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Abstract 

The catecholamines - norepinephrine and dopamine- are released into cortex from 

subcortical nuclei. It is classically assumed, for example, that dopamine receptors in 

cortex bind molecules released by dopaminergic axons. In the case of cortex, those axons 

would be the ascending fibers of the ventral tegmental area (VTA). Interestingly, 

dopamine receptors are found in all layers of primary visual cortex (V1), but the 

innervation from the VTA is mostly restricted to layers 1 and 6. This anatomical 

mismatch raises the question as to whether or not dopamine from the VTA is the primary 

ligand for dopamine receptors in V1. An alternative possibility is that the locus coeruleus 

(LC) co-releases dopamine and norepinephrine into V1. LC axons innervate all layers of 

V1 and are thus anatomically positioned to provide a ligand to activate dopamine 

receptors. Another possibility is that dopamine from VTA axons passively diffuses to the 

middle layers of V1 from layers 1 and 6, and a third possibility is that norepinephrine is 

binding to these middle-layer dopamine receptors. I will present results from a series of 

studies that address these three possibilities in which I find that activation of the LC can 

elicit release of both catecholamines into V1 in a manner that depends on experimental 

parameters such as the intensity and frequency of electrical stimulation of the LC. The 

data suggests that the LC co-releases dopamine with norepinephrine in a state-dependent 

manner. 
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1. INTRODUCTION 

Dopamine and Norepinephrine, catecholaminergic neuromodulators, are 

released into sensory cortices by small sub-cortical nuclei. It is assumed that these 

chemicals optimize the processing of sensory information, but large gaps persist in our 

understanding of how these chemicals regulate neural activity at a cellular and circuit 

level. The primary visual cortex (V1) is arguably the best described cortical circuit 

model, and a growing body of evidence has demonstrated that both norepinephrine and 

dopamine modulate visual processing. This introduction will first summarize the 

catecholaminergic systems in V1 of the primate, then illustrate how anatomy gives rise 

to the overarching hypothesis of this dissertation, and lastly briefly outline the 

experiments that were conducted as part of this body of work. 

1.1 Catecholaminergic Systems in Primary Visual Cortex (V1) of 
the Macaque 

1.1.1 Synthesis and Innervation 

This section serves as a review of catecholaminergic systems in V1 of the 

macaque monkey. To start, catecholamines are a class of compounds that feature a 

catechol (a benzene group with two adjacent hydroxyls) and a side-chain amine. 

Dopamine (DA), norepinephrine (NE, also known as, noradrenaline), and epinephrine 

(sometimes, adrenaline), are the catecholamines. However, because epinephrine is 

produced in the adrenal glands and mostly acts on targets in the peripheral nervous 
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system, this discussion will only focus on DA and NE. All catecholamines share a 

synthetic pathway (Figure 1, A), which starts with dietary phenylalanine being 

converted into tyrosine. Then in the cytoplasm, tyrosine is converted into l-3,4-

dihydroxyphenylalanine (L-DOPA) via tyrosine hydroxylase (TH), and L-DOPA is 

converted into dopamine by aromatic amine decarboxylase (AADC). Finally, DA is 

converted to NE via the action of dopamine beta-hydroxylase (DBH), which is primarily 

found inside vesicles but can be sparsely expressed in the cytoplasm (Olschowka et al., 

1981; Smiley et al., 1999). Because DBH is mostly a vesicular enzyme, the simultaneous 

synthesis of the NE and the preparation of a readily available pool of vesicles is 

dependent on the vesicular packaging of DA by the vesicular monoamine transporter 

(VMAT). 
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Figure 1: Synthesis and Degradation of the Catecholamines. The rate limiting 

step in catecholamine synthesis is the conversion of tyrosine into l-3,4-

dihydroxyphenylalanine (L-DOPA). DA (yellow) is synthesized from the L-DOPA by 

AADC also known as DOPA-decarboxylase and NE (red) is synthesized from dopamine 

via the action of the DBH. DA is broken down by monoamine oxidase (MAO) into 3,4-

Dihydroxyphenylacetic acid (DOPAC), and then into its stable acidic metabolite, 

homovanillic acid (HVA), by catechol-O-methyltransferase (COMT). NE is broken down 

in a two-step pathway featuring MAO and COMT into 3-Methoxy-4-

hydroxyphenylglycol (MHPG). In an alternative pathway, NE and MHPG are 

metabolized by MAO and aldehyde dehydrogenase into vanillylmandelic acid (VMA). 
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The catecholamines are synthesized in small subcortical nuclei and are delivered 

to other subcortical areas and the cortical mantle via a wide-spread system of axons 

(Figure 2). DA is produced by neurons in 8 subcortical nuclei (designated A8-A16). The 

ventral tegmental area (VTA), A10, is the largest of the dopaminergic cell groups, and is 

the main source of dopamine in the cortical mantle. The dopaminergic afferents that 

innervate the visual cortex of monkeys are mostly limited to layer 1 with the rare axon 

found in layer 6 (Berger et al., 1988, 1991; Lewis et al., 2001). V1 has a particularly sparse 

dopaminergic innervation compared to other brain regions (Berger et al., 1991). NE is 

produced by 7 subcortical nuclei (designated A1-A7). The locus coeruleus (LC), 

comprised of nuclei A4 and A6, is the only noradrenergic nucleus that projects to cortex 

(Felten & Sladek, 1983; German & Bowden, 1975), and thus DBH immunoreactivity can 

be utilized as a marker for axons found in cortex that originate in the LC. Previous 

studies have shown that LC fibers (i.e., those immunoreactive for DBH), innervate all 

layers in V1 of the macaque (Kosofsky et al., 1984; Morrison & Foote, 1986). Similar to 

innervation from the midbrain, LC axons are found in relative scarcity in V1 compared 

to other cortical regions (Morrison et al., 1982). Noteworthy here, LC axons can release 

both DA and NE into synapses and outside of synaptic specializations resulting in a 

more diffuse signal via volume transmission. The topic of volume transmission will be 

reviewed in more detail in Chapter 4. 
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Figure 2: Catecholaminergic Nuclei Innervate the Cortical Mantle.  The LC 

(red), which synthesizes NE, sends projections to the subcortical and cortical targets. The 

VTA (yellow), which synthesizes DA, is one of the cortically projecting dopaminergic 

nuclei. Abbv: laterodorsal tegmentum (LDT), reticular formation (R), pedunculopontine 

tegmental nucleus (PPT), locus coeruleus (LC), ventrotegmental area (VTA), substantia 

nigra (SN), primary visual cortex (V1), nucleus basalis (NB), substantia innominate (SI). 
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1.1.2 Receptor Classes and Receptor Localization in V1  

Once in cortex, DA and NE modulate the activity of V1 neurons by binding to 

receptors. There are five types of dopamine receptors (D1, D2, D3, D4, and D5), which 

are grouped into two classes (D1-like and D2-like). D1-like receptors (D1 and D5) 

activate the Gαs/olf family of G proteins to stimulate the secondary messenger cyclic 

adenosine monophosphate (cAMP) via adenylyl cyclase (AC). D2-like (D2, D3, and D4) 

couple to Gαi/o family of G proteins and suppress cAMP by inhibiting AC (Beaulieu & 

Gainetdinov, 2011). Binding to D1-like receptors has been detected via autoradiography 

(Camps et al., 1990; Lidow et al., 1991; Lidow & Goldman-Rakic, 1994) and the protein 

has been detected via immunohistochemistry (Smiley et al., 1994) in all layers of V1 with 

the highest densities in superficial layers 1 and 2, middle sub-layer 4a, and deep layers 5 

and 6. Binding to D2-like receptors has also been detected via autoradiography in all 

layers of V1 with highest densities in layer 5 (Lidow et al., 1989; Lidow & Goldman-

Rakic, 1994) and in layer 4c-β (Rakic et al., 1988). The protein expression of D2-like 

receptors in V1, including the laminar distribution of the receptors, has not been 

previously described.  

There are two classes of the adrenergic receptors in the brain: α-adrenergic (α1 

and α2 receptors) and β-adrenergic receptors. The α1 adrenergic receptor can be 

expressed both pre- and post-synaptically and is coupled to Gq proteins, and signals 
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through protein kinase C (PKC), phospholipase C (PLC), and diacylgycerol (DAG) 

(Perez, 2020). The α2 receptors are expressed both pre and postsynapticaly, coupled to 

Gi proteins, and can suppress CAMP through the inhibition of AC and protein kinase A 

(PKA). There is a large body of literature demonstrating that α2 receptors can act as 

presynaptic autoreceptors and inhibit release of norepinephrine from presynaptic 

structures (Gilsbach & Hein, 2012). β1 receptors are coupled to Gs proteins, and tend to 

boost cAMP activity by upregulating AC. Like the α1 and α2 receptors, β-adrenoceptors 

use the PKA effector system and can modulate cellular activity by regulating internal 

concentrations of calcium ions (Ca2+) (Wachter & Gilbert, 2012).  

The protein expression of the α1 and α2 receptors has not been described in V1 

of the macaque. Autoradiographic binding to α1 receptors via the [3H]-prazosin was 

observed in all layers of V1. Layer 1 had the highest affinity and layer 4a, 4b, and 6 had 

the lowest affinity. The other layers exhibited a comparable amount of staining (Bigham 

& Lidow, 1995; Rakic et al., 1988). Autoradiographic binding to α2 receptors via the [3H]-

clonidine was observed in all layers of V1 with layers 4a, 4c-β, and upper-layer 6 

exhibiting higher binding affinities (Bigham & Lidow, 1995; Rakic et al., 1988). 

Autoradiographic binding to β-adrenoceptors via [125I]-pindolol the revealed moderate 

binding in layers 1- 4a, lower levels of binding in 4b – 4c-β, and moderate binding in 

layers 5 – 6 (Bigham & Lidow, 1995; Rakic et al., 1988). The distribution of β-
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adrenoceptors proteins visualized using immunohistochemistry (expressed specifically 

on astrocytes) aligns well to the autoradiography. Astrocyte reactivity was localized to 

layers 1, 2/3, 5, and along the 6/white matter boundary. The least amount of 

immunoreactivity was observed in layer 4c (Aoki et al., 1994). 

It is generally assumed that DA and NE are the ligands for their respective 

receptors. Indeed, those catecholamines bind to their respective receptors with high 

affinity, but there is converging lines of molecular and pharmacological evidence 

suggesting that DA and NE participate in noncanonical activation of the opposite 

system’s receptors. Pharmacological evidence suggests that DA activates α2 receptors in 

the preoptic area of the male Japanese quail (Coturnix japonica), which mediates male 

sexual behavior (Cornil et al., 2002). DA also activates α2 receptors in the lateral 

thalamus of the mouse and modulates the production of melanin-concentration 

hormone (a known chemical mediator of feeding behavior) (Conductier et al., 2011). In 

slice preparations of the rat motor cortex, application of prazosin, an α1 receptor 

antagonist, was able to block the dopamine-mediated shifts in gamma oscillations 

(Özkan et al., 2017). NE has been shown to act as a DA agonist for all D2-like receptors, 

to activate Gi proteins and to inhibit AC through dopamine receptor binding (Sánchez-

Soto et al., 2016). Pharmacological evidence suggests that norepinephrine activates D1 
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receptors in the hippocampus of the mouse (Kobayashi et al., 2022) and D4 receptors in 

the rat lateral habenula (Root et al., 2015). 

1.1.3 Reuptake and Degradation  

Once in cortex, DA and NE are free to bind to receptors until one of three events 

occurs. 1) The signal is terminated via reuptake by transporter proteins namely the 

dopamine transporter (DAT) and the norepinephrine transporter (NET). 2) The 

molecules are metabolized by degradation enzymes such as monoamine oxidase (MAO) 

and catechol-O-methyltransferase (COMT). 3) The molecules diffuse below the 

concentration affinity of any receptor.  

NET and DAT are the principal mechanisms by which catecholamines are 

cleared from the extracellular space. At the time of this study the distribution of NET 

had not been described in V1 of the macaque. Using immunohistochemistry, Lewis et al. 

(2001) evaluated the distribution of the dopamine transporter in the cortex of male 

cynomolgus (Macaca fascicularis) monkeys. DAT was sparsely expressed in the visual 

cortex but was most prominent in layer 1. This is in-line with the majority of midbrain 

dopaminergic innervation terminating in layer 1 (Lewis et al., 1987).  

NET proteins are seldomly expressed by neural structures that synthesize 

dopamine such as neurons of the VTA (Miner et al., 2003; Torres et al., 2003). This 

anatomical feature can help determine which catecholaminergic nuclei are the origin of 
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axons immunoreactive for TH (TH+). TH and DAT colocalization indicates that the 

structure originates in midbrain dopaminergic nuclei; TH and NET colocalization 

indicates that the structure originates in the LC.  

Similar to how catecholamines can activate both dopaminergic and adrenergic 

receptors, it is generally accepted that NET can clear DA from the extracellular space. 

NET has such a strong affinity for DA that often times radiolabeled dopamine is used as 

the ligand for studies investigating NET protein kinetics (Morón et al., 2002; Vuorenpää 

et al., 2016). Conversely, there is no evidence that NE can be removed from the 

extracellular space by DAT.  

Metabolism through the action of MAO and COMT (Figure 1) is a vital 

mechanism for terminating catecholaminergic signals in the extracellular space and for 

maintaining the chemical homeostasis of the visual circuits. These enzymes convert 

catecholamines into intermediates before those intermediates are further broken down 

into stable acid metabolites. MAO is expressed on the intercellularly on the outer 

membrane of mitochondria (Abell & Kwan, 2001), and therefore metabolizes the 

cytoplasmic catecholamines. In a two-two step reaction, dopamine is converted into 3,4-

dihydroxyphenylacetic acid (DOPAC) through the action of MAO and aldehyde 

dehydrogenase. DOPAC/DA ratio is sometimes used a measure of dopamine turn over 

(i.e., how much is being broken down by MAO versus synthesized, stored, and released) 



 

 

11 

in the brain (Blackburn et al., 1989; Soares-Da-Silva & Garrett, 1990; Winner et al., 2017). 

COMT can then convert DOPAC into its stable acidic metabolite, homovanillic acid 

(HVA). COMT can also initiate dopamine metabolism and can do so independent of 

MAO through the creation of other alcohol intermediates. There is a membrane bound 

and soluble isoform of COMT that enables COMT to affect extracellular levels of 

catecholamines without the need for a prior reuptake step; though there is some 

controversy in the field as to whether membrane bound COMT is oriented towards the 

cytoplasmic side of the membrane (Chen et al., 2011; Jeffery & Roth, 1984; Schott et al., 

2010). Norepinephrine is broken down in a two-step pathway featuring MAO and 

COMT into 3-Methoxy-4-hydroxyphenylglycol (MHPG). In an alternative pathway, NE 

and MHPG are metabolized by MAO and aldehyde dehydrogenase into 

vanillylmandelic acid (VMA). Just as DOPAC can be used as indirect measure of 

metabolized dopamine, MHPG/NE ratios can be used as indirect measure of 

noradrenergic turn over (Gurguis & Uhde, 1998; Janssens et al., 2018). 

 

1.2 Catecholaminergic Modulation of Visual Circuits  

Starting with previously recorded concentrations of catecholamines, this section 

discusses what is known about how catecholamines modulate visual circuits.  
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1.2.1 Concentration of Catecholamines in V1  

As would be expected based on the sparse midbrain innervation in V1, levels of 

DA in the visual cortex of non-human primates are often found at or below the detection 

threshold of many techniques (i.e., < 0.5 nM). In line with the denser noradrenergic 

innervation in V1, NE levels are generally higher than DA in V1. In the mid-1970’s, two 

separate studies utilized spectrophotofluorimetric analysis of brain homogenates to 

measure DA in the visual cortex. DA was present in primate visual cortex at a 

concentration near or below 10 ng/g and norepinephrine levels were found to be 

approximately 50 ng/g (Brown & Goldman, 1977; Brown et al., 1979). A follow up study 

using a refined spectral analysis, showed an even larger disparity between the two 

catecholamines with concentrations of DA approximately 5 ng/g and NE concentrations 

at approximately 66 ng/g (Goldman-Rakic & Brown, 1982). Another study evaluated the 

concentration of DA within 22 cortical areas of the African green monkey (Cercopethecus 

aetiops) using radioenzymatic methods. Brain homogenate of V1 contained DA at a 

concentration of approximately 0.25 ng/g and NE at a concentration of approximately 

0.76 ng/g (Björklund et al., 1978). The concentrations estimated with spectral assays are 

approximately 50x greater than those obtained with the radioenzymatic assay. This 

disparity highlights the difficulty of obtaining and comparing estimates of the 

endogenous catecholamine concentrations in cortex.  
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1.2.2 Dopamine Modulates Visual Cortex 

The systemic application of drugs that activate dopaminergic receptors alters 

performance on visual discrimination tasks (Obeso et al., 1985; Poorthuis et al., 2013; 

Yousif et al., 2016), influences functional magnetic resonance imaging (fMRI) blood 

oxygen-level dependent (BOLD) signals over visual cortex during the presentation of 

visual stimuli (Arsenault et al., 2013; Pleger et al., 2009; Zaldivar et al., 2014), and 

modulates local field potentials (LFPs) in V1 (Happel, 2016; Zaldivar et al., 2018). 

Furthermore, individuals diagnosed with Parkinson’s Disease, a condition characterized 

by the selective degeneration of dopaminergic neurons, exhibit deficits in contrast and 

spatial frequency discrimination without a loss of visual acuity (Armstrong, 2011). 

 

1.2.3 Norepinephrine Modulates Visual Cortex 

Several studies have already explored how the application of exogenous NE 

modulates the activity of neurons in V1 of the rat (Kolta & Reader, 1989; Waterhouse et 

al., 1990) and V1 of the cat (Ego-Stengel et al., 2002; Kasamatsu & Heggelund, 1982; 

McLean & Waterhouse, 1994; Reader, 1978; Videen et al., 1984). In both species, NE was 

argued to improve the signal-to-noise ratio of visually evoked responses, although these 

studies do not apply the term “signal to noise” ratio in the traditional sense of variability 

around the signal mean, which would improve signal discriminability. Instead, they use 
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a simpler firing rate over baseline (detection) criterion. (Kasamatsu & Heggelund, 1982; 

Kolta & Reader, 1989; McLean & Waterhouse, 1994; Videen et al., 1984; Waterhouse et 

al., 1990). With the exception of Waterhouse et al. (1990), all of the studies reported that 

NE suppressed firing rates (both basal and evoked) in the majority of recorded neurons, 

with basal firing rates impacted more than visually evoked rates, resulting in the 

“improved signal-to-noise” ratio claims. The application of NE was also shown to 

decrease the response threshold of neurons, inducing firing in response to previously 

sub-threshold stimuli (i.e., gating) (Kasamatsu & Heggelund, 1982; McLean & 

Waterhouse, 1994; Waterhouse et al., 1990). Though only tested in cats, exogenous NE 

does not impact orientation selectivity (Ego-Stengel et al., 2002; McLean & Waterhouse, 

1994). On the other hand, NE has been shown to sharpen direction of motion and 

temporal frequency tuning of neurons in V1 of the rat (Waterhouse et al., 1990) and the 

cat (McLean & Waterhouse, 1994). The responses of V1 neurons to exogenous NE were 

consistently heterogeneous in each of these previous studies, and the activity of 

populations of neurons increased, decreased, or did not respond. 

1.3 Overarching Hypothesis and Experimental Summary  

The distribution of dopaminergic receptors across all layers of V1 combined with 

the spatially restricted midbrain innervation to layers 1 and 6 raises the question as to 

how receptors in the middle layers are being activated. The overarching hypothesis of 
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this dissertation is that the LC provides the ligand that activates DA receptors in V1. 

Along that hypothesis, three other possibilities are addressed (discussed below). 

