rats were returned to their home cage for 4 days following 

ChABC infusion to allow for PNN digestion. The dosage and timing of ChABC infusion 

and timing of PNN digestion was derived from the literature (Gogolla et al., 2009; Hirono et 

al., 2018; Xue et al., 2014). Littermates were randomly assigned to the ChABC or vehicle 
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group during surgery and attempts were made to ensure equal numbers of males and females 

were included in each group.

2.6.2. ChABC in vitro incubation—A stock solution of 10U/mL of ChABC was made 

according to manufacturer specifications. During slice incubation, of ACSF for a final 

ChABC concentration of 0.25U/mL or 250 μL of the 0.01% BSA vehicle solution was added 

into ACSF as a vehicle. Tissue slices were cut at 350 μm and incubated in either ChABC or 

vehicle medium. A pilot experiment was done by incubating brain slices with either ChABC 

or vehicle medium for 4, 5, 6, and 8 h, respectively, in order to determine the optimal 

ChABC incubation duration for PNN disruption. Our data - indicated an incubation time of 

8 h was best-suited for ChABC digestion and this time was used for electrophysiological 

recordings as well as processing of in vitro tissue.

2.7. Tissue processing

In vitro electrophysiology tissue slices were transferred to 4% paraformaldehyde for 5 days 

then transferred to 30% sucrose for cryoprotection until they sank. Following cryoprotection, 

tissue was resectioned on a freezing microtome (HM 450 sliding microtome, Microm of 

Thermo Fisher Scientific) at 40 μm. Tissue was either mounted onto 3% gelatin slides or 

placed into cryoprotection in −20 °C.

Rats used for the ontogeny analysis, in vivo ChABC degradation, and/ or eyeblink 

conditioning were given a subcutaneous injection of ketamine hydrochloride (80 mg/kg) 

mixed with xylazine (8.0 mg/kg). Animals were perfused transcardially with 0.9% saline 

(pH 7.4 at room temperature) followed by 4% paraformaldehyde. Brains were collected and 

placed in fixative until ready for processing. Brains were transferred to 30% sucrose for 

cryoprotection until they sank, then 40-μm sections were cut on a freezing microtome. 

Tissue was either mounted onto 3% gelatin slides or placed into cryoprotection at −20 °C.

2.8. PNN immunofluorescence

Mounted sections from both the in vitro and in vivo experiments were washed in 0.1 M 

phosphate buffered saline (PBS) − 1% Tween then blocked for 2 h with 5% normal donkey 

serum or normal goat serum and 3% BSA before being incubated with primary antibodies 

overnight at 4 °C. Following washing in 0.1MPBS, sections were incubated in secondary 

antibody and 1% blocking solution for 4 h. After completing the secondary antibody 

reaction, sections were washed again in 0.1 M PBS. Following the final wash, sections were 

cover-slipped with DAPI Fluoromount-G mounting media and #1.5 coverslips (Fisher 

Scientific). Manufacturers’ information for primary antibodies, secondary antibodies, and 

sera can be found in Table 1.

2.9. Image acquisition

Neuronal and PNN immunofluorescent reactivity in the rat cerebellum was visualized using 

a confocal laser-scanning microscope (Zeiss LSM 710; Carl Zeiss International). Images 

were acquired using 405, 488, 546, and 633 nm lasers, sequential multichannel line scan, 

and with filters set manually to detect the spectral peak of each fluorophore. Cells were 

imaged at 20X (NA 0.4) and 63X oil-immersion (NA 1.4) objectives. Raw images were 
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exported to Zen Lite 2009 and Adobe Photoshop CC 2017 to make minor adjustments to the 

brightness and contrast. Raw images were also exported to FIJI (ImageJ, NIH) to determine 

the percentage of WFA positive (WFA+) neurons (neurons with a PNN) at multiple time 

points of development (P12, P16, P18, P30, 3 months, and 6 months) and following either in 

vitro exposure or in vivo infusion of ChABC or vehicle solution. For PNN analysis, an 

average of 6 sections per animal were imaged; images were analyzed between the following 

coordinates (Bregma: 11.52 mm, Interaural: −2.52 mm and Bregma: 10.68 mm, Interaural: 

