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ABSTRACT 

 
Lymphatic smooth muscle (LSM) contracts spontaneously, actively returning 

interstitial fluid through a network of lymphatic capillaries and collecting lymphatic vessels 

to the great veins. Dysfunctional lymphatic contractions can impair lymph transport in 

lymphatic-related diseases such as lymphedema. Understanding the pacemaking 

mechanism of LSM that underlies active lymph transport is essential for therapeutic 

targeting of lymphedema. Based on experiments using pharmacological inhibitors, current 

literature posits that T-type voltage-gated Ca2+ channels (T-channels) play a role in 

controlling the pacing of lymphatic contractions, i.e., the contraction frequency, while L-

type voltage-gated Ca2+ channels (L-channels) play a role in controlling the strength of 

lymphatic contractions, i.e., the contraction amplitude. However, non-specific effects of 

currently available T-channel inhibitors, especially on L-channels, can confound the 

understanding of T-channel role in lymphatic pacemaking. Therefore, using transgenic 

mouse models as an alternative approach to test the role of T-channels, I hypothesized that 

genetic deletion of T-type Ca2+ channels would decrease the frequency of lymphatic 

contractions but not the amplitude. First, I tested for the presence of T-channels in 

lymphatic vessels from both rat and mouse, and then more specifically in isolated single 

mouse LSM cells; second, I tested the effects of commonly-used T-channel inhibitors on 

lymphatic pacemaking and/or contraction in both rat and mouse vessels; and finally, I 
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investigated the effect of genetic deletion of specific T-channel isoforms in mice on 

lymphatic pacemaking and contraction strength. 

First, RT-PCR and immunostaining were performed on whole lymphatic vessels to 

test for the expression of T-channels at mRNA and protein levels. Rat mesenteric 

lymphatics, mouse popliteal lymphatic vessels (PLs) and mouse inguinal-axillary 

lymphatic vessels (IALs) showed the mRNA expression of Cav3.1 and 3.2, two of the three 

isoforms of T-channels, along with Cav1.2, the isoform of the L-channel prevalent in 

cardiac muscle and blood vessels. Likewise, in LSM cells isolated from mouse PLs and 

IALs, RT-PCR revealed the expression of Cav3.1 and 3.2. In mouse IALs, immunostaining 

consistently revealed the protein expression of T-channel isoforms Cav3.1 and 3.2 along 

with L-channel isoform Cav1.2 colocalized with the smooth-muscle α-actin (i.e., in LSM 

cells). Moreover, patch-clamp recordings in single LSM cells isolated from rat mesenteric, 

mouse PLs and IALs showed functional evidence of current through voltage-gated Ca2+ 

channels that was blocked by 1µM nifedipine, an L-channel inhibitor, along with a 

persistent nifedipine-insensitive current that had fast kinetics and was blocked by 1mM 

Ni2+, a frequently used T-channel inhibitor. 

Second, pharmacological inhibitors were tested on isolated, cannulated and 

pressurized ex vivo lymphatic vessels from rat and mouse. Consistent with the findings of 

Lee et al. (2014) on rat mesenteric lymphatics, mibefradil, another conventional T-channel 

inhibitor, inhibited the contraction frequency (IC50=66nM) at a lower dose than that 

required to inhibit contraction amplitude (IC50=423nM). However, in contrast to their 

findings, treatment of rat mesenteric lymphatics with Ni2+ inhibited both amplitude and 

frequency at similar doses (IC50=248µM and 279µM, respectively). In wild-type (WT) 
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mouse IALs and PLs, increasing doses of Ni2+ progressively reduced contraction amplitude 

(IC50=66µM and 110µM, respectively), while leaving the frequency unchanged until the 

contractions were completely inhibited. In WT PLs, TTA-A2, a more recently developed 

T-channel inhibitor, had only a modest effect on contraction amplitude (IC50=1.3µM) 

without changing the contraction frequency. Similarly, treatment with nifedipine, a specific 

L-channel inhibitor, gradually attenuated contraction amplitude (IC50=43.3nM), 

suggesting that the effect on amplitude of T-channel inhibitors Ni2+ and TTA-A2 could be 

due to off-target effects on L-channels. 

Having established that pharmacologic inhibition of T-channels in this context is 

unreliable, I turned to genetic methods allowing deletion of specific T and L-channel 

isoforms. Surprisingly, smooth muscle-specific deletion of Cav1.2 (L-channels) rendered 

PLs and IALs quiescent without spontaneous lymphatic contractions, suggesting their 

potential contribution to both lymphatic frequency and contraction strength; no residual 

contractions were mediated by T-channels. In Cav3.1-null mice and Cav3.2-null mice, IALs 

exhibited no significant differences in functional contractile parameters (including 

frequency and amplitude) compared to WT vessels over a wide range of pressures. 

