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ABSTRACT 
 
 

Nucleus magnocellularis (NM) is a cochlear nucleus in the avian auditory brain stem 

which solely receives excitatory input from the auditory nerve fibers of cranial nerve VIII (cnVIII) 

and bilaterally innervates nucleus laminaris.  The primary function of NM neurons is to code the 

temporal characteristics of acoustic stimuli and pass on this information to nucleus laminaris for 

use in coincidence detection and ultimately sound localization.  Robust and dynamic stimuli 

could easily overwhelm many other synapses, but NM not only faithfully encodes important 

features of sounds, but can also enhance the information. 

Synaptic depression is one consequence of the large, rapid currents produced in NM in 

response to acoustic stimuli.  The progressive decline in postsynaptic responses could lead to a 

failure in temporal coding.  Therefore, depression must therefore be managed to allow coding 

not just at the onset, but throughout the duration of an ongoing stimulus.  Many synaptic 

adaptations can be found at the cnVIII-NM synapses which act to dynamically adjust neuronal 

signaling in order to maintain consistent coding.  GABAB receptors, in particular, present an 

interesting situation where activity-dependent inhibition can lead to an enhancement of neural 

signaling.  The increase in synaptic reliability is presumably mediated through a conservation of 

neurotransmitter. 

The cannabinoid (CB) system represents another type of signaling that can mediate 

negative feedback, reducing neurotransmitter release.  Furthermore the cannabinoid receptor 

one (CB1) is present in many sensory systems and is found throughout the brain of the chick.  

Relevant to auditory processing, the ganglion cells which form cnVIII produce CB1 mRNA.  

Immunohistochemical labeling of CB1 revealed that the calyceal terminals, not the cell bodies, 

of NM contain the functional receptor.  Activation of these receptors with WIN 55,212-2 (WIN), a 

CB agonist, reduces excitatory postsynaptic currents, most likely through lowering of vesicle 

release probability.  The high safety factor of neurotransmission at the calyx synapse means 

that a reduction in peak amplitude does not necessarily inhibit action potentials, but does 

appear to reduce the degree of observed synaptic depression.   

Endogenous CB production has been shown to occur in an activity-dependent manner, 

through either activation of metabotropic glutamate receptors or postsynaptic 

depolarization/intracellular Ca2+ rises.  High frequency stimulation was able to induce an 

enhancement effect in current clamp which was blocked by pretreatment with a CB antagonist.  

The stimulation protocol was subsequently used under voltage clamp, but did not appear to 

initiate endogenous cannabinoid production as measured by paired-pulses.  This finding 
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suggests that metabotropic glutamate receptor activation is not sufficient to elicit cannabinoid 

production or paired-pulses are not a good measure in NM.  If cannabinoids are produced 

endogenously at this synapse then the Ca2+-sensitive production pathway could be necessary 

as it require postsynaptic depolarization which does not occur under voltage clamp.   

A second way to measure CB effects is to measure the amplitude and frequency of 

spontaneous postsynaptic events.  Picrotoxin, a GABAA antagonist, was used to isolate effects 

on glutamatergic signaling for study.  In most cases picrotoxin had no effect; however, the drug 

was able to cause a near complete cessation of spontaneous postsynaptic currents in NM.  A 

CB antagonist AM251 had an effect in the other direction and was able to preferentially increase 

the frequency, but not the amplitude of spontaneous events.  These findings demonstrate that 

the vast majority of spontaneous depolarizing events are from random GABA release and there 

is a basal level of CB production even in an unstimulated slice.  Another possibility is that the 

deafferentation-induced rise in intracellular Ca2+ caused this CB release. 

Unfortunately at this time we did not record from NM neurons with both picrotoxin and 

AM251 present in the bath.  This limits our ability to interpret the data as it is not clear if the 

additional spontaneous events are from increased GABA or glutamate release.  We did not 

detect any CB1 mRNA labeling of the superior olive which is responsible for the GABAergic 

input to NM.  Also, WIN had an effect on depression even with picrotoxin present.  This indirect 

evidence points to glutamate release as the underlying cause for the increased events. 

This study was by no means an exhaustive examination of CB signaling in the chick 

auditory brain stem.  Rather, we made the first steps toward a new line of research as we now 

clearly know that CB1 is present and able to modulate signaling at the cnVIII-NM synapse.  At 

this time we do not fully know how, to what degree, and when CB signaling is engaged.  The 

functional purpose of CB would appear to enhance the coding of temporal events, however, we 

do not know at what scale.  CB1 activation could function in a synapse-specific manner, 

complementary to GABAB activation, reducing synaptic depression at high rates of stimulation.  

Another, simpler role could be to maximize the signal to noise ratio by keeping the frequency of 

spontaneous glutamate release low.  Further experiments will be needed to clarify these 

intriguing results.
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CHAPTER 1 

LOCALIZATION OF AUDITORY STIMULI 
 
 

SPATIAL LOCALIZATION 

The perception of an organism’s environment is a reconstruction based on the 

interpretation of encoded information. While general strategies exist, each sensory system faces 

unique challenges in transforming stimulus to perception.  Specialized sensory receptors first 

transduce a physical stimulus into a pattern of action potentials.  Ganglion cells then relay the 

information into the central nervous system (CNS) in an organized manner.  Features are 

extracted, merged, and sent to higher brain areas where detection, identification, and scaling 

occur.  Of the five common senses, only vision, somatic sensation, and audition provide detailed 

spatial information. 

For vision and somatosensation, a topographic representation is present at the receptor 

level and that pattern is preserved as the information enters the brain stem.  By contrast, no 

inherent spatial information is present within auditory stimuli at the receptor level.  Rather, 

sound waves deflect the ear drum and this vibration is transmitted by the ossicle(s) to a single 

point, the oval window of the cochlea.  The cochlea only sends information as to the frequency 

and intensity of sound stimuli to the central nervous system.  Auditory processing then faces the 

complex task of extracting spatial features [1], not from the topographic layout of sensory 

receptors, but rather the processing of temporal changes, spectral effects, and interaural 

differences [2]. 

Sound localization is dependent on two main stimulus factors [3-6].  First, spectral 

bandwidth represents the number of frequencies in a stimulus, ranging from a pure tone to 

complex sounds.  Next, the stimulus intensity is a measure of the amplitude of a sound wave.  

Each inner hair cell has a characteristic or “best” frequency (CF), but will also respond to similar 

tones of sufficient loudness.  Greater bandwidth and intensity will lead to a more robust 

response and recruitment of a larger population of neurons to the benefit of sound localization. 

The distance from a stimulus source, movement of the stimulus source, and intervening 

objects all modulate the sound wave as it travels to each ear.  These alterations in the 

soundwave provide clues as to the location of the source.  Each organism can exploit the 

implicit localization cues dependent on their hearing range, head size, and neural 

specializations.  Despite differences between species, sound localization cues fall into two 

broad categories: monaural and binaural cues. 
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Monaural (single ear) cues may be used to roughly localize the sources of auditory 

stimuli.  The majority of these cues are derived from interference caused by external structures 

such as the pinna, head, and upper torso.  Low frequencies, however, cannot be used in 

monaural localization.  Low-frequency sounds, specifically those with wavelengths greater than 

the size of an organism’s head, are not attenuated.  Mid- to high- frequency sounds, however, 

are subject to sufficient filtering to enable monaural distance and elevation localization [7-8].  

These cues do not provide detailed spatial resolution and brief sounds resist localization. 

Binaural (both ears) cues are required for more precise localization of a sound source.  

Comparison between the ears reveals differences in filtering, arrival time, and relative loudness.  

Only when a sound source is located at 0 or 180 degrees on the azimuthal plane can the 

stimulus that reaches each ear be identical.  Both the arrival time and intensity of a stimulus will 

systematically vary with source position off the midline.  When a sound source is located off the 

midline, the head of an organism attenuates the sound waves, casting an acoustic shadow.  

The distal ear will consequently receive a stimulus of lower intensity at a slightly later time point 

as compared to the proximal ear.  While minute, the resulting interaural intensity/level difference 

(ILD) and interaural time difference (ITD) allows listeners to accurately localize sounds [9-10].  

Figure 1.1 – Schematic of coronal brain stem section of the chick and the circuit 
which codes interaural time differences. The cochlea innervates ganglion cells 
which form cranial nerve VIII.  cnVIII sends afferents to Nucleus Magnocellularis 
whose axons terminate bilaterally in Nucleus Laminaris. 
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ILD and ITD comparison are ongoing processes throughout the duration of a stimulus and 

longer duration sounds are easier to localize.  ITDs and ILDs tend to work in a complementary 

fashion.  ITDs can be calculated even when the sound wavelength is greater than the head of 

an organism, whereas ILDs can be measured even when the frequency of the sound is high. 

 

Temporal Coding 

With the exception of frequency, the cochlea encodes the salient features of sound 

stimuli through spike timing.  Processing ILDs and ITDs in series or a single circuit could be 

detrimental to sound localization as it may be difficult to determine if an alteration in rate is due 

to a change in intensity or timing.   A common strategy in vertebrate binaural comparison is an 

initial division of labor for processing the two major cues.  This segregation is reflected in the 

avian auditory brain stem circuitry (Figure 1.1).  The auditory brain stem of the chick presents a 

useful model for studying sound localization.  Briefly, hair cells in the cochlea synapse with the 

distal processes of ganglion cells whose axons form part of cranial nerve VIII (cnVIII).  Upon 

entering the brain stem, the nerve bifurcates, innervating two cochlear nuclei, nucleus angularis 

(NA) and magnocellularis (NM).  cnVIII provides the sole excitatory input through glutamate 

release.  NA projects bilaterally to nucleus olivaris superioris (SO) and nucleus lemnisci lateralis 

(Llv) [11], whereas, each NM projects bilaterally to nucleus laminaris (NL).  It has been 

hypothesized that NA is principally involved in the encoding of sound intensity and NM in the 

encoding of temporal acoustic information [12-14].  In turn, NL uses input from NM to code ITDs 

[15-16]. 

While the circuitry differs, the underlying division is also reflected in mammalian 

anatomy.  Specifically, the mammalian medial superior olive (MSO) uses bilateral input to 

calculate ITDs for use in sound localization.  While the lateral superior olive (LSO) calculates 

ILDs, the circuitry is different and the LSO is sensitive to timing differences as well.  This 

divisional processing is an example of convergent evolution between avians and mammals and 

speaks to the efficiency of this independently evolved strategy [17]. 

Both NA and NM receive essentially the same input from cnVIII, but the synapses 

formed at each nucleus possess numerous specializations suited to their individual functions.  

For the purpose of this investigation, the circuit formed between cnVIII and NM (ITD pathway) 

will be the focus.  Specifically, the synaptic adaptations of NM that have evolved in order to 

process and preserve the temporal aspects of auditory stimuli for use in ITD coding will be 

examined.  The importance of temporal coding, however, extends beyond sound localization.  
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Temporal processing is also a key component of pitch perception, coding of the formant 

frequencies of vowels, and object identification [18-19]. 

There is both a place and rate code for auditory stimuli.  First, NM and NL are 

tonotopically arranged with low CFs caudolateral and high CFs rostromedial (place) [20-21].  

Second, a stimulus (timing) can be encoded as a cycle-for-cycle rate code within individual 

auditory nerve fibers and NM for stimuli at very low rates (rate) [22-23].  One constraint on this 

task lies in the fact that neurons have a limit as to how fast action potentials (APs) can be fired. 

The absolute refractory period of a neuron results in a physically-imposed limit on the frequency 

of APs. Consequently, the majority of neurons will not follow auditory stimuli cycle for cycle.  

Instead, neurons will synchronize their firing with the same point in the cycle of a repeating 

stimulus, though not necessarily every cycle.  This synchronization of the timing of APs to the 

phase of the acoustic stimulus is called “phase-locking.” 

Through these mechanisms, both a place and rate code co-exist. Since the cochlea and 

subsequent ganglion/nuclei maintain a tonotopic arrangement, APs are not required to encode 

the pitch of the high frequency stimulus.  Rather, neurons with a high CF tend to fire at the onset 

of a stimulus and then tonically to the envelope of broadband sound stimuli and sinusoidally-

amplitude modulated tones [24].  Phase-locking to amplitude modulations can be used to 

calculate ITDs and extend the usefulness of this binaural cue to higher frequency sounds [25-

26].  Due to these limiting factors, low to mid-range frequencies comprise the majority of stimuli 

used for azimuthal localization. 

 

NUCLEUS MAGNOCELLULARIS 

NM neurons display electrophysiological characteristics which are favorable for phase-

locking.  NM neurons produce a single, strong excitatory post-synaptic potential (EPSP) 

following electrical stimulation of the auditory nerve that displays little jitter or temporal 

summation and a minimal refractory period. [27].  Neurons of the auditory system, in general, 

are capable of producing the fastest currents and can phase-lock to the highest frequencies 

[28].  The mechanisms underlying the high-fidelity temporal coding of NM can be found on a 

gross anatomical and a finer molecular signaling scale. 

While both NA and NM synapses are glutamatergic, NA has bouton-like terminals versus 

the large calyceal, Endbulbs of Held, found on NM [29].  A calyx is a large synapse which wraps 

directly around ~60% of the spherical somata of NM cells [30-31], providing multiple active sites 

from a single afferent.  AMPA channels are predominantly responsible for postsynaptic 

potentials.  NM neurons receive input from only 2-3 auditory nerve fibers [29], however, they 
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release 30 times the necessary quantity of glutamate to activate receptors on the NM neuron 

[27, 32]. These afferents are capable of producing suprathreshold currents which result in a high 

safety factor [27, 32-34].  The consequence of the high safety factor is that greatly decreased 

EPSCs are still capable of producing APs.  High fidelity is a requirement due to the sensitive 

nature of temporal coding.  Slight delays or complete failure of APs will result in false or 

unusable ITDs.  The small number of inputs, each with large efficacy, helps to reduce jitter in 

the timing of APs across this synapse. 

A very low density of NMDA channels is found on NM which displays a proportionally 

slight effect on the kinetics of APs versus AMPA [27].  NMDA contribution does not exceed 10% 

even at posthatch ages [32].  Due to the fast dynamics of temporal coding, NMDA absence is 

evolutionarily favorable.  EPSPs strongly influenced by NMDA receptors would not be as brief 

and the refractory period would likely be longer.  NMDA signaling is useful at synapses where 

long-term plasticity is desirable.  The temporal changes of auditory stimuli occur too rapidly for 

long-term plasticity to have beneficial effects. 

Low-threshold K+ channels constrain the response of NM neurons to depolarization 

through strong outward rectification.  A small depolarization can activate the K+ current [35].  

Small EPSPs will be blunted and prevented from eliciting APs.  Small EPSPs converging on NM 

must be highly correlated to summate.  Only strong EPSPs are capable of reaching AP 

threshold quickly enough for NM to fire.  These NM K+ channels ensure a depolarizing current 

step can only produce a single AP [27, 36-37].  Additionally, the K+ channels keep latency low 

by keeping the window for summation small. 

 

Synaptic Depression 

Adaptations of the NM calyceal synapse allow for fast, large responses.  The potential 

consequence of excessive NT release and high activity is synaptic depression.  Strong synaptic 

depression is seen in both NM [32-33] and NL [38-39].  Synaptic depression also appears in the 

medial nucleus of the trapezoid body (MNTB), a mammalian auditory nucleus, which may 

suggest that it is a hallmark of timing circuits [40-44].  This short-term, reversible effect is seen 

as a progressive decline in the size of postsynaptic responses to the same stimulus.  While not 

totally accounting for all observed depression in NM, AMPA receptor desensitization appears to 

be a major limitation to sustained responses [45-46].  Vesicle depletion presents a second 

limitation to sustained AP firing.  The calyx has numerous active sites and each individual site in 

a calyx is capable of releasing 103 quanta per stimulus on average [32].  This results in a total 

output of hundreds to thousands of quanta per stimulus.  In contrast, most synapses release 
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only 1 to 10 quanta per AP total.  Even neuromuscular junctions, as a whole, only reach ~150 

quanta per AP.  Combining large quantal release for each stimulus and a high rate of 

stimulation, the potential for vesicle depletion becomes a serious threat to a stable rate code.  

Presynaptic glutamatergic autoreceptors provide a negative feedback system which forms the 

third limitation to stable responses during sustained high frequency stimuli.  Information is lost 

when NM neurons are incapable of firing in response to an auditory stimulus and, therefore, 

depression must be managed carefully to avoid this outcome. 