−1.68 mm). Each section was imaged bilaterally with the imager blind to the side. In FIJI, 

the channels were separated in order to compare the number of microtubule-associated 

protein 2-positive (MAP2+) cells to the WFA+ cells to obtain a normalized count for each 

image. MAP2 is a protein found in both developing and adult neurons and can be used as a 

biomarker for neurons (Dehmelt & Halpain, 2004; Kindler & Garner, 1994; Matus et al., 

1990; Tucker et al., 1988). Once channels were separated, a background subtraction was 

performed to further distinguish WFA+ or MAP2+ cells. Images were thresholded to 

produce binary images and then particle analysis was used to generate a count of WFA+ or 

MAP2+ cells. Counts were made every ten slices and the average number of WFA+ cells 

divided by the average number of MAP2+ cells and then multiplied by 100 to generate a 

percentage of PNN+ neurons.

2.10. Statistical analysis

Data are presented as mean and ± SEM. One-way ANOVA, two-way ANOVA, and paired 

and unpaired t-tests were calculated in IBM SPSS Statistics (Ver.26.00.0; IBM Corp.) with p 

< 0.05 as the criterion for significance.

3. Results

3.1. Ontogenetic differences in the AIN

We examined WFA reactivity of MAP2+ cells in the AIN at six time points (P12, P16, P18, 

P30, 3 months, and 6 months) (Fig. 1) and differences were found as a result of age, [F (5, 

37) = 47.75, p < .000]. Fig. 1 shows that at P12 and P16 little WFA reactivity was seen but 

by P18 and P32, there was a dense PNN surrounding the cell body as indicated by high 

WFA reactivity. P12 and P16 rats had a lower percentage of PNN+ neurons compared to rats 

at P18, P30, 3 months, and 6 months. Fig. 1 also shows higher-resolution images of WFA 

reactivity at P12, P30, and 3 months. There were no significant changes in the percentage of 

PNN+ neurons in the AIN from P18 to 6 months.

3.2. PNN digestion in vivo alters eyeblink conditioning

3.2.1. In vivo PNN digestion—We examined PNN function by performing bilateral 

cannulae implants into the AIN of adult rats with one side being infused with ChABC and 

the other with vehicle. The PNN in the AIN on the side that received the enzymatic infusion 

was found to be digested 4 days post-infusion (42.38 ± 5.24%) compared to the side 

receiving vehicle (68.78 ± 5.14%), p < .000. Although other brain areas have significant 

PNN digestion that occurs more quickly following ChABC infusion (Gogolla et al., 2009; 

Xue et al., 2014), the DCN requires an extended time to achieve PNN digestion at similar 

concentrations (Hirono et al., 2018). We found that this level/amount of degradation to the 
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PNN was present for approximately one month following infusion of ChABC (data not 

shown). The reassembly of the PNN after a month demonstrated that ChABC infusion into 

the DCN was a temporary digestion of the PNN (Brückner et al., 1998).

Rats were removed from the study if their EMG signal-to-noise ratio was so small it was 

impossible to distinguish their responses from baseline activity. Eighteen adult male and 

female rats (at least P90) were included in the behavioral data analysis after five sessions of 

paired EBC (n = 9 ChABC (6F,3M), n = 9 vehicle (5F,4M) on final acquisition session) and 

up to three sessions of tone-only extinction (n = 7 ChABC (4F,3M), n = 8 vehicle (4F,4M) 

on final extinction session) following infusion of ChABC or PBS vehicle into the AIN. 

These numbers decreased as the experiment progressed because grooming disrupted the 

EMG signal over the course of the experiment by displacing the EMG wires in the eyelid. 

Even if an animal had poor EMG signal and their behavioral results could not be analyzed 

for that particular day, they were still placed in the chamber and exposed to the stimuli and 

brain tissue was stained and imaged to confirm ChABC digestion. Fig. 2 shows ChABC was 

capable of successfully digesting the PNN; we found that adult rats receiving infusion of 

ChABC prior to EBC had fewer MAP2+ neurons associated with the PNN (55.1 ± 3.2%) 

compared to vehicle who had EBC (86.4 ± 2.5%), p < .000.