Likewise, PLs from Cav3.1-/- mice exhibited no significant defects in the contractile 

response to pressure, to the L-channel inhibitor nifedipine, or even to the endothelial-

dependent inhibitor acetylcholine. These findings conflict with the currently established 

view that T-channels regulate the frequency of lymphatic pacemaking and that L-channels 

contribute only to the contraction strength. 

In summary, I confirmed the functional expression of T-channels in both rat and 

mouse LSM, but selective genetic deletion of either Cav3.1 or Cav3.2 T-channel isoforms 
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did not produce a measurable functional defect in lymphatic vessel pacemaking or 

contraction. My findings conflict with the current established view that T-channels control 

lymphatic pacemaking and L-channels determine lymphatic contraction strength; a 

definitive role for T-channels in LSM function remains unknown.
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CHAPTER 1: INTRODUCTION 

1.1 Lymphedema 

Lymphedema describes the swelling of a body part due to accumulation of protein-

rich lymph fluid in the interstitial space when lymph transport is impaired (Lee et al., 2011). 

As a consequence of lymph transport dysfunction, lymphedema reflects a severe imbalance 

between microvascular filtration rate to the interstitium and lymph transport, leading to 

tissue edema. Lymph transport refers to lymph uptake by peripheral lymphatic capillaries 

and active lymph pumping by the afferent and efferent collecting lymphatic vessels; the 

latter will be the focus of my dissertation. One of the main problems in lymphedema is the 

inefficiency of spontaneous lymphatic contractility driving the active lymph pump 

(Olszewski, 2008). The term lymphedema provides little information regarding the 

etiology of the condition and reflects a limited knowledge of the function or dysfunction 

of the underlying lymphatic system when compared with the detailed nomenclature of 

cardiovascular diseases (e.g., angina pectoris, diastolic cardiac dysfunction, systolic 

cardiac dysfunction, hypertension, atherosclerosis, etc.). Fortunately, there are now a 

growing number of studies on lymphedema, based on statistics found on pubmed.org for 

the period from 1935 to 2016. This recent emphasis on studies of the lymphatic system is 

predicted to have a transformative impact on the well-being of patients with lymphatic-

related diseases in general and lymphedema in particular (Lee et al., 2011). 

1.1.1 Epidemiology 

Lymphedema afflicts over 250 million people worldwide (Zuther, 2009). Since our 

understanding of lymphedema and lymphatic system is relatively limited, the number of 
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patients inflicted by lymphedema and lymphatic-related disorders, including lymphedema, 

is severely underestimated due to the lack of timely and objective diagnostics and adequate 

attention from health professionals. Filariasis is the most prominent cause of lymphedema 

in developing countries; while in Western countries, lymphedema is a common 

complication after surgical cancer treatment involving lymph node removal, biopsy and 

radiation. In the USA, more than 10 million patients suffer from lymphedema and this 

number is more than the number of patients with multiple sclerosis, Parkinson's disease, 

and AIDS combined (http://lymphaticnetwork.org/).  

1.1.2 Classification 

1.1.2.1 Primary lymphedema 

Primary lymphedema, also called hereditary lymphedema, is caused by innate 

abnormalities in lymphatic structure and development due to genetic mutation. Primary 

lymphedema affects up to 1:6,000 live births (Rockson, 2008). The age at onset of the 

disease can vary; it can appear at birth or even late into adulthood. In other words, in some 

forms of hereditary lymphedema, a defect in the lymphatic system has appeared at birth, 

but due to the slow progression of the disease and the lack of proper diagnosis, lymphedema 

becomes visible only at a later stage of life. Although these innate lymphatic defects are 

considered uncommon, their study has contributed greatly in the scientific knowledge of 

normal lymphatic development and function. Primary lymphedema can be associated with 

mutation(s) in genes that are key in lymphatic development, such as FOXC2 

(lymphedema–distichiasis), EphrinB2, FLT4 (Milroy disease), VEGF-C, PROX-1, 

CCBE1 (Hennekam disease), GJC2 (Cx47-Meige disease), GJA1 (Cx43-

myelodentodigital dysplasia), SOX-18 (hypotrichosis–telangiectasia–lymphedema). 
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Furthermore, lymphatic developmental disorders can be associated with combined 

capillary malformation-arteriovenous malformation (Patel et al., 2012). I now discuss three 

representative examples of primary lymphedema. 