The first possibility is that the LC releases both NE and DA, and that LC-

dopamine is the ligand that activates the DA receptors in the middle layers. During NE 

synthesis, the LC intrinsically produces DA as a precursor for NE, and this DA must be 

packaged into vesicles to be converted by DBH. Moreover, the LC innervates all layers 

of V1 positioning those LC axons proximal to receptors spatially separated from 

midbrain dopaminergic innervation. That this is feasible is highlighted by a recent study 

which has shown that a dopaminergic signal from the LC contributes to stress-induced 

plasticity in the paraventricular nucleus of the thalamus of the mouse; an area that is not 

innervated by dopaminergic nuclei (Beas et al., 2018). Furthermore, two separate studies 

have demonstrated that DA is released into the hippocampus of the mouse from LC 

fibers and modulates memory-associated signaling (Kempadoo et al., 2016; Takeuchi et 

al., 2016).  

Chapters 2 and 3 address the hypothesis that LC co-releases both DA and NE. In 

Chapter 2, immunohistochemistry is used to label axons originating in the LC for the 

D2-autoreceptor, which is known to function as an autoreceptor on midbrain 

dopaminergic neurons. If the LC releases DA, it should express a mechanism to self-
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regulate the signal. In Chapter 3, this hypothesis is directly tested be electrically 

stimulating the LC and measuring resulting changes in DA and NE in V1.  

A second potential avenue of DA signaling is that after DA release from VTA 

axons in layers 1 and 6, DA diffuses throughout the thickness of V1 to bind to receptors 

in the middle layers. It is unlikely that a signaling molecule would survive hundreds of 

microns in the presence of active reuptake and enzymatic degradation mechanisms. 

Furthermore, passive diffusion across that distance does not seem conducive to carrying 

behavioral relevant information to a primary sensory cortex which encodes stimuli on 

sub-second time scales. If DA diffusion from layer I to intermediate and deep layers is a 

feature of dopamine signals in V1, it would be for signaling an internal state that is 

operating on much longer time scales (minutes). In Chapter 4, the possibility of long-

range diffusion is addressed by comparing the spatial distribution of synthetic enzymes 

and transporter proteins between different layers of V1. 

A third alternative explanation could be that dopamine itself is not the ligand for 

the dopamine receptors in the V1, and instead there is another ligand that activates those 

receptors. NE is one such ligand that binds to and activates the dopamine receptors. As 

discussed previously, there is in vitro evidence that NE has a strong affinity for at D2-

like receptors and is capable of initiating secondary messenger systems by binding to 

DA receptors. This phenomenon has not been observed in vivo and may help explain 
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consistent discrepancies in pharmacological manipulations of the dopaminergic systems 

in the brain. Although NE is a likely alternative ligand, it is possible that one or more 

other ligands in V1 have a sufficient affinity for dopaminergic neurons to activate them. 

This possibility will be discussed in the context of evidence collected in this body of 

work but will not be directly tested.  

A fourth possibility that is not considered here is that the brain expresses DA 

receptors that are not used by the circuit: perhaps as a developmental artifact. The idea 

that the brain expends energy to manufacture a system of useless proteins well into 

adulthood does not seem plausible. 
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2. LC AXONS AND THE D2 DOPAMINE RECEPTOR 

2.1 Introduction 

The goal of the experiment described in this chapter was to test if there is 

anatomical evidence of the LC co-releasing a functional dopaminergic signal along with 

NE.  

The preparation of a readily available pool of vesicles loaded with NE is a three-

step process. First, the LC neuron must synthesize DA in the cytoplasm or take up DA 

from the extracellular space. Next, the cytoplasmic DA must be transported into vesicles 

by VMAT where it is converted to NE by DBH. Because some DBH is expressed in the 

cytoplasm, a proportion of NE synthesis could happen there, but the pH and ionic 

conditions needed for maximum DBH efficacy (Terland & Flatmark, 2003) are 

unregulated outside of vesicles.  Finally, once in the vesicles, DBH needs to convert DA 

into NE. This process must continuously repeat as the LC neuron fires action potentials 

and empties the readily available pool of NE vesicles into the extracellular space.  

Due to the multi-step nature of loading vesicles with NE, the existence of a 

mixed pool of vesicles in LC axon varicosities and terminal boutons is plausible. Under 

this hypothesis, vesicles could be loaded with a combination of unconverted DA and 

NE, loaded with only NE, or loaded with only dopamine. There is existing evidence 

indicating that the ratio of DA-loaded vesicles to NE-loaded vesicles is dependent on the 
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activity of the releasing neuron (with higher firing rates leading to more DA-filled 

vesicles) and developmental levels of extracellular NE (Jonsson et al., 1979; Jonsson & 

Sachs, 1976; Weinshilboum et al., 1971). Taken together, it is clear that LC axons have the 

necessary molecular components to release dopamine either through the fusion of 

vesicles with the cell membrane or non-vesicularly from the cytoplasm via a previously 

undescribed mechanism. However, there is no evidence that the dopaminergic signal 

would be ‘functional’ in nature.  

One feature of a ‘functional’ signal is that the releasing entity has the ability to 

attenuate or adjust release based on the extracellular concentration of the molecule. 

Autoreceptor activation is the typical mechanism that neural structures employ as 

negative feedback on their own signals. The hypothesis of this chapter addresses the 

question of how a co-released catecholaminergic signal (consisting of both NE and DA) 

might self-regulate via a system of one or more auto receptors. A simple solution to this 

problem is that one of the chemicals (either DA or NE) regulates the release of both 

molecules by binding to one type of autoreceptor. It is an intriguing and testable 

hypothesis that DA released from the LC might be the molecule, but what autoreceptor 

would the LC axons express to regulate that signal? Of the five dopaminergic receptors, 

the dopamine D2 receptor is the only one known to function as an auto-receptor (Ford, 

2014; Khan et al., 1998). To date, the distribution of D2 receptors has only been 
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visualized in the macaque brain using radio-labeled ligands. Note here that 

autoradiography provides a target protein’s broad pattern of localization but does not 

offer information about the cell types or sub-cellular structures that express the target 

receptor.  

In this study, immunohistochemistry was used to achieve a cellular resolution of 

D2 receptor expression in V1 of the macaque. To determine whether LC axons express 

D2 receptors, tissue containing V1 was immunolabeled with primary antibodies directed 

against DBH and the D2 receptor and fluorescently labeled secondary antibodies. V1 

tissue was imaged using confocal microscopy with the intention of collecting two types 

of qualitative data. First, a count of the number of puncta that colocalize with axons that 

are immunoreactive for DBH (DBH+) axons (representing D2 receptor expression on LC 

axons) per micron of dually labeled axon. Second, qualitatively evaluate what neural 

structures express the D2 receptors in V1 and describe potential preferential expression 

patterns across cells and structures.  

2.2 Methods  

2.2.1 Antibody Selection  

2.2.1.1 Anti-D2 Dopamine Receptor Primary 

At the time of this study, no previously published experiments had immuno-

labeled the D2 receptor in V1 of the macaque. A necessary first step was to choose an 
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antibody that could selectively target the D2 receptor since a lack of a specific antibody 

was one factor that had previously hindered the investigation of the D2 receptor in 

primate cortex. The gene that codes for the D2 receptor can be alternatively spliced into 

2 isoforms: long and short. The long isoform is characterized by a 29 amino acid segment 

in the third cytoplasmic loop that is not present in the short isoform. There is also 

evidence of a third “longer” isoform specifically expressed in humans, which includes 

an insertion of a single glutamine residue at amino acid position 270.  

In addition to containing the site where alternative splicing occurs, the third 

cytoplasmic loop of the D2 receptor, amino acid position 214 – 373, also lacks significant 

homology with the other dopamine receptors (i.e., D1, D3-D5). Therefore, several 

antibodies designed to target the D2 antibody aim to bind to sequences within the third 

cytoplasmic domain. Importantly, the sequence of the third cytoplasmic is strongly 

conserved between macaque and human; only differing at amino acid position 234 (S to 

A) to position 333 (N to D). This strong homology makes antibodies grown against the 

human D2 receptor protein sequence compatible with macaque tissue. 

In order to target D2 receptors, a rabbit polyclonal antibody (Millipore Sigma, 

Cat # AB5084P, http://antibodyregistry.org/AB_2094980) was selected. The antibody was 

grown against a 28 amino acid peptide sequence (amino acid position 284 – 311) from 

the human D2 receptor within the third cytoplasmic loop and was chosen based on three 
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criteria. First, the immunogen sequence did not include either of the two non-conserved 

residues between the macaque and the human and is therefore 100% conserved in the 

macaque (Figure 3). Second, the manufacturer carried out successful quality and 

specificity controls on monkey brain tissue. Third, this antibody has been used 

previously experiments that utilized monkey tissue albeit not brain tissue (Galvan et al., 

2014; Hadipour-Niktarash et al., 2012). 

 

 
Figure 3: BLAST Alignment of Macaque and Human D2 Receptor Sequence. 

Amino acid position 241-443 of the third cytoplasmic loop of the D2 receptor. The 

macaque (top) and human (bottom) sequences are conserved in every position except 

position 33 (N to D, orange highlight). The target sequence of the anti-D2 dopamine 

receptor primary antibody is highlighted in yellow. 

 

2.2.1.2 Anti-Dopamine β-Hydroxylase Primary 

In order to target DBH (and selectively label axons in V1 originating in the LC), a 

primary antibody grown in sheep against a 17-residue amino acid sequence of the 

human DBH protein was selected (Millipore Sigma, Cat # AB1537, 

http://antibodyregistry.org/AB_11214507). This antibody was selected because it had 
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been used in the past to stain axons in macaque cortex (Schuerger & Balaban, 1999) 

using a methanol-based antigen retrieval. In that study, the antibody passed 

preabsorption controls and also labeled axons of similar appearance (i.e., comparable 

thickness and inter-varicose distances) as previous reports (Kosofsky et al., 1984). The 

immunogen sequence was not conserved in the macaque (Figure 4), but the two 

substitutions within the immunogen sequence (two adjacent valines into two adjacent 

isoleucine) both have non-polar side chains (i.e., predicted to have similar properties 

regarding protein folding and antibody binding). 

 

 
Figure 4: BLAST Alignment of Macaque and Human DBH Protein. Amino 

acid position 546-620 of the DBH protein. The human (top) and macaque (bottom) 

sequences have several non-conserved substitutions or deletions (orange highlights). 

The target sequence of the AB5084P primary antibody is highlighted in yellow and 

feature a double valine (V-V) substitution (orange) to isoleucine (I-I).  

 

2.2.2 Tissue Preparation  

Brain tissue from 3 adult macaque monkeys was used in this experiment. These 

animals were: a 3-year-old Macaca nemestrina (A4), an 11 year-old male Macaca mulatta 

(A8), and a 7 year-old female Macaca mulatta (A9). Animal, history, tissue harvesting, 
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and fixation procedures were previously described (Disney et al., 2014), and are 

described in more detail in Chapter 4.2.2. In short, tissue from A4 and A8 were 

harvested, fixed, and sectioned using the same procedures; fixative consisting of 4% 

paraformaldehyde (PFA) in 0.2 M phosphate buffer (PB, pH 7.4) was run through the 

arteriovenous system for no less than 40 minutes. A9 was treated the same way except it 

was it was fixed using 0.15% glutaraldehyde and 4% paraformaldehyde in PB. For A9, 

because glutaraldehyde had been used as a fixative, sectioning started 48 hours after 

perfusion and the resulting sections were immediately reacted in 1% sodium 

borohydride in PB for 30 minutes then rinsed 6 x 15 min in PB. To provide reference 

sections for determining boundaries between cortical areas and cortical layers, two 1-in-

6 series were set aside: one for a silver stain for myelin (Gallyas, 1979) and one for Nissl 

bodies (cresyl violet).  

2.2.3 Dual-Fluorescence Immunohistochemistry  

Freeze-thawed tissue sections containing V1 were pseudo-randomly selected 

from a random 1:6 series. A saturated sodium hydroxide (NaOH) solution was made by 

mixing 40 - 80 g of NaOH salt (MilliporeSigma, Burlington, MA) into 50 mL of milli-Q 

water at 22 °C. NaOH salt was added until the granules no longer dissolved into 

solution. The saturated NaOH solution was allowed to sit for 1-2 hours to allow excess 

NaOH to precipitate, and then the solution was filtered through P8 grade filter paper 
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(Fisher Scientific, Pittsburgh, PA). The saturated NaOH solution was then diluted 1:3 

with 100% methanol. Tissue sections were dipped into Milli-Q water, and then 

incubated in the methanol-NaOH solution for 30 mins. Following antigen retrieval, the 

tissue was washed 2 x 7.5 mins in 100% methanol and washed again for 2 x 7.5 min in 

50% methanol. Following the final methanol wash, the tissue was rinsed 3 x 5 mins in 

PBS. 

Endogenous peroxidase activity was then blocked by incubating in 1% H2O2 in 

0.01 M phosphate buffer saline (PBS) for 30 min.  Regardless of experimental condition, 

all tissue sections were pre-incubated in a blocking buffer comprised of 6% donkey 

normal serum (Jackson ImmunoResearch, West Grove, PA) and 0.05% sodium azide 

(Sigma, St. Louis, MO) in .01M PBS for 60 min. Tissue was then placed into solution 

containing the anti-D2 antibody  (Millipore Sigma, cat #: AB5084P, lot #: 2694638) and 

the anti- DBH antibody (Millipore Sigma, Cat # AB1537, lot # 2876888) both at 1:500 

concentration diluted in blocking buffer, and allowed to incubate for 6 days at 4° C. 

During each day of the incubation period, tissue was manually agitated for 1 minute.  

Following primary incubation, all sections were washed 3 x 15 min in 0.01M PBS 

before being transferred into a secondary antibody solution. Experimental sections were 

placed into secondary antibody solution containing two secondary antibodies diluted at 

1:500 in 0.01M PBS with 6% donkey normal serum. The secondary antibodies in the 
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solution included: an AffiniPure Donkey Anti-Rabbit IgG (H+L) conjugated to Alexa 

Fluor 647 (Jackson ImmunoResearch, cat #: 711-605-152, lot #: 101801) and an AffiniPure 

Donkey Anti-Sheep IgG (H+L) conjugated to Alexa Fluor 488 (Jackson ImmunoResearch, 

cat #: 731-545-003, lot #: 109255).  

After 4-6 hours in secondary solution, the tissue was rinsed in 0.01M PBS, 

mounted, and dried overnight. Sections then underwent dehydration through a graded 

series of alcohols (50–100%), followed by 2 baths of 100% xylene, and were coverslipped 

with DPX mounting medium (Sigma, St. Louis, MO). Slides were stored at room 

temperature in light-protective boxes. 

2.2.4 Antibody Characterization  

A pilot dilution series was carried for the anti-D2 primary to qualitatively 

identify the concentration of antibody needed to produce optimal staining. 

Concentrations of 1:250, 1:500, 1:500, and 1:1000 were tested. The intensity of each stain 

and the signal-to-background ratio was qualitatively evaluated for each condition. The 

ideal concentration for the anti-D2 primary antibody (1:500) was then used in a 

preadsorption control to test the selectivity of the primary.  

To test the selectivity of the anti-D2 antibody, 2 sections, that had not undergone 

methanol antigen retrieval, were incubated in a solution containing the 28 amino-acid 

immunogen (EMD Millipore, cat #: AG221, lot #: 2694638) in addition to the anti-D2 
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antibody (1:500). The blocked antibody solution was made the day prior and was 

incubated at room temperature for 24 hours to allow all antibody molecules to bind to 

added blocking immunogen. The blocking immunogen was added at 100x molar excess 

to the anti-D2 antibody. Preadsorption sections were rinsed with 0.01M PBS and placed 

into biotin conjugated donkey anti-rabbit IgG (Jackson ImmunoResearch, cat #: 711-066-

152, lot #: 99194) diluted at 1:500 in PBS with 6% donkey normal serum. After 1 h in this 

solution at room temperature on a shaker, the sections were rinsed and incubated for 30 

min in an avidin-horseradish peroxidase complex (Vector Elite ABC Kit, Vector Labs, 

Burlingame, CA). Labelling was revealed using 3,3′-diaminobenzidine (DAB; Sigma, St. 

Louis, MO) as the chromogen. The sections were rinsed in PBS, mounted, and dried 

overnight. Following dehydration, sections that underwent DAB processing were 

coverslipped with Permount mounting medium (Electron Microscopy Sciences, 

Hatfield, PA). Pre-incubation of the primary antibody with the immunogen sequence 

abolished staining completely (Figure 5)  

A detailed description of antibody characterization of the anti-DBH primary can 

be found in Chapter 4.2.2.  
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Figure 5: Preadsorption Test of anti-D2 Dopamine Receptor Primary.  (A) 

Tissue imaged at 5x magnification incubated in the primary antibody at a concentration 

of 1:500 produced crisp staining of somatic cells, apical dendrites, and other thin 

processes with low backgrounding staining. (B) When the primary antibody was 

preincubated with the target immunogen, all staining was abolished. (C) When the 

tissue was treated in just the blocking solution with no primary, zero staining was 

observed.  
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2.2.5 Western Blotting 

To confirm the molecular weight of the sequence targeted by the anti-D2 

primary, a western blot was carried out on homogenized macaque brain tissue. Macaque 

V1 tissue was loaded into the same gel against two control conditions rat striatum and 

macaque motor cortex (MT); both of which should have stronger D2 expression than V1. 

Each condition was loaded at 2 different protein concentrations. The intensity of the 

banding should increase in conditions with more protein present. In preparation of 

homogenization, the tissue was preincubated in solution containing a protease inhibitor 

(1:100) and 2% SDS diluted in 0.01 M PBS for 10 minutes on wet ice. The tissue was then 

homogenized at 15 kHz. After sonication, tissue was placed into a sample buffer 

featuring beta-mercaptoethanol and stored at -80° C until the day of analysis. To run the 

western blot, samples were boiled for 10 min, and ran on a 15% gel (consisting of 40% 

acrylamide, 1.5 M Tris buffer (pH = 8.8), 10% SDS, 10% APS, and TEMED solution). 

Following transfer to a blotting membrane, the membrane was incubated in a blocking 

solution (4% milk solution in TBH + 0.2% Tween-20 (TBST)) at room temperature for 1-2 

hours at 4° C. After the blocking step, the primary antibody was diluted in the blocking 

solution (at 1:2000) and the pre-blocked membrane was incubated at room temperature 

for 1 hour. The membrane was then removed and rinsed 3 x 10 min in TBS + 0.2% 

Tween-20. The membrane was then placed in a secondary antibody solution (donkey 
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anti-sheep secondary diluted in blocking solution (1:10,000) and incubated at room 

temperature for 2 hours at a room temperature. The membrane was then washed 3 x 10 

minutes in TBS + 0.1% Tween-20 and developed in a dark room.  

The expected bands were 52 kDa, 68 kDa, and 100 kDa. Based off the molecular 

weight of the D2 receptor; the band at 52 kDa is most predictive of specific binding. Two 

bands (one around 100 kDa and one between 125-165 kDa) where produced in columns 

loaded with macaque tissue suggesting that the anti-D2 primary may be exhibiting off-

target binding (Figure 6). The intensity of the bands increased with protein load. 

Macaque MT produced thicker, more intense bands, suggesting that there is more of the 

target protein in that area (as would be expected if the antibody was targeted the D2 

receptor). The rat proteins did not separate due to differences in how the tissue types 

were handled the homogenization process.  
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Figure 6: Western Blot of Macaque Brain Tissue. The membrane was labeled 

with the anti-D2 primary and produced two bands (one at 100 kDa and another between 

125 -165 kDa). The main characteristic band at 52 kDA based on the molecular weight of 

the D2 receptor is not present. 
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2.2.6 Imaging  

A Zeiss LSM 710 META inverted confocal microscope driven by the Zeiss ZEN 

imaging software (Thornwood, NY) was used to image immunolabeled sections. The 

488 and 633 nm laser lines were used for fluorophore excitation with a laser power of 2% 

and 10-15%, respectively. 2-D images spanning from the pia surface to the white matter 

were collected at 63x magnification at a depth that was predetermined to be reliably in-

focus. These images were stitched together to create a montage image so that the entire 

cortical thickness could be evaluated in a single image. The location of each montage 

image was pseudo-randomly selected from processed V1 tissue.  