3.2.2. EBC acquisition—Fig. 3 shows a timeline for the behavioral experiments. Fig. 4 

shows there was an increase in %CRs for both groups across sessions, [F (4,77) = 5.82, p 

< .000], with Session 1 (S1) having lower %CRs than S3 (p = .001), S4 (p = .016), and S5 (p 

= .001) but there were no overall differences in %CRs between groups.

There were several changes to the parameters of CRs during paired EBC, which are 

important tools for measuring an animal’s ability to learn EBC. As expected from previous 

research (Burhans et al., 2013; Schreurs et al., 2013), Fig. 5 shows session differences in CR 

amplitude were observed [F (4,73) = 4.68, p = .002], with S1 having lower amplitudes than 

S4 (p = .008) and S5 (p = .004). There was also a session by group interaction for CR 

amplitude [F (9, 73) = 3.43, p = .001]. Rats that received ChABC had lower CR amplitudes 

during the final session (S5) compared to vehicle animals (Fig. 5). Representative traces of 

individual probe trials are shown for a ChABC-infused subject (red) and a Vehicle-infused 

subject (blue) in the in Fig. 5B.

As expected with robust classical conditioning of the EBC, there were session differences in 

the CR area, seen in Fig. 6, [F (4,73) = 5.28, p = .001] which were smaller on S1 compared 

to S4 (p = .008) and S5 (p = .003). More importantly, the ChABC group had reduced CR 

area compared to the vehicle group, [F (1, 73) = 7.72, p = .007]. ChABC infused rats had 

smaller CR area compared to vehicle animals on both the first (2.74 ± 0.35 AU in vehicle, 

0.000 ± 0.26 AU in ChABC, p = 0.02) and final session of acquisition (4.75 ± 0.62 AU in 

vehicle, 3.01 ± 0.37 AU in ChABC, p = 0.03) (Fig. 6). Representative individual traces on 

probe trials (ChABC in red, vehicle in blue) for two sessions of acquisition, corroborate 

these averaged data (Fig. 6B). The changes observed in amplitude and area suggest that 

digestion of the PNN diminished the size of the conditioned response.
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Following ChABC or vehicle infusion, there were session differences associated with peak 

eyeblink latency, [F (4, 74) = 8.17, p < .000] with the eyeblink peak response occurring 

earlier on S3 (p = 0.03), S4 (p < .000), and S5 (p < .000) compared to S1 (Smith-Bell et al., 

2012). The eyeblink response grew faster by the end of acquisition. There were no 

significant group differences in the peak latency of the CR (F < 1).

No significant differences were found in any of the UR measures between the animals 

infused with ChABC versus vehicle suggesting that there were no effects of ChABC on the 

motor output pathway (F’s < 1).

3.2.3. EBC extinction—Fig. 4 shows the %CRs during the three extinction sessions. 

Analysis yielded only session differences, [F (2, 43) = 3.36, p = .044], with the final 

extinction session (E3) having lower %CRs than the first extinction session (E1) (Fig. 4B). 

There were no significant differences in any of the other conditioned response parameters 

investigated during extinction (F’s < 1).

3.2.4. Sex differences—There were some effects of sex on %CRs during EBC seen in 

Fig. 7. The vehicle group exhibited sex differences with female rats having marginally 

higher %CRs than males during some acquisition sessions, [F (1, 54) = 3.91, p = .053] (Fig. 

7A). These sex differences were not evident in the ChABC group (F < 1). In the vehicle 

group, sex differences were found in %CRs on post-probe trials, the paired trials that 

immediately followed the tone-alone probes that were presented every ten trials during 

acquisition, [F (1,32) = 9.66, p = .004], with female rats having higher %CRs on the next 

reinforced trial that followed the probe trial compared to their male counterparts. Again, the 

ChABC group did not exhibit these sex differences (Fig. 7B).

Lastly, Fig. 8 shows an effect of sex on CR area. This was observed for both the vehicle 

group, [F (1, 48) = 27.63, p < .001] and the ChABC group, [F (1,44) = 7.72, p = .008] during 

acquisition. The female rats in both groups had a larger CR area than the males.