Milroy’s disease is a congenital lymphedema transmitted in an autosomal dominant 

pattern. It is caused by a missense mutation in FLT4 (encoding VEGFR-3), which 

inactivates the tyrosine kinase domain and interferes with VEGFR-3 signaling (Karkkainen 

et al., 2000). VEGFR-3 is expressed in lymphatic endothelium and is important for 

lymphangiogenesis. Milroy’s disease is characterized by lower limb lymphedema (Brice 

et al., 1993). Flt4-/- mice die in embryo. Transgenic mice, K14-VEGFR-3−Ig, in which 

dermal VEGFR-3 is specifically inhibited, develop lymphedema with swelling of the feet, 

fat accumulation and dermal fibrosis (Mäkinen et al., 2001). 

Lymphedema-distichiasis is an autosomal-dominant condition characterized by 

lower limb lymphedema, defects in lymphatic and venous valves, and an aberrant double 

row of eyelashes. It is caused by frameshift mutations of the forkhead transcription factor 

FOXC2. Focx2-/- mice, lacking lymphatic intraluminal valves, die embryonically (Petrova 

et al., 2004). Foxc2+/- mice exhibit lymphatic hyperplasia and have at least some 

incompetent lymphatic valves (Kriederman et al., 2003). Conditional deletion of Foxc2 in 

the lymphatic endothelium causes lymphatic valve regression, focal vascular lumen 

collapse and lethality (Sabine et al., 2015). Patients with lymphedema distichiasis exhibit 

dysfunctional lymphatic and venous valves characterized by back flow during ultrasound 

imaging (Brice et al., 2002). 

Cantu syndrome is a complex multi-organ disorder with mild learning disability, 

skeletal muscle, cardiovascular abnormalities, and lymphedema. The underlying cause is a 
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gain-of-function mutation in KATP channels either the Kir6 ion channel subunit or the 

sulfonylurea receptor. A portion of Cantu syndrome patients develops delayed lymphatic 

drainage accompanied by dilated lymphatic vessels (Grange et al., 2014). Mice with gain-

of-function mutations in KATP channels showed significant lymphatic contractile 

dysfunction due to chronically hyperpolarized LSM, which leads to inhibition of 

spontaneous lymphatic pumping (M. J. Davis and C. G. Nichols, unpublished data). This 

is the only reported instance of a primary lymphedema due to contractile dysfunction of 

LSM. 

1.1.2.2 Secondary lymphedema 

Secondary lymphedema makes up to 90% of lymphedema cases in the USA 

(Zuther, 2009). Secondary lymphedema refers to the acquired damage of the lymphatic 

system arising from surgical removal of lymph nodes, radiation, infection, filariasis and/or 

cancer. Filariasis, the most common cause of secondary lymphedema worldwide, refers to 

infection with parasites of the family Filariodidea. The worms migrate to and mature in the 

lymphatic vessels, causing lymphatic obstruction, initiating an immune response and 

activating vascular endothelial growth factors, therefore promoting lymphatic hyperplasia 

and inflammation. In Western countries, the most prevalent form of secondary 

lymphedema occurs after breast cancer treatment, especially after removal or biopsy of 

axillary lymph nodes. Furthermore, trauma and chronic venous diseases can also cause 

secondary lymphedema (Lee et al., 2011). All cancer survivors, such as those treated for 

melanoma, head, neck, breast, prostate and ovarian cancers, are susceptible to developing 

lymphedema. Among breast cancer survivors, the incidence of upper extremity swelling is 

up to 56% two years after surgical intervention (Paskett et al., 2007). 100% of patients 
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treated for head and neck cancers will develop lymphedema 

(http://lymphaticnetwork.org/). Upper-extremity lymphedema usually occurs after axillary 

lymph node dissection in breast cancer treatment. Lower-extremity lymphedema usually 

occurs after inguinal lymph node dissection in melanoma as well as in cancers in the lower 

half of the body, such as prostate and ovarian cancers. The extent of surgery, i.e., number 

of lymph nodes affected and severity of tissue damage correlates with the risk of 

developing lymphedema (Lee et al., 2011). Lymphedema can occur early on but also up to 

30 years after the surgical procedures (Brennan & Weitz, 1992). Patients with secondary 

lymphedema have reduced lymph pumping compared to healthy individuals (Unno et al., 

2010). Furthermore, lymphedema is usually more prevalent in women than men. This 

consistent difference may point to a potential role of sex hormones or sex differences in 

the development of lymphedema (Cambria et al., 1993; Greene et al., 2015). Chronic 

venous insufficiency in the lower extremities can also compromise lymphatic function and 

lead to lympho-venous edema (Rasmussen et al., 2016).  