Synaptic depression cannot be portrayed simply as the antagonist of accurate neuronal 

coding.  Perhaps this form of synaptic plasticity is more than an unfortunate side effect of this 

highly active synapse.  For example, a mixture of short-term facilitation and another form of 

depression in the synapse between cnVIII and NA helps maintain a linear AP rate code for 

sound intensity [47].  If NA were subject to the same form of depression found in NM, synaptic 

conductance would be inversely related to synaptic activity.  The outcome being that the linear 

rate code necessary for intensity coding would be broken.  NM, however, benefits from plasticity 

which desensitizes the synapse to intensity-induced saturation.  Therefore, some degree of 

activity-dependent depression may be an adaptation rather than a limitation.  Low depression 

allows a postsynaptic response during low activity and high depression reduces the influence of 

highly active, yet poorly phase-locked inputs, during high levels of activity [48].  Whether 

detrimental or beneficial, the causes of depression must be understood to appreciate the 

dynamics specific to different synapses. 

The adaptations seen in NM calyces are necessary to faithfully encode temporal 

dynamics, but still leave the synapse vulnerable to intensity-induced saturation.  NM, NL, and a 

portion of NA contain GABAergic terminals [49].  NM receives this descending GABAergic 

inhibition [50-51] from SO [52] which is driven by NA activity [48].  GABA released from SO 

terminals onto NM can activate both pre- and post-synaptic receptors.  Activation of presynaptic 

GABAB reduces glutamate released from cnVIII terminals via 2nd messenger cascades [53].  

Postsynaptic activation of GABAA receptors opens Cl- channels which reduces input resistance 

while producing counterintuitive, depolarizing inhibition [54].  The ultimate effect is to regulate 

NM APs, so that APs only occur in the presence of converging suprathreshold currents [55].  

Both metabotropic and ionotropic GABAergic signaling enhance phase-locking in NM neurons 

by granting the cnVIII-NM synapse relative insensitivity to stimulus intensity.  These GABAergic 

specializations greatly support the ability of NM to code temporal events. 

GABAergic signaling itself is also regulated.  Both hetero- and auto-receptors located on 

projections from SO act to reduce GABAergic signaling [56-57].  The balance between 
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glutamatergic excitation and GABAergic inhibition of NM cells is crucial for maintaining high 

fidelity in relaying auditory information to NL.  Without inhibition, NM neurons could potentially 

reach saturation, become desensitized, and fully deplete vesicle stores.  Lacking the rapid 

release of high concentrations of glutamate, low intensity stimuli would not cause APs and high 

frequency stimuli could not be followed.  Dueling GABA- and glutamat-ergic signaling works as 

a dynamic gain control to extend the range over which NM can encode the temporal features of 

auditory information.  In part, this constant tug-of-war takes place during auditory stimulation in 

order to adjust depression to a level appropriate to the situation [58]. 

 

Enhancement 

In the case of NM and temporal processing, sound intensity is not only an unnecessary 

variable to code, but potentially detrimental.  In conjunction with GABAergic inhibition, 

adaptations observed in cnVIII-NM short-term plasticity support phase-locking and extend the 

abilities of NM beyond that of a high-fidelity relay. 

Neurons of cochlear nuclei show an enhancement of synchrony over that measured in 

cnVIII [59-61].  Individual fibers of cnVIII tend to skip cycles even at low frequencies, but NM 

cells use converging input to phase-lock to the auditory stimuli [62].  Another example has been 

detailed in the medial nucleus of the trapezoid body (MNTB).  While the MNTB is in the 

mammalian ILD pathway, the inhibitory output by this cochlear nucleus is precisely timed via a 

calyx synapse.  Studies in the MNTB observed enhanced phase-locking with noise reduction as 

compared to MNTB afferents [63-64].  The interplay between excitation and inhibition appears 

to extend the dynamic range in NM past that which exists in the afferents of cnVIII.  Since 

intense auditory stimuli can often activate inner hair cells regardless of CF, broad GABAergic 

inhibition helps reduce spill-over noise.  Although diffuse activity-dependent GABAergic 

inhibition may be useful for NM phase-locking, this modulation lacks pitch specificity.  I propose 

that another signaling system is working at individual cnVIII-NM synapses and that the negative 

feedback enhances the efficacy of this timing circuit.  The signaling system would be activity-

dependent and able to function in a synapse-specific manner.  One such system is cannabinoid 

signaling which has been found active in many sensory systems [65-70]. 

 

GOALS OF THE DISSERTATION 

The chick auditory brain stem provides a useful model for studying synaptic physiology.  

The neuronal circuitry is simple, yet there are numerous synaptic specializations to insure 

accurate coding.  High activity and high precision within a single synapse are difficult tasks to 
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simultaneously accomplish due to rapid changes in frequency and intensity.  Through a series 

of checks and balances, inhibitory and excitatory inputs, NM neurons are well adapted to their 

role in sound localization.  In addition, NM not only preserves, but enhances afferent information 

from the cochlea while filtering out potentially confounding intensity information.   

Many of the adaptations have been previously characterized.  In particular, the activation 

of presynaptic GABAB receptors presents an interesting situation in which inhibition of glutamate 

release can result in an “enhancement” of postsynaptic responses.  Another signaling system 

considered to provide negative feedback is the cannabinoid system.  Early anecdotal evidence 

of cannabinoid receptor one (CB1) at the cnVIII-NM synapse was discovered through 

conversations with an adjacent laboratory (Dr. Frank Johnson).  The following series of 

experiments was an effort to determine if CB signaling was, in fact, occurring in auditory chick 

brain stem.  First, a comparative survey of CB1 mRNA expression in the brain of the chick was 

done.  At the time, this examination represented the first extensive investigation of CB1 mRNA 

in an avian species.  Next, I focused specifically on the synaptic localization of CB1 in the 

cnVIII-NM synapse.  Using the localization data, a series of experiments was conducted to first 

test the effect of CB1 activation on synaptic transmission and depression.  An attempt was then 

made to determine the necessary elements for CB production.  Finally, measurements of 

spontaneous currents were made to both test synaptic localization and the basal level of CB 

production in a slice. 
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CHAPTER 2 

LOCALIZATION OF CANNABINOID RECEPTOR ONE IN THE CHICK BRAIN 
 

        
INTRODUCTION 

While the CB system is most popularly known for underlying the effects of cannabis 

sativa intoxication [71], the endogenous activity of this system is also a rapidly expanding topic 

of scientific inquiry.  Endogenous cannabinoid (eCB) signaling represents a complex system of 

receptors, ligands [72-73], and enzymes [74-77] that influences neuronal communication 

throughout the brain [78].  Two major gi/o-protein coupled receptors, CB1 [79] and CB2 [80] have 

been identified.  More recently eCBs have been shown to also activate the ionotropic receptor 

TRPV1 [81-82]. 

For the purpose of examining the neuronal effects of CBs on auditory processing, the 

focus was placed on CB1-mediated signaling.  CB2 expression is predominately found in cells 

of the immune system [83] and is poorly understood in the limited cases of neuronal localization 

[84-89].  Similarly, TRPV1 has limited presence in the central nervous system [90].   Finally, 

knockout studies suggest that CB1 is responsible for the majority of CB signaling in the central 

nervous system [91-92]. 

Analysis of sequence conservation has revealed high sequence identity of orthologs with 

human CB1 (97% rat, 91% zebra finch, and 83% newt salamander) [93-94].  Even the genome 

of the puffer fish, Fugu rubripes, also contains a CB1 ortholog [95], albeit with much lower 

sequence identity to human CB1, 59% [93]. These findings suggest that CB1 orthologs are 

present in a wide variety of vertebrate species, and that sequence conservation is high.  While 

the sequence of the CB1 receptor appears to be highly conserved across vertebrates, it is 

unclear if the localization of cells producing this receptor in the brain is likewise conserved. 

CB1 is highly abundant in the brains of many species.  The pattern of mammalian CB1 

localization has been well characterized utilizing receptor binding [72, 78], in situ hybridization 

(ISH) [79, 96-97], and immunohistochemistry (IHC) [98-100].  However, relatively little is known 

of CB1 localization in non-mammalian species.  One goal of this investigation was to determine 

the localization of CB1 mRNA in the chick brain, (Gallus domesticus), a non-mammalian 

vertebrate.  A second goal was to specifically investigate the presence of this receptor in the 

cnVIII-NM synapse.  The localization of CB1 mRNA was examined throughout the chick brain 

using ISH and regions displaying distinct, above-background labeling were objectively analyzed 
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by densitometry.  IHC was used with antibodies directed against CB1 (zebra finch and rat) and 

SV2, a presynaptic marker, to detect the presence of CB1 protein in the cnVIII-NM synapse. 

The modulatory role of cannabinoid signaling has been expanded to developmental 

processes of the nervous system [101].  These processes include neuronal proliferation and 

migration, axonal outgrowth, and synaptogenesis [102-103].  CB1 mRNA expression has been 

shown to follow neuronal differentiation in the chick embryos [104], indicating a possible role in 

axonal outgrowth during development.  Therefore, CB1 expression patterns may differ before 

and after hatch.  For reference, chick embryos take an average of 21 days (E1-21) to develop 

and hatch after start of incubation.  Day of hatch is considered Post-hatch day 0 (P0) with 

subsequent days numbering higher.  To examine the extent of this potential difference, we 

decided to examine tissue sections from embryonic chicks near time of hatch (E16-P0).  Due to 

the precocial nature of chicks, a stable pattern of CB1 expression was expected by P10, a 

standard age for experimental subjects in our laboratory. 

The ISH protocol was later switched to a riboprobe to examine embryonic tissue.  This 

was done because it allowed for: 1) sense control, 2) RNAse wash to reduce background and 3) 

quantitative cross run analysis using radioactive standards.  The inclusion of standards with 

known radioactivity allowed for an accurate assessment of CB1 mRNA levels by controlling for 

processing variables. 

The goal of these experiments was to catalog the presence of CB1 in the chick brain 

with a focus on the auditory brain stem.  Using a combination of ISH and IHC will provide 

information as to whether or not CB1 is in the cnVIII-NM synapse and where specifically it is 

located.  Knowing whether or not CB1 is pre- or post-synaptic is necessary for the correct 

interpretation of electrophysiological data. 

 

METHODS 

In Situ Hybridization (cDNA Probe) 

Chickens (Ross X Ross) were hatched and reared at the Florida State University.  

Posthatch subjects were anesthetized with halothane and sacrificed by decapitation.  Whole 

brains were quickly extracted and rapidly frozen in 2-methylbutane cooled on dry ice.  Brains 

were stored at -80°C until cryostat sectioning.  The brains were allowed to equilibrate to -20°C in 

the cryostat at least 45 minutes before sectioning at 20µm.  A full series of sections was 

collected from six P10 subjects.  3 brains were cut in the sagittal plane.  Sections were taken 

approximately every 150µm.  Three brains were cut coronally and sections were taken every 

250µm.  These 6 brains were analyzed both quantitatively and qualitatively.  Partial series of 
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sections from an additional 3 subjects were only qualitatively analyzed to confirm localization at 

selected brain regions.  Another 3 older subjects, P20, were later examined (2 coronal, 1 

sagittal) in order to confirm consistency of CB1 mRNA pattern through later stages of 

development.  Tissue sections were directly mounted on Fisher Superfrost Plus slides (Fisher 

Scientific, Pittsburg, PA), desiccated overnight, and stored at -80°C. 

A 702 base pair fragment of CB1 cDNA was isolated from a chicken brain cDNA library 

(Accession #AF80088) and sub-cloned into the pCR 2.1 vector (Invitrogen, Carlsbad, CA).  The 

fragment was removed from the vector with restriction enzymes and isolated.  The fragment 

was then used as a template for the Prime-It II Random Primer Labeling Kit (Stratagene, La 

Jolla, CA) to produce a cDNA probe.  The probe was labeled with 33P dCTP (Perkin Elmer Life 

Sciences Inc., Boston, MA) and run through Micro Bio-spin purification columns (Bio-Rad, 

Hercules, CA) to remove any unincorporated dNTPs.  The 33P isotope was chosen due to its 

balance of resolution, signal strength, and relative safety in comparison to other isotopes.   

An entire set of slides from a given subject was processed using the same labeled 

probe.  A set consisted of 7-12 slides with multiple sections on each slide.  They were removed 

from the -80°C freezer and placed in 4% (weight/volume) paraformaldehyde at room 

temperature for 60 minutes.  Standard Sodium Citrate, SSC, is made with 300mM NaCl and 

30mM sodium citrate, pH 7.2.  (N)X denotes the relative concentration of the wash as compared 

to SSC.  The slides were briefly dipped in 2X SSC to rinse off excess fixative and then washed 

in 2X SSC for 10 minutes.  Sections were dehydrated with 30-second washes in graded 

ethanols (50%, 70%, 85%, 90%, 90% 100%, and 100%).  Slides were allowed to air dry for at 

least 30 minutes before hybridization. 

Purified probe was boiled with salmon sperm DNA for 2 minutes and added to 75% 

formamide buffer (75% formamide, 10% dextran sulfate, 3X SSC, 50mM Na2HPO4, 10mM 

dithiothreitol, 1X Denhardt’s solution, 100µg/ml yeast tRNA) warmed with a 68°C water bath.  

The probe/formamide mixture was kept warm at 68°C for 60 minutes before the hybridization 

procedure to provide time for the probe to become evenly distributed. 

Each slide was placed face down on a coverslip containing 110µl of 2.5 million 

counts/minute cDNA probe and formamide buffer.  After aligning the coverslip and removing any 

air bubbles, the slides were placed in covered plastic hybridization trays containing filter paper 

soaked in 75% formamide.  Incubation at 51.6°C continued overnight.  The coverslips were then 

removed and the slides underwent the following washes: 1) 2X SSC at room temperature with 

rotation for 2 minutes 2) 2X SSC at room temperature for 10 minutes 3) 1X SSC at room 

temperature for 10 minutes, 4) 0.5X SSC at 48°C for 60 minutes, 5) 0.5X SSC at room 
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temperature for 10 minutes.  Washed slides were then dehydrated through graded ethanols.  

Slides were allowed to air-dry, placed in X-ray cassettes, and apposed to Kodak Biomax MR 

film for 3 days.  After the film was developed, sections were counter-stained for nissl using 

thionin. 

 
In Situ Hybridization (Riboprobe)  

The 702bp fragment of chick CB1 mRNA was re-subcloned into the pGEM vector 

(Promega).  Both an anti-sense and a corresponding sense-control riboprobe were synthesized 

using a protocol adapted from previously published work [105-106].  Alternating tissue sections 

were hybridized with either sense or anti-sense 35S-labeled riboprobe and exposed to film. 

For riboprobe synthesis, 10μl of uridine 5’-(α thio) triphosphate [35S] (Perkin Elmer Life 

Sciences, NEG039H) and 2.0μl 5X transcription buffer, 1.0μl of 0.1mM dithiothreitol, 1.0μl each 

of 10mM adenosine triphosphate, cytosine triphosphate and guanidine triphosphate, 2.0μl 

linearized plasmid (1μg/ml−1) DNA 0.5μl RNAse inhibitor (40 units μl−1), and 1.5μl SP6 RNA 

polymerase (15 units μl−1) was combined and incubated for 2 hours at 37°C. DNAse (1.0μl: 

RNAse-free) was added and the mixture was incubated for 15 minutes at room temperature. 

Radio-labelled probe was purified with microspin chromatography columns (Bio-Rad, Hercules, 

CA, USA). 