 

2.3 Results 

A non-quantitative examination of 1,936,969 µm2 of V1 tissue from a single 

macaque (across four separate immunohistochemical experiments) revealed no axons 

immunoreactive for both DBH and the D2 receptor. This suggests that the D2 receptor is 

not expressed on LC axons.  

Punctate labeling of the D2 receptor was prevalent in V1, but it did not colocalize 

with DBH-immunoreactivity (Figure 7, A-C). D2 receptor labeling was found across a 

variety of cell types based on morphology and size. Labeling was most prevalent at the 

cell body (perhaps in the nuclear envelope) and the apical dendrite. Extremely fine 
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processes that followed Gestalt good continuity could be discerned in punctate labeling 

(indicative that the D2 receptor is expressed on those structures), but those processes 

never appeared to overlap with DBH immunoreactivity (Figure 7, Panel C, white 

arrows).  

DBH labeling was found only on axonal structures. Some axons were completely 

enveloped by immunoreactive labeling filling all the inter-varicose segments, and other 

axons only had staining in varicosities. Axons were not consistently oriented in any 

particular direction in the tissue.  

Overall, processed tissue appeared grainy and was often difficult to consistently 

get into focus; likely due to the methanol antigen retrieval destroying many of the 

membranes and cytoarchitectural proteins. The tissue was sufficiently brittle post-

antigen retrieval that flattening the section onto microscope slide subbed with gelatin 

also provided difficult, contributing to the difficulty in finding a single plane of focus 

that spanned from pia to white matter.  
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Figure 7: D2 Receptors and DBH Do Not Colocalize.   (A – C) Three separate 

images of V1 tissue stained for the D2 receptor and DBH collected at 63x. The two 

proteins never seem to colocalize. D2 receptors are not expressed on DBH+ axons, 

although D2 receptors are found on other fine structural processes (C, white arrows). 

 

 

 



 

 

35 

2.4 Discussion 

The lack of dual-labeled axons observed here indicates that if DA is released by 

LC axons, those axons are not using that signal as a regulator of their own activity 

through the D2 autoreceptor. Instead, the α2 adrenoreceptor, which is already known to 

serve as an autoreceptor on LC axons (Callado & Stamford, 2000; Fernández-Pastor et 

al., 2005; Nörenberg et al., 1997; Pudovkina et al., 2001; Svensson et al., 1975; Williams et 

al., 1985) might regulate the release of NE and DA from LC axons. The alternative 

hypothesis, then, would be if LC axons do release dopamine, co-released norepinephrine 

binds to α2 autoreceptors, and inhibits both its own release and the release of dopamine. 

This alternate hypothesis (and these results) is consistent with data showing that the 

local application of D2-receptor antagonists in V1 of the rat has little effect on 

extracellular levels of catecholamines; while α2-receptor antagonists dramatically 

increase levels of both dopamine and norepinephrine (Devoto et al, 2001; Devoto & 

Flore, 2006; Devoto et al., 2004; Devoto et al., 2005).  

Although the western blot analysis of the D2 antibody suggested that the D2 

receptor is non-specific, the goal of the experiment was to determine if LC axons express 

the D2 receptor, so as long as the antibody targets the D2 receptor a negative result is 

still interpretable. The unexpected band in the western blot (between 125 kDA – 165 

kDa) combined with the passed preadsorption control collectively indicate that the anti-
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D2 primary is specific for the D2 immunogen but also non-selectively binds to another 

target. These data indicate that LC axons express neither the D2 receptor nor the off-

target protein.  

Stojanovic et. al (2017) evaluated the specificity of 7 commercially available 

antibodies that target dopamine receptors, and rigorously validated the selectivity of the 

anti-D2 primary used in this experiment (Millipore Sigma, Cat # AB5084P, 

http://antibodyregistry.org/AB_2094980). In their study, Stojanovic and colleagues 

carried out Western blots on brain homogenates from mice, D2-deficient mice, humans, 

and rats using the AB5084P antibody. Whereas the Western blots conducted on wild-

type mice, human, and rat tissue produced comparable sized protein bands, Western 

blots conducted on the D2-deficient mice were completely void of any labeled protein. 

Unlike the striatum of WT mice and the other species, the striatum of D2-deficient mice 

exhibited zero immuno-reactivity. Importantly, Stojanovic et. al (2017) also carried out 

immunoprecipitation followed by mass spectrometry using AB5084P on homogenized 

rat striatum. Their mass spectrometry analysis suggested three proteins were enriched in 

the samples following immunoprecipitation via the AB5084P antibody. One was the D2 

receptor. The other two enriched proteins were the proline-rich transmembrane protein 

1 (PRRT1) and tubulin TUBB2A. Curiously neither of the proteins have a molecular 
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weight above 50 kDA and are unlikely represented by the western band between 125-

165 kDa.  

The cellular distribution of the D2 receptors would have been a valuable piece of 

information. Considering the evidence, it appears as if the anti-D2 receptor antibody has 

at least one non-specific target, which makes any positive immunoreactivity impossible 

to interpret. If the non-specific target can be identified, then a follow experiment could 

attempt to pre-incubate the primary antibody with the purified off-target immunogen. 

When the specificity of this antibody is improved or if another more specific antibody 

gets developed, this experiment would be best repeated at the ultrastructural level via 

electron microscopy. Colocalization on thin axonal structures even with super-resolution 

confocal microscopy is difficult to validate or statistically confirm. Ultrastructural 

magnification would directly confirm the expression of D2 receptors on the cell surface 

of LC varicosities. Moreover, it would provide valuable information about intracellular 

localization and trafficking of the D2 receptor. 
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3. ELECTRICAL STIMULATION OF THE LC AND 
CATECHOLAMINERGIC CO-RELEASE  

 

3.1 Introduction 

The most straightforward test of whether or not the LC releases DA into V1 is to 

electrically stimulate the LC and measure resulting fluctuations of DA. The neurons of 

the LC operate in two firing modes; phasic and tonic (Aston-Jones & Cohen, 2005; 

Devilbiss & Waterhouse, 2011; Rajkowski et al., 1994). Phasic activity is characterized by 

brief bursts of two or three spikes at 10-20 Hz, typically followed by a 200-500 ms pause 

in activity (Akaike, 1982; Aston-Jones & Bloom, 1981; Clayton et al., 2004). Phasic bursts 

are driven by the presentation of novel or salient sensory stimuli (Aston-Jones & Bloom, 

1981; Aston-Jones & Cohen, 2005; Berridge & Waterhouse, 2003). Tonic activity, on the 

other hand, is characterized by sustained and highly regular fluctuations in baseline 

firing rate. The rate of tonic firing is coarsely related to arousal levels over the 

sleep/wake cycle (Foote, Aston-Jones, & Bloom, 1980; Hobson, Mccarley, & Wyzinski, 

1975). During waking tonic fluctuations have been correlated with behavioral indicators 

of arousal (e.g., anxiousness) and alertness (e.g., task engagement) (Aston-Jones, 

Rajkowski, & Kubiak, 1997; Gary Aston-Jones & Cohen, 2005). To determine which 

stimulation patterns (phasic and/or tonic) elicit release in the macaque, the LC was 

electrically stimulated with two different types of electrical stimulation; both meant to 
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mimic the naturally occurring firing modes. Resulting fluctuations in catecholamines 

and their metabolites (catecholamine panel) were measured in V1.  

There are two broad strategies for measuring in vivo catecholamines. First, is the 

umbrella of electrochemical techniques such as amperometry and fast scan cyclic 

voltammetry (FSCV). Second, are techniques such as microdialysis that aim to sample 

the chemicals in the extracellular space and quantify them after they harvested from the 

brain. Recently developed optical sensors may offer a third alternative in the future but 

are currently in the early phases of testing in non-human primates and are not ready for 

use in answering scientific questions without an accompanying ground truth against 

which to compare. 

Electrochemical techniques hold an electrode at, or sweep through, a potential 

difference with respect to the tissue; typically, this holding voltage is the oxidation 

and/or reduction potential of the target analyte. The resulting current is measured 

(generally using a carbon fiber electrode) and the concentration of the analyte 

determined based on calibration to a known standard. The main advantage of 

electrochemistry is the sub-second temporal resolution. On the other hand, molecules 

must be electroactive to be measured at all, and electrochemistry is not well suited to 

distinguishing between highly similar molecules. For example, norepinephrine and 

dopamine are electrochemically indistinguishable because they have identical oxidation 
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(+ 0.6 V) and reduction (- 0.1 V) potentials. When using electrochemistry to measure 

catecholamines in vivo, an experimenter must select brain areas where the concentration 

of one catecholamine far exceeds the other, which allows the signal to be attributed to 

the predominant catecholamine. V1 is assumed to be one such brain area, based on the 

sparse VTA innervation, but this assumption is based on the idea that the LC only 

releases norepinephrine.  

There is thus no way to use electrochemistry to determine whether LC axons 

release norepinephrine, dopamine, or both because the molecules are electrochemically 

indistinguishable. Microdialysis (Figure 8) is the currently the only method that can 

measure and distinguish the catecholamines. Microdialysis is a method in which a probe 

with a semi-permeable membrane is placed into cortex. Artificial cerebral spinal fluid 

(aCSF) is pumped down the probe shaft at a flow rate determined by the experimenter. 

Molecules in the extracellular space travel down their concentration gradient across the 

semi-permeable membrane, and the continuous flow carries the dialysate out of the 

brain. Because microdialysis relies on passive diffusion across the membrane, the 

chemical state in the brain is sampled on the order of minutes rather than milliseconds 

as can be obtained with electrochemistry. In exchange for this loss of temporal precision, 

microdialysis gains chemical selectivity. Following dialysate collection, the recovered 

chemical content can be quantified using high-performance liquid chromatography to 
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separate molecules (including dopamine and norepinephrine), combined with either 

electrochemistry (HPLC-EC) or mass spectrometry (LC-MS). 

In this experiment, microdialysis was used to the sample the extracellular 

environment in V1 during electrical stimulation of the LC. Another microdialysis probe 

was placed into parietal cortex (PC). As discussed in the introduction, V1 has the 

scarcest catecholaminergic innervation of any cortical area (Berger et al., 1988, 1991; 

Brown et al., 1979; Foote & Morrison, 1987), so recovering quantifiable quantities of 

catecholamines can be challenging. On the other hand, parietal regions such as parietal 

area PE, somatosensory cortex, and supplementary motor cortex, are known to have the 

densest catecholaminergic innervation from the VTA and LC (Berger et al., 1988, 1991; 

Brown et al., 1979; Foote & Morrison, 1987), so recovering catecholamines should be 

easier and help validate that electrical stimulation is driving catecholaminergic release in 

cortex. We thus undertake dual dialysis in both V1 and the parietal cortex (PC). 

Microdialysis can also be used to deliver drugs locally to cortex via a process 

called retrodialysis or reverse dialysis, which enables the pharmacological manipulation 

of the local neural environment. Just as catecholamines flow down their concentration 

gradient into the probe, drugs can be loaded into the aCSF and passed through the 

probe to diffuse out into the tissue over time.  
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One important pharmacological control for this experiment arises from the fact 

that the LC and the VTA are reciprocally connected (Williams & Goldman-Rakic, 1998; 

Mejias-Aponte, 2016), and thus stimulating the LC could induce dopamine into V1 via 

activation of neurons in the VTA. Phasic stimulation of the LC has been shown to 

elevate levels of dopamine (as measured by microdialysis) in the occipital (Devoto, et al., 

2005) and prefrontal cortex (Devoto et al., 2005; Florin-Lechner et al., 1996) of the rat, but 

none of these past experiments controlled for the contribution of the VTA to 

extracellular levels of dopamine. To do so in this study, a D2 agonist (sumanirole) was 

delivered to cortex via retrodialysis to suppress dopaminergic release from VTA axons. 

The D2 receptor is the inhibitory autoreceptor for dopamine, and, as we showed in 

Chapter 2, LC axons do not express this receptor. Thus, a D2 agonist will selectively 

inhibit release from non-LC axons that express D2 receptors (presumably most, if not all, 

of these will be VTA axons).  

Being that LC stimulation is expected to elicit at least NE into cortex, presynaptic 

α2 receptors that act as autoreceptors for norepinephrine could be activated by the 

increased NE, and sequentially attenuate the release induced by the stimulation. This 

negative feedback might decrease the recovery of ligands emerging from LC axons and 

hinder the ability to detect resulting catecholaminergic release. To block the activation of 

α2 autoreceptors, an α2 receptor antagonist (Idazoxan) was reverse dialyzed into V1 in 
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some experiments. The α2 receptor antagonist should block the activity the α2 receptor, 

and increase the amount the NE released over time.  

Just as α2 autoreceptor activation could mitigate recovered analytes, an activity-

dependent upregulation of the norepinephrine transporter (NET) via enhanced 

deployment of NET to the cell membrane and/or by an increase in transporter kinetics 

through intracellular signaling (Sung & Blakely, 2007) could decrease extracellular 

catecholamines.  To some degree, blocking the α2 adrenoreceptor, prevents the 

presynaptic neuron from altering NET kinetics. Under those conditions, the neuron has 

a reduced sensitivity to extracellular NE, and therefore will not initiate intracellular 

cascades that alter NET function. As an additional control, in some experiments NET 

activity was blocked by reverse dialyzing a drug with a high affinity for NET (i.e., 

desipramine) into the local V1 environment.  
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Figure 8: Microdialysis.  The microperfusion pump moves aCSF from the 

reservoir down the shaft of the probe positioned into V1 at a rate of 1 µl/min. 

Norepinephrine and dopamine diffuse from the extracellular space across the 

semipermeable membrane, and the dialysate is pumped out of the brain where it is 

collected into refrigerated sample tubes.  
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3.2 Methods 

 

3.2.1 Animals and Surgical Procedures  

Two male rhesus macaques were used in this study (U87 and U112). All 

procedures were conducted under the approval of the Institutional Animal Care and 

Use Committee (IACUC) at Duke University. Two custom cranial chambers were 

designed using MRI and CT imaging aligned to a 3D brain atlas (Rogue Research, 

Montreal, Canada) (Figure 9). One cranial chamber (anterior) was placed to achieve 

access to the LC and the other chamber (posterior) was placed directly over V1. Animals 

were anesthetized with ketamine and maintained under isofluorane inhalation while 

cranial chambers were surgically secured to the skull with non-tapping titanium screws. 

In the same procedure, craniotomies were carried out to remove the bone within the 

chambers. Following recovery, experiments were conducted between 0900 -1900 hours. 

The animals were removed from their home cage between 0900 – 1100 hours after they 

had eaten their morning food (NHP biscuits and vegetable enrichment). Throughout 

data collection (approximately 6-8 hours), the animals remained head fixed via three 

small titanium posts attached to the skull in a separate surgery prior to chamber 

implantation. Animals were provided ad lib water throughout the day.  
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3.2.2 Targeting the LC  

Each recording day, a unipolar tungsten electrode (FHC, Impedance = 150-300 

kΩ) suitable for both recording and stimulation was placed into the anterior chamber 

and driven down to the LC at 10 µm/s using a digitally controlled microdrive (Thomas 

Recording, cat #AN000802). Multiple criteria were used to guide and confirm placement 

of the electrode in LC. 1) MRI and CT imaging aligned to a 3D brain atlas was used to 

predict the required point of insertion and angle of drive (Figure 9) 2) A second 

prediction for the location of the LC was based on systematic mapping of other 

structures beneath the chamber: the desired approach to the LC passes through the 

superior and inferior colliculi (Figure 9, B, white circles) which have distinctive 

response properties. 3) Finally, at the predicted depth, the exact location of the LC and 

surrounding structures was determined by observing behavioral responses to 

stimulation and correlation between spiking activity and spontaneous behaviors (Figure 

12; Table 1). For example, stimulation of the fifth mesencephalic nucleus, located 

immediately dorsal to the LC, produces a motor response in the lower jaw similar to the 

masseteric reflex. Several heuristics were used to confirm the identity of the putative LC. 

Neurons in the LC are characterized by basal firing frequency of 0-5 Hz, robust sleep-

wake modulation, and responsiveness to salient or novel stimuli such as door knocks, 

reward presentation, and the voice of the researcher. In addition, the neurons of the LC 
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typically have uniform inter-spike intervals which fall into two broad categories based 

on the waveform structure of their action potentials: wide and narrow spiking (Su & 

Cohen, 2022a; Totah et al., 2018). Based on past reports (Grant et al., 1988; Redmond et 

al., 1976) and a series of pilot experiments, stimulation of LC neurons should produce 

behaviors such as eye widening, yawning, scratching, chewing, and changes in pupil 

diameter (Table 2). 
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Figure 9: Cranial Chamber Placement.  (A) Rendering of macaque skull created 

using MRI data. The locations of the anterior (blue) and posterior (red) chambers are 

shown from the top of the skull (top) and behind (bottom) (B) A sagittal MRI image 

(top) that depicts the intended track running through the superior colliculus (dorsal 

white circle) and inferior colliculus (ventral white circle) and a horizonal section 

(bottom) depicting a point on the cortical surface directly above the LC  (C) Two views 

of an example track that determines electrode insertion and angle of microdrive needed 

to reach the LC. 
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Table 1: Structures Neighboring the Locus Coeruleus 
Structure Abbv. Stimulation and Response 

Profile 

Note 

Superior Colliculus 

 

 

SC High frequency and large 

amplitude neurons that are 

strongly driven by auditory 

stimuli. Bright light creates 

characteristic response in 

background noise akin to a 

‘whoosh’. 

 

Area of strong multisensory 

integration. Topographically 

organized in visual, auditory, 

and tactile modalities.  

 

Ramp up in activity before 

saccade. 

Excellent milestone marker on track to the LC due to well described 

response properties. 

Inferior Colliculus 

 

 

IC High frequency and large 

amplitude neurons that are 

strongly driven by auditory 

stimuli. High baseline 

frequency combined with 

extreme sensitivity towards 

sounds. The structure often 

responds to very low intensity 

sounds (i.e., a laptop closing or 

fingers tapping on a nearby 

desk). 

Excellent milestone marker on track to the LC due to well described 

response properties. 

 

The LC should be located approximately 4 mm ventral to where 

neurons return to lower baseline amplitude and no longer respond 

to auditory stimuli. 
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Mesencephalic Nucleus 5  

 

Or  

 

Trigeminal 

Mesencephalic Nucleus 

 

Me5 Jaw jerking or masseteric reflex 

via indirect activation of motor 

nucleus 5 (Mo 5); not to be 

confused with lip smacking, the 

lower jaw will close repeatedly 

or clench. Muscle jerk on the 

cheek or upper lip 

The LC also innervates the Mo V which leads to jaw jerking. Jaw 

closing synced to the onset of electrical stimulation (stim-onset) 

suggests the electrode is positioned mostly in Me5 than the LC. 

Lower the electrode 250 -500 µm. 

Trochlear Nucleus 

 

 

4n 

4x 

Downward eye movement: 

damage or inhibition will cause 

an upward eye drift 

Repeated downward eye movement indicates the electrode is 1 

mm – 1.5 mm dorsal to the LC. 

Superior Cerebellar 

Peduncle or 

Brachium Conjunctivum 

Scp 

LPBC 

Contains mostly cerebellar 

efferent fibers. Look for limb 

movement and repositioning of 

the body 

If the animal begins to fidget, move, or grab at its limbs synced to 

stim-onset, the electrode is too lateral and needs to be moved 250-

500 µm in the next session. 

Periaqueductal Gray 

 

 

 

PAG Erection, masturbation, and 

perennial inspection. 

Tongue protrusion or licking as 

if something is something stuck 

on the tongue (bitter taste). 

Pain, Fear Grimace, 

Vocalization,  

Motor freezing with stare. 

These behaviors often emerge synced to stim-onset if the electrode 

is positioned 250 - 500 µm lateral to LC. 

 

Difficult to adjust position, because several of these responses are 

also known behavioral indicators of LC activation.  

Barrington’s Nucleus 

 

Bar Urination If the animal immediately urinates at stim-onset without signs of 

the distress, the electrode needs to be withdrawn 100 µm -250 µm. 

Medial Longitudinal 

Fasciculus 

 

mlf Jerky eye movement, abnormal 

or repeating saccades. Any form 

of nystagmus. 