1.1.3 Clinical symptoms 

Lymphedema usually affects a localized body region such as an upper or lower 

extremity. The onset of lymphedema is often neglected. However, it can be suddenly 

initiated by an inflammatory incident such as local infection or injury 

(https://www.cancer.gov/about-cancer/treatment/side-effects/lymphedema/lymphedema-

hp-pdq). At-risk patients are recommended to be evaluated for cellulitis because this 

inflammatory condition can further damage the lymphatic system and leading to the onset 

of lymphedema (Quirke et al., 2016). 
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Table 1. Classification of lymphedema severity 

Stage Clinical Presentation 
I Pitting edema that resolves with elevation 
II Pitting edema that does not subside with elevation alone 
III Nonpitting edema with overlying skin changes 

 

(Adapted from (Cuzzone et al., 2014)) 

The progression of lymphedema can be divided into three or more different stages 

as formulated by the International Society of Lymphedema (Table 1; Cuzzone et al., 2014). 

Early stages of lymphedema manifest with pitting edema that attenuates during 

recumbence and worsens toward the end of the waking day (Thomas-MacLean et al., 

2005). Over time, the swelling becomes permanent, with changes in underlying tissue 

architecture such as fibrosis and adipose tissue deposition. The skin and subcutaneous 

tissue become thick and firm, developing non-pitting edema with a peau d’orange (orange 

peel) appearance (Bergan et al., 2011). The hallmark of lymphedema is dilated collecting 

lymphatics (mega-lymphatics), however the delayed length of time between the first sign 

of mega-lymphatics/lymphatic remodeling and the first clinical sign of lymphedema is 

unknown. Patients with lymphedema are susceptible to recurrent episodes of infection and 

inflammation, which can be part of a vicious cycle where dysfunction in lymphatic system 

impairs lymph return and the immune response, as illustrated in Figure 1. 
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Figure 1. Vicious cycle in lymphedematous tissue. In lymphedematous tissue, 

lymphatic dysfunction can lead to fluid accumulation in the interstitial space (interstitial 

edema) along with immune cells causing immune dysfunction. Immune cells cannot 

travel to lymph nodes for antigen presentation, but rather they are trapped locally and 

initiate local excessive inflammation. When inflammation is chronic, the affected region 

is prone to recurrent infection, inducing progressive fibrosis and adipose deposition. 

Accumulation of fibrotic and adipose tissue can further impede lymphatic function and 

impair the role of lymphatics in lymph return and immune surveillance (Rockson, 2013). 

Mechanistically, lymphedema is initiated by impaired lymphatic transport, leading 

to lymph stagnation, an overactivated local immune response, tissue swelling and fibrosis. 

After lymphatic transport becomes dysfunctional, fluid and accompanying proteins and 

immune cells accumulate in the interstitial space. As a result, oncotic pressure in the 

interstitial compartment increases, leading to retention of more fluid. The accumulated 

interstitial fluid and macromolecules such as lipids, sugars and proteins create a favorable 

environment for pathogens and bacteria, attracting and activating immune cells. Further, 
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overactivated immune cells that are trapped in the interstitial space can cause damaging 

inflammation (Rockson, 2013). The events occurring in lymphedematous limbs reflect a 

crucial role of lymph transport in the immune response and removal/clearance of lymph 

contents.  

1.1.4 Imaging diagnostics 

The common diagnoses of lymphedema are based on volume measurement of the 

affected body region, including circumferential tape measurement, water displacement 

volumetry, infrared arm perometry and bioelectrical impedance spectroscopy (Gaw et al., 

2011; Bundred et al., 2015). Imaging diagnostics can be used alongside physical 

examination to detect mega-lymphatics, dermal backflow and lymph/diagnostic tracer 

clearance. In parallel with the search for lymphedema therapeutics, the development of 

imaging techniques for assessing lymphatic function is necessary for a deeper 

understanding of lymphatic transport mechanisms and for evaluating therapeutic 

effectiveness in vivo and in clinical settings. Common imaging modalities are 

lymphography, radionuclide lymphoscintigraphy, and indocyanine near-infrared 

fluorescence angiography (Munn & Padera, 2014). 