3.3. In vitro PNN digestion alters the electrophysiological properties of neurons in the 
AIN

0.25 U/mL of ChABC successfully digested the PNN in DCN slices. Fig. 9 shows AIN 

tissue that was exposed to ChABC in the medium had lower WFA reactivity compared to 

tissue placed in the vehicle medium. An unpaired t-test confirmed that the AIN tissue 

exposed to ChABC had a lower percentage of WFA+ neurons (41.98 ± 4.75) compared to 

the vehicle group (98.71 ± 0.38), p < .000. Table 2 depicts which membrane properties of 

neurons in the rat AIN were altered by exposure to ChABC.

Fig. 10 shows neurons exposed to ChABC required a larger current (0.04 ± 0.01nA) to fire 

an action potential (AP) compared to cells in the vehicle group (0.02 ± 0.01nA), p = 0.009, 

(Fig. 10A) and had a longer latency to evoke an AP (45.99 ± 9.51 ms) compared to cells 

from vehicle animals (20.27 ± 4.19 ms), p = 0.03 (Fig. 10B). AIN excitatory neurons also 

showed a prolonged inter-spike interval (S1S2) when exposed to ChABC (31.2 ± 5.0 ms) 

compared to the neurons in the vehicle media (17.83 ± 3.14 ms), p = 0.04 (Fig. 10C). Fig. 11 

shows ChABC-exposed neurons had a larger afterhyperpolarization (AHP) amplitude 
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(−12.46 ± 1.12 mV) compared to vehicle cells (−8.88 ± 1.36 mV), p = 0.04 (Fig. 11A). The 

voltage to reach AP threshold was lower following ChABC exposure (−42.70 ± 0.94 mV) 

compared to the vehicle group neurons (−47.90 ± 1.84 mV), p = .008 (Fig. 11B). 

Interestingly, there were no differences in the membrane potential (−46.93 ± 0.82 mV and 

−46.4 0 ± 0.69 mV) or input resistance (132.95 ± 15.6 MΩ and 124.03 ± 1.07 MΩ) of 

neurons exposed to ChABC compared to vehicle. These results suggest that digestion of 

PNN with ChABC in acute AIN slices decreased the intrinsic excitability of large excitatory 

neurons without affecting other membrane properties.

The electrophysiological properties of rebound spikes (RD) are summarized in Table 3 and 

seen in Fig. 12. Neurons in the DCN slices exposed to ChABC required a larger current for 

evoked rebound spikes (−0.59 ± 0.11nA) compared to those exposed to the vehicle media 

(−0.29 ± 0.01nA), p = 0.03 (Fig. 12A). In addition, there were fewer evoked RD in DCN 

neurons exposed to ChABC (4.63 ± 0.9) versus those exposed to the vehicle solution (10.3 ± 

0.74), p = 0.0003 (Fig. 12B). Increased rebound firing in the DCN is associated with higher 

likelihood of inducing changes responsible for cerebellar learning (Person & Raman, 2012; 

Pugh & Raman, 2006; Zheng & Raman, 2010, 2011). Taken together, it is likely that 

ChABC exposure removed the surrounding PNN resulting in modified the intrinsic 

membrane properties of the large excitatory neurons within the DCN.

4. Discussion

The principal findings of the present experiment were: (1) ChABC was able to digest PNNs 

in the rat DCN that emerge almost fully formed at P18; (2) In vivo ChABC digestion of the 

PNNs in the DCN had deleterious effects on eyeblink conditioning particularly on the size of 

the conditioned response without affecting the unconditioned response; (3) Exposure to 

ChABC in vitro profoundly affected membrane properties of large, excitatory neurons in the 

DCN significantly reducing membrane excitability which has been shown to play a role in 

eyeblink conditioning.

Our investigation of PNN development in the DCN adds to the current literature that 

describes the presence of the PNN in this region for adults and at only a few early 

timepoints. Rats and other animals younger than P18 have difficulty acquiring and retaining 

EBC and this may be the result of an underdeveloped PNN. Even at P17-P18, rats do not 

learn EBC with an auditory CS as quickly or as well as they do at P24 (Stanton et al., 1992). 