If you get this type of behavioral response, while retracting the 

electrode will pass through the thin lateral segment of the fourth 

ventricle. In the next session move 250 µm lateral. Within 

experiment, retract the electrode until ocular motor response 

ceases.  
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Sub-Coeruleus (Dorsal 

and Ventral) 

SubCD 

SubCV 

Known to Drive REM sleep REM sleep synced to stim-onset indicates that the electrode is 

positioned too ventral and should be retracted 500 µm – 1000 µm.  

Pontine Reticular  

 

Or  

 

Formation Oral (PnO) 

 

PnO Known to control transitions 

between REM sleep and other 

sleep states, structure bursts at 

REM onset and bursts at REM 

offset. Unlike the LC, the tonic 

fluctuations in the baseline 

firing frequency of this structure 

do not align with non-REM 

fluctuations in arousal. 

Sends inhibitory innervation to the LC, another indicator that the 

electrode is too ventral, and should be retracted 500 – 1000 µm. 

Pontine Reticular 

Formation Caudal 

 

 

PnC The neurons in the dorsal half 

of this nucleus fire rhythmically 

during mastication. When 

stimulated the animal will 

chronically chew. 

If chewing is the only or predominant behavior at stim-onset, the 

electrode is positioned too posterior and too deep. Move the 

electrode 250-750 µm anterior and 750 µm – 1500 µm dorsal in the 

next session. 

Abducens Nucleus 

 

 

6N Horizontal eye movements 

while awake or repeated left 

and right eye movements.  

The electrode is positioned too posterior and too deep. Move the 

electrode 500 um – 1500 um in the posterior direction to gain more 

access to the LC. 

Lateral-Dorsal Tegmental 

Area; Dorsal Tegmental 

Area Pericent; Dorsal 

Tegmental Central;  

Doral Medial Tegmental 

Area 

LDTg 

DTgP 

DTgC 

DMTg 

Involved in modulating 

sustained attention and 

mediating alerting responses. 

Also involved in the generation 

of REM sleep. 

These areas produce similar behavioral responses to the LC when 

stimulated. All physically borders the LC, so electrical activation 

will likely activate these structures. Variance in the deflection of the 

electrode will sometimes get some of the electrode embedded into 

these areas 

Cerebellar Lobule 2 - 4 Cb 1 

Cb 2 

Cb 3 

Cb 4 

Jerking motor movements in the 

limbs or body 

These areas have a high baseline firing frequency and produce high 

amplitude transients. They are enveloped by a thin membrane that 

the electrode will pass through. Helpful for determining the initial 

position of the LC.   
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Table 2: Behavioral Indicators of LC Activation 
Behavior Description 

Change in Arousal State   Arousal- Most apparent if eyes are closed following 

stimulus onset. The animal should open its eyes 

immediately following stimulus onset. Following 

stimulus onset, the animal will be awake and alert. 

Eye movements should become spurious.  

 

Sleep-Wake Transition- the animal will immediately 

become drowsy following stimulus offset. During 

longer stimulation periods, the animal may cycle 

between awake and drowsy faster than normal. For 

example, the animal might spend two minutes 

awake and alert followed by drowsy (eye lids 

drooping) or even asleep (eyes closed) for two 

minutes.  Whereas the animal would normally cycle 

through sleep and wake every 20-30 minutes. 

Coordinated Eye-Scan  The animal looks left-and-right or up-and-down. It 

will not look stereotyped like nystagmus, but more 

like the animal is searching for something. This 

behavior has been observed to diminish over the 

course of the stimulation block  

Delayed Scratching or Chair Shaking The animal will scratch itself or shake the chair 

following stimulus onset (similar to the scratch 

indicative of the social unease). This is particularly 

hard to spot as it will not be time-locked to the 

stimulus but rather occur within a few minutes of 

stimulus onset. 

Pupil Dilation Only applicable, if the animal is actively fixating 

with stable luminance on the screen producing the 

only source of illumination. LC stimulation is 

known to trigger pupil dilation (the pupil gets 

wider). During stimulation, the pupil can appear as 

if it is pulsing.  

Yawn  Any elevation in rate of yawning following stim-

onset. 

Delayed Lip-Smacking This will look like a natural lip-smacking behavior 

rather than an elicited motor behavior. It probably 

will not be time-locked to the stimulus. 

Grooming  Any elevation in rate of natural grooming behavior.  
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3.2.3 Microdialysis and Pharmacology 

To stabilize each microdialysis probe in cortex over recording days, custom 

chamber inserts were designed in Autodesk Fusion 360, and 3D printed by the Duke 

University’s BlueSmith Services in a translucent biocompatible polymer (VeroClear). 

Each chamber insert was outfitted with internal stainless-steel guides tubes that 

penetrated dura. Prior to the start of the experiment, the thickness of dura and cortex 

were measured with a tungsten recording electrode to determine the length of each 

guide tube before fabrication. The guide tubes were designed to terminate beneath the 

surface of dura (± 500 µm), so that the microdialysis probes could slide directly into the 

cortex. These semi-chronic inserts reduce damage caused by repeated insertions of the 

microdialysis probes and shorten the ‘settle’ period needed to return the tissue to 

baseline levels after an influx of damage-related neurochemical release.  

Following gas sterilization by ethylene oxide, an insert was implanted into each 

cranial chamber under aseptic conditions. One insert was implanted into the posterior 

chamber (Figure 9, Panel A, Red Chamber) into V1, and another insert was implanted 

into in the anterior (Figure 9, Panel A, Blue Chamber) chamber into parietal cortex 

(approximately in the parietal area (PE) along its rostral-caudal extent while avoiding 

penetration of the intraparietal sulcus). All data collection occurred within 14 days 

following chamber insert implantation. Microdialysis probes (BASi, cat # MD-2232) with 

2 mm active membranes and a width of 250 µm were then manually lowered into the 
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position. Before the start of each experiment, input-output tubing (BASi, cat# OFM-PP2-

100-LB) was manually connected to the microdialysis probe, and perfusate was pumped 

through the probe at 10 µl/min to ensure that the membrane of the probe was intact and 

undamaged. If the probe was damaged, it was replaced. Otherwise, the probe would 

remain in place to minimize damage to the sampling site.  

During each experiment (see Figure 10 for experimental design), the extracellular 

environment was sampled at a flow rate of 1μl/min via a push-pull microperfusion 

pump (BASi, cat # MPP102 PC). To prevent the oxidation of catecholamines, samples 

were collected directly into 1 M acetic acid diluted in aCSF (Harvard Apparatus, cat# 59-

7316) at a 1:20 acetic acid solution-to-sample ratio for a final concentration of .05 M acetic 

acid. The acetic acid solution was made fresh the day of the experiment. Each sample 

was collected for 20 minutes for a total sample volume of 21 ul via an automated 

fractionator (BASi, MD-1202U) at 4°C. In parallel with sample collection, a Plexon 32-

channel S-Probe was positioned into V1 approximately 1.5 mm ± 500 µm away from the 

microdialysis probe to record neural activity.  During sampling, the monkeys would 

watch videos of bird feeders on YouTube. Videos were chosen using the following 

criteria: 1) lasted the entire duration of the experiment 2) maintained a relatively 

uniform luminance and 3) provided consistent visual stimuli to drive responses of V1 

neurons. Video recordings were taken of the face and body during the experiment in 

order to monitor the state of the animal and behavioral responses to electrical 
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stimulation. At the end of each day, the chambers were flushed with saline and 5% 

betadine, with the probes in place. Custom chamber extenders with screw-on caps were 

applied to accommodate the height of the input-output tubing when the monkey was 

returned to the cage.  

Several drugs were used during the course of this study (Table 3). Drugs were 

made fresh the day of the experiment and diluted in aCSF (Harvard Apparatus, cat # 59-

7316). Drug solutions were syringe filtered (Fisher Scientific, cat # 09-720-3), and the pH 

of each drug solution was measured. The pH of all drug solutions was between 6.5 – 7.0 

when properly diluted and required no subsequent adjustment. Drug solutions were 

kept at room temperature in the dark until they were incorporated into the experiment.  

Following collection, a blank sample comprised of 20 µl of aCSF and 1 µl acetic 

acid solution used in the experiment was prepared. If the experiment involved a drug 

condition, a second blank sample was prepared consisting using the drug solution (drug 

diluted in aCSF). All samples were stored at -80 °C until they were analyzed at the Duke 

Mouse Proteomics Core for analysis. All samples were analyzed within 2 weeks of their 

collection.  

Table 3: List of Pharmacological Agents  
Drug Action Concentration 

Idazoxan  α2-receptor antagonist 100 µM 

Sumanirole  D2-receptor agonist 100 µM 

Desipramine  NET inhibitor  100-200 µM 

Guanfacine α2-receptor agonist 10 mM 
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Figure 10: Design of Stimulation Experiments.  The first hour (red samples 1-3) 

of the experiment was dedicated to settling the cellular environment back to baseline 

following the attachment of the input-output tubing and/or replacement of the MD 

probe. Following this settle period, an hour of baseline samples was collected (light-

blue, samples 4-6), proceeded by the first 20 min electrical stimulation block (stim 1, 

yellow, sample 7). The first stimulation block was then proceeded by another hour-long 

post-stim period (light-blue, samples 8-10) followed by another 20 min stimulation block 

(stim 2, yellow sample 11). The experiment ended with an hour-long recovery (light-

blue, samples 12-14). When a drug condition (lower panel, dark purple overlay) was 

built into the experiment, the condition-switch was timed so that the drug would arrive 

20 minutes ahead of the second stimulation block to give the drug time to diffuse into 

the local environment. Dilute drugs can arrive in tissue early due to uncontrolled 

diffusion down the input tubing, so the sample preceding the drug condition (lower 

panel, light purple overlay) is considered a separate “pre-drug” condition.  
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3.2.4 Electrical Stimulation of the LC  

Electrical stimulation was generated using an SI4 programable stimulator by 

Tucker Davis Technologies. Stimulation parameters were selected based on prior 

literature values from a study in rats (Florin-Lechner et al., 1996) during which 

catecholamines were sampled in prefrontal cortex via microdialysis. The stimulation 

parameters used in this study were designed to mimic the LC in a naturally elevated 

state such would be observed in cognitively demanding behavioral task.  

Tonic stimulation consisted of equally spaced single pulses delivered at either 5 

or 10 Hz. Each pulse was .25 ms in duration, biphasic, and charge-balanced leading on 

the negative phase. The pulses ranged from 1 µA – 25 µA and were delivered 

continuously throughout the 20-minute stimulation block. Phasic stimulation was 

designed to match the number of pulses delivered in the tonic condition. A 250 ms train 

of pulses (.25 ms pulse duration, biphasic, and charge-balanced leading on the negative 

phase) was presented at 12 Hz. These pulse trains were delivered at .25 Hz throughout 

the duration of the 20-minute stimulation block.  

To ensure that the electrical stimulation was activating the LC, stimulation 

amplitude was gradually increased until behaviors associated with LC activation were 

observed (see Table 2). The best behavioral indicator of LC activation is an immediate 

transition to an alerted behavioral state (wake-up response, eye widening accompanied 

by a rapid coordinated visual search). If off-target behavioral responses were observed 
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(Table 1), the depth of the electrode was adjusted to move the electrode more fully into 

the LC. For example, lower-jaw jerks at stimulation onset absent other behaviors is 

indicative that the electrode is dorsal to the LC in the fifth mesencephalic nucleus, and 

the electrode needs to be lowered 250 – 500 µm. If any behavioral indicators of pain, 

distress, or agitation (Table 4) were observed, the stimulation was immediately paused, 

and the amplitude was decreased by 50% before resuming. Once correct behavioral 

responses were observed, the driving stimulation parameters were used for the rest of 

the experiment.  

 
Table 4: Behavioral Indicators of Distressing or Painful Stimulation  
Behavior Description 

Vocalization A grunt or screech.   

Urination or Defecation  Occurs time-locked to stimulation  

Abnormal Masturbation or Perineal Inspection Could be delayed, but would occur either during 

stimulation or within 5 minutes  

Fear Grimace  Sustained and tightly locked to the stimulus onset   

Abnormal Hair Pull Hard or rapid pulling of body hair. Croc is known to 

pluck his hair slowly throughout the session, but 

this would be a more jerk-like action 

 

3.2.5 Chemical Analysis by HPLC-EC 

HPLC was performed using a system comprising an LC 110S pump, an OR 110 

degasser unit with pulse damper, and an AS 110 autosampler (Antec Leyden, 

Netherlands). The samples were thawed and loaded into the Antec AS10 autosampler 

and maintained at a temperature of 4°C. A chemical standard comprised of biologically 

relevant concentrations of each analyte (1 pg/µl for DA and NE and 10 pg/µl for the 
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DOPAC and MHPG), a blank sample (aCSF), and a drug condition blank (when 

applicable), were also loaded with the samples from each experiment. 

DA, NE, and metabolites in the microdialysis samples were separated on a 

Acquity UPLC BEH C18 reverse-phase 1 mm x 50 mm column (1.9 µm particle size, 

Waters) at a 60 µl/min flow rate, 37 C temperature, using a mobile phase (100 mM 

phosphoric acid, 100 mM citric acid, 0.1 mM EDTA, 8 mM KCl, 7% acetonitrile, and 800 

g/L 1-octane sulfonic acid sodium salt, pH 3.6). Sample concentrations were quantified 

by electrochemical detection using an Alexys monoamine analyzer (Antec, Palm Bay, 

FL) comprised of a DECADE II detector coupled to a SenCell flow cell (Antec) with a 2 

mm glassy carbon working electrode. The electrode was held at a potential of +0.8 volts 

vs. a salt-bridge reference electrode. 

The resulting chromatograms were analyzed with Clarity software package 

(DataApex, Prague, Czech Republic); a signal-to-noise ratio of 3 was the limit of 

detection. Concentrations of each analyte were calculated by the clarity software by 

integrating the AUC of the standard analytes (Figure 11) ran in parallel with the 

samples. 

The concentrations of recovered analytes (DA, NE, DOPAC, and MHPG) were 

initially analyzed separately for experiment day and sampling sites (V1 and PC). The 

median concentration of analytes recovered from each sampling site can be found in 

Table 5. Analytes with concentrations below the lower limit of detection (<LLOD) were 
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assigned a value of one-half the lowest value detected for that analyte during that 

experiment, and the concentration (nM) of each neuromodulator (NE and DA) was 

summed with the concentration of its respective metabolite (MHPG and DOPAC) to 

include rapidly metabolized catecholamines to the total catecholaminergic content for 

any given sample.  
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Figure 11: An HPLC Chromatogram of Chemical Standards. A solution with 

standard concentrations of each analyte (top right inlet) was analyzed via HPLC-EC. 

Each analyte is retained in the column before being eluted and passed through the 

detector. When passed through detector, the analyte generates a curve with an 

amplitude and width, the area under the curve (AUC) corresponds to the known 

concentration added to the solution. The concentrations of each analyte found in 

experimental samples can be back interpolated using the AUC of the known 

concentration of the chemical standard. 

 

 

Table 5: Recovered Concentrations of Catecholamines and Metabolites  
Analyte Median Concentration (nM) Upper Quartile Lower Quartile  

NE 0.397 0.889 0.096 

DA 0.422 1.501 0.100 

MHPG 28.295 37.284 21.613 

DOPAC 0.034 0.103 0.004 
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3.2.6 Data Analysis  

In most experiments, concentrations of catecholamines exhibited a decaying 

exponential trend with the first or second sample exhibiting the highest concentration. 

The recovered concentrations would rapidly decline over the first 1-hour (the settle 

period) of data collection, sometimes extending into the first two samples of the baseline 

period. This decay was determined to be an experimental artifact; likely damage-related 

release caused by the mechanical purturbation of the tissue while applying input-output 

tubing to the MD probe. Therefore steps were taken to detrend the data. First, extreme 

univariate and multivariate outliers were removed. In total 12 (of 957) data points were 

removed; these were typically analytes with concentrations greater than the highest 

value in the settle period or analytes with concentrations <LLOD whose artificial value 

was not supported by the concentrations of the neighboring values (i.e., indicative of 

measurement error and not simply low detection). In 7 of 24 cases (12 experiments x 2 

sampling sites), the concentration of both NE and DA in sample 1 of the settle period 

was more than 15% lower than the rest of the second sample in the settle period (i.e., 

violating the typical trend of exponential decay). These first samples were removed, and 

then each experiment was fit to monoexponential decay function: 
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    Y = m * d(-t *x) + b    Eq. 1 

 

where Y is the returned fit value for any given data point, m is the starting point of the 

exponential decay, d is any given data point, t is the decay rate, x is the decay constant, 

and b is the end point of the decay. 

 

Fit parameters were iteratively adjusted to maximize fit to the early part of the 

decay (the settle and baseline), allowing data points after the first intervention (drug or 

stim) to cause deviation from the fit. Acceptable fits were obtained with m bounds = 

.002, 140 (lowest observed value, 2*max observed); t bounds = .0025, 4 (wide options for 

slope); b bounds 0,5 (no negative values, selected to pull the down the tail to reduce 

impact of experimental conditions on fit). The fit was then subtracted from the raw 

concentration of each analyte to obtain residual values, which enabled experiments with 

different baseline concentrations to be compared.  

3.3 Results 

The goal of this experiment was to test whether electrical stimulation of the LC 

elicits the release of DA into V1. To do this, custom inserts were semi-chronically 

implanted into V1 and PC, which enabled the extracellular space to be sampled over 

several recording days with a single microdialysis probe. The extracellular space was 

sampled while the LC was electrically stimulated by an electrode positioned into the LC 

the morning of the experiment. The results presented here are from 13 separate 

experiment days conducted in a single monkey (U112).  Data collected across the 13 

experimental days were collected from 3 different sampling sites in V1 and PC between 
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August 2022 and October 2022. All data collection occurred within 14 days following 

chamber insert implantation. After day 14, analyte recovery steadily declines suggesting 

that gliosis or biofouling is accumulating at the sampling site. Once an MD probe was 

placed into the brain, the membrane would last 2-4 days. If the membrane was not 

ruptured by the fifth day in the brain, the probe was preemptively replaced. Once all 

data collection from a single site had been completed, the implant was removed, and the 

sampling site was visually inspected. CSF could be observed welling up from the hole 

left behind from the internal guide tube suggesting that the MD probes were placed into 

cortex and not embedded into the dura. The hole in the dura left behind by the guide 

tube was typically closed and healed over within 24 hours.  

3.3.1 Targeting the LC 

Several strategies were used to help confirm that the stimulating electrode was 

positioned in the LC. To confirm the location inside of the chamber directly above the 

LC, surrounding penatration pathways were systematically mapped using a recording 

electrode. Transitions between grey and white matter combined with the penetration of 

small membranes surrounding some subcortical structures helped confirm a trajectory 

between the fourth and lateral ventricle (Figure 12, Panel A) that would pass through 

the LC. Landmark structures with stereotyped neural responses helped confirm depth as 

the electrode was lowered in the LC. The activity of the superior colliculous (SC) ramps 

up in preparation for a saccade (Duan et al., 2018). To test for this response, we had the 
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monkey hold fixation for 1.5 second before saccading to a peripheral target to get a 

reward. Following fixation, activity in the SC steadily increased until the saccade at 1.5 

seconds (Figure 12, Panel B). Immediately ventral to the SC, the IC is known for its 

sensitive spectrotemporal receptive fields (Vernsel et al., 2009) and its topographic 

organization of audible frequencies (FitzPatrick, 1975). In complete darkness with all 

ambient noise sources in the recording spaced turned off, IC neurons were strongly 

driven by the presentation of a beep sound, and responded within 100 ms (Figure 12, 

Panel C).  