Slides were removed from −80°C storage and post-fixed in 4% paraformaldehyde at 

room temperature for 1 hour. The slides were then washed in 2X SSC, pH 7.2, three times for 5 

minutes each. Slides were then washed in deionized water for 1 minute and placed in 0.1 m 

triethanolamine (pH 8.0)–acetic anhydride, 400: 1 (v/v) on a stir plate, for 10 minutes.  The final 

rinse was in 2X SSC for 5 minutes, followed by dehydration through graded alcohols and air-

drying for 30 minutes. A coverslip with 60μl of hybridization buffer (75% formamide,10% dextran 

sulphate, 3 × 300 mM NaCl/30 mm sodium citrate (pH 7.2), 50 mM Na2HPO4 (pH 7.4), 10 mM 

dithiothreitol, 1 × Denhardt's solution (Sigma-Aldrich, St. Louis, MO, USA), 100 μg (ml)−1 yeast 

tRNA) was placed on each slide.  Strength of probe in 60 μl of hybridization buffer was 

approximately 1–2 million c.p.m. Slides were placed in a covered tray with filter paper saturated 

with 75% formamide.  After overnight incubation at 55°C, coverslips were removed and slides 

were placed at room temperature in 2X SSC for 5 minutes, followed by RNAse (200 μg (ml)−1 in 

10 mM Tris-HCl, pH 8.0, 0.5 mM NaCl) at 37°C for 30 minutes and then: 2X SSC at room 

temperature for 10 minutes, 1X SSC for 10 minutes at room temperature; 0.5X SSC at 55°C for 

60 minutes; and 0.5X SSC for 10 minutes at room temperature.  The slides were dehydrated in 
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graded ethanol solutions, air dried, placed in X-ray cassettes, and apposed to BioMax MR Film 

for 10 days. 

 

Probe Specificity   

Specificity of the probe was determined through northern blot analysis.  Total cellular 

RNA was isolated from the cerebellum, brain stem, heart, and liver of a P10 chick using Trizol 

reagent (Invitrogen, Carlsbad, CA).  RNA from each region (25µg) was subjected to agarose gel 

(1% agarose with 0.66M formaldehyde) electrophoresis and transferred to a nylon membrane 

(GeneScreen, NEN/Dupont, Boston, MA) by capillary blotting.  RNA transfer was confirmed by 

visualization of eithidium bromide-stained RNA under UV light.  Blots were UV cross-linked and 

stored at 4°C until hybridization overnight at 55°C.  Northern blot was hybridized to a 32 P-

labeled cDNA probe based on the 702bp chick CB1 fragment (Prime-It II Random Primer 

Labeling Kit, Stratagene, La Jolla, CA) purified with Micro Bio-spin purification columns (Bio-

Rad, Hercules, CA). The blot was exposed to Kodak MR Film for 2-6 hours.  A 28S rRNA probe 

was created in the same manner as the CB1 probe and hybridized to the same blot following 

decay of the radioactivity in the CB1 probe. 

qRT-PCR provides additional support for the specificity of the CB1 probe.  Primers were 

designed based on the genebank sequence for RP27 and our 702bp fragment of chick CB1 

cDNA.  Total RNA was extracted from both chick liver and cerebellum using Trizol (Invitrogen), 

quantified with a spectrophotometer, and examined on an agarose gel.  RNA was used in 

conjunction with the iScript kit (Bio-Rad) to produce cDNA libraries.  RT-PCR was carried out on 

an iCycler using iQ Supermix with sybr-green (Bio-Rad).  RP27 and CB1 primers were used 

separately in wells containing liver cDNA, cerebellar cDNA, or no cDNA. 

 

Immunohistochemistry   

Antibodies used were CB1 anti-Zebra Finch (Dr. Ken Soderstrom), CB1 anti-rat 

(Cayman Laboratories), and SV2 (synaptic vesicles).  SV2 antibody was developed by Kathleen 

M. Buckley and was obtained from the Developmental Studies Hybridoma Bank developed 

under the auspices of the NICHD and maintained by The University of Iowa, Department of 

Biology, Iowa City, IA 52242. 

Subjects were deeply anesthetized with pentobarbital and perfused with 0.9% saline 

followed by ice cold 4% paraformaldehyde.  Brainstems were blocked and post-fixed in 4% 

paraformaldehyde for 1–2 hours followed by overnight cryoprotection at 4°C in phosphate 

buffered saline (PBS) containing 20% sucrose.  The tissue was rapidly frozen in 2-methylbutane 
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on dry ice and embedded in tissue freezing medium for cryosectioning using a Leica CM 1850 

cryostat.  Sections were cut at 25µm and were collected into ice cold PBS for later processing 

and mounting.  Every section containing NM was collected. 

Sections were then washed 2 × 10 minutes in PBS and endogenous peroxidase activity 

was quenched by incubating in 0.03% H2O2 in methanol for 10 minutes.  Following 3 10-minute 

rinses in PBS, sections were placed in a blocking solution containing 2% bovine serum albumin 

(BSA), 2-4% normal goat serum (NGS) (CB1 antibody) or 2% normal horse serum (NHS) (SV2), 

and 0.1% Triton-X100 in PBS for 1hour.  Sections were transferred to various concentrations of 

the primary antibodies, CB1 (1:1000-2000) and SV2 (1:500), in blocking solution and incubated 

on a rotor overnight at 4°C.   

The following day, the sections were removed from 4 C and allowed to incubate at room 

temperature for 2 hours. Sections were washed 3×10 minutes in PBS. Sections were then 

incubated in a 1:200 concentration of goat anti-rabbit or horse anti-mouse secondary antibodies 

in blocking solution for 1 hour. Following 3 10-minute washes with PBS, sections were 

incubated in avidin–biotin-peroxidase complex (ABC; Vector Laboratories, Burlingame, CA, 

USA) for 1hour.  After another round of washes, with PBS, sections were reacted with 

diaminobenzidine (DAB) tetrahydrochloride and 0.01% H2O2 for visualization. Following a final 

round of washes, sections were mounted on slides and allowed to dry overnight. The following 

day, slides were dehydrated in a graded series of ethanol and cleared in xylenes.  Slides were 

coverslipped in DPX mounting medium and allowed to dry overnight. 

For sections undergoing double-labeling with both anti-CB1 and anti-SV2, secondaries 

conjugated with the fluorophores, Cy3 (Goat anti-rabbit, Red) and FITC (Horse anti-mouse, 

Green), were used.  The standard IHC protocol was modified by removal of quenching, ABC kit, 

and DAB staining.  Rather, the tissue sections were washed 3 x 10 minutes in PBS in light-tight 

containers after secondary antibody incubation.  Sections were mounted out of gelatin onto 

glass slides.  A single drop of vectashield was placed over the sections and a coverslip was 

sealed onto the slide with nail polish.  Slides were allowed to dry overnight at 4°C in a light-tight 

container.  Fluorescent images were captured using confocal microscopy and photo-merged 

with the LSM converted to tiff files with the LSM software. 

 

Image and Data Analyses  

Film was developed using an automated film processor.  Autoradiographs (ARs) were 

imaged on a uniform illumination light box using a black and white Sony CCD camera 

connected to a G4 Macintosh computer through a framegrabber card (Scion Corporation, 
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Frederick, MD).  Images of the ARs were captured and aligned with the matching nissl stained 

section.  The capturing and alignment of the images was done using the ImageJ program, a 

Java version of NIH Image.  Once aligned, a region on the stained section was circled and the 

average gray scale value of the corresponding area on the autoradiograph was measured.   

Average gray scale values (GSV) were measured for the selected regions of interest 

(ROI).  ROIs were chosen by examining other reports of CB1 mRNA expression, visual 

inspection of labeling, and the interests of our laboratory.  Tissue backgrounds were measured 

from white matter areas and these values were subtracted from ROI measurements.  

Consequently all areas with positive GSVs are, by definition, above background.  When 

possible, both sides of a bilateral structure were measured and averaged.  A minimum of two 

sections were measured and averaged for each region per subject.  Regions with a large 

volume such as the mesopallium were sampled up to ten times per subject.  Nearly all ROIs 

appeared in several adjacent sections.  In such cases the GSVs were measured for the ROI on 

two darkest, adjacent tissue sections and then averaged. 

Normalization was done for sections hybridized with the cDNA by considering each ROI 

GSV as a proportion of the labeling in the granular layer (Gran) of each subject’s cerebellum 

(Cb) [(GSVROI)/(GSVcerebellum)].  For tissue sections containing cerebellum, the GSV of Gran was 

used for that section’s ROI measurements.  On tissue sections containing no cerebellum, the 

subject’s average GSV for Gran was used in the calculation.  The Gran was chosen due to the 

consistent, strong labeling and the presence of this region in many of the sections.  Tissue 

background readings were subtracted from duplicate left and right side gray scale values from 

specific regions of interest. Gray scale values were converted into optical density and 

subsequently averaged, providing one mean value per region, per animal. Optical density 

values were converted to units of bound radiation from a standard curve generated from a 

[14C]microscale standard (Amersham Life Sciences, Amersham UK) placed on each film [107-

108]. Transcript concentration, in turn, was determined from the amount of bound radiation, the 

specific activity of each batch of [35S]uridine triphosphate, and the number of uracil residues 

contained in each probe sequence. All data are expressed as femtomoles mRNA per gram 

tissue (fmol/g). 

 

RESULTS 

Posthatch Qualitative In Situ Hybridization Results 

The distribution of CB1 throughout the brain is widespread and heterogeneous.  

Labeling can be seen in every section but high levels of labeling were observed only in specific 
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subregions of the brain. Anatomical schematics were created using both ARs and nissl stain 

images from the same tissue sections.  Chick stereotaxic atlases [109-110] were used to 

identify neural structures, and the revised avian nomenclature [111-113] was used in reference 

to these regions. Qualitative impressions of all ARs were made and objective measurements 

were performed on selected regions. 

ARs from P20 chicks confirmed that the pattern of CB1 mRNA labeling in P10 chicks 

was consistent at this older age.  No quantitative measurements were made on films from P20 

chicks.  The labeling pattern did appear more distinct with a lower background.  This improved 

signal to noise ratio, however, could be due to any number of processing variables. 

 

Hindbrain.  The brainstem overall contained little CB1 mRNA (Figure 2.1 and 2.2).  

However, the glossopharyngeal/vagal nucleus (NIX/X) and vestibular ganglion (VG) were found 

to strongly express CB1 (Figure 2.1).  Only slight labeling could only be discerned upon close 

examination of the cochlear nuclei, NM and NL (Figure 2.1).  

Cerebellum.  The coronal section in Figure 2.2 shows robust layer-specific labeling of 

the Cb.  The Gran contains dense CB1 expression, but the molecular layer also contains light 

labeling. 

Midbrain.  Histologically, the tectum (TeO) is divided into layers arranged in a semi-

concentric fashion.  In line with the morphological organization, CB1 expression was restricted 

to very specific regions of the tectum.  The most external layers labeled are of the stratum 

griseum et fibrosum superficale layers 9-11 (SGFS).  The SGFS labeling was light, but very 

distinct in many sections (Figures 2.3 and 2.4).  More central and darker tectal labeling near the 

tectal ventricle was seen in the stratum album centrale (SAC) and the stratum griseum central 

(SGC) (Figures 2.4 and 2.5). Figure 2.6 clearly shows the area ventralis tegmentalis (AVT) and 

substantia nigra, pars reticulata (SNR) are labeled. 

Forebrain.  While the forebrain labeling was not as uniformly dense as the Gran, it 

displayed diffuse, moderate labeling with an overlay of dark punctate labeling evenly distributed 

throughout (Figures 2.7-2.9).  The resolution of the autoradiographs did not permit cellular 

localization and therefore it could not be determined if the punctate labeling was associated with 

any specific neuronal subtype.  The nidopallium (N) contained light labeling.  The only region 

lacking the underlying diffuse labeling was the entopallium (E), which still contained the 

distributed punctate labeling. 

The concentration of CB1 mRNA was high in the apical part of the hyperpallium (HA), 

mesopallium (M), and hippocampus (Hp) (Figures 2.3, 2.7-2.9).  Within the Hp the superficial 
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neurons were more darkly labeled than in the rest of this structure (Figure 2.4, 2.8 and 2.10).  

Figure 2.7 and 2.8 display coronal sections of the caudal forebrain.  The dark ventromedial 

labeling was found in the contiguous structures arcopallium intermedium (AI) and nucleus 

taeniae amygdalae (TnA) which comprise the majority of the avian amygdala.  Figures 2.9 and 

2.10 show several, more distinct neuroanatomical subdivisions within the chick forebrain. 

 
  

Figure 2.2 – Caudal coronal 20µm autoradiograph (left) and corresponding 
anatomical schematic (right). Cb: Cerebellum, Gran: Granule cell layer, 
NM: Nucleus magnocellularis, NL: Nucleus laminaris. Scale bar=1mm 

Figure 2.1 – Coronal 20mm autoradiographs showing CB1 expression (left) and 
corresponding anatomical schematic (right). NIX/X: Glossopharyngeal/vagal nucleus, 
VG: Vestibular ganglion. Scale bar=2mm. 
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Figure 2.3 – Lateral sagittal 20mm autoradiograph showing CB1 
mRNA expression (left) and corresponding anatomical schematic 
(right). Areas showing high levels of expression are highlighted on 
the schematic. Hp: Hippocampus, M: Mesopallium, N: Nidopallium, 
AI: Arcopallium intermedium, SGFS: Stratum griseum et fibrosum, 
SAC: Stratum album central. Scale bar=1mm. 
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Figure 2.4 – Caudal coronal 20mm autoradiograph showing CB1 mRNA 
expression (left) and corresponding anatomical schematic (right). Note the 
specific labeling within the tectum. SGFS: Stratum griseum et fibrosum, SAC: 
Stratum album central, SGC: Stratum griseum centrale. Scale bar=1mm. 

Figure 2.5 – Mid-coronal 20mm autoradiograph showing CB1 mRNA expression 
(left) and corresponding anatomical schematic (right).  Areas showing high levels 
of expression are highlight on the schematic. Cb: Cerebellum, OM: Occulomotor 
complex, SNR: Substantia nigra pars reticulate, AVT: Area ventralis tegmenti. 
Scale bar=1mm. 
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Figure 2.7 – Coronal 20mm autoradiograph showing CB1 mRNA expression (left) and 
corresponding anatomical schematic (right). Note the punctate pattern of labeling 
throughout the telencephalon, with darker labeling in specific subregions. Hp: 
Hippocampus, HA: Hyperpallium apicale, M: Mesopallium, N: Nidopallium, St: Striatum, AI: 
Arcopallium intermedium, ac: Anterior commisure. Scale bar=1mm. 

Figure 2.6 – Mid-coronal 20mm autoradiograph showing CB1 mRNA expression (left) and 
corresponding anatomical schematic (right). Areas showing high levels of expression or 
notable absence of expression are highlighted on the schematic. HA: Hyperpallium 
apicale, M: Mesopallium, N: Nidopallium, AI: Arcopallium intermedium, TnA: Nucleus 
taeniae amygdalae, Hy: Hypothalamus, Rot: Nucleus rotundus. Scale bar =1mm. 
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Figure 2.9 – Mid-sagittal 20mm autoradiograph showing CB1 mRNA expression (left) and 
corresponding anatomical schematic (right). Hp: Hippocampus, HA: Hyperpallium apicale, 
NC: Nidopallium central, HD: Hyperpallium densocellulare, NI: Nidopallium intermedium, 
StM: Striatum mediale, BO: Olfactory bulb. Scale bar=1mm 

Figure 2.8 – Rostral coronal 20mm autoradiograph showing CB1 mRNA expression (left) 
and corresponding anatomical schematic (right). Note the regional distribution of labeling. 
HA: Hyperpallium apicale, HD: Hyperpallium densocellulare, M: Mesopallium, NC: 
Nidopallium intermedium central, NF: Nidopallium frontale, NI: Nidopallium intermedium 
superficial, StM: Striatum mediale, StL: Striatum laterale. Scale bar=1mm. 
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Figure 2.10 – Mean density of selected brain regions relative to the labeling density of the 
cerebellum in the same brain. The objective analyses of labeling density corresponded with the visual 
impressions. Hp: Hippocampus, HA: Hyperpallium apicale, M: Mesopallium, N: Nidopallium, AI: 
Arcopallium intermedium, TnA: Nucleus taeniae amygdalae, SGFS: Stratum griseum et fibrosum, 
SAC: Stratum album central. Error bars=SEM. 
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Posthatch Quantitative Results 

To provide an objective measure of relative labeling intensity, the mean gray scale 

density of labeling was measured for selected “labeled” nuclei. Mean gray scale values were 

measured with NIH ImageJ.  At a minimum, two measurements of a given region of interest 

(ROI) were taken per tissue section.  The lightest tissue gray scale value was determined and 

that background value was subtracted from mean gray scale value over the ROIs on the same 

section.  When regions could be sampled on multiple sections in the set of slides, the gray scale 

values were averaged across sections. The gray scale measurements were normalized to the 

gray scale density measured over the granule cell layer of the cerebellum (the area of most 

consistent and highest labeling) to account for processing variations, and the ratios of selected 

areas are presented in Figure 2.10.  The objective data were consistent with the qualitative 

impressions. 