Lymphography is an imaging method for lymphatic vessels similar to angiography, 

which uses a contrast medium such as iodinated ethyl ester and iodinated glycerol ester, to 

fill the lymphatic vascular network (Guermazi et al., 2003). Lymphography can highlight 

all structures of the lymphatic network: lymphatic capillaries, lymphatic collectors and 

lymph nodes. In contrast to angiography, where the contrast agent can be injected in any 

major artery/vein and will be spread to the entire blood circulatory tree, in lymphography 

the contrast agent is required to be injected at multiple sites near peripheral lymphatic 
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capillaries, downstream of the lymphatic tree, and can only spread locally. This method 

used to be the standard diagnostic to detect lymphatic leaks, obstructions and structural 

abnormalities in cancers such as Hodgkin’s lymphoma, as well as to detect disorders of 

lymph flow. However, the use of this invasive and time-consuming technique has been 

curtailed because of its association with inflammation, scarring, and atrophy of the 

remaining healthy lymphatic vessels (Guermazi et al., 2003; Morrell et al., 2005). 

Lymphoscintigraphy is the current gold standard imaging modality for 

lymphedema diagnostics in clinical settings to measure lymph transport, lymphatic 

anatomy and possible obstruction (Weiss et al., 2014). It utilizes a gamma radiation camera 

to detect a radioactive tracer such as 99m-technetium injected intradermally into 

lymphadematous tissue and a control region to visualize the difference in the structure of 

lymphatic network, tracer clearance rate and potential dermal backflow. However, the 

radioisotope used in lymphoscintigraphy is teratogenic and is contraindicated for women 

during pregnancy (Unno et al., 2008). 

Near-infrared (NIR) fluorescence angiography is a new non-invasive and 

inexpensive method, which is less time-consuming than previous methods and is the only 

method that can directly capture the phasic contractions of collecting lymphatic vessels. 

Infrared light can penetrate tissue better than visible light because penetration depth 

increases when the illumination wavelength increases. However, low penetration depth 

(i.e., up to several millimeters into soft tissues) remains the major limitation of this optical 

imaging technique due to tissue absorption and light scattering (Sevick-Muraca et al., 

2014). Furthermore, the FDA-approved dye indocyanine green, the most common NIR 

fluorescent tracer, has potential negative effects on lymphatic contractility (Gashev et al., 
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2010; Aldrich et al., 2012). However, novel inert PEG-conjugated NIR dyes have been 

introduced recently to study mouse lymphatic contractions in vivo. The application of NIR 

imaging modalities, enabling capture of real-time, high resolution images of the lymphatic 

system, potentially can be applied in lymphedema diagnostics as well as in in vivo 

lymphatic research (Chong et al., 2016). 

1.1.5 Current treatments 

Currently available treatments for lymphedema are palliative and indirect, merely 

acting to alleviate symptoms and limit its progression and inflammatory complications 

rather than improving lymphatic function directly. Depending on the stage and severity of 

lymphedema, treatments will range from compression therapy, surgical intervention, and 

pharmacological approaches. 

The gold standard treatment for lymphedema is combined decongestive therapy 

using compression garments/devices that apply high external pressure, up to 120 mmHg 

(Lee et al., 2011) to passively and extrinsically increase lymph transport. This approach 

can be counterproductive as the applied pressure exceeds lymphatic intraluminal pressure, 

which is inherently low, causing further lymph obstruction (Modi et al., 2007). The 

treatment is composed of an intensive initial phase and then a maintenance phase. The first 

stage usually requires a hospital visit and can involve pneumatic sequential pumps in 

combination with multilayer bandaging, manual lymphatic drainage, decongestive 

exercise, elevation of the affected limb, skin care. This initial stage attempts to reduce the 

size of the lymphedematous limb, and undo any reversible fibrosis and tissue remodeling. 

Overall, this stage can increase the mobility of the lymphedema patient. A long-term 

second stage is important to maintain the achievement of the initial treatment and prevent 
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the progression of lymphedema, its relapse and complications (Olszewski, 2011). A second 

phase of self-treatment with the above-mentioned techniques at a lower, maintenance-level 

intensity requires the purchase of expensive medical devices and compression garments 

(Lee et al., 2011; Godoy et al., 2010). 