LC neurons were identified based on reported spike properities (Aston-Jones et 

al., 1994; Bouret and Sara, 2004; Bouret and Richmond, 2009). The putitive LC exhibited 

a baseline firing frequency of 0-5 Hz during quiet wakefulness and was sensitive to the 

novel sounds (Figure 12, Panel D, horizonal neural recording). Both wide (Figure 12, 

Panel D, spike trace, red double hashtage) and narrow (Figure 12, Panel D, spike trace, 

red single hashtag) biphasic waveforms could be identified in the structure that 

matched the duration and shape of two previously described populations (Su & Cohen, 

2022a; Totah et al., 2018). Finally, the putative LC was strongly sleep/wake modulated 

(Figure 12, Panel E) with spike rates falling to 0 – 1 Hz when asleep and exhibiting both 

tonic and phasic elevations in activity following a sharp knock on the recording room 

door.  
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Figure 12: Electrode Path to the LC.  (A) An atlas drawing of the trajectory used 

to reach the LC, which was located approximately 34 mm below the cortical surface. For 

atlas abbreviations please refer to Table 1. Known response properties of superficial 

structures like SC and the IC were used to verify the track trajectory of the electrode. (B) 

A peristimulus time histogram of activity in the SC. Neural activity ramps up (black 

arrow) in preparation of a saccade (black line) The IC is known to be acoustically driven. 

(C) A raster plot showing an increase in spikes within 50 ms of the presentation of a 

beeping sound. (D) LC neurons had a baseline firing rate of approximately 3 Hz at quiet 

wakefulness and exhibited regularly spaced spikes (left). Spike snippets with both wide 

and narrow wave forms; the red trace approximates the average waveform (right). 

Novel stimuli such as a duck call elicited a phasic burst response. (E) The putative LC 

was strongly sleep-wake modulated with the baseline firing frequency between 0-1 Hz 

while the animal was asleep and between 5 – 12 Hz when alerted by an alarming sound 

like a knock at the rig door.  
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3.3.2 Behavioral Responses to LC Stimulation  

During each stimulation block, behavioral responses indicative of LC activation 

were used as a heuristic for effective stimulation. If altering the amplitude of the 

electrical stimulation failed to produced the behaviors associated with LC activation 

(Table 2), the position of the electrode was altered depending on the animal’s response 

to stimulation onset (Table 1, notes column). Every behavioral indicator of the LC 

activation (Table 2) was observed at least once during the course of the study. In all 9 

experiments involving stimulation, some off-target activation of me5 occurred as 

indicated by a low intensity movement of the lower jaw muscle or a lower lip quiver. In 

5 of 9 stimulation experiments, a ‘wake-up’ or alerted response was observed 

synchronized with stimulus onset. In 2 of 9 experiments, stimulation elicited erection, 

perenial inspection, and masturbation approximately 30 seconds after stimulus onset. In 

these cases the amplitude of the stimulation was reduced by 50%. In 7 of 9  experiments, 

the animal would fall into apparent REM sleep (defined here as the eyelids being closed 

and repeated horizonal eye movements) after exhibiting one or more LC-related 

behaviors. The latency to apparent sleep ranged from 30 seconds to 9 minutes after 

stimulation onset. The animal would either remain asleep until stimulus off-set or cycle 

between apparent sleep and brief (approximately 30 seconds) wakefulness (defined as 

the eyes open with and the animal looking around) every 2-4 minutes. Indirect 

activation of surrounding neighboring structures such as the subcoeruleus (SubCD/V), 
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pontine reticular formation oral (PnO), and the lateral-dorsal tegmental area (LDTg) that 

are known for initialization and maintence of REM sleep (Fraigne et al, 2015; Watson et 

al., 2011; Boucetta et al., 2014) likely contributed to this transition to apparent sleep. In a 

subset of the experiments, the animal would rapidly exhibit a ‘rebound’ of LC-related 

behaviors within the first 10 minutes following stimulus offset; often trailing into the 

post-stimulation recovery period. During the ‘rebound’, the animal would present 

several behaviors associated with LC activation (Table 2) within a 10 – 20 minute period; 

moving sequentially, for example, from yawning, to scratching, to grooming, to even lip 

smacking).  

 

3.3.3 Stimulation and Pharmacology  

Overall, we found that LC stimulation can induce an immediate release of both 

DA and NE into both V1 and PC suggesting that the LC is a potential source of 

dopamine in V1. Interestingly, the probability of dopaminergic release during 

stimulation was dependent on electrical stimulation (tonic or phasic). Across all 

experiments concentrations of catecholamines typically exhibited a decaying exponential 

trend with the first or second sample exhibiting the highest concentration, and each 

subsequent sample exhibiting an exponentially lower concentration (Figure 13, A and 

B). In order to remove this trend and better see the effect of experimental manipulations, 

we fit the data to a monoexponential decay function and subtracted the fit from raw 
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values. This procedure was done separately for each experiment, so each experiment 

generated its own fit parameters.  With the fit removed, residual values aligned to zero 

allowing the relative concentration of each sample to be compared across experiments. 

3.3.3.1 Tonic Stimulation 

Tonic stimulation (Figure 13, C, orange and yellow circles) alone did not reliably 

elicit an immediate release of either catecholamine. Following the first tonic stimulation 

block (Figure 13, C, orange circle) a state change was observed after which NE levels 

briefly decreased then linearly increased until the end of the experiment. This persistent 

state change in NE levels following the first stimulation block was observed in the other 

experiments in which tonic stimulation was the only experimental manipulation. This 

persistant increase in NE levels is reflected by the distribution of values in the recovery 

condition exceeding most values in the baseline condition (Figure 13, D). Dopamine 

levels were unaffected by this state change and remained at baseline levels through the 

experiment (Figure 13, E and F). A second stimulation block (Figure 13, C, yellow circle) 

during this elevated state did not induce a greater release of NE that could be detected 

over the already increasing trend in NE concentration . Similiarly, a second stimulation 

block (Figure 13, E, yellow circle) again failed to elevate the concentration of DA above 

baseline levels.  
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Figure 13: Baseline Catecholamine Levels and Tonic Stimulation.  (A - B) 

Example baseline experiment with concentrations of catecholamines following a 

decaying exponential trend. Each blue dot represents the raw concentration of either DA 

or NE recovered from an individual sample. The dotted orange line represents the fit to 

an exponential decay function. The dotted green line represents residual values (i.e., raw 

data with the fit subtracted). (C) Representative experiment where NE levels exhibited a 

linear increase following the first stimulation block (orange circle) (D) A scatter plot of 

residual values of NE concentrations in the baseline, tonic stimulation, and recovery 

conditions. (E) A representative experiment where DA levels were unaffected by the 

tonic stimulation of the LC (orange and yellow circles). (F) A scatter plot showing that 

DA levels were not affected by LC stimulation. Note that the distribution of points in the 

baseline, stimulation, and recovery conditions completely overlap with each other.  
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Catecholaminergic release following tonic LC activation could have been 

suppressed by the action of presynaptic α2 receptors during the stimulation block. To 

test this hypothesis, idazoxan (an α2 receptor antagonist) was reverse dialyzed into V1 

prior to the second stimulation block. Tonic stimulation in the presence of idazoxan 

induced an immediate release of NE into V1 (Figure 14, A, C). When MHPG and NE 

were examined individually rather than summed, idaxozan starkly increased the 

concentration of NE (Figure 14, C) but did not affect the concentration of MHPG (Figure 

14, D). This indicates that blocking the activity of the α2 adrenoreceptor boosts 

extracellular NE without suppressing the activity MAO and COMT; else the levels of 

MHPG (i.e., the metabolite of NE) would have decreased in parallel with the increase in 

NE. Tonic LC stimulation in the presence of idazoxan did not immediately elicit the 

release of DA into V1 or affect DA levels throughout the experiment (Figure 14, B).  
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Figure 14: Tonic Stimulation in the Presence of an α2 receptor antagonist 

(Idazoxan). (A-B) Two scatter plots of residual concentrations of NE and DA. Tonic 

stimulation in the presence of idazoxan elicits the immediate release of NE, but not DA, 

into V1. Note how (A) both tonic stimulation datapoints are well above baseline values. 

(C-D) Representative experiments depicting the effect of idazoxan on unsummed NE 

and MHPG levels. Note how idaxozan (green highlight) increases levels of NE by more 

than 2-fold (C), but MHPG levels (D) are not affected.   

 

 

In one experiment, a D2 receptor agonist (sumanirole) was reverse dialyzed into 

the V1 during tonic stimulation to selectively suppress DA release from the VTA. In this 

experiment, tonic stimulation elicited the immediate release of NE into V1 (Figure 15, 

A). More data is required to determine if NE is sometimes released during tonic 

stimulation or if blocking the D2 receptor somehow facilitated an increase in 

extracellular concentrations of NE.  This release was followed by the previously 

observed state change (i.e., the steady increase in NE levels after the first stim block). 

Surprisingly, tonic stimulation elicited DA release into V1 in the presence of sumanirole 

(Figure 15, B) suggesting that when tonically activated the LC can occasionally release 

DA into V1, and that under these circumstances release is not suppressed by inhibiting 

the action of the D2 autoreceptor (thought to be expressed specifically on VTA axons).  
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Even in PC, where VTA innervation is denser, DA was released in the presence of 

sumanirole (Figure 15, C and D) suggesting that a structure, like the LC, that does not 

express the D2 dopamine receptor, was the source of the dopamine. Unlike levels of NE, 

which linearly increase after stimulation, DA levels were only elevated during the 

stimulation block and returned to baseline levels following stimulation offset. 
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Figure 15: Tonic Stimulation in the Presence of a D2 Receptor Agonist 

(Sumanirole).  (A – B) Two scatter plots, showing concentrations of both NE and DA in 

V1 over baseline values during tonic stimulation in the presence of sumanirole. (C) A 

representative experiment where samples were collected in PC, in which tonic LC 

stimulation (yellow circle) increased levels of DA in the presence of sumanirole (green 

highlight). (D) Scatter plot showing levels of DA in the baseline, stimulation, and 

recovery conditions. The data point in the stimulation condition has a greater 

concentration of DA than all three baseline values.  
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3.3.3.2 Phasic Stimulation  

Phasic stimulation of the LC produced a different pattern of catecholaminergic 

release in V1. Unexpectedly, the first block of phasic stimulation (Figure 16, A, orange 

circle) induced an immediate decrease in NE in V1. After the first block of phasic 

stimulation, levels of NE increased linearly until levels rebounded above baseline levels. 

The first phasic stimulation block (Figure 16, C, orange circle) elicited a 2-fold increase 

in the amount of DA in V1. After the second stimulation block (Figure 16, C, yellow 

highlight) DA levels dramatically increased and then gradually returned to baseline 

levels by the end of the experiment.  
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Figure 16: Phasic Stimulation.  (A) An example experiment showing that the 

first block of phasic stimulation (orange circle) drove the concentration of NE down in 

V1. (B) Following the first stimulation block, the concentration of NE linearly increased. 

The levels in the recovery condition were comparable or greater than baseline values. 

(C) A representative experiment where phasic stimulation either induced an immediate 

release of DA (orange circle) or was followed by in an increase in DA concentration 

(yellow circle). (D) A scatter plot depicting the variable release of DA during stimulation 

and a return to baseline levels in the recovery period. 
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  In order to suppress any action of presynaptic α2 receptors that could facilitate 

the decrease in NE following phasic stimulation, an α2 receptor antagonist, idazoxan, 

was reverse dialyzed into cortex. Phasic stimulation in the presence of idazoxan elicited 

an immediate release of NE (Figure 17, A), and the release of DA in one of two 

experiments (Figure 17, B). The decrease in NE concentration following phasic 

stimulation was not observed suggesting that the temporary decrease in NE was in some 

part mediated by the α2 receptor. Unlike what was observed after tonic stimulation, 

idazoxan infusion following the first stimulation block increased the concentration of 

both NE and MHPG (Figure 17, C and D) suggesting that the two subsequent 

manipulations induced a state in which the activity of MAO and COMT was 

upregulated. In these experiments there is not enough time between the first stimulation 

block and the arrival of the drug to disambiguate a persistent state change following the 

first stimulation block and the effect of the drug.  
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Figure 17: Phasic Stimulation in the Presence of an α2 receptor antagonist 

(Idazoxan).   (A) Phasic stimulation in the presence of idazoxan elicits the immediate 

release of NE, and (B) sometimes the release of DA. Note how in (A) all stimulation 

datapoints are above baseline values, but in (B) only one of the values is above all 

baseline values. (C-D) Representative experiments depicting the effect of idazoxan on 

unsummed NE and MHPG levels. Note how (C) idaxozan (green highlight) increases 

levels of NE by more than 2-fold, and how MHPG levels (D) eventually rise above 

baseline during the idazoxan infusion (green highlight).   

 

 

In one experiment, phasic stimulation in the presence of the D2 receptor agonist, 

sumanirole, led to the immediate, but probabilistic, release of NE and DA into V1 

(Figure 18, A and B). As in the no-drug condition, phasic stimulation in the presence of 

sumanirole only induced the occasional release of dopamine (Figure 18, B). However, 

DA levels in both chambers (Figure 18, C) retained a downward trajectory from the start 

of this experiment and moved DA levels near the limit of detection by 150 mins. This 

downward trajectory did not fit well to the exponential decay function, and thus any 

decrease in DA due D2 receptor activation could not be resolved past the poorly 

adjusted decreasing trend in DA levels. Even in PC where the influence of sumanirole 

was expected to be more pronounced due to a greater density of D2-expressing VTA 

axons, no enhanced decrease in DA was observed. For this experiment, recovered levels 
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of DA during experimental manipulations were so close to the limit of detection that 

there was not a wide enough dynamic range to observe a drug effect in the downward 

direction even if there was one present.  

 

 
Figure 18: Phasic Stimulation in the Presence of a D2 Receptor Agonist 

(Sumanirole).   (A) A scatter plot showing that phasic stimulation increased levels of NE 

from baseline. (B) Scatter plot showing that DA levels were unaffected by any of the 

manipulations in the experiment. Levels of DA across all three conditions overlap. (C) 

Dopamine levels throughout the experiment from both chambers. Stimulation (orange 

and yellow highlights) had a marginal effect in the first stimulation block. By the end of 

the experiment including the samples where sumanirole had been infused (green 

highlight), recovery of DA had diminished to the at or below the limit of detection.  
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3.4 Discussion 

The data presented here argues that the LC can co-release NE and DA, and that 

the release of DA is state dependent and possibly contingent on firing rate. 

Catecholamine levels in V1 did not change during tonic stimulation, but in the 

presence of the α2 receptor antagonist, idazoxan, tonic stimulation was able to elicit an 

immediate release of NE. This release indicates that electrical stimulation was driving 

LC activity but that negative feedback via the activation of α2 receptors was suppressing 

release during stimulation. In microdialysis, facilitated diffusion is used to sample 

catecholamines in the extracellular environment. All neurons within the sampling range 

contribute to the recovered concentration, which suggests that the noradrenergic system 

at a circuit level, rather than a cellular level, retained a homeostatic level of NE during 

tonic stimulation through an α2 receptor mediated pathway. It is generally accepted that 

brain circuits retain a homeostatic set point resilient to perturbation (O’Leary et al., 2014; 

Froemke, 2015). However, gaps persist in our understanding as to how larger circuits 

such as visual circuits retain this homeostatic point as much data on this subject comes 

from studies on small networks like stomatogastric nervous system of crustations 

(Peterson & Voytek, 2020; Marder & Rue, 2021). The role of the α2 receptors on 

preserving levels of NE in V1 represents new data describing how large brain circuits 

retain chemical homeostasis.  
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Tonic stimulation failed to induce DA release even while suppressing α2 

receptors with idaxozan. Surprisingly, tonic stimulation in the presence of sumanirole 

was able to induce the release of both NE and DA into cortex. Though this data comes 

from a single experiment, this is strong evidence that DA was released from the LC, and 

not the VTA as blocking D2 receptors (i.e., expressed only on VTA axons and not LC 

axons) did not suppress the release of either of catecholamine. Behavioral records from 

that experiment mention that in the second stimulation block (the block with sumanirole 

in the cortical environment) of that experiment, the animal exhibited several LC 

behaviors including: an immediate shift to alertness at stim-onset, the chewing, 

yawning, scratching akin to social unease, and a coordinated visual search. Our 

evidence suggests that at least one of two events occurred during this experiment. 1) 

Variation in stimulation due to variance in the position or impedance of the stimulating 

electrode produced enhanced tonic activation compared to the other tonic stimulation 

experiments or 2) The release of DA from the LC is a probabilistic event dependent on 

firing rate (i.e., tonic stimulation could be capable of inducing the release of both 

catecholamines, but it just rarely manages to do so). 

Data from the phasic stimulation experiments support the ladder possibility. 

Whereas tonic stimulation was only able to elicit dopaminergic release in 1 out of 11 

stimulation blocks, phasic stimulation appears to elicit DA release 4 out of the 7 

stimulation blocks. Phasic stimulation parameters were designed to pulse match the 
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tonic condition meaning that the same amount pulses were delivered in both conditions. 

The only difference between the two conditions is how those pulses are organized in 

time with the phasic condition representing a higher pulse or firing rate. As discussed in 

the Chapter 2.1, increased fire rate of noradrenergic neurons is thought to increase the 

number vesicles in the readily available pool that are filled only with DA as pool of 

norepinephrine loaded vesicles can deplete overtime (Jonsson & Sachs, 1976; 

Weinshilboum et al., 1971). This signaling state is further perpetuated by vesicular 

fusion leading to the quantal release of DBH (Gonzalez-Lopez & Vrana, 2020). The 

hypothesis that phasic LC activation rapidly leads to the depletion of vesicular stores of 

NE is further supported by the observation that NE levels decreased following phasic 

activation of the LC.  

From these observations, a model of how the catecholaminergic signaling 

originating in the LC changes over time can be constructed. During tonic LC activation, 

the firing rate is rarely high enough to overcome the negative-feedback mechanisms that 

retain a homeostatic concentration of NE and DA. Neurons can typically replenish stores 

of NE, retain a homeostatic level of NE in the extracellular space, and rarely enter a state 

where DA becomes the predominant signaling molecule. On the other hand, phasic 

activation induces more vesicular fusion, and therefore makes LC neurons work harder 

to retain the stores of vesicles loaded with NE. Take the no-drug phasic stimulation 

experiment (Figure 16, A and B) as an example, sometime within the 20-minute 



 

83 

stimulation period the stores of freely available NE were depleted. Due to a large influx 

of the NE following stimulation, a combination of signal termination mechanisms 

(reuptake, negative feedback through the α2 receptor, and enzymatic degradation) 

upregulate their activity to return the circuit to a homeostatic state but overcompensate 

(e.g., the observed decrease in levels of NE following the first stimulation block). During 

phasic activation, LC neurons struggle to retain a pool of NE-loaded vesicles and begin 

to release DA as the primary signaling molecule (Figure 16, C and D). Following the 

first stimulation block, LC neurons adjust levels of NE to accommodate the higher firing 

rate and ultimately increase noradrenergic tone.  

How does the LC adjust the noradrenergic tone and why did levels typically 

increase over baseline values following stimulation? The most straightforward 

explanation is that electrical stimulation caused LC neurons to upregulate the 

intercellular pathways that net increased noradrenergic tone. When the α2 receptors 

were inhibited, the immediate decrease in NE concentration following phasic 

stimulation was not observed, and instead an immediate increase in NE concentration 

was observed. Unlike what was observed in the tonic + idazoxan condition, phasic 

stimulation in the presence of the idazoxan induced an increase in MHPG levels. An 

upregulation of MHPG levels is indicative that the more NE is being synthesized and 

also turned over by MAO/COMPT is enhanced; an indicator that the noradrenergic 

system is attempting to keep up with firing rate demands.  
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An alternative explanation is that electrical stimulation could have led to a feed 

forward recruitment of additional LC neurons that later released NE into V1 and 

contributed to the enhanced noradrenergic tone. The neurons of the LC, especially early 

in development, are known to be electrically coupled via a system of gap junctions and 

can synchronize their activity depending on the behavioral state of the animal 

(Christine, 1997; Ballantyne et al., 2004).  

A third and alluring explanation is that other LC axons in the local V1 circuit 

dynamically alter their release profile to meet the demands of the LC. This ‘shifting’ of 

axonal components would involve the trafficking of synthetic enzymes and the 

rearranging of termination molecules like the norepinephrine transporter. In the next 

chapter, evidence will be presented that indicates that axonal field originating in the LC 

have the ability to maintain subdomains or compartments of enhanced extracellular 

concentrations of catecholamines. 