This difficulty in training rats younger than P17-18 with an auditory CS may also be due in 

part to an immature auditory sensory pathway (Freeman & Rabinak, 2005), since training is 

possible if the CS is a somatosensory stimulus like shock (Schreurs et al., 2013) or vibration 

(Goldsberry et al., 2014), because unlike auditory pathways, the somatosensory pathways 

mature prenatally. Training rats as young as P12 is possible if the pontine nuclei are directly 

stimulated as the CS (Freeman & Rabinak, 2005). The PNN could also be implicated in age-

related differences in extinction of EBC. In a study comparing P17 and P24 rats, direct 

stimulation of the middle cerebellar peduncle as a CS paired with a 25-ms, 3.0-mA (range 

2.5–3.5 mA) periorbital stimulation US was used to overcome the immature auditory system 

so that both ages had strong CRs at the end of acquisition. Even with strong CRs, results 

showed that P17 animals had a faster rate of extinction compared to P24 animals. P24 
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animals also had a faster rate of reacquisition following extinction, suggesting that the 

original memory was better stabilized in P24 rats (Brown & Freeman, 2014). Although P24 

rats are still within their critical period, it is possible that they have more PNN+ cells than 

preweanlings aged P17, suggesting they are more likely to stabilize the associations learned 

from EBC. Even rats at P24, a “periweanling” age, still diverge in their conditioned behavior 

compared to adults at P60-P90 (Brown & Freeman, 2016). The authors of that 2016 study 

found that there were unremarkable differences between the periweanlings and adult rats in 

acquisition and extinction following 1, 7, or 28 days after conditioning took place. However, 

when they reexposed periweanlings to the CS-US pairings 29 days following conditioning, 

they required more training to achieve the high levels of CRs observed during their initial 

training, suggesting that some memory instability persists in periweanling rats. Together, the 

behavioral results found by Brown and Freeman as well as our ontogenetic analysis of the 

PNN and behavior demonstrate that there are age-related differences in an animal’s ability to 

learn EBC. These developmental differences may be dependent on the presence of the PNN 

in the DCN as well as other brainstem structures related to EBC. Further examination of the 

changes to the PNN following EBC at various ontogenetic stages would prove a logical next 

step.

ChABC infusion 4 days prior to five sessions of EBC and three sessions of EBC extinction 

was sufficient to significantly reduce the PNN as well as loose ECM. Exposure to EBC and 

other stimuli may also remodel the PNN as a result of endogenous enzymatic activity related 

to learning or changes in the cage environment as observed by others (Carulli et al., 2020; 

Stamenkovic et al., 2017). Both vehicle and ChABC groups reached our predefined 

conditioning criterion (70% CR) by S3. We may have missed subtle conditioning differences 

when comparing between training sessions due to the intensity of our stimuli and the 

consequent rapid level of learning.

To assess more subtle conditioning differences, we investigated within the acquisition and 

extinction sessions by assessing %CRs in 10-trial blocks (Smith-Bell & Schreurs, 2017). 

Although all rats acquired equal levels of %CRs during the first four sessions, group 

differences emerged during the last session (S5), with ChABC-treated subjects having lower 

%CRs than vehicle-treated controls. The nature of this difference was explored by 

examining the final 10-trial block during one session versus the next session’s first 10-trial 

block (Smith-Bell & Schreurs, 2017). We found a group difference on the final 10-trial 

block of S4 and the first 10-trial block of the final session of acquisition (S5). Rats in the 

vehicle group may have had higher %CRs compared to those that had been infused with 

ChABC. This evidence suggests ChABC infused rats were unable to successfully 

consolidate their memories as well as vehicle rats. This more in-depth analysis within each 

extinction session revealed that on E1 there was a group by 10-trial block interaction. 

ChABC-infused rats had lower %CRs, while there were differences between the 10-trial 

blocks, withT1-10 having higher %CRs than the remaining 10-trial blocks. We also found 

differences within 10-trial blocks when comparing ChABC and vehicle controls on the 

second extinction session (E2). Although we followed previously published timelines with 

ChABC infused degradation in the DCN, additional time may have been needed to achieve 

the maximum PNN digestion. However, to ensure viable signal quality from the EMG, we 
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had to begin training as rapidly as possible while allowing ChABC enough time to 

enzymatically alter the PNN.