Patients unresponsive to the above-mentioned compression treatments may benefit 

from more invasive treatments such as reconstructive surgery (lymphaticovenous 

anastomosis), excisional surgery (vascularized lymph node transfer), and liposuction to 

reduce adipose accumulation and hypertrophy (Brorson, 2012). In patients with end-stage 

lymphedema (i.e., stage III in Table 1), especially when the major structural change in 

lymphedematous regions is expansion of adipose tissue rather than fluid accumulation, 

liposuction can be used as part of a treatment combination to alleviate lymphedema 

progression and improve quality of life. The possible disruptive effects of liposuction on 

lymphatic networks have not been studied. 

Recently, there are several pharmacological candidates to treat lymphedema and 

lymphatic-related diseases including: topical tacrolimus (Gardenier et al., 2015), 

rapamycin (Ando et al., 2013), VEGF-C (Jin et al., 2009) and benzo-pyrones such as 

coumarin and flavonoid derivatives (Badger et al., 2004). Furthermore, topical or 

prophylactic antibiotic treatment is also administered at the earliest signs of infection, as 

minor as a cut or a wound, to prevent the risk of infection relapse and expansion. Cellulitis, 

an acute inflammation of the dermis and subcutaneous areas, can also be prevented with 

antibiotics (Swartz, 2004). None of the above-mentioned drugs directly target collecting 

lymphatic vessel function or are FDA-approved for lymphedema treatment, suggesting that 
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a deeper understanding of lymphatic transport might provide a therapeutic target to directly 

improve lymphatic function to resolve lymphedema. 

In summary, both function and dysfunction of lymphatic system remain poorly 

understood. Lymphatic-related disorders lack efficient diagnoses for early detection and 

direct therapeutics. Therefore, a deeper understanding of lymphatic transport mechanisms 

may contribute to the development of therapeutics to improve the lymphatic function. 

1.2 Lymphatic transport 

The lymphatic system is composed of a blind-ended lymphatic vessel network and 

interconnected lymph nodes densely located across the body. Lymph nodes are small, 

bean-shaped glands that filter lymph transported by lymphatic vessels. The lymph nodes 

and lymphoid organs are major sites of antigen presentation and activation of T- and B-

lymphocytes. Lymphatic capillaries and collecting lymphatic vessels actively transport 

lymph containing interstitial fluid, protein and immune cells centrally through a chain of 

lymph nodes and back to the great veins of the blood circulatory system (Aspelund et al., 

2015). After a meal, the mesenteric lymphatic vessels are also the main route to transport 

chylomicrons from the intestinal villi to the blood circulation (Hall & Guyton, 2015). 

The lymphatic system has three primary roles — immune surveillance, lipid 

transport and fluid homeostasis — that interact highly with each other. Failure of one 

component sequentially entrains failure in the other two, analogous to a domino effect. For 

example, in lymphedema patients, failure of lymph transport and an imbalance in fluid 

homeostasis leads to lipid accumulation in the affected region and a 

weakened immune defense (Unno et al., 2010). In lipedema patients suffering from 

chronic fat deposition in lower extremities, lymph flow slows and is accompanied by an 
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abnormal lymphoscintigraphic pattern (i.e., abnormal lymph flow pattern), suggesting a 

connection between pathological lipid deposition and lymphatic function (Bilancini et al., 

1995). Obese individuals have reduced lymph transport and retrograde lymph flow 

(Weitman et al., 2013). ApoE-/- mice, with genetic deletion of apolipoprotein E, are born 

with chronically high cholesterol levels (Pendse et al., 2009). With long-term exposure to 

elevated circulating free fatty acid and lipoproteins, the collecting lymphatics degenerate 

and muscle cell coverage becomes sparse, thereby hampering lymph transport (Lim et al., 

2009). As a result, the lymphatic role in immunity is compromised, leaving the periphery 

with an accumulation of dendritic cells, other immune cells and macromolecules, and 

therefore resulting in systemic inflammation (Lim et al., 2009). Similarly, obese mice fed 

a high fat diet show defective lymph transport, apparently the consequence of architectural 

changes in collecting lymphatics (Weitman et al., 2013; Blum et al., 2014). Mice 

engineered to have abnormal immune responses, e.g., to induce rheumatoid arthritis (Liang 

et al., 2015) or inflammatory bowel disease (Cromer et al., 2015), also have reduced lymph 

flow. These mouse models correspond to human patients with rheumatoid arthritis (Grillet 

and Dequeker, 1987) and inflammatory bowel disease (Monk and Mortimer, 1999) that are 

prone to developing lymphedema. 

The focus of this dissertation will be on contractile function of collecting lymphatic 

vessels, a critical determinant of lymph transport. In the following section I will concentrate 

on describing the role of the lymphatic system in fluid homeostasis, and will not discuss 

its roles in immune surveillance and fat absorption further.  