 
 

Figure 2.11 – Sagittal 20 autoradiographs showing CB1 mRNA expression in embryonic day 
16 chicks (right) and corresponding anatomical schematic (left).  The general pattern of 
expression is similar to posthatch day 10 chicks.  Forebrain regions are relatively higher as 
compared to the cerebellum.  Most notable is the robust, transient expression in the isthmi 
pars parvocellularis of the tectum. AI: Arcopallium intermedium, Cb: Cerebellum, HA: 
Hyperallium apicale, HD: Hyperpallium densocellulare, Hp: Hippocampus, Ipc: Isthmi pars 
parvocellularis, SGFS: Stratum griseum et fibrosum, and TeO: Optic tectum. Scale bar=1mm. 



 

24 

 

Embryonic Expression Pattern 

A pattern similar to that observed at post-hatch ages was seen in embryonic subjects.  

Notably different, however, was lower relative expression in the Cb (Figure 2.11).  The pattern 

of labeling prehatch was also sharper, especially in regards to the TeO as seen in more defined 

laminar labeling.  Forebrain regions displayed the same expression pattern, albeit at higher 

levels.  At E16 regions such as E, PA, NI, and LPO which had light to moderate labeling post-

hatch were only just below that found in the highly expressing regions HA and HV, but with 

distinct punctate labeling.  Of particular note was the Isthmi Pars Parvocellularis (Ipc), a region 

with little if any above background labeling posthatch, stood out with robust expression at E16.  

The expression levels at E16 quickly changed to nearly the pattern seen at P10 within hours of 

hatching. 

 

Cochlear Ganglion   

Much of the morphology was preserved when cutting through the skull.  The brain stem 

was clearly visible with the Cb located dorsally and portions of the TeO laterally.  The region of 

tissue immediately above the darkly stained bone in the nissl stain is a portion of the cochlear 

ganglion (CG)  

whose fibers form cnVIII.  The AR reveals robust expression of CB1 mRNA in the CG.  The 

sense control shows only non-specific labeling of otoconia (Figure 2.12). 

 

Immunohistochemistry   

Minor differences were seen using the various CB1 antibodies, but DAB labeling 

typically appeared around NM cells rather than in the cytoplasm (Figure 2.13).  An intensive 

survey of the brain was not conducted as to the pattern of CB1 labeling outside the brain stem.  

The only differences of note from casual observations, however, involved vocal centers seen in 

the zebra finch which would not be expected in the chick telencephalon.  The SV2 antibody had 

been used successfully by the laboratory in previous experiments as a presynaptic marker 

[114].  SV2 labeling was consistent with these previous results and clearly labeled presynaptic 

terminals with little to no background.  Exact co-localization between CB1 and SV2 was not 

present.  CB1 labeling was more diffuse than that produced by SV2, but still did appear 

concentrated in the area surrounding NM cells, reminiscent of calyceal endings (Figure 2.14). 
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Figure 2.12 – Nissl stained coronal section through the skull (left), corresponding autoradiograph of 
CB1 mRNA expression (middle), nearby section hybridized with sense riboprobe for CB1. The 
anatomy is well-preserved with the tectum (t) and brain stem clearly visible.  Arrows point to cochlear 
ganglion.  CB1 is robustly expressed in the cochlear ganglion. Sense control shows no specific 
labeling.  Single dark spot corresponds to non-specific labeling of the otoconia (ot). Scale bar=1mm. 

Figure 2.13 – Coronal brain stem sections focusing on dorsal portion near IVth ventricle containing 
nucleus magnocellularis. A) CB1 immunohistochemistry labels region around neurons, but not cell 

bodies. B) Pre-absorption control prevents all labeling. Scale bar=50µm. 
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DISCUSSION 

Adult Labeling Comparison 

 Expression of CB1 mRNA occurs throughout the chick brain, but distinct labeling is 

present within a variety of inter-region circuits involved in sensory processing, motor control, 

and sensorimotor integration. The present analysis was restricted to regions that showed clear 

labeling in all samples.  This does not rule out the possibility that a more thorough analysis will 

reveal additional areas of CB1 expression.  Nevertheless, the patterns of expression observed 

provide some general trends.  While it cannot be known for certain that the CB1 localization 

observed in the P10-20 chicks is the same as would be observed in the adult, developmental 

analyses of a variety of neurotransmitter (NT) systems suggest that adult-like patterns are 

typically established by late embryonic or early posthatch ages.  With this caveat in mind, the 

following discussion will summarize the labeling patterns observed in the chick and compare 

these findings to those reported for other species. 

 Discrepancies are expected between various studies of CB1 localization.  As noted 

previously, ISH will only reveal the location of cell bodies producing CB1 mRNA, whereas 

analyses of the location of the functional receptor will show the location of the cells’ terminals.  

AR from CB1 receptor agonists will have a labeling pattern more consistent with those seen 

when using IHC.  However, the epitope of the different antibodies used also affects the results 

produced by IHC labeling [98-99, 115].  Comparisons between ISH and AR/IHC combined with 

knowledge of inter-region circuitry provide an opportunity to hypothesize potential functions of 

CB1 signaling. 

 

 

Figure 3.14 – 20µm Confocal micrograph of IHC labeling of NM neurons. A) CB1 
(Red) B) SV2, presynaptic marker (Green) C) Montage of CB1 & SV2.  Arrows show 
CB1 antibody results in annular labeling, suggesting presynaptic localization. 
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Sensory Processing 

CB1 appears to be present in areas that perform the earliest stages of sensory 

processing.  Previous studies utilizing ISH, IHC, or receptor binding have found the presence of 

this receptor in the nucleus of the solitary tract [116], olfactory bulb [99-100], sensory ganglia 

[69, 117-119], and retina [68] in a number of species. In addition, the spinal cord [118], dorsal 

root ganglion [120], and trigeminal ganglion [121] have been found to produce high levels of 

CB1 mRNA or to contain CB1 protein in mammalian species.  IHC localization of CB1 has also 

been observed in the vestibular and auditory brain stem nuclei [115]. Our finding of robust CB1 

mRNA in the VG is consistent with these data and suggests that the CB1 IHC labeling in these 

brain stem nuclei may be on the terminals of cnVIII.   Together, the localization data suggest 

that CB signaling may allow a form of modulation important in the earliest stages of sensory 

processing. 

 

Visual System 

The present study revealed a trend for CB1 to be highly expressed in areas of the chick 

brain that process visual information.  This is consistent with previous findings of CB influences 

in visual processing. A detailed localization study found CB1 in the retina across several species 

including monkey, mouse, chick, tiger salamander, and goldfish [68]. 

 In the present study, the TeO was found to contain CB1 mRNA in distinct sub-regions.  

The TeO of vertebrates receives retinal input and is organized into layers [122].  The avian TeO 

is distinguished from the mammalian by both a greater relative size and increased laminar 

organization.  fifteen layers of the avian TeO are numbered external to internal as described by 

the chick brain atlas [109].  Within these layers exists a highly organized set of connections 

receiving input from the retina (Layers 2-5, 7) which relay this information through both 

ascending and descending pathways. 

 Specific labeling was observed in layers 9-11 of the SGFS.  The majority of cells within 

these layers relay information to brain regions outside the TeO.  This is consistent with the 

relatively low CB1 receptor binding within the SGFS proper of the budgerigar [123]. 

A band of cells between layers 9 and 10 provides the sole input for the nucleus isthmo-

opticus (ION) [124].  The ION represents an important nucleus in the closed feedback loop 

between the brain and retina, modulating early sensory processing [125-126] Layers 10 and 11 

exclusively output to the ventral part of the lateral geniculate nucleus (GLv) [127].  Ascending 

information is sent through the thalamofugal pathway, which projects from the TeO to the GLv 
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and onto the area pretectalis [128], and is ultimately important for color vision [129] and 

oculomotor functions [130-131]. 

Neurons involved in a parallel ascending pathway from the TeO may also contain CB1 

mRNA.  Some of the cells found throughout layers 8-12 innervate Layer 13 cells which in turn 

project to nucleus triangularis [132].  There has been little functional characterization of the 

nucleus triangularis, but it does project to the E and may modulate tectofugal processing.  

Nucleus rotundus (Rot) is the main relay point in the tectofugal pathway and a region of 

discrepancy between budgerigar and chick CB1 data.  While the budgerigar displayed both high 

receptor and binding stimulation values [123], no significant mRNA signal was observed in the 

chick Rot.  Furthermore, we observed no signal in nucleus subpretectalis (SP) which projects to 

Rot.  These findings leave open the question as to whether the cell bodies with CB1 terminals in 

Rot are from a source other than SP or if this is a point of divergence between chick and 

budgerigar. 

CB1 signaling may also be functional in synapses between the SAC and portions of M 

[133].  We observed strong labeling in the SAC. While there is little CB1 immunoreactivity 

reported in M and only moderate receptor AR, the agonist stimulated rates of binding suggest 

strong CB1 activity within M [123].  The IMM (Intermediate Medial Mesopallium), a subregion of 

M, is implicated in imprinting [134-135]. 

 

Motor Control 

Brain motor regions such as the Cb also contain very high concentrations of CB1 mRNA.  

Our finding of uniformly strong labeling of the Gran of the chick is consistent with mammalian 

studies [78, 96-97, 116, 136].  The chick Cb had greater CB1 mRNA labeling than any other 

measured region.  A contrasting pattern of CB1 mRNA and protein labeling is seen in the rat.  

CB1 mRNA is located in cells of the Gran [96-97], whereas the protein is located in the 

molecular layer [98].  Receptor binding in the budgerigar and IHC in the zebra finch also 

showed high levels of CB1 in the molecular layer [123, 137]. This pattern of results suggests 

that CB1 is localized to the terminals of parallel fibers, which synapse with Purkinje cells.  CB1 

activation is able to cause a cessation of nearly all presynaptic input to the Purkinje cells [138].  

This is not mediated through a mechanism which affects the firing of granule cells or fiber 

kinetics, but rather, through suppression of NT release.  The consistency of the CB1 mRNA 

labeling across species would suggest protein localization would be similar between the avian 

and mammalian cerebellum and, importantly, a conserved functional role. 
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The mammalian Cb has strong CB1 labeling, but the basal ganglia are home to specific 

subregions having the greatest CB1 mRNA density in the brain [78, 96-97, 116].  However, 

disparity does exist between the labeling seen with ISH and receptor binding/IHC [139-140], 

suggesting translocation of protein down axons to the terminals where the CB1 is inserted in the 

membrane.  Excitotoxic lesion studies have shown that striatal and subthalamic nucleus cells 

produce the majority of CB1 in the basal ganglia [116].  Double-label ISH has shown that the 

majority of CB1 mRNA in the striatum is found in striatal efferent projection neurons [141]. The 

axons of these neurons terminate in the substantia nigra and pallidal region. 

CB1 expression is observed in both the SN and AVT of the chick.  Localization of CB1 

mRNA in cells of the chick SN contrasts with the presence of CB1 only in terminals innervating 

the mammalian SN.  Although the dorsal telencephalon, containing associative regions, has 

high CB1 expression, the ventral motor regions have relatively weak labeling.  Neither the 

ventral tegemental area (homolog of AVT) nor the SN is labeled in mammalian brains [140].  

The mammalian SN is labeled with receptor AR [116], suggesting that the cells of the SN do not 

produce CB1, but receive input from terminals containing the receptor. 

Consistent with the mammalian pattern [136], CB1 mRNA was not observed in the 

globus pallidus (GP).  In contrast to the mammalian pattern, however, there was little labeling in 

areas of the medial or lateral striatum that are believed to project to the GP [142].  It remains 

possible that a more detailed examination of these motor regions in the chick may reveal that 

some small nuclei were overlooked, but no pervasive labeling was observed in these areas.  

The contrast between avian and mammalian brains is intriguing in that it suggests that cellular 

signaling may differ greatly even where neural circuitry is conserved. 

 

Integrative Pathways 

The forebrain has the greatest total concentration of CB1 mRNA labeling, both in 

mammalian and avian species. Combining knowledge of afferent and efferent projections within 

the forebrain with CB1 mRNA localization allows some speculation regarding the functional 

significance of this receptor.  Significant expression in the telencephalon was expected not only 

due to the previous reports in mammals, but specifically in light of extensive investigations into 

the localization of CB1 within the zebra finch telencephalon and the effect of CBs on vocal 

learning [143-145].  The distinct spots seen with ISH are not reflected in receptor binding data 

[123].  This suggests that projections from these sub-areas may be spreading out diffusely 

across the telencephalon. 
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The avian hippocampal formation, while morphologically dissimilar to that of mammals, 

shares many functional characteristics [146].  Like the mammalian Hp, high levels of CB1 

receptor binding are observed in the avian brain [123]. The present study revealed that the chick 

Hp contains moderate to heavy CB1 mRNA labeling. This suggests that the CB1 receptors in 

the Hp may arise from cells within the Hp, rather than from projection neurons. The localization 

of CB1 mRNA to the Hp is not surprising since the effects of CBs on memory have been 

observed numerous times [147-148]. 

While the mammalian amygdala displays moderate CB activity [78], the chick amygdala 

contains high levels of CB1 mRNA (present data) and agonist binding [123].  The avian 

amygdala complex contains portions of the region previously known as the archistriatum, AI and 

TnA [112].  The labeling in the AI was intense and greater than the labeling observed in TnA.  

The pattern of labeling in the chick is to an extent similar to that observed in the zebra finch with 

the exception of the robust nucleus of the arcopallium (RA), which is only found in songbirds 

[94].  The AI has reciprocal connections to Hp, HA, M, and N as well as sending additional 

afferents to APH, HD, and SAC, notably AI directly projects to the ventral striatum [149-150]. 

TnA receives input from the Hp and sends major projections to the hypothalamus [151].  

In light of the ability of cannabis use to induce paranoia in humans and studies demonstrating 

that CBs affect fear conditioning in rats and mice [152-153] labeling of these limbic regions are 

not surprising.  Receptor binding in the budgerigar displayed quite a bit more binding in TnA 

versus AI, but agonist stimulated GTPγS binding values were much more on par with each other 

[123]. 

The M constitutes a major area of integration for the chick brain, receiving a large 

number of afferent projections [154-157] and sending out many efferents.  The M was marked 

by moderate labeling, higher than that in the HA, but lower than that observed in TnA and AI 

The M has been implicated in a variety of functions which may differ between parrots, 

songbirds, and non-songbirds.   

The majority of afferent input to M comes ipsilaterally, however there is significant 

contralateral input as well.  In addition to a role in imprinting, the IMM is also involved in passive 

avoidance learning [158-161].  CB1 antagonists disrupt passive avoidance, further supporting 

the role of cannabinoid signaling in memory consolidation [162].  Efferent projections are sent to 

parts of the chick limbic system. 

In addition, the arcopallium (A), TnA, and Hp relay information from the IMM, a region 

believed to play a role in imprinting, to the medial and lateral striatum, formerly Parolfactory lobe 

[133, 163-164].  While IHC and AR labeling in M is unremarkable the agonist stimulated GTPγS 
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binding has a very high ratio, suggesting strong CB activity despite a relatively modest 

concentration of CB1 [123, 137].  Therefore, CBs could potentially affect the process of 

imprinting. 

The avian Wulst (W) is comparable to some areas of the mammalian neocortex.  Higher 

sensory processing and integration occurs here including auditory, visual, and somatosensory 

[165-167].  The W is composed of three pseudolayers, the HA, intercalculated part of the H (HI), 

and the densocellular part of the H (HD), located within the medial ridge of the avian 

telencephalon. Labeling appeared throughout this region, but was especially dense and distinct 

within the HA.  The HA is especially linked with visual processing, but does contain some 

overlap with somatosensory related neurons [168].  Therefore, CB1 activation in this area might 

be expected to result in effects on more complex visual tasks such as visual discrimination. 

Lastly, while there are many subregions of the N, these could not be easily determined 

through most coronal sections.  However, sagittal sections revealed that the frontal, 

intermediate, and caudal portions of the N did differ slightly in their low CB1 mRNA 

concentration, which was approximately half to a quarter of the intensity observed in the M. 

The N is a large region of the telencephalon involved in higher sensory processing, 

especially auditory, and used in associative learning [169].   The N also contains auditory and 

vocal control nuclei involved in both the learning and production of song in some avian species 

[170].  The majority of connections between N and other telencephalic regions are reciprocal.  