Why the upshoot in noradrenergic tone persists for so long following stimulation 

(up to at least 150 minute) remains unknown. The data here indicates that when 

presented with a large perturbation (such as a 20-minute stimulation block), the 

noradrenergic system will overshoot mechanisms needed to return the circuit back to 

homeostatic set point. After stimulation the noradrenergic system decreased NE tone 

below baseline, and subsequently increased the NE tone above baseline (Figure 16, A). 

The question remains as to whether or not perturbations such as sustained and regular 
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phasic activation of LC neurons 20 minutes long could actually be observed in nature; it 

is possible that these persistent shifts in chemical state are artificial and only occur 

within the discussed experiments. In Chapter 5, the existence of behavioral states that 

could naturally induce prolonged phasic activation of NE will be discussed. 

 

3.4.1 Future Directions  

3.4.1.1 Higher Sampling Rate 

The data suggests that relatively transient shift in catecholaminergic tone happen 

over the course of the 20-minute stimulation block. The 20-minute collection of each 

sample was in part needed because the HPLC analysis requires a minimum sample size 

of 14 µl. Future experiments should look towards other analysis techniques such as mass 

spectrometry that can analyze samples as small as 5 µl. Recently, genetically encoded 

sensors for the detection of the catecholamines (i.e. GRAB sensors) have been developed 

that produce a fluorescent signal in the presence of DA and NE (Feng et al., 2019; Sun et 

al., 2020). With these new tools, DA and NE can be simultaneously detected with high 

spatial and temporal precision, but these tools are in the early stages of development for 

the use in non-human primates.  

3.4.1.2 Anatomical Confirmation of Putative LC Position  

The small size of the LC makes reliably targeting the structure difficult. The path 

to get to the LC often passes through several membranes and densely populated brain 
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areas. The electrode can deviate slight from the desired path on the decent. It is 

recommended to eventually confirm the electrode track using anatomical and 

immunohistochemical methods. In the ideal case, a tracer (Micro-emerald; ThermoFisher 

Scientific, cat #D7156) would be injected into the putative LC recording site. Following 

tracer placement, the tracer should colocalize to DBH immunoreactivity and axons 

should be able detected in V1 as the LC is only cortically projecting.  

3.4.1.3 Increase Sample Size  

The data presented here is only from a single monkey. Coming from only one 

animal, the deductive power of the results is limited. Biological replicates of these 

experiments carried out in another animal would help improve statistical power. Data 

from another animal has been collected and are currently pending analysis. The low 

sample number also contributes to the variability. For example, there were only two 

experiments that tested phasic stimulation: DA release was observed in one experiment, 

but not the other (Figure 16). With only two experiments it is difficult to interpret that 

result.  

3.4.1.4 Optogenetics  

At the start of this study in 2017, electrical stimulation of the LC was the only 

strategy for artificially activating the structure. Since then, optogenetic tools have been 

developed for application in the macaque monkey (Ghosh & Maunsell, 2022). 

Optogenetics is an alternative stimulation strategy that can circumvent LC-VTA 
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interconnectivity and potential difficulties encountered in finding the optimal electrical 

stimulation. Using a dual-vector adeno-associated virus strategy, red-shifted 

channelrhodopsin-2 (ChR2) protein can be selectively expressed in the noradrenergic 

neurons of the LC. The first vector would deliver a Cre-recombinase under the control of 

a DBH promotor sequence. The second vector would deliver a Cre-recombinase 

dependent ChR2 construct. Light stimulation would be delivered locally in V1, avoiding 

entirely the projection from the LC to the VTA. Considering the sparce noradrenergic 

innervation in V1, activating enough ChR2-expressing LC axons might be difficult 

especially considering the size thickness of V1. 

3.4.1.5 Improved aCSF Recipe  

In the present study, a commercially available aCSF (Harvard Apparatus, cat # 

59-7316) was used as the perfusate for every experiment. The ionic composition of that 

aCSF is based on rodent CSF ratios. In theory, an aCSF closest to the endogenous CSF 

would produce the best analyte recovery. An existing protocol for monkey-specific aCSF 

(Saunders et al., 2001), but that solution has very limited buffering capacity and 

struggles to retain a stable pH. The electrochemical detection of catecholamines is 

extremely sensitive to pH, and thus attempts at collecting data using the monkey 

specific aCSF as a perfusate often interfered with the detection of catecholamines; 

MHPG and NE detection was specifically affected as those two molecules elute from the 

column fastest and are closest to the salt front (Figure 11, the two initial peaks ahead of 
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the MHPG). Future attempts should take care to maximize recovery through a series of 

control experiments that compare recovered concentrations of catecholamines between 

different aCSF perfusate.  
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4. ADDRESSING LONG-RANGE DIFFUSION  

 

4.1 Introduction 

The goal of this chapter is to address the possibility that long-range diffusion 

(i.e., diffusion more than 20 nm and ranging up to 1 – 2 mm) is a feature of the 

dopaminergic system in V1. Perhaps, DA simply diffuses from VTA innervation in 

layers 1 and 6 and activates the receptors in the middle layer. Being that there is no 

evidence of any neuromodulatory system utilizing long range-diffusion as a signaling 

mechanism, the experiment in this chapter approaches the question with a careful 

examination of the noradrenergic system.  

Neuromodulators, like NE and DA, are synthesized in subcortical nuclei and 

released into cortex via complex axonal projections. In addition to participating in 

synaptic transmission, neuromodulators escape synapses and can also be released into 

the extracellular space (ECS) from sites that lack a post-synaptic specialization (i.e., 

neuromodulators participate in volume transmission). The signals conveyed by volume 

transmitted molecules have both spatial (e.g., where they are released, and how far they 

diffuse through the tissue) and temporal properties (how long they persist in the ECS). 

For example, a neuromodulator released from a site that lacks a synaptic specialization 

will diffuse through the ECS until the signal is terminated via reuptake, or the molecule 

is metabolized, or drops to concentrations below the affinities of nearby receptors.   
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NE modifies processing in many cortical areas, including the primary visual 

cortex (V1). How exogenous NE influences visually evoked responses of neurons in V1 

has been studied in cats and rodents [reviewed by (Waterhouse & Navarra, 2019)]. 

However, the role of the NE in V1 and how NE achieves the effects that have been 

observed in these species – at a circuit level – remains elusive. Even less is known about 

how NE modulates the activity of V1 neurons in primates which can carry out complex 

visuo-cognitive tasks conducive to elucidating how NE modulates visual processing 

during specific behavioral states. Further examining the anatomy of the noradrenergic 

system in V1 of primates can be used as a first step in predicting NE’s circuit function(s). 

For example, antibodies directed against DBH, the enzyme that converts dopamine into 

norepinephrine, can be used as a marker for axons originating in the (LC), the only 

cortically projecting noradrenergic nucleus. Describing the distribution and density of 

axons immunoreactive for DBH (DBH+ axons) reveals which cortical areas and layers 

are targeted by the noradrenergic system.  

Prior qualitative studies in macaque monkeys have found that DBH+ fibers most 

prominently innervate the layers of V1 in two bands: one spanning layers II-IVb, and the 

other layers V and VI (Foote & Morrison, 1984; Kosofsky et al., 1984). In between these 

two bands of dense staining is the most distinct feature of DBH immunoreactivity in V1, 

the sparse labeling of layer IVc; there are few DBH+ axons in layer IVc-α and none in 

layer IVc-β (Kosofsky et al., 1984).  
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Just as midbrain dopaminergic innervation appears spatially separated from the 

receptors, the noradrenergic system appears to have a similar anatomical mismatch. For 

example, α2 receptors are strongly expressed in layer IVc-β (Rakic et al., 1988), despite 

the lack of noradrenergic innervation in that sublayer. This observation is non-trivial 

from a functional standpoint; an adrenoreceptor in the middle of layer IVc-β could be 

400 μm or more from the nearest noradrenergic axon. Assuming that NE is the ligand 

for these receptors, this spatial mismatch between innervation and receptor expression 

suggests diffusion over hundreds of microns may be a feature of noradrenergic 

signaling in macaque V1.  

In interpreting these prior data, it is important to consider that DBH is expressed 

within dense core vesicles (Olschowka et al., 1981; Smiley et al., 1999), and is therefore 

expressed at putative sites of release. Because NE needs to reach receptors at 

concentrations sufficient for activation, neither the location of the release sites nor the 

density of the releases sites is alone sufficient to predict NE function. We also need know 

the distances to the nearest receptors (which, as mentioned above, could be relatively 

large in layer IVc) and the likelihood of encountering a signal termination mechanism 

along the way. Thus, characterizing the spatial distribution of signal termination 

mechanisms (i.e., not just release sites) is essential for understanding NE function. 

Both the NET and DBH are expressed on LC axons (Matthies et al., 2009; Sanders 

et al., 2005), and thus NET+ and DBH+ axons represent the same population of axons in 
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cortex; those originating in the LC. It is generally accepted that NET, like DBH, is also 

expressed at sites of noradrenergic release; NET participates a well-described physical 

interaction with syntaxin 1A, a presynaptic soluble N-ethylmaleimide-sensitive factor 

attachment protein receptor (SNARE) protein involved in vesicular fusion (Sung et al., 

2003). If true, this may provide important constraints on diffusion distances for NE 

(because release and termination are co-located). To test this implicit hypothesis in the 

field, and to provide constraints for models of NE (and DA) diffusion, the density of 

axon segments immunoreactive for NET (NET+ axons) was stereologically quantified in 

V1. Next, a method was developed to quantify the laminar distribution of NET+ axons, 

and a statistical strategy was designed to compare these quantitative data to prior 

qualitative data on the distribution of DBH+ axons. Finally, the laminar distribution of 

NET+ axon segments was directly quantified and compared with the distribution of 

DBH+ axon segments in V1. Within this study, data regarding V2 was also collected 

(and is included) but can be disregarded in the context of this dissertation. 
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4.2 Methods 

4.2.1 Tissue Preparation 

Brain tissue from three adult macaque monkeys was used in this experiment. 

These animals were: a 14 year-old male Macaca nemestrina (A7), an 11 year-old male 

Macaca mulatta (A8), and a 7 year-old female Macaca mulatta (A9). Tissue harvesting and 

fixation procedures were previously described (Disney et al., 2014). All procedures were 

approved by the Animal Care and Use Committees (ACUC) at the relevant institutions 

(The Salk Institute for Biological Studies for A7 and A9, Columbia University for A8) 

and performed in accordance with NIH guidelines for the care and use of animals. 

Animals had been used previously in unrelated electrophysiology experiments (Hafed 

et al., 2011; Lovejoy & Krauzlis, 2010; Oristaglio et al., 2006).  

Animals were euthanized by intravenous injection of sodium pentobarbital (60 

mg/kg). Following abolition of corneal and pedal reflexes, animals were perfused by 

inserting a ball-tipped gavage needle through an incision in the tip of the left ventricle of 

the heart, positioning the needle tip up beyond the aortic arch, and passing chilled, 

heparinized 0.01 M phosphate-buffered saline (PBS, pH 7.4, with at least 1000 IU heparin 

per liter) followed by 4 L of chilled 4% paraformaldehyde (PFA) in 0.1 M phosphate 

buffer (PB, pH 7.4) run through the arteriovenous system for no less than 40 minutes. A9 

was euthanized under the same conditions, but the fixative used was 0.15% 

glutaraldehyde and 4% paraformaldehyde in PB. Brains were harvested, and post-fixed 
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overnight at 4°C in 4% PFA in PB. For A7 and A9, prior to post-fixation the hemispheres 

were separated, and the unrecorded hemisphere blocked in the coronal plane at the level 

of the intraparietal sulcus. A8 was post-fixed without blocking (whole brain). Following 

post-fixation, the brains were moved to 30% sucrose in PBS as a cryoprotectant and 

stored at 4°C. 

Data was collected from the (unrecorded) right hemisphere of each brain. Brain 

blocks were sectioned in the coronal plane from posterior to anterior at thickness of 50 

μm, on a freezing microtome. For A9, because glutaraldehyde had been used as a 

fixative, sectioning started 48 hours after perfusion and the resulting sections were 

immediately reacted in 1% sodium borohydride in PB for 30 minutes then rinsed six 

times in PB, each rinse for 15 minutes. A7 and A8 were sectioned after the blocks had 

completely sunk beneath the surface of the cryoprotectant solution and were not reacted 

with sodium borohydride. To provide reference sections for determining boundaries 

between cortical areas and cortical layers, three 1-in-6 series were set aside: one for a 

silver stain for myelin (Gallyas, 1979), one for Nissl bodies (cresyl violet), and a third for 

antibody staining directed against neurofilament SMI-32. The remaining sections were 

stored free-floating at 4°C in .01 M PBS with 0.05% sodium azide added. 
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4.2.2 Immunohistochemistry and Antibody Characterization 

4.2.2.1 Anti-NET 

Tissue sections for NET stereology were selected via systematic random 

sampling, based on a randomized starting well; two 1-in-6 series that represent the 

entire volume of V1 and V2 were selected and rinsed for 3 x 5 minutes in 0.01 M PBS to 

remove the sodium azide. Endogenous peroxidase activity was then quenched by 

incubating in 1% H2O2 in PBS for 30 min, followed by 3 x 5-minute rinses in PBS and a 

60-minute incubation in a blocking buffer comprised of 6% normal donkey serum 

(Jackson ImmunoResearch, Westgrove, PA) and 0.5% Triton-X 100 (MilliporeSigma, 

Burlington, MA) in PBS. Tissue was then incubated for 3 days on a rocker at 4°C in a 

solution containing a monoclonal primary antibody raised in mouse against a segment 

of the human NET protein (anti-NET: NET17-1, MAb Technologies, Neenah, WI, Table 

6) diluted at a concentration of 1:500 in 6% normal donkey serum (Jackson 

ImmunoResearch, Westgrove, PA) in PBS. The concentration (1:500) of anti-NET which 

produced maximum staining was determined in a pilot experiment that tested 6 

concentrations (1:100, 1:200, 1:300, 1:500, 1:1000, and 1:2000) of anti-NET primary on the 

emergence of immuno-labeled axons. Labeled axon density was measured using a 

SpaceBalls probe (Calhoun et al., 2004; Calhoun & Mouton, 2001; Mouton et al., 2002). 

Following the incubation in primary antibody, sections were rinsed for 3 X 15 

minutes in PBS before being transferred into a F’ab fragment, biotin-conjugated 

secondary antibody raised in donkey against mouse IgG (Jackson ImmunoResearch,  
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Westgrove, PA) diluted at a concentration of 1:500 with 6% normal donkey serum in 

PBS. After 1 hour in this secondary antibody solution at room temperature on a rocker, 

sections were rinsed 3 x 15 minutes in PBS and incubated for 30 min in an avidin-

horseradish peroxidase complex (Vector Elite ABC Kit, Vector Labs, Burlingame, CA). 

Labelling was visualized using 0.022% 3,3′-diaminobenzidine (DAB; Sigma, St. Louis, 

MO) as the chromogen and 0.015 % hydrogen peroxide as the substrate, both diluted in 

PBS. The sections were then rinsed 3 x 5 minutes in PBS, mounted on gelatin-subbed 

glass slides, and dried overnight. After dehydration through a graded series of alcohols 

and xylenes, slides were coverslipped with Permount Mounting Medium (Electron 

Microscopy Sciences, Hatfield, PA) and dried. 

4.2.2.2 Anti-DBH 

Labeled tissue sections containing V1 were selected from a prior, unrelated 

experiment for a non-stereological quantification of DBH-immunoreactivity. The 

preparation of tissue for the prior experiment is described here and began with 

incubating sections in a methanol-NaOH solution to better expose the target epitope 

(antigen retrieval) using a modified protocol originally described in Schuerger & 

Balaban (1999).  

A saturated sodium hydroxide (NaOH) solution was made by mixing 40 - 80 g of 

NaOH salt (MilliporeSigma, Burlington, MA) into 50 mL of milli-Q water at 22 °C. 

NaOH salt was added until the granules no longer dissolved into solution. The 
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saturated NaOH solution was allowed to sit for 1-2 hours to allow excess NaOH to 

precipitate, and then the solution was filtered through P8 grade filter paper (Fisher 

Scientific, Pittsburgh, PA). The saturated NaOH solution was then diluted 1:3 with 100% 

methanol. Tissue sections were dipped into Milli-Q water, and then incubated in the 

methanol-NaOH solution for 30 mins. Following antigen retrieval, the tissue was 

washed 2 x 7.5 mins in 100% methanol and washed again for 2 x 7.5 min in 50% 

methanol.  

Following the final methanol wash, the tissue was rinsed 3 x 5 mins in PBS. The 

tissue sections were then processed to block endogenous peroxidases and non-specific 

antibody binding sites as described above, and then incubated for 3 days on a rocker at 

4°C in a solution containing a polyclonal antibody raised in sheep against a segment of 

the human DBH protein (anti-DBH: AB1537, MilliporeSigma, Burlington, MA, Table 6). 

The concentration (1:500) of anti-DBH which produced maximum staining was 

determined in a pilot experiment that tested 4 concentrations (1:250, 1:500, 1:500, and 

1:1000) of anti-DBH primary on the emergence of immuno-labeled axon structures. The 

degree of immuno-labeling and ratio of signal-to-background staining was qualitatively 

assessed using brightfield microscopy at 40x magnification.  

Following primary incubation, the tissue was rinsed 3 X 15 minutes in PBS before 

being transferred into a F’ab fragment, biotin-conjugated secondary antibody raised in 

donkey against sheep IgG (Jackson ImmunoResearch, Westgrove, PA) diluted at a 
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concentration of 1:500 in 6% normal donkey serum in PBS. After a 1-hour incubation in 

the secondary antibody solution, the tissue was washed, labeling was visualized using 

the same DAB procedure, and sections were dehydrated and mounted as described 

above. 

Western blot analysis conducted on human adrenal gland homogenate 

confirmed that the anti-DBH primary antibody produces a band at 75 kDa, as predicted 

for the human DBH protein. No band was produced when the antibody solution was 

pretreated with the DBH antigen (Nagatsu et al., 1990). In our own preadsorption 

control experiment, in which the anti-DBH antibody was preincubated with a saturating 

concentration of the immunogen, including terminal modification, see Table 6 

(GeneScript Piscataway, NJ) prior to use, staining was abolished. 

4.2.2.3 Anti-SMI-32 

The 1-in-6 tissue series set aside for SMI-32 processing was rinsed in 0.01 M PBS 

and endogenous peroxide activity was quenched as described above. Tissue sections 

were then transferred into a blocking buffer comprised of 1% bovine serum albumin 

(BSA, Jackson ImmunoResearch, Westgrove, PA), 5% normal goat serum (Jackson 

ImmunoResearch, Westgrove, PA), 0.1% Triton-X 100 (MilliporeSigma, Burlington, MA), 

and .05 % sodium azide (MilliporeSigma, Burlington, MA) in PBS for 1 hour. Tissue was 

then incubated for 24 hours on a rocker at room temperature in a solution containing a 

monoclonal primary antibody raised in mouse against purified human neurofilament H 
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(anti-SMI-32: 801702, Biolegend, San Diego, CA, Table 6) diluted at a concentration of 

1:2000 in the blocking buffer. After primary incubation, tissue sections were washed 3 x 

10 mins in .01 M PBS before being transferred into a F’ab fragment, biotin-conjugated 

secondary antibody raised in goat against mouse IgG (Jackson ImmunoResearch, 

Westgrove, PA) diluted at a concentration of 1:1000 with 1% BSA in PBS. After a 1-hour 

incubation in the secondary antibody solution, the tissue was washed, labeling was 

visualized using the same DAB procedure, and sections were dehydrated and mounted 

as described above. 
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Table 6:  Primary Antibodies 
Primary  Clone Host Antigen Vendor Cat # Antibody 

Registry ID 

Anti-

NET 

Mono Mouse Amino acids 17-33 of the 

human NET protein 

coupled to N-terminal KLH 

 

ADTGPEQPLRARKT AEL-

KLH 

MAb Tech-

nologies 

NET17-1  N/A 

Anti-

DBH 

Poly  Sheep Amino acids 596 – 612 of 

human DBH protein 

coupled to a C-terminal 

amide group. 