Nevertheless, we did find conditioning parameters that were significantly different between 

the two groups. Animals with a digested PNN had conditioned eyeblink responses with 

smaller amplitudes and with smaller areas compared to vehicle rats. Indeed, the amplitude of 

conditioned eyeblink responses increased in size in vehicle animals from the second session 

to the final session while ChABC animal amplitude plateaued by the second session. We 

observed fairly consistent differences in the CR area which can be interpreted as a measure 

of CR strength. This difference could be an effect of ChABC on the CR output pathway. The 

smaller amplitude and area of the conditioned eyeblink response in rats with degraded PNN 

in the AIN may be a result of the decreased intrinsic membrane excitability and altered 

inhibitory connections onto the DCN. The study by Carulli et al., found reorganization of the 

inhibitory and excitatory connections of DCN neurons following PNN digestion (Carulli et 

al., 2020). One reason we did not observe differences in conditioning levels could not only 

be due to the extent of PNN digestion but also the fact that the DCN neurons remained 

functional, unlike with the extensive damage observed following cerebellar lesions. 

Interestingly, other studies have observed impairments of CR amplitude without drastic 

changes to the CR acquisition following DCN lesions (Perciavalle et al., 2013; Welsh, 1992) 

while some have used CR amplitude as the measure of cerebellar learning (Kreider & Mauk, 

2010). Since we did not find any differences between the two groups in responding to the 

US, it is highly unlikely that the observed differences resulted from alterations in the motor 

performance of ChABC animals. Instead, ChABC-infused rats may not have had well-

stabilized associations of the tone-shock pairings with a reduced PNN leading to responses 

that were decreased in both amplitude and area. Other studies that investigated PNN 

digestion in the mouse cerebellum and its effect on EBC chose to train mice using air puff as 

the US (Carulli et al., 2020; Hirono et al., 2018). The lower salience of an air puff US and 

the lower rate of learning in those studies may have allowed for differences in % CRs 

between ChABC and vehicle-infused groups to emerge between sessions on acquisition. The 

authors did not investigate parameters of the eyeblink response other than percent CR.

Lastly, we observed significant sex differences during EBC. The females in both the Vehicle 

and ChABC groups had larger CR areas than their male counterparts during acquisition of 

EBC. Females in the vehicle group had marginally higher percent CRs during conditioning 

and significantly higher post-probe percent CRs compared to males in the group suggesting 

they may have formed stronger associations compared to the males. This has been observed 

in delay and trace conditioning with female animals having higher %CRs (Dalla et al., 2009; 

Dalla & Shors, 2009; Leuner et al., 2004; Waddell et al., 2010). In comparison, females and 

males in the ChABC group performed at similar levels. These results confirm that sex is an 

important biological variable in learning and memory (Bangasser & Shors, 2007; Chow et 

al., 2013; Shors & Miesegaes, 2002) and may indicate the PNN’s role (if any) in disorders or 

diseases that seem to impact one sex more than the other. These data suggest that researchers 

studying the PNN should consider including animals from both sexes.

The observed changes in vitro, may help explain the observed behavioral changes seen 

following ChABC infusion to the AIN. We observed that degradation of the PNN in vitro 
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leads to changes in membrane properties of the large excitatory neurons in the DCN. Slices 

exposed to ChABC had a significantly diminished level of PNN in comparison to slices 

exposed to the vehicle. The reduction of the PNN decreased the intrinsic membrane 

excitability of these neurons based on an observed prolonged latency for evoked AP, an 

extended S1S2 interval, evoked AP needing a larger current, as well as a relatively larger 

AHP amplitude without altering membrane voltage, input resistance, or amplitude. The 

ChABC-induced digestion of the PNN altered the membrane properties of DCN neurons 

modifying the way these cells behaved. In agreement with these results, there are other 

reports of decreased excitability following PNN removal (Balmer, 2016; Chu et al., 2018). 