During nutrient and oxygen exchange between capillaries and surrounding tissues, 

a fraction of blood plasma constantly percolates into the interstitial space through the 
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semipermeable blood capillaries and post-capillary venules. The network of lymphatic 

vessels, including initial and collecting lymphatic vessels, has an important role in the 

uptake of interstitial fluid and its transport back to the blood circulatory system. It is 

estimated that in an average 65kg-male, a total plasma volume of around 3L (Hall and 

Guyton, 2015) extravasates from the blood vasculature every 9 hours (Levick & Michel, 

2010). As a result, in a day, the lymphatic network returns 8-12L of fluid and 20-30g of 

protein back to the blood circulatory system (Renkin, 1986). Contrary to information 

commonly found in textbooks, the majority of the extravasated interstitial fluid and 

macromolecules are re-absorbed by the lymphatic capillaries rather than by post-capillary 

venules, except in the kidney and the intestinal mucosa where venous fluid re-absorption 

is maintained by local epithelia (Levick & Michel, 2010). Thus it is not surprising that 

lymphatic developmental defects in mice cause massive embryonic edema and prenatal 

death (Wigle & Oliver, 1999; Karkkainen et al., 2004; François et al., 2008).  

 

Figure 2. Lymph movement in an average human  

Reprint with permission from Renkin, 1986 



 

 
 

15 

1.2.1 Initial lymphatic vessels 

Initial lymphatic vessels, also called lymphatic capillaries, are formed by blind-

ended tubes of flattened lymphatic endothelial cells (LECs) lacking a muscle layer. The 

thinness of the initial LEC layer enhances the permeability of lymphatic capillaries to 

immune cells and macromolecules (Scallan et al., 2010) and lymph formation. Initial LECs 

have an oak-leaf shape and are slightly overlapped at their edges, forming a primary valve 

system. The borders of LECs are linked by button-like junctions that are rich in tight-

junction-associated proteins such as ZO-1 (zonula occludens-1), occludin, claudin-5, JAM-

A, ESAM, along with vascular endothelial cadherin (VE-cadherin) at adherens junctions 

(Kakei et al., 2014; Baluk et al., 2007). The tips of the lymphatic capillaries have zipper-

like junctions with similar tight-junction protein profiles with the above-mentioned button-

like junctions. The high permeability of initial lymphatics is dictated by their special 

features: a thin monolayer of LECs, button-like junctions between adjacent LECs, a 

discontinuous basement membrane, and a lack of muscle cell coverage. 

1.2.2 Collecting lymphatic vessels 

Lymphatic capillaries coalesce into larger collecting lymphatic vessels, where 

lymphatic vessels transit from a role of taking up lymph to a role of transporting lymph. 

Therefore, the anatomy of collecting lymphatic vessels is accordingly different from that 

of lymphatic capillaries. Collecting lymphatics have both LECs and LSM cells. The LEC 

layer is invested with at least one layer of smooth muscle cells with tight, zipper-like 

junctions and a continuous basement membrane (Baluk et al., 2007). This special 

anatomical structure of the collecting lymphatics ensures their role in active lymph 

transport with minimal leakage to surrounding interstitial space. The pumping action of the 
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LSM provides active driving force to push lymph uphill against the gravitational pressure 

gradient. 

When collecting lymphatics transport lymph centrally, pressure gradients 

throughout lymphatic tree are not favorable for lymph movement (Zawieja, 2009). 

Although the lymphatic system is usually referred as a drainage system (Aspelund et al., 

2016), the process of returning lymph against a hydrostatic pressure gradient is active 

rather than passive. In many tissues, interstitial fluid pressures are subatmospheric (slightly 

negative) to atmospheric (near 0cmH2O) (Aukland & Reed, 1993). These negative 

pressures facilitate capillary exchange while opposing lymph formation. Textbook 

explanations emphasizing post-capillary venous reabsorption as the main source of 

interstitial fluid reuptake (Hall & Guyton, 2015), based on the Starling principle, have been 

tested vigorously but are challenged by more recent literature that lymphatic vessels are 

responsible for substantial fluid and solute uptake and thus critical for tissue fluid balance 

(Levick & Michel, 2010). Only a few pressure measurements in the initial and collecting 

lymphatic vessels in large animals, such as in cat and cow lymphatics (Zweifach & Prather, 

1975; Ohhashi et al., 1980) have been reported, due to challenges of making accurate 

pressure measurements in the lymphatic microvasculature. In most cases, the lymphatic 

intraluminal pressure is slightly positive. This pressure gradually rises up to ~10cmH2O 

(Scallan et al., 2016) as the lymphatics approach lymph nodes (Zweifach & Prather, 1975). 