These regions include the W, E, AI, and IMM [171].  As the presence of CB1 mRNA would 

suggest, CB exposure does affect vocal learning in songbirds [144-145].  The labeling within the 

N differs greatly between chick and zebra finch.  A potential small species differences may be 

seen in the N of the chick, which has a fairly regular pattern, unlike the zebra finch N which 

contains relatively low CB1 message except in the song learning region, HVC (proper name) 

[94]. 

A major difference in the chick labeling pattern may be in the relative lack of labeling in 

the areas analogous to the caudate-putamen or GP in the chick, compared to the robust 

labeling reported in the mammalian brain.  In addition, specific labeling of CB1 mRNA was 

observed in the AVT and SN of the chick. This finding is in contrast to mammalian SN cells, 

which do not produce CB1 mRNA, but rather receive input from cells that do express CB1. 

A second region that seems to show species-related differences is the TeO.  High levels 

of CB1 expression were particularly localized to visual regions of the chick’s TeO. In contrast, 

little message for CB1 is observed in the superior colliculus of the rat, and it appears that there 
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is no obvious expression in either the nucleus parabigeminalis or the lateral tegmentum [96-97], 

two areas that have been suggested to be homologous to areas of the avian TeO [172]. 

 

Embryonic Tissue 

Large differences in expression patterns of CB1 between E16 and P10 were not 

anticipated.  The chick is a precocial animal and developmental analyses of a variety of NT 

systems suggest that adult-like patterns are typically established by late embryonic or early 

post-hatch ages.  This includes studies of GABA [49, 173-174], NMDA [175], bombesin [176], 

acetylcholine [177], dopamine [178] and serotonin [179] receptors. 

CB1 expression is known to change dramatically during early development with transient 

increases following neuronal differentiation [104].  A later and more specific examination of the 

chick retinotectal system, however, concluded that between E16 and E18 the posthatch pattern 

of CB1 is established [180].  The only significant deviation in the current study was that of the 

Ipc displaying robust CB1 mRNA expression.  The previous IHC investigation had mentioned 

neither similar results nor any labeling in the Ipc at any stage [180].  These contradicting 

findings can most logically be explained by inter-nuclei projections with active CB1 found in 

terminals distal from the originating cell body.  That is Ipc cell bodies are producing CB1 

receptors for translocation to synapses located outside the Ipc.  Alternatively, the CB1 mRNA in 

Ipc may not be translated into an active protein containing the epitope of antibodies used in the 

study. 

Avians can be considered a visually oriented animal and this is reflected in the relatively 

large portion of the CNS devoted to the reception and processing of visual information.  The 

TeO of the chick is roughly homologous to the mammalian superior colliculus.  Much of the work 

done by the TeO involves localizing objects in space so that the organism can then orient to the 

stimulus [181-182].  The Ipc is part of the isthmic complex in the TeO, joined by pars 

magnocellularis and pars semilunaris.  A primarily cholinergic nucleus [183-185], Ipc is 

homologous to the mammalian parabigeminal nucleus [186].  Ipc receives nearly all afferent 

input from layer 10b of the TeO [124, 172, 187] and gaze control regions of A [188].  Efferents 

are sent to all TeO layers [187, 189-190]. 

The function of Ipc was originally believed to include only visual modalities [191], but has 

been recently expanded to include auditory spatial information [192].  Interestingly, specific units 

in the Ipc were responsive to specific ITDs and ILDs.  The presence of both visual and auditory 

sensitive neurons in the Ipc suggests an alignment of a multi-modal map of space.  The 
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extensive and precise projections from the Ipc to the rest of the TeO could hint at a regulatory 

role in spatial localization. 

The transient, but robust expression of CB1 mRNA in Ipc at late stages of chick 

embryonic development points to a possible role in synaptogenesis.  Visual stimulation is 

capable of evoking potentials in Ipc at E17 and behavioral responses to light can be seen by 

E18 [193-194].  IHC data showing the CB1 labeling in TeO layers 2-3 and 5-6 until E18 makes 

them the likely target of Ipc CB1-laden terminals [180].   Of note is that light stimulation can 

cause asymmetrical alterations in the tectofugal pathway of pigeons and likely in the chick [195].  

Taken as a whole, late stage CB1 expression may be important to the alignment of auditory and 

visual spatial maps or the coordination of those maps with gaze control. 

The brief window of intense CB1 expression in the Ipc coupled with the coincident timing 

of other significant events in the tectum may represent a developmental role for CB1.  Given the 

timing of the decrease in expression, it is possible that CB1 expression is regulated by activity of 

the visual system.  Based on this basic assumption a set of experiments was proposed and 

carried out separate from the current work.  To summarize the experiment, groups of eggs were 

incubated in three conditions.  The control or standard condition was in our large incubator 

which receives indirect illumination on a day/night cycle, constant light with multiple bright lights, 

or total darkness in light-tight ventilated chamber.  The light and dark subjects were kept in a 

small plastic-domed incubator maintained at the same temperature and humidity as the large 

incubator.  The subjects in all three conditions were further grouped by age (E16-E21 and P0).  

Embryonic subjects were anaesthetized with cold and posthatch subjects with halothane.  

Brains were extracted and frozen as described in the ISH protocol with the exception that all 

brains were blocked into right and left hemispheres before sagittal sectioning with a cryostat. 

The CB1 riboprobe protocol was used to process all subjects.  A time course of CB1 

expression and a hemispheric comparison will be made using the AR.  The goal is to determine 

if light exposure affects either the time course or level of CB1 mRNA expression in the Ipc.  

Hemispheric differences might arise due to the position of the right eye out toward the inside 

surface of the egg and the left eye is partially occluded against the body of the chick.  Additional 

experiments may include manipulations of the CB system to determine possible roles in the 

developmental of tectal circuitry. 

 

Ganglion Expression 

Robust expression was found in the VG.  This is consistent with CB1 IHC labeling in the 

mammalian vestibular and auditory brain stem nuclei [115], suggesting that the source of this 
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labeling is cnVIII.  This is also consistent with the trend for CB1 localization at early stages of 

sensory processing.  Together these findings suggest that in addition to the acknowledged roles 

of CB signaling in motor control and higher functions such as learning and memory, CB 

signaling may also play a significant role in the earliest stages of sensory processing across a 

variety of sensory systems. 

The lack of CB1 mRNA expression in NM, despite preliminary IHC evidence, suggested 

that the functional CB1 receptor must be presynaptic to NM.  The presence of ISH signal in the 

VG further supported this assumption.  Our standard brain extraction and cryostat sectioning did 

not preserve the CG.  Therefore, a whole brain with skull intact had to be sectioned to contain 

the CG and surrounding bony labyrinth.  Sections from both E16 and P10 subjects underwent 

the riboprobe protocol as described above.  An examination of the tissue sections and 

autoradiographs produced found that the CG could be easily identified in the nissl-stained 

section and CB1 mRNA was strongly expressed in the CG (Figure 2.12). 

 

Immunohistochemistry in Nucleus Magnocellularis 

Although CB1 antigenicity appeared to encircle NM cell bodies, reminiscent of Endbulbs 

of Held, the photo-merge did not show perfect co-localization between CB1 and SV2.  Calyces 

are not typical terminals and CB1 may not be exactly located at active sites where the SV2-

labeled vesicles would be present.  Nevertheless, the similarity if the overall pattern suggest the 

typical presynaptic localization of CB1.  This pattern corroborates ISH data from skull-intact 

slides and suggests that as hypothesized CB1 mRNA is produced in ganglion cells and 

translocated down to endbulbs surrounding NM neurons. 
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CHAPTER 3 

CANNABINOID SIGNALING IN NUCLEUS MAGNOCELLULARIS 
 

        
INTRODUCTION 

CB signaling typically acts as a negative feedback system that shares some traits with 

classical NT systems, but differs in key aspects.  CB1 and CB2 are metabotropic receptors that 

are part of the 7-transmembrane domain receptor family.  When activated, the receptors trigger 

2nd messenger signaling cascades through Gi/o-proteins [196-198].  The actions of NTs on 

postsynaptic cells initiates eCB production through two independent pathways.  The first 

pathway involves increases in postsynaptic levels of intracellular Ca2+ [199-200].  Depolarization 

causes the opening of voltage-gated channels (VGC), specifically those which allow Ca2+ to 

cross the membrane and stimulate eCB production.  Activation of the ionotropic receptor 

channels is not necessary as photo-release of caged Ca2+ is sufficient in some systems to elicit 

CB-dependent changes in synaptic activity [199-200].  This plasticity is referred to as 

depolarization-induced suppression of inhibition/excitation (DSI/DSE) and is commonly studied 

in the Hp [201-203].  DSI/DSE is a short-term reduction in GABA (DSI) or glutamate (DSE) 

release.  These short-term changes can last from a minute to over an hour.  The second 

pathway begins with metabotropic glutamate activation (mGluR) [204-208] and often ends with 

short-term depression (STD) in brain regions such as the Cb and ventral tegmental area [209-

210].  Sustained metabotropic glutamate receptor (mGluR) activation and CB activity can 

transition to more long-term plasticity.  These pathways work independently of each other, but 

may interact synergistically [211]. 

eCBs are released in an activity-dependent manner, produced on demand through 

hydrolysis of membrane-bound lipids [212].  N-arachidonoly ethanolamine (anadamide) was the 

first eCB to be discovered [72].  A form of phosholipase D converts N-arachidonoyl 

phosphatidylethanolamine into anandamide.  The second eCB to be isolated was 2-

arachidonylglycerol (2-AG) [213-215].  2 isozymes of diacylglycerol lipase convert 

phoshoinositides to 2-AG [216].  These enzymatic reactions occur immediately before release 

because eCBs cannot be prepackaged and stored in anticipation of release like GABA and 

glutamate.  Vesicles are not required for transport as eCBs are lipophillic and capable of 

crossing the cell membrane either unaided or by facilitated diffusion [217-218]. 

Once released into the synapse from postsynaptic cells, eCBs activate CB receptors 

located on the presynaptic cell.  Functional CB1 has been localized presynaptically to axonal 
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terminals with almost no exceptions in adult animals [219]. Cellular uptake mechanisms remove 

eCBs from their presynaptic sites of action.  Enzymes such as monoacylglycerol lipase and fatty 

acid amide hydrolase then breakdown eCBs, terminating the signal [216, 220]. 

CB1 activation was first found to inhibit adenylyl cyclase (AC) [196-197].   AC is an 

enzyme which produces cyclic adenosine monophosphate (cAMP).  The concentration of cAMP 

is itself a second messenger that regulates intracellular signaling.  Decreasing the level of cAMP 

will in turn decrease the activity of cAMP -dependent protein kinases (e.g. PKA).  CB1 activation 

can also modulate Mitogen-activated protein kinase (MAPK) activity, another enzyme involved 

with intracellular signaling.  Where AC is inhibited, MAPK is activated by CB1 activation [221].  

Short-term effects of CB1-mediated MAPK activation are linked to the stimulation of glucose 

utilization [221-223].  Long-term effects can also be seen through the expression of immediate 

early genes [224]. 

A major effect of CB1 activation is inhibition of Ca2+ VGCs (N-type and P/Q-type) [225-

227].  The opening of VGCs is dependent on the surrounding membrane potential.  Arrival of an 

AP depolarizes the membrane, allowing the channels to open and Ca2+ to move into the 

terminals.  Synaptic vesicle release probability is dependent on the level of Ca2+ present.  

Inhibition of these Ca2+ channels will therefore lead to a reduction in the number of vesicles 

released upon arrival of the AP to the terminal.  In this way, CB1 activation can indirectly reduce 

the activity of the postsynaptic neuron. 

Dynamic gain control is crucial to maintaining the linear rate code of NM.  As described 

earlier, GABAergic signaling acts as a global gain control regulated by the intensity of the total 

acoustic environment.  High intensity, broadband noise activates this GABAergic gain control.  

eCB-mediated retroinhibition of NM may act in a complementary manner by regulating the 

activity of single synapses.  Each synapse codes the timing of a specific CF through the 

tonotopic arrangement of the auditory circuit.  Therefore, eCBs would reduce the activity of a 

subset of highly active cells without compromising the ability of other cells to code low intensity 

stimuli.  In support, eCBs have already been show to mediate retroinhibition in the MNTB [228].  

This is significant because MNTB is a auditory nucleus which also receives calyceal input and is 

involved in temporal coding. 

Electrophysiology is a technique in neuroscience used to measure changes in the 

electrical activity of neurons.  The concentration gradient of charged particles (ions) across a 

selectively permeable barrier (cell membrane) results in a potential difference.  The difference is 

measured in millivolts (mV) and at rest is -70mV on average.  The sign of this value reflects a 

more negative environment within the cell as compared to the surrounding extracellular milieu.  
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The potential difference results in an electromotive force.  Upon activation of ionotropic 

channels by NTs, positively charged ions (e.g. Na+ and Ca2+) are driven by the electromotive 

force across the membrane, diffusing from the high extracellular concentration to equalize with 

intracellular concentration, balancing the charges as well.  The change in relative ion 

concentration causes a depolarization (reduction in potential difference).  Depolarization will in 

turn open VGCs which will amplify the depolarization and aid in propagation through the soma 

and axon of a neuron.  Active cellular machinery then works to restore the resting state of the 

cell.  Activation of metabotropic channels by NTs will not directly affect the membrane potential, 

but second messenger signaling cascades can regulate the number or state of ionotropic 

channels. 

Current clamp measures changes in the membrane potential (Excitatory Postsynaptic 

Potential, EPSP) of a cell in response to chemical (NTs or pharmaceutical agents) or electrical 

stimulation.  Large, positive potentials indicate the firing of APs.  The large glutamate release 

from cnVIII onto NM results in an “all-or-none” situation with the amplitude of postsynaptic 

currents typically large enough to produce APs or no response at all.  The all-or-none nature of 

NM EPSPs/APs can mask small changes in the kinetics of synaptic transmission.  Excitatory  

Figure 3.1 – Postsynaptic potentials recorded from a NM neuron.  Top traces 
were recorded using control bath. First response was large, but subsequent 
responses were depressed.  Bottom trace shows the same neuron after 
administration of the CB agonist, WIN 55,212-2.  Responses are enhanced 
and do not show the same pattern of depression found before drug application. 
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Figure 3.3 – High frequency stimulation (3, 1-second 100Hz pulses) produced 
an enhancement similar to that seen after WIN 55,212-2.  Stimulated 
enhancement is blocked with CB antagonist, AM251.  Error bars are SEM. 

Figure 3.2 – Time course of cannabinoid effects. Excitatory postsynaptic responses are 
enhanced after 4 minutes of treatment with the cannabinoid agonist WIN 55.212-2. 
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postsynaptic currents (EPSCs) are recorded in voltage clamp and their amplitudes are not 

limited in this manner and may be graded or below threshold.  The less constrained EPSC 

amplitude was expected to be a more sensitive measure of CB effects.  Using a peri-threshold 

stimulus amplitude, we found that addition of the synthetic CB agonist WIN to the bath greatly 

reduced the rate at which NM failed to fire an AP in response to stimulation (Fig 3.1).  

Nonspecific effects of exogenously applied agonists limit understanding of normative 

functioning.   

Consequently, we attempted to stimulate eCB production.  The two pathways which 

initiate eCB production depend on 1) Postsynaptic depolarization with consequent rises in 

intracellular Ca2+ concentration and 2) Activation of postsynaptic mGluRs.  High frequency 

stimulation (HFS) of cnVIII fibers releases glutamate onto NM cells, both stimulating mGluRs 

and depolarizing the cell.  Based on the general understanding of activity-dependent eCB 

production, we used 2-3 short burst of HFS stimulation through cnVIII.  In this protocol 3 1-

second 100Hz bursts were considered to be HFS.  The baseline percent of APs were measured 

during low frequency stimulation (3Hz).  Once again the stimulus amplitude was scaled so that 

only a fraction of the stimulations resulted in an AP.  The number of APs per stimulus at 3Hz 

was again measured after HFS as a percent of total stimulations.  As expected, the percentage 

of NM APs was increased after HFS as compared to baseline.  Pre-incubation with AM251, a 

CB antagonist, prevented the increase in synaptic efficacy. (Fig 3.3).  While it is believed that 

CB activation itself is inhibitory here, the outcome was a greater percent of APs and will 

therefore be referred to as an “enhancement”.  These findings support the hypothesis that eCB 

signaling is functional at the cnVIII-NM synapse.  These findings further suggest that eCB 

signaling works in an activity-dependent manner to increase the fidelity of information transfer 

through the cnVIII-NM synapse. 