 

 CPTSQGRSPAGPTVVSI-

amide 

Millipore 

Sigma 

AB1537 AB_2089357 

Anti-

SMI-32 

Mono Mouse Purified human 

neurofilament H protein  

BioLegend  801702 AB_2564642 

 

4.2.3 Defining Cortical Areas 

Light micrographs of immunostained tissue were captured using a Carl Zeiss 

AxioCam MRc camera driven by the StereoInvestigator software suite (MBF Bioscience, 

Williston, VT). Settings for the contrast and brightness of micrographs were chosen to 

match the image as it appeared through the ocular lenses. Borders of V1 and V2 were 

traced at 1.25x magnification using Gallyas and SMI-32 reference sections adjacent to the 

(antibody-stained) sections from which data was collected. V1 borders were identified 

by the presence (in V1) of the line of Gennari. V2 borders with cortical areas V3, and PO 

were identified based on Gallyas (Colby et al., 1988; Ungerleider & Desimone, 1986) and 

SMI-32 (Hof & Morrison, 1995) staining patterns. Data was not collected within a 

confidence boundary defined around each area border. The width of these confidence 

boundaries was determined by the subjective ease of defining each border; less distinct 
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borders were assigned wider confidence boundaries. For each animal, the widest 

confidence boundary determined for each border type (e.g., V2/PO) was applied to all 

experimental sections. The width of each confidence boundary varied, with V1/V2 

boundaries being the easiest to distinguish (70 μm – 90 μm) and the V2/V3 boundaries 

being the most difficult to distinguish (230 μm – 250 μm). 

4.2.4 Stereological Quantification of Axonal Density  

The length of NET+ axon segments in V1 and V2 was quantified using the 

SpaceBalls probe (Calhoun et al., 2004; Calhoun & Mouton, 2001; Mouton et al., 2002) 

implemented in the StereoInvestigator software suite (MBF Bioscience, Williston, VT). 

Counting was carried out under Köhler illumination at 63x magnification. Spherical 

‘probes’ (regions within which counting would occur) of radius 8 μm were overlaid (by 

the software) on an image of the tissue using systematic random sampling. Mounted 

section thickness was measured at every probe location. The average measured 

thickness of the mounted and dehydrated tissue was 18 μm. A 1 μm guard zone, in 

which no counts were made, was applied at the top and bottom of the tissue (i.e., 

leaving 16 µm in the z axis as eligible for counting). Intersections between 

immunolabeled axons and the surface of the probe spheres were counted by moving 

through the z axis at each probe location. Total axon length (L) was calculated using the 

following equation (Mouton et al., 2002): 

 



 

102 

 

                 

Eq. 1 

where n is the number of sections sampled, Qi is the number of intersections between 

immunolabeled axon segments and probe spheres, v is the total volume of sampled 

tissue (section thickness x surface area of each section in μm2), a is the surface area of the 

probe sphere, and ssf is the section sampling fraction (the interval in µm between each 

section sampled through each brain area).  

 

To obtain axon segment density (mm/mm3), the total axon length (L) was divided 

by the volume of the relevant brain area (V1 or V2; Cavalieri Estimator). Stereological 

estimates of axon density were compared between V1 and V2 using a two-tailed paired 

t-test conducted in Graphpad Prism Version 8 (San Diego, CA). 

4.2.5 Laminar Quantification of Immuno-labeled Axons  

 

To quantify the length of NET+ axon segments as a function of cortical layer in 

both V1 and V2, ‘montages’ of light micrographs - spanning all layers of cortex (from the 

pia to the white matter) - were collected at pseudo-random locations at 63x 

magnification. Three ‘montages’ that sampled the antero-posterior (AP) extent of each 

area at 6000 µm spacing were collected per animal for V1 and three for V2, i.e., one 

montage at each AP position. This resulted in 18 image montages in all, 2 brain areas x 3 

animals x 3 anteroposterior locations. To quantify DBH+ axon segments as a function of 

layer in V1, we collected montage images from the available pool of tissue previously 
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labeled for DBH, resulting in 1 montage coming from each A7 and A8, and 3 montages 

for A9: a total of 5 image montages. 

Laminar boundaries were traced on images of adjacent Nissl-stained reference 

sections and then overlaid on the data (immunostained) montages using Adobe 

Photoshop, v. 2022 (San Jose, CA). Confidence intervals of 10 μm were placed on both 

sides of each laminar boundary.  

Circular probes with a diameter of 20 μm and a line thickness of .5 μm were 

randomly placed on the micrographs using custom-written code (ImageJ). Similar to the 

3-D quantification described above, the length of immunolabeled axons was estimated 

by counting intersections between axon segments and the circular probes. In order to be 

counted, an axon segment had to be in focus and at least 1 µm in length (Figure 1a). For 

axons that intersected a single probe more than one time, each intersection of the circular 

probe was counted. Some axons either lacked inter-varicose staining or intermittently 

lacked inter-varicose staining and appeared as a series of disconnected varicosities. In 

these cases, the axons needed to consist of at least 4 varicosities or 2 varicosities plus at 

least one small axon segment, and those structures needed to follow the Gestalt 

principle of good continuity (Figure 1b).  

To evaluate the adequacy of sampling, a coefficient of error (CE) was calculated 

using the following equation (R Scheaffer et al., 1996; Schmitz & Hof, 2000):  
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Eq. 2 

 

where R is total number of probes applied to a cortical layer and Qr is the number of 

intercepts counted in each layer. 

 

  In pilot studies, the total number of randomly placed probes applied to the entire 

micrograph in order to yield a CE of less than or equal to 0.1 in each layer was 

determined and that number of probes was applied to each micrograph. In producing 

the illustrations in Figure 21, representative montages were edited using Adobe 

Photoshop, v. 2022 (San Jose, CA). The contrast of the raw image was digitally enhanced 

to improve axon visibility, and a pixel threshold of 70% applied to exclude out-of-focus 

features. Following this pixel thresholding, axons were traced by hand into a separate 

image layer.  

Critical to a valid 2-D adaption of the 3-D SpaceBalls approach is demonstrating 

that axons are oriented in the tissue in a manner that is isotropic in 3 dimensions (i.e., 

that reducing to a circle from a sphere will not introduce bias). Our tissue is hand 

blocked so the plane of section differs slightly between animals. We thus assessed 

isotropy by measuring the angle of incidence of individual axon segments upon a probe 

boundary using the vertical center of the probe as surface normal (Figure 19, A, inset). 

When compared across animals and brain areas, sampled axons intersected probes in an 

unbiased manner (Figure 19, C). 
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Figure 19: Laminar Quantification of Immunoreactive Axons.  (A) Circular 

probes (black circles) were randomly applied to an image of tissue taken at 63x 

magnification. Each intersection (indicated by black arrows) of a probe and an axon was 

counted by the experimenter. (Insert) The angle of incidence of the axon upon the probe 

was measured using the vertical center of the probe as surface normal. Scale bar 

represents 10 μm. (B) Examples of accepted and rejected axonal segments lacking 

staining in inter-varicose segments. Example 1 represents an accepted axon consisting of 

four varicosities that collectively follow Gestalt good continuity. Example 2 represents a 

rejected structure. The varicosity inside the boundary of the circular probe violates the 

continuity of the three varicosities on the outside and makes the intersection with the 

probe difficult to resolve. Example 3 represents an accepted axonal structure consisting 

of a short axon segment and two varicosities. Example 4 represents a rejected structure. 

It is unclear if the varicosity near the lower boundary of the probe is continuous with the 

varicosities near the center, the axon segment on outside of the probe, or all three. (C) 

Histograms depicting the angle of incidence of all sampled NET+ axons in V1 and V2 

separated by animal (A7, A8, and A9). 
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To evaluate the adequacy of sampling, a coefficient of error (CE) was calculated 

using the following equation (Scheaffer et al., 1996; Schmitz & Hof, 2000):  

 

 

                       

Eq. 2 

where R is total number of probes applied to a cortical layer and Qr is the number of 

intercepts counted in each layer. In pilot studies, the total number of randomly placed 

probes applied to the entire micrograph in order to yield a CE of less than or equal to 0.1 

in each layer was determined and that number of probes was applied to each 

micrograph. 

 

In producing the illustrations in Figure 21, representative montages were edited 

using Adobe Photoshop, v. 2022 (San Jose, CA). The contrast of the raw image was 

digitally enhanced to improve axon visibility, and a pixel threshold of 70% applied to 

exclude out-of-focus features. Following this pixel thresholding, axons were traced by 

hand into a separate image layer.  

 

4.2.6 Summary of Bayesian Analyses   

Traditional statistics do not offer the ability to directly test our hypotheses (see 

below).  Furthermore, our data violate many of the assumptions (e.g., independence) 

and requirements (sample size) for the application of frequentist statistics (such as the 

chi-sqaure or t-test). For these reasons, we carried out Bayesian statistical analyses using 
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RStan (the R interface to Stan) in order to test for differences in the estimated axon 

lengths for NET and DBH in each cortical layer. Our Bayesian model (below) states that 

the observed value for axon length (Qr) is a Poisson variable determined by  1) factors 

operating at the level of whole tissue sections, (αs) such as individual differences and 

differences introduced by tissue processing, 2) differences in density between cortical 

layers ( ), 3) the number of probes applied to each layer ), and a scaling factor, .  

 

                                         )  
Eq. 3 

Priors were modeled as gamma distributions, which are described by two 

parameters: a shape parameter (k), and a scale parameter (θ). The scale parameter was 

set to 1 for all priors (i.e., αs, βl, and ρ), except when using published data to build a 

prior (see below). The k parameter for each gamma function was fit using 4 parallel 

Markov chains, 2000 iterations per chain, which generated the Bayesian posterior 

distributions. 

In the model,  allowed us to account for individual differences between animals 

and variability in immunohistochemical processing. We used , to model what is already 

known (from the prior literature) about the laminar distributions of NET+ and DBH+ 

axons before our data were collected. Setting this prior such that the shape parameter (k) 

is the same across layers (i.e., the same gamma distribution fits the data in every layer) 
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would be equivalent to a null hypothesis that there is no difference in axon segment 

density between layers. Setting this (as we did) to represent data from previous studies 

(see below) is equivalent to hypothesizing that our observations will be the same as 

those of prior studies and allows a test of the significance of the differences between 

layers observed quantitatively in our study, and qualitatively in prior studies. The third 

gamma-distributed prior, ρ, was used to represent a common implicit assumption in the 

field (i.e., an implicit null hypothesis) that a synthetic enzyme (DBH) and a transporter 

protein (NET), by virtue of their both being (only) expressed at the release site, should 

have identical expression patterns and thus the same rate of probe intersections. This is 

to say, this represents a test of the hypothesis that counting NET+ segments and then 

counting DBH+ segments is equivalent to counting the same things (release sites) twice. 

Falsifying this hypothesis would indicate that either NET or DBH (or both) is also 

expressed away from release sites.  

Layer-specific priors for DBH+ axon segments, (i.e., priors on  for DBH+ 

axons), were derived from (Kosofsky et al., 1984). The gamma distribution parameters 

were calculated using equations below: 

 

                                              &     
Eq. 4 
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where m is the mean and σ is the standard deviation of the data. Kosofsky et al. 

(1984) expressed the density of DBH+ axons in each layer using a qualitative scale. In 

order to generate parameters for a gamma distribution from these data, we converted 

the four categorical qualitative labels to “mean” (m) axonal densities with values 0.25 

(sparsely innervated layers, ‘-’ in the original paper), 0.5 (‘+’), 0.75 (‘++’), and 1.0 (‘+++’). 

Qualitative reports have no variability (i.e., no equivalent for standard deviation). To 

obtain an estimate of the variability in the categorical qualitative assessment of DBH+ 

axon density, we carried out a separate experiment. Three blinded participants 

(experienced anatomical observers naïve to the purpose of the exercise) scored 45 equal-

sized, non-overlapping, selections of pictorial data from Kosofsky et al. (1984), (i.e., 5 

printed images from each of the 9 layers), using the scale described above. The observers 

were asked to assign each picture to a “bin” labeled 0.25, 0.5, 0.75, or 1.0 that they felt 

best captured the density of innervation in the picture. For each layer, the scores across 

the three observers were averaged, and the standard deviation calculated. We 

parameterized two separate distributions using the scored data. In Case 1, the converted 

mean derived from Kosofsky et al. (1984) and the scored standard deviation were used 

to calculate the parameters of the gamma distribution for each layer according to 

equation 4, above. In Case 2, the mean of our observer’s score and the corresponding 

standard deviation for each layer was used to parameterize the gamma distribution. In 

analyzing the distribution of NET+ axons in V1, we had no prior on the distribution of 
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NET+ axons across the layers (i.e., there is no prior published data). We thus used a 

uniform prior; gamma parameters k=1, and θ=1 were applied to every layer of cortex. As 

discussed above, this is equivalent to asserting a null hypothesis, that there is no 

difference in NET+ axon density between the layers of cortex.  

4.3 Results  

The purpose of this study was to quantify the expression of the terminal 

synthetic enzyme (DBH) and primary reuptake transporter (NET) for the noradrenergic 

system in the early visual cortex (V1 and V2) of adult macaques. We began by 

comparing the overall density of NET+ axons between V1 and V2. Previous studies 

report that V2 is more densely innervated with DBH+ axon segments than is V1 

(Morrison & Foote, 1986). Given that, like DBH, NET is also expressed on LC axons 

(Matthies et al., 2009; Sanders et al., 2005), we would thus expect a higher density of 

NET+ axon segments in V2 than V1. Our stereological quantification shows that, indeed 

the density of NET+ axon segments in V2 (M = 614.80 mm/mm3, SD = 101.26) is 

significantly higher than that in V1 (M = 505.76 mm/mm3, SD = 62.60) (t(2) = 4.492, p = 

.046) (Figure 20). This quantification confirms what can be seen by eye (Figure 21). 
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Figure 20: Summary of Stereological Estimation of NET+ Axons.  Axon density 

is displayed in millimeter (mm) of axons per cubic millimeter sampled (mm3). The 

estimates from any given animal, A7 (grey), A8 (dark grey), and A9 (black), are 

connected by a line; in each case V2 has a greater axon density than V1.  
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Figure 21: Photomicrograph Drawing of Immuno-labeled Tissue.  Contrast and 

brightness adjusted to enhance visibility of axons in drawing. In V1, (A) DBH+ and (b) 

NET+ axons exhibit divergent laminar patterns. The most prominent difference can be 

seen at the boundary between layer VI and white matter (WM). DBH+ axons that run 

parallel to IV-WM boundary tend to fall firmly within layer VI (Panel A, dotted box) 

whereas NET+ axons are typically found on the WM-side of the laminar boundary 

(Panel B, dotted box). In both conditions, there is scarce immuno-labeling in layer IVc; 

specifically in the bottom portion corresponding to layer IVc-β.  (C) V2 is more densely 

populated with NET+ axons than V1, are more uniformly distributed across layers. Each 

photomicrograph is accompanied by a neighboring Nissl section to distinguish laminar 

boundaries. All photomicrographs collected from animal A7 and imaged 63x. Each scale 

bar represents 100 μm.  
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Describing the overall density of innervation in an area is insufficient; knowledge 

of which layers (and thus which stages of visual processing) are targeted by the 

noradrenergic system is important if anatomical data are to be used to predict function. 

To begin the laminar assessment, we first quantified DBH+ and NET+ axon segments as 

a function of layer using a 2-D analog to the SpaceBalls approach in stereology (see 

Methods). Briefly, this involved counting the number of times axon segments intersected 

circular counting ‘probes’ of a fixed radius (Figure 19) and normalizing by the number 

of probes to give a ‘rate’ of axon/probe intersections per layer.  

To determine whether our data reflects prior observations, we used the 

distribution of DBH+ axons in V1 described by Kosofsky et al., (1984) as the prior in a 

Bayesian model (see Methods). We first developed a quantitative approximation to their 

qualitative data in which we converted their -/+/++/+++ categories to a numeric scale 

from .25 - 1.0 and had naïve observers classify image snippets from Kosofsky et al.’s 

figures on this scale, to obtain an estimate of variability.  

Our observer’s ratings of axonal density in each layer were all within 1 standard 

deviation of the converted means derived from the categorical data presented in 

Kosofsky et al. (1984). Using converted mean axonal density and scored standard 

deviation for each layer (Case 1, see methods), we established gamma-distributed priors 

on axonal density and tested those priors against our data. The means and standard 

deviations used to parameterize the qualitative data are shown in Table 7. In layer 4c-β, 
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our observers unanimously scored snippets from that layer as .25 (sparse innervation), 

which produced a standard deviation of zero. For layer 4c-β, the standard deviation was 

treated as ‘.01’ to represent the assumption that in nature there is variability in that 

layer, but that variability is too small to be detected using our scoring strategy. Note that 

the absolute values for the parameter k are strongly determined by our encoding 

approach to the prior data. We used a categorical scale that ranged from 0.25 (sparse 

innervation) to 1.0 (dense innervation, see Methods), thus the absolute values of k are 

not interpretable in biological terms; they express relative density as a unit-free measure.  

 

Table 7: Conversion of Qualitative Scores  

Layer Kosovsky et al. 

(1984) 

 Density 

Classification 

Converted 

Mean Axonal 

Density (m) 

Scored  

Mean 

Axonal 

Density (m) 

Scored  

Standard 

Deviation (σ)  

1 + .5 0.73 .32 

2 + .5 0.58 .28 

3 ++ .75 0.73 .29 

4a ++ .75 0.58 .20 

4b +++ 1.0 0.98 .01 

4c-α + .5 0.4 .16 

4c-β - .25 0.25 .01 

5 ++ .5 0.6 .16 

6 ++ .5 0.7 .24 

 

In this analysis, the ‘significance’ of observed differences was determined by 

defining a 95% ‘credibility interval’ (CI) around the median shape parameter (k) for each 

prior and posterior  value (green and black respectively in Figure 22, A). We then 
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assessed the degree of overlap between the CIs for each layer. If the two intervals do not 

overlap, the “null hypothesis” - that the posterior and prior distributions are the same - 

can be rejected, and we have evidence that our data diverges from prior observations. 

The CIs around the prior and posterior k values for    overlap for every layer except 

layer 6. Specifically, we find a higher density of DBH+ axons in layer 6 than previously 

observed (Figure 22, A). We repeated this analysis using both the scored mean axonal 

density and the scored standard deviation (Case 2, see methods), and again only the 

density of DBH+ axons observed in layer 6 diverged from the prior distribution.  