However, others have found increased excitability after ChABC exposure (Dityatev et al., 

2007; Hayani et al., 2018). We have observed that eyeblink conditioning is correlated to 

increased excitability of DCN neurons (Wang et al., 2018; Schreurs, 2019) and others found 

similar results in the hippocampus (McEchron et al., 2003; Moyer et al., 1996, 2000; Oh & 

Disterhoft, 2015). We would then expect to observe a decrease in the conditioning of 

animals exposed to ChABC, since the digestion of the PNN resulted in decreased 

excitability. These differences may have to do with the location, type of neuron that is being 

studied, composition of CSPG in PNN, and level of PNN degradation. Although we did not 

find any significant differences in the PNN in the DCN post P18, our electrophysiology 

recordings were made when these animals were still in their periweanling stage, suggesting 

that there may be differences in the effects of PNN degradation on DCN neurons between 

animals at this age and adults of 3 months or older. These recordings were made in 

periweanlings because it is difficult to successfully patch and record neurons in the DCN 

post P32 (Wang et al., 2018). In the future, we are interested in discerning if the changes we 

observed following in vitro digestion are also found when breaking down the PNN via 

ChABC infusion in vivo and performing electrophysiological experiments four days post 

infusion.

5. Conclusion

In summary, we found that PNN levels were less prevalent at P12-P16 but increased until 

P18 and remained stable from this point onward. We observed that digesting the PNN in the 

rat DCN altered several parameters of EBC and decreased the intrinsic excitability of the 

PNN+ neurons. These results add to the growing body of work studying the PNN and its 

function in the CNS.
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Fig. 1. 
Ontogeny of the PNN in the AIN. A-C. shows the WFA reactivity (red), DAPI (blue), and 

MAP2 reactivity (green) in the rat AIN at P12 (A), P18 (B), and P30 (C) at 20x. D. shows 

the WFA reactivity at the studied ontogenetic timepoints. There is an increase in the WFA 

reactivity between P12 and P18 but no significant changes found after this point. E-G show 

WFA reactivity alone at P12 (E), P30 (F), 3 months (G) at 63x. ** = p < .01 at P12, ## = p 

< .01 at P16.
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Fig. 2. 
In Vivo Digestion of the PNN following EBC. A-D. Rats infused with vehicle show high 

WFA (red, panel A) reactivity with some PNN noted with white arrowheads as well as 

MAP2 reactive neurons (green, panel B) with some neurons noted with the open arrowheads 

and DAPI (blue, panel C) with all four channels merged in D. Three WFA+ neurons are 

marked with the winged arrowhead in D. E-H. Rats infused with ChABC have less WFA 

(red, panel E) labeling in comparison and in the merged image, there is only one WFA+ cell. 

I. A two-tailed unpaired t-test found ChABC infusion prior to EBC successfully decreased 

WFA reactivity in the adult rat AIN. *** = p < 0.001.
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Fig. 3. Behavioral Timeline.
A simple schematic showing the timeline of the behavioral experiments. Animals had 1 

session of tone-shock acquisition for 5 days. 24 h later they had 1 session of extinction for 3 

days. 2 weeks post-surgery the animals were given transcardial perfusion for tissue 

processing.
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Fig. 4. 
Percent Conditioned Responses between ChABC and Vehicle Rats during Acquisition. A. 

There were no significant differences in %CRs between the two groups but there were 

significant sessions differences, showing both groups are capable of learning EBC. B. There 

were differences between sessions during extinction. ## = p < .05 for session.

O’Dell et al. Page 26

Neurobiol Learn Mem. Author manuscript; available in PMC 2022 January 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Fig. 5. 
Amplitude of the Conditioned Response between ChABC and Vehicle Rats. A. On S5, the 

vehicle group had a noticeably higher amplitude on the final acquisition session. There were 

also significant session differences on S4 and S5 showing the amplitude size significantly 

increased over the acquisition period. B. the amplitude of a vehicle and ChABC infused rat 

changed from S3 (bottom traces) to S5 (top trace). ## = p < .05 for session, ** = p < .01.
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Fig. 6. 
Area of the Conditioned Response between ChABC and Vehicle Rats. A. On both S1 and 