In vitro the spontaneous rate of firing is 0Hz; however, in vivo cnVIII has spontaneous 

firing rates up to 100Hz.  The high spontaneous activity of cnVIII suggests that a basal level of 

eCB production/release is likely engaged in vivo.  Conversely, if eCB production is activity 

dependent, control recording in an unstimulated slice should have minimal cannabinoid activity.  

An in vitro slice grants complete control to the experimenter over the stimulation rate and 

possibly the tone of eCB production.  The experimenter also has significant control over the 

environment of the slice, allowing use of specific exogenous compounds and alterations in the 

standard ionic composition of the extracellular medium.  The synthetic CB agonist, WIN 

55,212-2, was used and has a much greater affinity for CB1 than the endogenous ligands.  

Additionally it is not subject to the breakdown and removal mechanisms which terminate eCB 
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signaling.  The major disadvantage of the slice preparation is that CB administration is not 

considered reversible.  On the other hand, the lack of a quick recovery does provide the 

opportunity to collect data over several minutes without worrying about decreasing CB effects. 

The goal of the following three experiments was to: 1) test if CB activation with 

exogenous ligands had a beneficial effect on NM responses, 2) determine if the high frequency 

stimulation protocol used in current clamp could cause a similar enhancement under voltage 

clamp, and 3) measure the effect of various manipulations on the level of spontaneous synaptic 

events. 

 

GENERAL METHODS 

Subjects 

Subjects were prehatch (E18-19) chicks (Gallus domesticus) incubated at Florida State 

University from eggs obtained from a local supplier.  Subjects of either sex were chosen 

randomly. 

 
Brain Stem Slice Preparation 

This protocol is adapted from previous work in our laboratory [54].  All procedures were 

approved by the Animal Care and Use Committee at Florida State University.  Chicken 

embryos were anesthetized by cooling and then sacrificed by rapid decapitation.  A 4mm 

segment of the caudal skull containing the brain stem was removed with a razor blade and 

quickly submerged in room temperature artificial cerebral spinal fluid (ACSF).  ACSF contained 

the following (in mM): 130 NaCl, 26 NaH2CO3, 3 KCl, 3 CaCl2, 1 MgCl2, 1.25 NaH2PO4, and 10 

dextrose.  The ACSF was constantly gassed with 95% O2-5% CO2 (pH 7.4).  The brain stem 

segment was dissected out of the cranium and transferred to a vibrating blade tissue slicer 

where it was mounted with cyanoacrylate glue, supported by a gel solution (30% gelatin in 

ACSF), and cut in ACSF.  Transverse slices (300µm) containing NM were then transferred to a 

submersion-type recording chamber and perfused (2-3 ml/min by gravity) with heated 

oxygenated ACSF (30°C), using an in-line heater.  30°C was chosen as bath temperature to 

standardize recordings, but still allow for robust depression as depression is reduced with 

increases in bath temperature [53].  All reported physiological measurements were made from 

heated slices after a 60 minute recovery period.  The slice was held in the recording chamber 

under a piece of nylon mesh.  Brain slices typically remained viable for 4-6 hours, but the 

majority of recordings were made between 1 to 4 hours after dissection.  Slices which were 

administered CB drugs were discarded regardless of experiment completion due to the 
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difficulties in washing out the drugs.  After CB drug administration, 10ml of 70% ethanol 

followed by 40ml of dH20 was run through the lines and bath to clean the lines.  Flow rates and 

temperature were recalibrated 10 minutes after returning to normal ACSF. 

 

Whole Cell Patch Clamp Recordings 

Standard methods for whole-cell voltage clamp recordings were used.  Recordings 

were made using glass micropipettes.  Patch electrodes (3-7 MΩ) were drawn on a Brown-

Flaming electrode puller from borosilicate glass micropipets (ID 0.86, OD 1.5mm, WPI Inc).  

Typical electrode solution consisted of (in nM) 105 K-gluconate, 35 KCl, 5 EGTA, 1 MgCl2, 10 

K+-HEPES, 4 ATP-Mg, 0.3 GTP-Na pH adjusted to 7.2 with KOH.  Liquid junction potential was 

10mV and corrected after data collection.  Unlike current clamp, voltage clamp locks the 

membrane potential of a cell at a set value.  Cells were clamped at -70mV for the duration of 

the experiment.  A single electrode is used to monitor the membrane potential of the cell and 

then pass current to oppose any changes.  The magnitude of the negative feedback is 

measured in amps (pA-nA) and reported as an EPSC. 

The electrode was guided to the cell of interest using an upright fixed-stage microscope 

(Olympus BX50WI) with a water immersion lens (40 or 60 X) and infrared DIC optics.  DIC 

optics allow for visualization of neurons in the brain stem and result in a much higher patch 

success rate than “blind patch” or sharp electrode intracellular recordings.  Slight positive 

pressure was applied before the electrode entered the bath.  Upon contact with a cell negative 

pressure was applied until a tight seal (>1GΩ) was formed.  Additional negative pressure was 

then applied to rupture the membrane.  Cells were given 10 minutes to stabilize before 

recordings began.  Series resistance was compensated 80-90% and monitored via a 5mV 

hyperpolarizing command (5ms duration) before each synaptic stimulation protocol.  Signals 

were amplified, digitized, stored and then analyzed by computer (pClamp 9.2, Molecular 

Devices; Excel 2007, Microsoft; SPSS 17, WINrap ). 

 Slices were stimulated unilaterally with a bipolar electrode constructed from a Teflon-

coated platinum wire placed on the fibers of cnVIII.  Stimulation was driven through the 

Clampex software.  Each stimulus was a 20µs monophasic current pulse, generally 0.1-10mA.  

The placement of the stimulating electrode and the number of undamaged cnVIII fibers lead to 

variability in the necessary stimulation amplitude.  Therefore, the stimulation amplitude for any 

investigated neuron was adjusted 10 minutes after patch to produce maximal EPSC amplitude. 
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Drug Application 

Where indicated in the text, the following drugs were bath applied: CB agonist (WIN 

55,212-2 5-10 µm), CB antagonist (AM251 10 µm), and GABAA antagonist (Picrotoxin, 

100mM).  CB drugs were dissolved in dimethyl sulfoxide (DMSO), but final DMSO 

concentration was <0.1%. 

 

Experiment 1. Effect of Cannabinoids on Synaptic Depression 

Rationale 

Based on studies of synaptic depression in NM [32] and localization of CB1 to the 

cnVIII-NM synapse (Chapter 2), CB activation could enhance synaptic transmission through 

reduction of depression.  Just as GABAergic activation may increases efficacy through 

reduction of glutamate release [53], CBs may fulfill a similar role.  The advantage of CB 

signaling is that it functions in a synapse specific manner, not globally as with GABAB signaling. 

Strong synaptic depression has been observed at the cnvIII-NM synapse during late 

embryonic stages in brain slice preparations [53].  The factors underlying synaptic depression 

(postsynaptic receptor desensitization, vesicle depletion, and autoreceptor activation) may all 

be mitigated through reduced NT release.  Unlike typical GABAergic inhibition, CB activation 

will never completely inhibit NM activity.  Rather, reductions of intracellular Ca2+ in terminals 

containing CB1 will have the effect of lowering vesicle release probability.  CB activation would 

then result in a lower release of glutamate per stimulus and in doing so preserve the stability of 

evoked NM responses by reducing depression of the synapse. 

Protocols used for the following experiment were based on those used in the previous 

study of GABAB and synaptic depression in NM [53].  The current experiment was done to 

determine if exogenously applied CBs prevent/reduce synaptic depression.  Due to some 

unavoidable rundown, a minor decrease in the peak amplitude of evoked responses was 

expected after the 10 minute holding period in control subjects.  CB agonist should increase 

the reduction in peak EPSC amplitude when comparing baseline versus post-holding trials.  

NM neurons have such a high safety factor that the reduction of EPSC amplitude will be in 

effect a conservation of NT release and not an inhibition of APs.  A beneficial effect of CB 

administration would be measured as a decrease in synaptic depression. 

 

Specific Methods 

Stimulation protocol.  The voltage clamp configuration was used to maintain the 

membrane potential at -70mV.  Whole cell patch recordings of NM EPSCs were taken before 
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Figure 3.4 – Responses to pulse trains were measured at 4 simulation rates. 10 minutes elapsed 
before pulse train recordings were made again.  Control subjects had normal artificial cerebral spinal 

fluid throughout the entire experiment.  Drug groups were had either 5 or 10µM WIN bath applied 
from the start of the holding period to the end of the experiment. 

and after the 10 minute holding period.  Figure 3.4 outlines the standard protocol. Control cells 

had normal ACSF throughout the entire experiment.  Drug groups (5 and 10µM WIN) were 

treated with the CB agonist during the 10 minute holding period.  Post-holding measurements 

were made with WIN still present in the bath.  GABAA antagonist picrotoxin (100mM) was 

present in the bath during the entire experiment for a subset of each group. 

4 different rates of stimuli were chosen to represent activity below that seen in vivo 

(20Hz), the spontaneous rate of activity in vivo (100Hz), and high rates of stimuli (200 and 

250Hz).  10-pulse trains were delivered at each rate.  Each stimulation rate was repeated 5 

times with a 30 second resting period in between trials.  Cells were then given 60 seconds of 

unstimulated holding before switching to a different stimulation rate.  The order of stimulation 

rates was counterbalanced to prevent sequence effects.  In such cases where the recording 

was stable and series resistance had increased <20% another 10 minute holding period was 

followed by a second repetition of the pulse train protocols so that a within-subjects comparison 

could be made. 

Data analysis.  Measurements consisted of the average peak amplitude for each EPSC 

(1-10).  Controlling for differences in EPSC amplitude across cells, the amplitude of EPSC 

peaks were normalized to the amplitude of the 1st EPSC in each train (EPSCn/EPSC1), giving 9 

values (EPSCs 2 through 10).  Due to a lack of effect from picrotoxin, the groups were collapsed 

to form Control, 5µM WIN, and 10µM WIN groups.  The collapsed data was analyzed using 

GLM repeated measures.  There were 3 within-subjects factors: pre versus post holding (2 

levels), stimulation rate (4 levels), and pulse number (9 levels).  Drug treatment acted as a 

between-subjects factor (3 levels).   To visualize reduction in synaptic depression, the difference 

between normalized values for pre-drug and post-drug for EPSCs 2-10.  The change in synaptic 
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Figure 3.5 – Typical excitatory postsynaptic 
responses of nucleus magnocellularis neurons to 
10-pulse trains at 20, 100, 200, and 250Hz.  
Responses decrease in peak amplitude with each 
successive stimulation.  The rate stimulation also 
affects the degree of depression.  Higher 
stimulation rates resulted in greater depression at 
earlier time points in the pulse trains. 

depression was then averaged for each group and error bars based on the SEM with lower 

numbers representing reduced depression. 

 

Results 

Control subjects showed a clear and consistent pattern of depression (Figure 3.5).  Little 

depression was seen at 20Hz with a stable 25% decrease in EPSC amplitude after the first 

pulse.  100Hz stimulation resulted in a little over 40% depression by the end of the train.  High 

rates of stimulation, 200 and 250Hz, produced greater depression earlier in the train, ultimately 

reducing EPSC peak values by 60-70%. 

As predicted, application of WIN 

reduced the amplitude of EPSCs, but also 

reduced the degree of synaptic depression 

across the train.  An example of this effect 

can be observed in Figure 3.6. Picrotoxin 

was included in a subset of recordings to 

isolate CB effects on glutamatergic 

signaling.  Since statistical analyses 

(detailed below) revealed no reliable effects 

of picrotoxin, the groups were pooled for 

the graphical presentation of the data. To 

examine the effects of drug treatment on 

depression, EPSP amplitudes were first 

transformed to their relative size compared 

to the first EPSC in the train.  The drug-

induced changes in these relative sizes 

were then computed by subtraction of the 

post-drug relative change from the pre-drug 

relative change.  Consequently a negative 

number reflects less depression post-drug 

compared to pre-drug.  These changes in 

relative EPSC amplitudes across the train 

are presented in Figure 3.7.  As can be 

seen, WIN treatment reduced synaptic 

depression observed at higher rates of 
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stimulation. 

Statistical analyses confirmed these conclusions.  First a full-design 2-between, 3-within 

mixed ANOVA was performed using picrotoxin treatment (2 levels) and Drug treatment (3 

levels) as between-subjects variables. Pulse number (9 levels), Pre-post drug treatment (2 

levels) and Stimulation rate (4 levels) were the within-subjects variables.  The dependent 

measure was the relative size of the EPSC compared to the first EPSC of the 10-pulse train. 

There was no main effect of Drug treatment or picrotoxin (Fs < 1.0).  There was also no reliable 

interaction of any of the other terms with picrotoxin (Fs < 1.0).  As WIN was only present post-

drug, this lack of main effect for WIN treatment was not surprising since all baseline recordings 

should be equal.  Picrotoxin, however, was present throughout the entire experiment.  A lack of 

any effect suggests that GABAergic activation is not involved in this protocol and any effects of 

WIN treatment are not acting on GABAergic signaling. 

The main effects of the 3 within-subjects variables were, however, statistically reliable 

(Pulse number, F(8,136)=159; Rate, F(3, 51)=74; Pre-Post, F(1, 17)=33; p <  0.001 for each).   

As noted, depression was observed across the pulse train and was more apparent at higher 

stimulation rates. 

This was also confirmed by the reliable Pulse number X Rate interactions (F(1,17)=174, 

p < 0.001).The reliable Pre-Post effect suggests that time and/or WIN treatment had an effect.  

Figure 3.6 – Excitatory postsynaptic currents from a neuron located in nucleus magnocellularis 
stimulated at 200Hz.  (left) Initial response in a 10-pulse train has largest current.  Subsequent 

responses show steadily decreasing amplitude.  10 minute treatment with 5µM WIN 55,212-2, a 
cannabinoid agonist, reduces overall amplitude as well as degree of depression from first response.  
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This is clarified by examination of the interaction terms.  There was a reliable Pre-Post x WIN 

Group interaction (F(2, 17)=6.3, p < 0.01), revealing that the effect of time was dependent on 

whether or not cells were exposed to WIN.  This effect depended on the rate of stimulation and 

was only apparent at later pulses in the train (reliable Pre-Post x Rate x Pulse number x WIN 

interaction, F(48, 408)=2.1, p < 0.001). 

The average reduction in the absolute amplitude of the 1st EPSC in a train was also 

measured Pre and Post treatment to determine the typical run-down that could be expected 

across time and the effect of WIN on absolute amplitude of the EPSC.   A one-between (WIN 

group). two-within (Rate and Pre-Post drug treatment) mixed ANOVA revealed reliable main 

effects for WIN group and Pre-Post drug treatment  (F(2,20)=8.5, F(1,20)=50.9, respectively, p 

< 0.001) as well as a Group X Pre-Post treatment interaction (F(2,20)=6.2, p < 0.01). These 

results confirm that WIN does reduce the 1st EPSC to a greater extent than might be expected 

by simple run-down.  There was no reliable main effect for Rate of stimulation when only 

analyzing this 1st EPSC in the train (F < 1.0).  

Given the complexity of the full design, separate ANOVAs were carried out for each of 

the 4 pulse rates.  Since picrotoxin was without effect, we combined subjects with and without 

picrotoxin treatment resulting in 4, 3-way mixed ANOVAs using WIN dose as a between-

subjects variable.  Pulse number and Pre-Post drug were used as within-subjects variables.  