The next question we wanted to ask was whether DBH+ and NET+ axons are 

identical objects in the tissue (presumably release sites for NE). The null hypothesis 

equivalent for this analysis is captured by the variable ρ in our model. Specifically, 

applying the prior ρ = 1, embodies this hypothesis – that the two proteins have the same 

absolute density, with absolute density assessed as the overall rate of probe 

intersections, independent of layer. Note that ρ does not have subscript letter ‘l’ in 

equation 3, indicating that one value is estimated for all the data, unlike β which is fit 

independently for every layer, and α which is fitted independently for each tissue 

section, see Methods. After fitting, the posterior distribution of ρ (Median k parameter = 

.258, 95% CI [.255, .262]) does not include ‘1’. This indicates that the rate of probe 

intersection is greater for NET+ axons than for DBH+ axons (and thus patterns of 

staining do not label identical structures/structural regions).  
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After accounting for this absolute difference in density (ρ), we can now plot the 

posterior βl distributions for DBH+ and NET+ axon segments as a ratio of k parameters 

with 95% credibility intervals. For each layer where this ratio is equal to 1, there is no 

difference in the relative density between the NET+ and DBH+ axons. Where the ratio 

between DBH and NET k values diverge from 1, the density of one type of labeled axon 

becomes greater than the other in that specific layer, over and above the density 

difference observed across the dataset as a whole. Within V1, the ratio of layer specific k 

parameters differs from 1 only in layer 6 (Figure 22b). At the qualitative level, we can 

see in Figure 3 that this finding is driven by a population of axons that run along (i.e., 

parallel to) the border between white and grey matter. When the tissue is stained to 

visualize DBH (Figure 21, Panel A, dashed box), the axons running parallel to the white 

matter fall firmly within layer 6. When stained to visualize NET, these axons are within 

white matter or the 10 μm confidence interval around the boundary between layer 6 and 

white matter (Figure 21, Panel B, dashed box).  
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Figure 22: Summary of Bayesian Analysis.  (A) The density of DBH+ axons in 

layer 6 of V1 differs from prior observations. Posterior βl distributions of DBH+ axon 

segments are represented by the median value of corresponding k parameters 

surrounded by 95% credibility intervals (black). Data was fitted to a layer-specific prior 

derived from qualitative data reported in the literature (green). All credibility intervals 

overlap with priors except for layer 6. (B) The density of DBH+ and NET+ axons differ in 

layer 6. After adjusting differences in the rate of probe rate intersections, ρ, all βl 

distributions and corresponding 95% credibility intervals for DBH and NET respectively 

were made into a ratio. Intersection with 1 (horizontal line) means that the axon 

densities for the two proteins are probably the same for that layer. (C) Posterior βl 

distributions represented by corresponding k parameters surrounded by 95% credibility 

intervals of NET+ axon segments in V2 after data is fit to a uniform prior. (d) Model of 

spatial properties of a diffuse NE signal. Any varicosity that expresses DBH has the 

potential to synthesize and presumably release NE. In Scenario 1, the far-right varicosity 

represents the canonical model where the point of termination (NET) is expressed at the 

site of release (DBH). In Scenario 2, the NE released from the far-right varicosity is 

particularly uncoupled from NET as would be the case in layer 6 of V1. The NE is free to 

diffuse until it reaches NET expressed on the far-left varicosity or more distant 

structures not shown. 
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4.4 Discussion  

Here the anatomical constraints on long-range diffusion were addressed by 

comparing the spatial distribution of a synthetic enzyme (DBH), which is expressed at 

sites of release, with that of a molecule that can terminate signal via reuptake (NET). In 

most cases, the pattern of NET+ axon segment density across layers resembles that of 

DBH+ axon segments. The lowest levels of NET+ axons were found in layer 3- 4a and 

layers 4c-β – 5. Being that NET transports DA with high efficacy, these two ranges of 

low NET expression could simply facilitate dopamine diffusion to middle layers from 

layers 1 and 6.  

NET+ and DBH+ axon segments differed in two ways. First, the rate at which 

NET+ axon segments were detected using our 2D sampling strategy was higher than 

that for DBH+ axon segments indicating that there are longer extents of noradrenergic 

axons that express NET than those that express DBH. Second, once this overall 

difference in density is accounted for, the ratio of DBH+ to NET+ axon segments in layer 

6 differs further, with the density of DBH+ axons far exceeding the density of NET+ 

axons in that layer. This layer-specific difference in the detection of these two proteins is 

evidence that sites of NE synthesis (DBH) and sites of signal termination (NET) are not 

necessarily co-located which facilitates long-range diffusion through the tissue. 

In comparing the laminar distribution of DBH+ and NET+ axon segments, we 

find further evidence that release, and reuptake of NE are not co-located in V1. We 
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asked whether these two labels represent the same structures in tissue by fitting our data 

to the prior, ρ, which represents the strong assertion that these proteins both localize 

(exclusively) to sites of NE release. The posterior distribution of ρ values does not 

include 1 at all, which indicates that NET+ and DBH+ axon segments have different 

absolute lengths. The distribution peaks at 0.258 suggesting that NET+ segments are ~4 

times longer than DBH+ segments and thus that there are NE-containing vesicles (the 

sites of DBH expression) over a much smaller internal area of the axon than extents that 

express NET.  

This difference in spatial extent is unlikely caused by differences in DAB 

diffusion between the two immunohistochemical conditions. The two labels should be 

staining the same population of ascending axons originating in the LC, so subcellular 

qualities that impact DAB diffusion should be similar. One explanation is that the 

antigen retrieval used to better expose DBH proteins to the primary antibody may have 

caused detection failure in an unknown percentage of the non-vesicular proteins (e.g., 

proteins in inter-varicose regions that are not protected by two lipid bilayers).  

Alternatively, there may truly be more NET proteins than DBH proteins in 

noradrenergic axons. 

If there is a difference in copy number, then it is important to know what 

proportion of the DBH+ segment length express release-capable protein and what 

proportion of NET proteins are inserted into the membrane. Perhaps the intercellular 
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trafficking of the two proteins differs such that NET is trafficked across a larger region of 

the axonal field (occupying more inter-varicose regions and more cytoplasmic regions 

than DBH), but only a small percentage of NET proteins are membrane-bound and serve 

as sites of reuptake (i.e., signal termination). Meanwhile, DBH proteins could be 

translated more locally in varicosities creating the appearance DBH+ axon segments are 

shorter or occur less frequently. Previous studies in rodents have shown that NET is not 

expressed on dense core vesicles, the subcellular structure in which DBH is expressed, 

and that NET does not co-express with the vesicular monoamine transporter, the protein 

that transports cytosolic dopamine into dense core vesicles where it is converted to 

norepinephrine by DBH (Matthies et al., 2009). Thus, the two proteins can be 

independently trafficked within the axon. In Chapter 3, a steady state increase in NE 

levels following both tonic and phasic stimulation was observed. One explanation for 

this increase is that the noradrenergic system could recruit more NE into the circuit via 

the dynamic mobilization of neighboring axons. This would require axonal fields to 

have control over the deployment of both synthetic enzymes and transporter proteins 

independently from one another.  

Careful examination of Figure 3 reveals that qualitatively DBH+ axon segments 

more frequently lack inter-varicose staining than NET+ axon segments and appear 

‘dottier’ with DBH+ axons often appearing as disconnected varicosities that follow 

Gestalt good continuity. Due to the lack of inter-varicose staining, it is possible that a 
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larger percentage of DBH+ axons were excluded or not detected by our 2D sampling 

strategy which requires either a pixel-to-pixel intersection of the circular probe or a 

sufficient number of components to establish good continuity while crossing the probe. 

The two representative images (Figure 19, panels A and B) were taken from the same 

animal, so the angle by which the brain was blocked should not be a factor in how the 

axons appear in 2D images.  

A follow-up study at the electron microscopic level is needed to identify what 

proportion of NET proteins are trafficked to the membrane and which subcellular 

compartments tend to express membrane-bound NET. Those data will be critically 

important in defining spatial parameters for diffusion through the tissue because it 

provides a more precise description of where sites of termination tend to be relative to 

sites of release. The dotty nature of DBH+ axons suggest that when examined at the 

ultra-structural level, DBH will localize more frequently in varicosities either in the 

cytoplasm or within varicosities as has been previously shown (Olschowka et al., 1981; 

Smiley et al., 1999).  

Our laminar quantification of DBH+ axon supports previous qualitative 

observations in Kosofsky et al. (1984). Of note, layers 1 -5 had a similar density of DBH+ 

axons than previously reported, and we observed a scarcity of DBH+ axons in layer IVc-

β, which was a prominent feature highlighted in Kosofsky et al. (1984). Our data 

diverges from previous reports in that we observed a high density of DBH+ axons in 
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layer 6 of V1 (Figure 22, A). This density was not previously reported, and we did not 

observe a similar density of NET+ axons in layer 6.  After adjusting for ‘ρ’ (i.e., telling 

our Bayesian model to account for the greater axonal area taken up by NET+ axon 

segments) and fitting the data to respective priors from the literature, the ratio between 

putative sites of release (DBH+ segments) and putative sites of reuptake (NET+ 

segments) is far greater in layer 6 than the other layers (Figure 22, B). This suggests that 

either (or both) of the following might be true 1) the extracellular concentration in layer 

6 exceeds that in other layers. 2) The precise location of the high-density zone for DBH+ 

axon segments, at the top of layer 6, could allow NE to diffuse through the tissue for a 

longer period or over greater distances (Figure 22, D) into layers 5 and/or 6, with 

diffusion toward the white matter impeded by a molecular ‘fence’ of NET proteins near 

the border of the white and grey matter. Being that NET has a strong affinity for DA, 

this molecular fence would also stop long-range dopamine from diffusing up through 

white matter. 

In considering the origin of the difference between the lengths of NET+ and 

DBH+ axon segments in the tissue (Figures 22, 3 and 4), it is important to acknowledge 

that it is not possible to eliminate the potential for differences in detection failure 

between two antibodies. However, in order to maximize detection and thus minimize 

these differences, prior to processing tissue for this experiment we carried out a dilution 
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series for each primary antibody (anti-DBH and anti-NET) to identify the antibody 

concentration that produced maximum staining (see methods).  

The divergence between DBH+ and NET+ axonal length in layer 6 is also unlikely 

a result of differences in demarking the layer 6/white matter border. The strategy of 

using an adjacent Nissl section to establish the laminar boundaries is sensitive to 

differences in tissue shrinkage caused by dehydration during processing, but the 

staining protocols for NET and DBH both end with the same graded series of ethanol 

and xylenes. Moreover, the transition between grey and white matter is easily visible on 

the antibody-processed tissue, due to neuropil background staining, which helps 

distinguish the lower boundary of layer 6 without referencing the Nissl section.  

If sites of release and reuptake are found to be spatially separated in a layer-

specific manner in V1, as our data suggests they will, this calls for more thoughtful 

treatment of anatomical data on the noradrenergic system. It is generally assumed that 

the noradrenergic system operates (at least in part) through volume transmission (and 

synaptic spillover), which requires diffusion away from a release site. Logically, there 

are two ways this can happen a) no reuptake mechanism is present at the site of release 

and/or b) that mechanism gets overwhelmed like during prolong phasic activation of 

NE. Our data suggests the latter case occurs more commonly in layer 6 than other layers, 

but what could be the functional implications this layer-specific variance in volume 

transmission? The most straightforward implication is that norepinephrine in layer 6 can 
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activate noradrenergic receptors that are further away from release sites and for longer 

periods. Layer 6, consisting of a diverse population of neurons with varying response 

properties, acts as an output layer to extrastriate and subcortical structures, and also 

provides feedback to other layers of V1 such as layer 4c (Hawken et al., 2020). 

Considering the cellular and functional diversity of layer 6, a circuit-level dissection of 

volume transmission in this layer will require several converging lines of evidence.  

Three types of data will help us dissect how an elongated signal could propagate 

through layer 6 and ultimately modulate visual processing: 1) anatomical data such as 

what neurons express noradrenergic receptors in layer 6 and what sub-circuits do those 

neurons serve, 2) descriptors of how diffuse signals move through the extracortical 

space and how factors such as tissue tortuosity and cellular density impact that 

movement (Coppola et al., 2016), and 3) information pertaining to how behavioral state 

can influence the nature of the global signal and how much norepinephrine gets 

delivered to the cortex. For example, fluctuations in DA and NE levels in Chapter 3 were 

dependent on the firing rate of LC axons (where phasic firing rates elicited higher rates 

of NE release than tonic firing).  
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5. CONCLUSION 

A common assumption, when thinking about neuromodulatory systems, is that 

there is there is a thing in the brain called a “dopaminergic signal”; one that arises when 

an axon of a neuron that synthesizes dopamine releases molecules that bind to 

dopamine receptors.  Similarly, a “noradrenergic signal” is released from a neuron that 

makes norepinephrine, which then binds to adrenergic receptors. Evidence has been 

presented here that shows direct evidence that the LC can, in a state-dependent manner, 

release both NE and DA into V1. In addition, anatomical data suggests that long-range 

diffusion (> 100 nm) is a feature of the noradrenergic system as release sites and sites of 

termination can be spatially uncoupled. This evidence challenges this common 

assumption that neuromodulatory systems are discrete operators in the brain with 

segregated systems of broadcasters (i.e., nuclei) and receivers (i.e., receptors). This 

section focuses on extending the implication of the results and discussing future avenues 

of experimentation.  

 

5.1 Two Signals, One Auto receptor  

Chapter 4 illustrated that the sites of NE release and sites of termination can be 

spatially decoupled within axons originating in the LC, and that long-range diffusion is 

a feature of noradrenergic signaling. It is plausible then that VTA axons also have this 

feature, and that DA released in layers 1 and 6 of V1 can diffuse long distances to reach 
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dopamine receptors in middle layers. This begs the question if and how V1 is able to 

distinguish information carried by DA originating in VTA and information carried by 

DA originating in the LC? V1 could simply solve this problem with the spatial 

distribution of different receptor classes with different affinities for DA. Alternatively, 

maybe V1 cannot distinguish the two signals, and that a DA signal is best ‘defined’ by 

the cumulative intercellular signals that ultimately determine neural output.  

It is widely accepted that neuromodulation is integrated system of closed-looped 

circuits. Action potentials of subcortical nuclei lead to vesicular fusion and quantal 

release until the signal activates an autoreceptor to attenuate release. Alternatively, the 

signal is received by the target structure, which then sends a feedback signal to the 

releasing structure to modify the release.  

Proposing that the LC releases two functional catecholaminergic signals implies 

that LC neurons have evolved the solution to the problem of how to regulate both 

signals. In Chapter 2, immunohistochemistry clearly showed the LC axons do not 

express the D2 dopamine receptor. An alternative hypothesis is that α2 receptor is the 

auto receptor for both NE and DA, and that the binding of either molecules could 

activate the auto receptor. Indeed, pharmacological evidence presented in Chapter 3 

supports this hypothesis. The local infusion of idazoxan (an α2 antagonist) facilitated the 

release of both NE and DA during phasic stimulation of the LC suggesting that the 

release of both molecules is mediated by the α2 receptor. If LC axons do not express D2 
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receptors AND the α2 receptor is the auto receptor that is controlling both DA and NE 

release, then local infusion of the D2 antagonist, like raclopride, during phasic 

stimulation should have no effect on DA levels. Similarly, guanfacine, an α2 receptor 

agonist, should decrease the levels of both NE and DA.  

One interesting solution is that the LC does not solve the problem, and instead 

releases an open loop dopaminergic signal: a signal with no inherent negative feedback. 

One benefit of an open loop circuit is that it is entirely feed forward as there is no 

inherent mechanism to attenuate extracellular tone. The signal would have no way to 

adjust itself and instead be limited by intrinsic termination mechanisms like reuptake 

(i.e., NET) and extracellular enzymatic degradation. The main finding in Chapter 4 is 

that release sites can be spatially uncoupled from sites of signal termination. Taken 

together, a simple model emerges in which an open-loop dopaminergic signal could 

diffuse till it is removed from the extracellular space by the nearest membrane-bound 

NET protein. As with the case in Layer 6 of V1, that spatial extent can be between 20 nm 

– 400 µm.  

 

5.2 Release of DA into V1 is a State-Dependent Probabilistic 
Event  

A widely accepted model (Aston-Jones & Cohen, 2005) of LC signaling is that the 

two modes of activity, phasic and tonic, are driven by different behavioral states. Phasic 

activity is driven by a state in which the optimization of task performance is the animal’s 
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priority; the model refers to this state as ‘exploitation’. Phasic activity in LC neurons can 

be simply driven by task engagement, and firing rate is proportional to the difficulty of 

the task and the amount vigilance needed to perform well in the context of task 

parameters. Phasic activation has recently been found to carry a reward prediction error 

signal (Su & Cohen, 2022), which is in-line with the LC becoming phasically active when 

the animal is suddenly presented with a novel or salient stimuli. On the other hand, 

tonic activation of the LC occurs when the animal is not focused on a task and is 

passively exploring its environment; the model refers to this state as ‘explorative’.  

The stimulation parameters used to drive LC activity in Chapter 3 were designed 

to mimic these two states of LC activation. The tonic parameters (at regularly spaced 

single pulses presented at 5 – 10 Hz) is comparable to when the animal is alert but not 

engaged in task (i.e., watching birds on the projector). This kind of firing pattern is easy 

to replicate especially considering the uniformity of the LC’s baseline inter-spike 

interval. The phasic parameters (trains of pulses every 4 seconds) are more difficult to 

accurately mimic an endogenous state. Real phasic activity is a highly dynamic state in 

which firing rate, inter-burst interval, and the amplitude of the responses change 

depending on the state of the animal. Comparatively, the phasic stimulation used in this 

experiment is too uniform, and also lasts longer (20 minutes) than an un-trained (i.e., 

natural) state of behavioral engagement. 
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The data from Chapter 3 indicate that both tonic and phasic stimulation can elicit 

a release of DA into V1, but phasic stimulation increases the probability of DA being 

released in cortex. As discussed, this could be caused by the depletion of the readily 

available pool of NE varicosities, and a shift to a DA-varicosity dominant varicosity 

pool. It would take years of incremental experimentation to discern if the release of the 

dopamine into V1 is an artifact created by artificial stimulation parameters emptying 

available stores of NE. Rather, a more direct experiment would be to measure 

fluctuations in NE and DA during prolonged task engagement after tiling conditions 

that lead to maximum phasic activation. The resilience to tonic stimulation in Chapter 3 

demonstrated that the noradrenergic system is excellent at retaining homeostatic levels 

of NE, and that even the most extreme of natural behaviors (like writing a thesis last 

minute) might not be sufficient to overcome the endogenous negative feedback 

restraining the circuit. It is recommended that future experiments testing the effect of 

task engagement use idazoxan to block α2 receptor activity.  

 

5.3 Evidence of ‘Slow’ Changes in Chemical State 

It is hard to define what is considered ‘slow’ in the brain. Conduction speed has 

a ceiling created by the physiological limits of the transduction mechanism. For 

example, light can be encoded by the retina, passed through LGN, and arrive in V1 in 60 

ms. Individual neurons on the other hand are making live computation at near 
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instantaneous speed (< 1 ms). Sleep state, which is in part regulated by the LC, is the best 

described internal state that operates on the minute time scale. The pharmacology data 

presented in Chapter 3 are evidence of chemical states that fluctuate over several 

minutes to hours.   

After each stimulation, NE gradually increased over time suggesting that the 

noradrenergic system had an activity-dependent state change where other stores of NE 

are recruited to meet the demand of the nucleus. It was proposed that these ‘other 

stores’ are neighboring LC axons that are recruited into donating NE when the firing 

rate of the LC necessitates it. This increase reliably persisted for hours after the first stim 

block. Due to the need to sample brain chemicals before the sampling site becomes bio-

fouled or gliosis insulates the local environment, most the stimulation experiments were 

carried out in series of sequential days and the monkey would have to be returned to the 

home cage after each experiment. The following day, the baseline would be back to 

normal and no longer on an upward trajectory. In fact, careful examination of the 

baseline levels of NE reveal that baseline values are relatively stable across days. This 

means that at one point between the second stimulation block and the collection of the 

first sample the following day the state had shifted back to retaining a homeostasis. It 

would be interesting to know the latency after the stimulation block for upward the 

trajectory to either plateau or descend back to baseline levels. The easiest experiment 

would be to the place a stimulation block early in the experiment and collect baseline 
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samples for the rest of the day. Understanding and pharmacologically dissecting the 

molecular underpinnings of the upward trajectory could uncover a novel ‘slow state’ in 

the brain that is mediated by catecholamines. 

 

5.4 Axonal Fields are Physical Substrates for Local 
Microdomains of Neuromodulator Tone 

What does it mean for a neurmodulary system to be overwhelmed? There are 

well established mechanisms (such as e-i balance) that are thought to help circuits retain 

a homeostatic electrical and chemical state. Through pharmacology and electrical 

stimulation, state changes were induced in the brain indicative that neighboring axons 

were recruited to help supply NE. The evidence presented in Chapter 4 suggests that 

DBH and NET can be dynamically transported within an axonal field. However, several 

questions have been left unanswered. 1) What is the size of the microdomain between 

elements of the axonal field (i.e., what is the spatial constraints of this recruitment) 2) 

How would portions of the axonal field monitor where to deploy resources. Could it be 

a master signal coming from the LC like a summation of feedback signals from different 

sources? 3) Could this dynamic axonal remodeling be used a potential clinical target for 

the pathological brain states? 
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