S5, the vehicle group had a noticeably higher area under the curve. B. The area of a vehicle 

and ChABC infused rat changed from S3 (bottom traces) to S5 (top trace). ## = p < .05 for 

session, ** = p < .01.
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Fig. 7. 
%CR Sex Differences between ChABC and Vehicle Rats during Acquisition. A. shows 

female rats in the vehicle group have higher %CRs compared to their male counterparts on 

the first tone-shock trials that follow a probe trial. B. shows that this difference is not present 

in the rats infused with ChABC. ** - p < .01.
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Fig. 8. 
Area Sex Differences between ChABC and Vehicle Rats during Acquisition. A. shows 

female rats in the vehicle group have higher area compared to their male counterparts on 

probe trials on S1 and S5. B. shows that female rats infused with ChABC also have a higher 

area than their male counterparts on S3. * - p < .05.
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Fig. 9. 
In Vitro Digestion of the PNN. A-D. Slices exposed with vehicle show high WFA (red, panel 

A) reactivity as well as MAP2 reactive neurons (green, panel B) and DAPI (blue, panel C) 

and all channels merged in D. Three WFA+ neurons are marked with the winged arrowhead 

in D. E-H. Slices exposed with ChABC have less WFA (red, panel E) labeling in 

comparison and in the merged image, there is only one WFA+ cell. I. A two-tailed paired t-
test found ChABC exposure in the electrophysiological bath successfully decreased WFA 

reactivity in the juvenile rat AIN. *** = p < 0.001.
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Fig. 10. 
ChABC altered the electrophysiological properties of AIN cells. A. shows a higher current is 

required to evoke an action potential in neurons from ChABC exposed slices. B. shows a 

significantly longer latency for evoked action potential in neurons from ChABC exposed 

slices. C. shows a longer S1S2 interval for evoked action potentials in neurons from ChABC 

exposed slices. D. The typical recordings of action potentials from neurons either in ChABC 

exposed slices or control medium exposed slices, which were elicited in response to a 

depolarizing current of 0.1nA. The dashed line indicates the mean. * = p < .05, ** = p < .01.
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Fig. 11. 
ChABC exposure altered the electrophysiological properties of AIN cells. A. shows a larger 

AHP amplitude for evoked action potential in neurons from ChABC exposed slices. B. 

shows a lower threshold for evoked action potential in neurons from ChABC exposed slices. 

C. The traces show ChABC exposed neurons had a larger AHP amplitude compared to 

control. The dashed line indicated the mean. * = p < .05,
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Fig. 12. 
ChABC exposure changed the properties of hyperpolarization induced rebound spikes in 

AIN cells. A. shows a higher current is required to evoke a rebound spike in neurons from 

ChABC exposed slices. B. shows a lower number of evoked rebound spikes in neurons from 

ChABC exposed slices. Dashed lines indicate the mean. C. The typical recording of rebound 

spikes from neurons either in ChABC exposed slices or control medium exposed slices, 

which were elicited in response to a hyperpolarizing current of −0.6 nA. * = p < .05.
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Table 1

Materials used in Tissue Processing.

Item (manufacturer)

Chondroitinase ABC (Sigma, cat#: C3667)

Biotin conjugated wisteria floribunda lectin (EY Laboratories Inc., cat#: BA-3101-1) (1:1000)

PSD-95 (Thermofisher Scientific, cat#: MA1-046) (1:2000)

Gephyrin B-4 (Santa Cruz Biotech, cat#: sc-55469) (1:400)

Anti-MAP2, clone AP20 (EMD Millipore, cat#: MAB3418) (1:200)

Donkey Anti-goat A488 (Thermofisher Scientific Inc., Invitrogen, cat#: A-11055) (1:500)

Goat Anti-mouse A546 (Thermofisher Scientific Inc., Invitrogen, cat#: A-21045) (1:500)

Goat Anti-mouse A488 (Thermofisher Scientific Inc., Invitrogen, cat#: A-11029) (1:500)

Streptavidin, Alexa Fluor 647 conjugate (Thermofisher Scientific Inc., Invitrogen, cat#: S-21374) (1:500)

Normal donkey serum (Millpore Sigma, cat#: S30-100KC)

Normal goat serum (Thermofisher Scientific Inc., Gibco, cat#: PCN5000)

Bovine serum albumin (Millipore Sigma, cat#: A3294)

DAPI Fluoromount G (SouthernBiotech, cat#: 0100-20)
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