The results for the most important terms are presented in Table 3.1.  At all rates, Pulse number 

was statistically reliable, indicating that depression was apparent at all rates.  Pre-Post also had 

reliable effects in all but the 100Hz group where the effect was only marginal (F(1,26) = 2.8, p = 

0.11).  The interaction effects involving WIN treatment were found only at higher rates of 

stimulation.  At 200 and 250Hz rates of stimulation the Pre-Post x Group interaction was reliable 

as were the 3-way Pre-Post x Pulse number x Group interactions.  At 100Hz, only the 3-way 

interaction reached statistical significance.  At the lowest rate of stimulation there was no 

apparent effect of WIN on the depression observed.  Together, these results show that WIN has 

reliable effects on synaptic depression observed at higher rates of stimulation.  
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Figure 3.7 – Peak amplitude values from pulse trains were normalized as a percent 
of the first pulse response.  These values for EPSC 2-10 were compared to values 

after 10 minutes of control bath or CB agonist, WIN ,212-2 (5 and 10µM). Lower 
numbers indicate less depression post-treatment.  Higher rates of stimulation 
produced greater depression and CB activation had the greatest effect at high rates 
and late in the pulse train.  Non-monotonic effects at 250Hz might indicate a limit to 
the ability of cannabinoid activation to mitigate depression.  Error bars are SEM. 
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Discussion 

This study confirmed that high rates of stimulation lead to synaptic depression at the 

cnVIII-NM synapse and further showed that application of an agonist to CB1 receptors 

attenuates this synaptic depression. As expected, depression increased with both pulse number 

and stimulation rates.  This matches the patterns of depression previously observed [53].  

Despite minor differences from other depression protocols, the observed depression during 

baseline recordings was typical for NM.  Importantly, however, CB1 activation with WIN reduced 

the degree of synaptic depression observed at higher rates of stimulation. 

To be confident of these conclusions, however, we must address the possibility that 

other receptors systems or technical details may have been influenced by our treatment.  Of the 

classical NT systems, only glutamat- and GABA-ergic signaling is present in the cnVIII-NM 

synapse.  In order to determine which of these systems were influenced by CB1 activation, 

picrotoxin was included during a portion of the recordings.  As picrotoxin had no effect, CB1-

activation is most likely influencing glutamatergic signaling.  Picrotoxin only blocks GABAA 

receptors, leaving GABAB untouched; however, inhibitory postsynaptic currents in NM are 

mediated by GABAA [229].  GABAB receptors do regulate GABA and glutamate release [230].  

Activation of GABAB receptors during high rates of stimulation has the same beneficial effect of 

as that proposed for CB1 activation, in that it is thought to reduce synaptic depression by 

lowering NT release probability [53].  CB-mediated retroinhibition of GABAB activation would 

have a detrimental effect on NM temporal coding at high rates of stimulation and not the 

enhancement that is, in fact, observed.  Therefore, the observed effects of WIN here are most 

likely on glutamate/AMPA signaling. 

The average length of an experiment was around 45 minutes with a maximum duration 

of 70 minutes.  Rundown of cells and an accompanying decrease in EPSC amplitude and 

increase in series resistance were potentially confounding variables.  Large increases in series 

resistance resulted in rejection of cells from our analysis.  Still, small changes in cell 

responsiveness and recording could potentially mask or even mimic the hypothesized result (i.e. 

decreased overall EPSC amplitude and degree of depression).  Therefore, examining Pre-Post 

effects with and without WIN was essential.  Control subjects experienced a 13% average 

reduction in the amplitude of the 1st EPSC in any given train.  Treatment with WIN for at least 10 

minutes, however, resulted in an average 33-35% reduction in the amplitude of the 1st EPSC.  

Statistical comparisons confirmed that the reduction in 1st EPSC amplitude was greater 

following WIN than it was following the unavoidable cell run-down over the course of a 

recording. 
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Once again it must be stressed that even a 35% reduction should not cause an increase 

in AP failure rate due to the high-safety factor of the cnVIII-NM synapse.  The reduction in 

amplitude could be attributed to either a change in release probability or postsynaptic receptor 

sensitivity.  These experiments do not show which if any of these events are affected by WIN, 

but CBs do indeed reduce the degree of depression seen across NM pulse trains.  CB literature 

and the preceding molecular localization work (Chapter 2) would suggest a presynaptic locus, 

assuming specific CB effects underlie the reduction in synaptic depression.  Following this line 

of reasoning, decreased EPSC amplitude is realized functionally as a conservation of NT 

release and subsequent decrease in vesicle depletion, receptor desensitization, and 

autoreceptor activation. 

When using exogenous, synthetic drugs to stimulate endogenous signaling the risk of 

non-specific effects is a serious concern.  When these experiments were first designed the 

preponderance of literature suggested that CB2 was not found in the CNS to a significant 

degree and that the brain stem was relatively devoid of CB receptors in general.  Recently, CB2 

have been localized to both cochlear and vestibular nuclei in the brain stem of rats [231].  WIN 

has a 30 to 70 fold selectivity for CB2 receptors over CB1 (Ki values are 3.3 vs 62.3 nM 

respectively), consequently it is possible that some effects could be mediated through CB2 

receptors.  Highly specific CB1 and CB2 antagonists are commercially available, but a potent 

and specific CB1 agonist has yet to be developed. 

Non-specific receptor subtype effects are probably not a serious concern as the role of 

CB2 in the CNS may not include the regulation of neuronal excitability.  Current findings still 

point to immune response and neuronal proliferation [232] as primary functions of CB2.  In the 

case of anti-emetic effects of CBs, CB2 was only efficacious when CB1 was co-stimulated [88].  

Further molecular characterization would be beneficial to determine if CB2 expression is similar 

in both avian and mammalian brain stems, but should not be a priority.  At this time, however, 

there is no strong literature supporting the effects of CB2-activation on physiology, so we can 

confidently hypothesize that the enhancement was CB1-mediated. Furthermore, while 10µM 

WIN is a relatively high dose, depression was reduced to a greater degree than with the lower, 

5µM dose, demonstrating a dose-dependent relationship.  Reducing WIN to 1µM or nanomolar 

concentrations would further reduce the risk of non-CB effects as well as including the use of 

CB2-specific antagonists in future experiments.  From a functional perspective, however, CB-

mediated reduction in synaptic depression is of potential importance regardless of which 

receptors mediate the effect. 
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Statistical analyses confirmed that some degree of depression was observed at all rates 

of stimulation, but that depression increased with increasing rates. WIN only had statistically 

reliable effects at the higher rates of stimulation.  This may be because depression at the lower 

rates was not great enough to observe a reliable reduction, or it may be because different 

mechanisms contribute to depression.  Consequently, it is possible that a CB1 sensitive 

mechanism of synaptic depression is only engaged by high rates of stimulation.  The activity-

dependent nature of CB signaling would suggest that it is at these high rates of stimulation that 

eCBs would be most active and potentially beneficial to temporal coding.  In context, high rates 

of stimulation lead to synaptic depression and would likely lead to vigorous production of eCBs 

when CB1-activation would could aid the sustained NM firing.  Conversely, at low rates of 

stimulation, eCB activity should be minimal to allow for sufficient sensitivity to detect low 

intensity events.  

These findings support the hypothesis that activation of CB receptors in the cnVIII-NM 

synapse appears the strength of this synapse and produce a more consistent response across 

a high frequency stimulus train.  WIN causes a reduction in the amplitude of the 1st EPSC and 

has a positive effect in reducing the degree of depression in mid to late train EPSCs during high 

rates of stimulation.  The reduction in 1st EPSC amplitude and depression can be viewed as a 

more consistent response throughout the pulse train.  As no information is coded in the 

amplitude of the response, a more uniform EPSC could preserve the consistent activation of NM 

neurons by maintaining suprathreshold currents.  The auditory system could then continue to 

code temporal events throughout the duration of a stimulus and not just at the onset.  This 

consistent response may be beneficial for the temporal coding of ongoing stimuli. 

 
Experiment 2. Production of Endogenous Cannabinoids 

Rationale 

The use of exogenous drugs is a powerful tool in identifying and describing the specifics 

of neuronal signaling, however, such data may not fully represent the normative physiology of 

that synapse.  An exogenous agonist will activate a receptor with great efficacy, but the results 

may not be physiologically relevant.  By attempting to manipulate endogenous activity one may 

gain great insight into the normal function of a signaling system. 

The pilot studies have shown that HFS leads to an enhancement blocked by CB 

antagonism, suggesting that increased eCB activity underlies the enhancement phenomenon.  

HFS in current clamp allows for both of the known means of eCB production: postsynaptic 
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depolarization and activation of mGluRs.  An important step in understanding CB signaling is to 

now determine which, if any, of these pathways are active in NM. 

Voltage clamp is a powerful tool and grants the experimenter greater control over a 

neuron than current clamp.  Under voltage clamp, NTs are still released and activate mGluRs 

located on NM neurons, but the cells are not depolarized.  Essentially, the mGluR eCB 

production pathway remains intact while the Ca2+-pathway is blocked/blunted.  If HFS is able to 

enhance transmission at the cnVIII-NM synapse and AM251, a CB antagonist, can block the 

effect, then the suggestion would be that depolarization is unnecessary and mGluR activation 

may be sufficient.  Of course, other production pathways may exist and specific mGluR agonists 

and antagonists could be employed to clarify the results. 

In addition to enabling the finer dissection of production pathways, EPSC amplitude is a 

more sensitive measure of changes in postsynaptic responses in NM since EPSPs tend to be 

above threshold for the production of APs.  An AP, or lack thereof, will only indicate if the 

current response was above or below AP threshold and not to what degree.  The effects of CB1 

activation in the cnVIII-NM synapse are hypothesized to be on vesicle release probability and 

the subsequent size of the effect on EPSCs may be small.  Despite the small effect size, 

alterations in release probability could explain the reduction of synaptic depression found in 

Experiment 1 of Chapter 3.  Voltage clamp should provide the resolution necessary to observe 

subtle changes in the responses of NM neurons. 

Short-term Depression (STD) has been shown to result from mGluR-induced eCB 

release in the MNTB, an auditory nucleus in the rat [228].  As stated previously, STD may 

positively affect NM neurotransmission through prevention of receptor desensitization, vesicle 

Figure 3.8 – Protocol for Experiment 2. Paired-pulses were delivered at interstimulus intervals of 5, 
25, and 50ms.  The cnVIII fibers were stimulated 4 times for 1-second at 100Hz in an effort to induce 
endogenous cannabinoid production.  A five minute holding period was then followed by a repetition 
of the paired-pulses. 
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depletion, and autoreceptor activation.  NM uses mGluR activation as a form of trophic support.  

Removal of mGluR activation results in increases in intracellular Ca2+ levels, changes in 

ribosomal integrity, and possibly the death of NM neurons [233-234].  Taken together, mGluRs 

represent a logical first step in teasing apart the mechanism responsible for eCB production in 

NM. 

As mentioned previously, 3 1-second stimulations at 100Hz was able to induce a long-

lasting potentiation of NM EPSPs that was blocked by pre-treatment with a CB antagonist, 

AM251.  To test the presence of stimulation-induced eCB signaling, a paired-pulse ratio (PPR) 

protocol was used.  PPRs are used to measure transient changes in the kinetics of synaptic 

signaling.  In paired-pulse experiments two stimuli are delivered in quick succession (e.g. 20-

200ms interstimulus interval, ISI).  The  amplitude of the 1st response (PP1) is compared to the 

amplitude of the 2nd response (PP2) to form a ratio (PP2/PP1) referred to as a PPR.  In general, 

PPRs are consistent during the course of a recording.  Changes in the PPR reflect transient 

changes in release probability [235].  Increases in PPR are considered to reflect a decrease in 

release probability. 

If CB1 

activation alters the 

presynaptic Ca2+ 

concentration and 

consequently the 

release probability 

then PPR should 

increase.  

Furthermore, 

increases in PP2 in 

comparison to the 

PP1 indicate that a 

drug or treatment has 

a presynaptic locus of 

effect.  The CB1 ISH 

and IHC data (Chapter 

2) have already 

supported the localization of CB1 to presynaptic terminals around NM.  Therefore, HFS was 

hypothesized to activate eCB production through the mGluR pathway.  If CB1 activation in the 

Figure 3.9 - Average baseline paired-pulse ratios for 5, 25, & 50ms ISI.  
While there was a slight trend of greater depression with a 5ms ISI, there 
was no statistically significant effect of ISI on the paired-pulse ratio. 
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Figure 3.10 – Difference between average post-treatment PPR and 
baseline PPRs.  PPRs for 25 and 50ms ISIs tend to increase over time, 
but this effect is not significant.  This pattern was not seen with 5ms ISI, 
but once again there was no statistically significant difference. 

cnVIII-NM synapse is responsible for changes in the PPR then the effect should be blocked by 

pre-treatment with the CB antagonist, AM251. 

 

Specific Methods 

Stimulation protocol.  Voltage clamp was used to hold the cells at -70mV.  The 

standard protocol is outlined in figure 3.8.  Whole cell patch recordings of NM EPSCs were 

taken before and after HFS using 4 1-second pulses at 100Hz with 30 seconds between each 

pulse.  5 minutes was allowed to pass after HFS before recordings were made again.  

Additional cells underwent HFS after pre-treatment and continuous application of CB 

antagonist, AM251 (10µM).  Subsets of Control and HFS cells also were bath administered 

100mM picrotoxin for the entirety of the experiment.   ISIs of 25 and 50ms were used for the 

measurement of PPRs.  Because the cnVIII-NM synapse is highly active and capable of quick 

responses, these relatively short ISIs were chosen.  The concern was that longer ISIs would 

always result in PPRs of 1 and would not be sensitive to transient changes in synaptic 

transmission.  A subset of cells was also tested with a 5ms ISI.  Each ISI was repeated for a 

total of 10 trials each separated by 10 seconds.  A 60 second recovery period separated a 

change in ISI during which time the slice received no stimulation, but remained at -70mV. 

Data analysis.  The PPR was calculated by dividing the amplitude of the 2nd EPSC peak 

with the amplitude of 

the 1st peak (P2/P1).  

Values greater than 1 

were considered 

paired-pulse facilitation 

(PPF) and values less 

than 1 were referred to 

as paired-pulse 

depression (PPD).  The 

average value for PP1 

and PP2 were used to 

calculate the PPR 

rather than averaging 

the individual PPRs 

[236].  The average 

PPR of each group and 
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all baseline (no AM251, and pre-HFS) cells were calculated and compared with t-tests.  The 

data was then analyzed used GLM repeated measures.  Picrotoxin did not have a significant 

effect so the data was collapsed.  There were 3 within-subjects factors: pre versus post holding 

(2 levels), ISI (2 levels), and pulse number (2 levels).  For examination of PPR, pulse number 

was dropped as the two pulses were used to calculate a single value.  Treatment acted as a 

between-subjects factor (3 levels) with Control, HFS, and HFS-AM groups.  Also, pre-PPR 

values were subtracted from post-PPR values to view changes in PPR.  A positive number 

indicated a relative increase in the size of the second EPSC as compared to the size of the first 

EPSC whereas a negative value would indicate the opposite. 

 

Results 

Paired-pulse ratios for baseline recordings tended to show slight depression with only a 

small subset displaying 50% or greater depression of the 2nd EPSC. In the initial series of 

studies, there was no statistical difference between baseline PPRs at 25 or 50ms ISIs.  A 5ms 

ISI was added later to the experiment in order to put greater stress on the synapse.  As can be 

seen in Figure 3.10, across treatment groups in the baseline condition, there was a trend 

towards greater depression in the 5ms ISI, but this did not reach statistical significance (one-

way within-subjects ANOVA, F(2,26)=1.4, p=0.24). As with the choice of a lower bath 

temperature, the ISI was chosen to produce strong depression to maximize potential, 

observable changes.  Even at 5ms ISIs, however, the average baseline/pretreatment PPR was 

only reduced to 0.79 (n=14). 

HFS did not significantly change the PPR value.  A two-way within subjects ANOVA 

comparing PPRs pre and post HFS at the 3 different rates did not find a statistically reliable 

difference in PPRs following HFS (F < 1.0).  HFS also did not significantly alter the amplitude of 

the 1st EPSC in paired stimuli Pre-Post, unlike WIN in the previous experiment.  A mixed 

ANOVA using pre and post HFS (or passage of time) and rate as within-subjects variables with 

HFS vs. control as the between subjects variable found no statistically reliable differences 

between groups (F < 1.0), nor the comparison of before vs. after treatment, nor their interaction.  

The presence of AM251 (10µM) did interact with HFS. 

 

  



 

56 

 

Figure 3.11 – Paired pulses delivered at 50, 25, and 5ms 
interstimulus intervals. Amplitude decreased over time, but 
the ratio between the 1

st
 and 2

nd
 spike did not significantly 

change after high frequency stimulation under voltage clamp.   

Discussion 

The average PPR ratio for all ISIs and conditions indicated PPD.  This alone speaks to 

the lack of temporal summation in NM EPSCs.  The majority of CB studies utilizing the PPR 

paradigm to measure CB effects have, at least during baseline, recorded paired-pulse 

facilitation [237-238].  In the studies of other laboratories where PPD was seen, the depression 

was much greater (50% 

depression at 40ms ISI) [239].  

With little temporal summation or 

depression seen in the 2nd 

EPSC, CB effects on NM may 

have been difficult to measure 

with changes in PPR. 

While a similar HFS 

protocol was able to induce a 

long-lasting enhancement of 

EPSPs, EPSCs were completely 

unaffected as measured using 

the paired-pulse protocol.  The 

ISIs used in this experiment 

ranged from typical to extremely 

short intervals.  The lack of a 

significant reduction in the 

amplitude of the 1st EPSC post-

HFS versus baseline seems to 

indicate a lack of change in the 

endogenous level of CB activity.  

Reduction in 1st EPSC amplitude 

was observed at both doses of 

WIN administration in the depression experiment (section 3.1) even when WIN had no effect on 

depression itself.  These data can be interpreted in four ways.  First, perhaps the level of eCB 

production did not reach a high enough threshold to significantly affect the PPR.  Second, 

perhaps eCB production did occur, but the effect duration was too short to be seen in the 

current recording protocol.  Third, perhaps the particular HFS protocol used was not sufficient to 
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elicit eCB production. Fourth, eCBs may have already been present, masking the effects of 

HFS. 

 The first and second interpretations do not seem likely as this HFS protocol produced an 

enhancement that was blocked by AM251 in current clamp.  Furthermore, this enhancement 

was long-lasting to the point where a return to baseline activity could not be seen during the 

course of the entire experiment.  This suggests that voltage clamp is the underlying reason for a 

lack of effect.  This specific protocol was chosen and performed under voltage clamp in order to 

ascertain whether or not mGluR activation was sufficient to induce eCB production.  As stated 

earlier, voltage clamp prevents depolarization, blocking the Ca2+-dependent eCB production 

pathway, but keeping the mGluR-dependent pathway intact.  By stimulating NM under voltage 

clamp, mGluRs were still activated, but depolarization was blocked and intracellular Ca2+ rises 

were blunted.  Therefore, a lack of depolarization may be the reason no CB-like effects were 

observed. 

The Ca2+ dependent pathway which often results in DSI/DSE may be necessary and 

sufficient to stimulate eCB production in the cnVIII-NM synapse.  As implied in their name 

DSI/DSE is induced through depolarization of a postsynaptic cell.  The protocol can range from 

10ms to 1s of a depolarizing voltage step, bringing the membrane potential up to 0mV. At no 

point in this experiment were cells either put into current clamp mode or given such large 

depolarizing voltage steps.  These factors and the current experimental observations lead to the 

conclusion that if typical eCB production is active at the cnVIII-NM synapse, the Ca2+ pathway 

must be necessary in this system.  Several experiments can be done to easily test this 

hypothesis.  By testing depression trains or even PPRs before and after depolarization, one 

could determine if CB-like plasticity has occurred.  The phenomenon should then be blocked by 

low Ca2+ ACSF or the presence of CB antagonists such as AM251. 

 On a functional level, CB-plasticity induced by intracellular rises in Ca2+ would have a 

more beneficial effect than that brought on by mGluR activation as the former tends to bring 

about short-term changes in plasticity with the later causing more long-term changes.  The 

usefulness of long-term plasticity in NM is doubtful as acoustic environments are rarely static 

and an organism must be able to adapt to changes quickly. 

Concerning the fourth possibility that a significant concentration of eCBs were already 

present, mGluR activation is known to regulate Ca2+ levels in NM neurons and deafferentation 

subsequently results in an increase of intracellular Ca2+ [240-241].  Ca2+ levels continue to 

increase past 1 and 3 hours post-deafferentation and do not begin to return to normal levels 

until after 6 hours.  Unfortunately, deafferentation is an unavoidable facet of slice preparation 
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and slices are not maintained past the 6 hour mark.  Steps can be made in the future to 

measure the contribution of deafferentation-induced Ca2+ rises to CB signaling, but at this limit 

the extent to which the data may be interpreted. 

 While the lack of a main effect is disappointing, the data can easily fit into both the 

overall story of CBs and a gain control function in the auditory brain stem.  Simple modifications 

to the existing protocols should allow the laboratory to continue the study of eCB signaling in the 

chick.  These data will greatly inform the design of future experiments. 

 

Experiment 3. Effect of Cannabinoid Signaling on Spontaneous Synaptic Events 

Rationale 

The presynaptic actions of CBs can alter release probability [242].  A simple way to 

study the effect of CBs on synaptic physiology is to record EPSC events in the absence of 

stimulation.  Such spontaneous EPSCs (sEPSCs) are not completely random.  sEPSCs retain 

some dependence on APs, but do provide insight into the locus of effect from a manipulation or 

drug treatment.  Changes in size and frequency can reveal small changes in release probability 

or postsynaptic receptor sensitivity.  In general a change in frequency reflects a change in NT 

release whereas changes in amplitude tend to indicate a change in the sensitivity of the 

postsynaptic receptor.  In many synapses, sEPSCs are subject to electronic distortion of 

synaptic currents due to unavoidable variability in synaptic contacts with dendrites and somata.  

Fortunately, calyx synapses have glutamate released from active sites directly onto the somata 

of NM neurons, negating this concern. 

 Activation of CB1 should alter the activity of NM sEPSCs.  Use of both CB agonists and 

antagonists could reveal whether or not there is any basal CB release in an unstimulated slice.  

Figure 3.12 – Protocol for Experiment 3.3. Spontaneous postsynaptic potentials were measured 
under voltage clamp.  NM cells underwent high frequency stimulation with and without AM251 

present or were treated with WIN55, 212 (5 & 10µM) or 100mM Picrotoxin.   
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Looking at sEPSCs following HFS will also determine if eCB production can be induced during 

voltage clamp.  CB activation should preferentially affect frequency without significantly 

changing amplitude of sEPSCs. 

 

Specific Methods 

As in the previous studies, voltage clamp was used to hold the cells at -70mV.  30-60 

seconds of sEPSCs were recorded.  Additional experiments were performed measuring 

stimulated responses using the same cells, but sEPSC activity was always recorded before 

such activity or after a 5-10 minute recovery period.  5/10µM WIN 55,212-2, 10µM AM 251, and 

100mM picrotoxin were 

bath administered.  HFS 

consisted of 4, 1-second 

pulses at 100Hz separated 

by 30 second intervals.  In 

some instances cells were 

treated with AM251 during 

the entire recording.  A 

subset of all groups was 

done in the presence of 

the GABAA antagonist 

picrotroxin, 100mM.   The 

groups were control, HFS, 

HFS + AM251 (10µM), 

5µM WIN, and 10µM WIN.  

A graphic representation 

of this protocol can be 

seen in Figure 3.12 

 

Data analysis.  The average amplitude, frequency, decay, and area of sEPSC events were 

measured by miniCalc (Synaptosoft).  T-tests were performed comparing average baseline 

frequency of sEPSC events with and without picrotoxin.  A series of 2-way mixed ANOVAs were 

also preformed on each of the measures (Amplitude, Frequency, Decay, Area) using treatment 

group as the between-subjects variable and Pre vs Post treatment treatment as the within-

subject variable. 

Figure 3.13 – Comparison of the frequency of spontaneous events 
before and after treatment.  The HFS-AM251 group had AM251 
present at all times.  HFS and WIN did not significantly alter 
frequency, but measured between-subjects AM251 significantly 
increased frequency of sEPSC events. 
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Figure 3.14 – Spontaneous postsynaptic events. 5 
minute pretreatment of slices with CB antagonist 

(10µM AM251) increased frequency of spontaneous 
activity as compared to control recordings.  Picrotoxin 
(100mM) abolished nearly all spontaneous activity, 
suggesting events were from release of GABA. 

 

Results 

Recordings with picrotoxin showed, unexpectedly, almost no spontaneous activity.  The 

most notable CB-related finding, 

however, was that AM251 (n=5) 

significantly (p<0.5) increased the 

frequency of events as compared to 

baseline recordings (n=16), AM251 

did not alter the amplitude of the 

events.  The average control 

frequency during baseline was 

0.6286Hz (n=7) and baseline average 

(control, WIN, and HFS; n=20) was 

0.6024.  Average amplitude remained 

stable (<2% change) for control, HFS, 

and AM251 groups, however, after 

WIN administration average amplitude 

dropped 20% (5µM) and 27% (10µM), 

but this effect was not significant.   No 

manipulation affected the decay or 

area of sEPSCs.  These conclusions 

were supported by statistical 

analyses.  A series of 2-way mixed 

ANOVAs were preformed on each of 

the measures (Amplitude, Frequency, 

Decay, Area) using treatment group 

as the between-subjects variable and 

Pre vs Post treatment as the within-subject variable.  Treatments were either WIN (5 and 10 µM 

doses), HFS, HFS-AM251, or control.  Cells with picrotoxin were excluded from this analysis.  

These analyses revealed a reliable group effect only for Amplitude (F(4.20) = 8.8, p< 0.001) and 

post hoc (SNK, p< 0.05) pairwise comparisons revealed that the AM treated group was different 

from all others.  The comparisons of pre versus post treatment were not reliable, nor were any 

interactions. 
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Discussion 

The average of all baseline frequencies (no drug or treatment) was similar to the 

average of control baselines (control=0.6286Hz, WIN=0.4248Hz, HFS=0.9565Hz, and 

all=0.6025Hz).  There does not appear to be much variation in spontaneous activity in vitro and 

under baseline conditions frequency tended to be less than 1Hz.  Picrotoxin was included in a 

subset of each group to distinguish CB-dependent influences on glutamatergic signaling from 

GABAergic events.  A unique feature of NM, GABA activation is depolarizing due to a high 

intracellular Cl- concentration [52, 54, 58].  GABA still has an overall inhibitory effect on NM 

activity through a reduction of the input resistance.  Furthermore, GABA activates K+ 

conductance while inactivating Na+ channels [243].  The nearly complete blockade of sEPSCs 

suggests that the majority of these events are caused by spontaneous release of GABA and 

activation of ionotropic GABAA receptors located on NM neurons.  Picrotoxin was able to 

continue to prevent most sEPSCs after WIN or HFS treatment. 

The ability of CB antagonist to alter sEPSC frequency in an unstimulated slice before 

agonist or HFS treatment strongly suggests a basal level of eCB production or signaling.  The 

inability of the HFS protocol to produce eCB effects in the paired-pulse experiment (Chapter 2) 

suggested that depolarization and Ca2+ may lead to eCB release.  Deafferentation induces a 

rise in the intracellular Ca2+ levels of NM neurons [240].  Activity, specifically mGluR activation, 

regulates intracellular Ca2+ and deafferentation removes this trophic support resulting in the 

intracellular Ca2+ rise and eventual cell death of 20-40% of the NM neuron population [241].  

Therefore, the possibility exists that the deafferentation-induced rise in Ca2+ leads to eCB 

production which does not represent natural, tonic release. 

Use of the antagonist was initially added to block the expected effects of HFS.  While the 

HFS protocol did not produce any effect, AM251 did increase the frequency of EPSCs without 

changing the amplitude.  Unfortunately, we do not have subjects that were co-administered AM 

and picrotoxin.  We are therefore unable to determine if the AM251-induced increase in 

frequency is due to increased spontaneous release of GABA or glutamate, as either would 

result in depolarizing events. 

WIN treatment showed a trend towards a reduction in sEPSC amplitude, but this was not 

statistically significant.  Changes in the amplitude of sEPSCs usually points to changes in the 

sensitivity of postsynaptic receptors.  These findings make interpretation difficult without further 

experiments.  In the future, addition of tetrodotoxin to the bath in future would be helpful by 

isolating quantal release and clarify the locus of effect.  Still, considering the unnatural state a 

deafferented slice represents with intracellular rises in Ca2+ (presumably blunted somewhat by 
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low frequency stimulation during the incubation period) and incomplete circuitry (NA to SO to 

NM) this methodology has limitations.  Also, picrotoxin did not change the effect of WIN on the 

stimulated responses in the depression experiment.  If CBs only affect such small GABAergic 

events as sEPSCs and not stimulated responses, then this calls in question the functional 

significance of a potential CB/GABA interaction.  As found in Chapter 2, HFS in voltage clamp 

does not produce any eCB effects.  The ability of AM251 to increase the frequency of sEPSCs 

suggests that some level of tonic eCB release is present at all times in the brain stem slice 

preparation.  Consequently, it is possible that the lack of effect of HFS is because significant 

eCB activation was already present at the time of HFS, thereby masking any possible effect of 

increasing eCB production. Still to be determined is if the eCB activity is due to elevated 

intracellular Ca2+ levels post-slicing (deafferentation) or normative eCB release.  Addition of 

tetrodotoxin to the bath can remove the AP-dependence of the events.  These miniature EPSCs 

(mEPSC) are quantal and will therefore have no variation in amplitude as they represent 

stochastic vesicle release.  Comparison of sEPSCs and Finally, further experiments must also 

determine if the higher frequency of sEPSCs is due to increased glutamat- or GABA-ergic 

signaling. 
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CHAPTER 4 

SUMMARY AND CONCLUSIONS 
 

        
Cannabinoid Localization 

CB1 is one of the most abundant neuromodulatory receptors found in the CNS.  CB1 

expression in the brain of the chick appears to follow a pattern described in mammalian 

literature both in concentration and localization with a few exceptions.  The importance of CB 

signaling in numerous and varied processes grows steadily.  In addition to previously described 

roles in memory, motor function, and sensory systems, this set of experiments has clearly 

demonstrated CBs regulates the encoding of auditory information at one of the earliest stages in 

the chick brain.  While temporal coding in mammals is done in a slightly different manner than in 

the chick, the use of CB signaling as a gain control mechanism could represent a common role 

in other systems. 

Using ISH and IHC in a complementary fashion, CG cells were revealed to be the likely 

source of CB1 localized to the calyceal terminals synapsing with NM.  The function of these 

receptors was not known, but based on the standard roles of CB signaling in other systems a 

role was hypothesized.  Due to the high rate of activity both spontaneously and driven by 

acoustic stimuli, a gain control mechanism to regulate the excitability of NM seems likely and 

useful. 

 

Cannabinoid Signaling 

NM must fulfill a technically demanding role in the temporal coding of acoustic stimuli.  

Details of ionotropic and metabotropic receptors with excitatory and inhibitory signaling in NM 

have emerged over the last few decades.  CB signaling now must be added to the list of 

adaptations.  The exact way in which CB signaling fits with these competing systems requires 

further examination.  At this point in time we can confidently argue that not only does it exist, but 

CBs positively affect the precise transmission of information when the synapse is most active.  

Furthermore, intracellular Ca2+ levels in the NM neurons may regulate eCB production.  Much 

work remains, but CBs clearly play a role in setting the balance of excitatory and inhibitory input 

to NM. 
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Future Directions 

The doses of WIN used in these experiments were slightly higher in relation to other 

studies.  A wider dose response curve of WIN and other CB agonists would be useful in the 

design of future experiments.  Synaptic depression in NM decreases with higher bath 

temperatures and older birds.  The eCB system could be even more active and efficacious 

under these circumstances and antagonism of CB signaling may have an even larger, 

measurable effect  A maturation of eCB signaling among other systems may be part of the 

reason depression decreases posthatch.   

In future experiments, more extensive use of the antagonist will work greatly to 

disambiguate my findings.  Co-application with picrotoxin and AM251 will further pick apart 

where the specific actions of CBs are at play.  Use of tetrodotoxin will permit a useful 

comparison of sEPSCs and mEPSCs.  Altering the composition of the ACSF to place the slice 

in a low Ca2+ environment will reveal if deafferentation-induced rises in intracellular Ca2+ are 

responsible for AM effects in an unstimulated slice.  Implementation of a DSI/DSE induction 

protocol can be combined with the low Ca2+ ACSF to elucidate the eCB production pathway.  

Combination of CBs with the cell death work also done by the Hyson laboratory may reveal a 

neuroprotective role.   

Finally, the ability of WIN to reduce depression declined with higher rates and later time 

points in stimulation trains.  As this system is highly active in vivo, even in the absence of 

acoustic stimuli, use of higher rates, longer trains, or even in vivo studies would aid in 

determining the ultimate functional significance of CB signaling to an organism’s ability to 

localize sounds.  Experiments such as these could form a very productive and exciting line of 

scientific inquiry.  I hope that my contributions have established a solid foundation from which 

others may build. 
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APPENDIX A 
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