Therefore, passive draining of lymph is not adequate to transport lymph uphill. How does 

the body override the opposing pressure gradient in the lymphatic network? A longstanding 

model (Levick & Michel, 2010), well supported by solid data, is that episodic changes in 

interstitial fluid pressure and lymphatic intraluminal pressure will produce a transient 
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positive pressure gradient in favor of central lymph movement. Extrinsic compression 

closes the primary valves and pushes lymph into the collecting lymphatic vessels. 

Additionally, active contractions of LSM also create a suction effect aiding lymph to move 

uphill. The adverse pressure gradient in the lymphatic tree is aggravated in large animals 

by the additional influence of larger gravitational forces on the lymph pressure. In an 

average human who spends almost two-thirds of his/her time in upright position, there is a 

potential hydrostatic pressure gradient of around 150cmH2O between the feet and the 

subclavian veins, where the thoracic duct returns lymph to the blood circulatory system 

(Zawieja et al., 2011). This pressure challenge is overcome in two ways: 1) segmentation 

of hydrostatic columns by secondary valves, and 2) lymph pumping machinery. 

At regular spaces, two LECs form secondary bicuspid valves that only allow one-

way, central lymph transport (Trzewik et al., 2001). The functional unit of the collecting 

lymphatic between two consecutive secondary bi-leaflet valves is called a lymphangion. 

The hydrostatic column of lymph is thereby segmented by a series of unidirectional 

secondary valves to divide gravitational force up into smaller values. In human leg 

lymphatics, under a physiological hydration state, there are only a few milliliters of lymph 

in some lymphangions, while many others remain empty. Therefore, hydrostatic pressure 

is near zero in the lymphatics of an extremity even in the upright position (Olszewski, 

2003). Intraluminal lymphatic valve opening and closing are closely regulated by pre- and 

post-valve pressures (Davis et al., 2011). Once the output pressure rises above input 

pressure, the backsides of two LEC leaflets bulge inward to oppose each other and close 

the valves. The secondary valve system, therefore, normally allows lymph fluid to move 
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only in one direction, preventing backflow. The other determinant of lymph transport, i.e., 

lymph pump will be discussed in the next section. 

1.3 Pump function of collecting lymphatic vessels 

The active lymph pump that drives lymph through the lymphatic tree is composed 

of two components. One comes from rhythmic contractions of LSM cells in the walls of 

collecting lymphatic vessels, termed the intrinsic lymph pump. The other comes from 

cyclical compression and expansion movements of the surrounding tissues, termed the 

extrinsic pump. On average, the intrinsic pump accounts for 2/3 of the lymph driving force, 

and the extrinsic pump for the remaining 1/3 (Engeset et al., 1977). Depending on body 

regions and the characteristics of surrounding tissues, the proportion of intrinsic and 

extrinsic pump contributions may vary across the lymphatic vascular tree. The extrinsic 

force is more important in the lymphatics of the heart, skeletal muscle, thorax and gut wall, 

while the intrinsic pump is crucial in other lymphatic vascular beds. Efficient lymph 

transport in some tissues may require both intrinsic and extrinsic pumps at a balanced ratio 

(Zawieja et al., 2009). Thus, an excessive increase in external pressure, e.g., as occurs 

during lymphatic compression therapy, can be counterproductive, shifting this ratio out of 

the optimal balance, and potentially worsening lymphedema. Impairment of the intrinsic 

pump was observed in the legs of lymphedema patients (Olszewski, 2002). However, the 

current therapeutics for lymphedema do not target the intrinsic pumping mechanism of 

LSM. For example, the pneumatic pump or manual lymph drainage targets only on the 

extrinsic pumping mechanism. Thus, understanding of the intrinsic pumping machinery 

could provide a novel therapeutic target to enhance lymph transport, especially in 

lymphedema with dysfunctional collecting lymphatic contractions. Therefore, my 
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dissertation focuses on investigating the ionic mechanism of the intrinsic pump. Details of 

the intrinsic pump by LSM will be further described in the next section. 

1.4 Function of lymphatic smooth muscle cells 

Since collecting lymphatic vessels perform both pumping and conduit function, 

LSM has both rapid, phasic contractile activity similar to cardiac muscle, and a slower, 

tonic contraction similar to blood vascular smooth muscle. LSM possess a maximal 

shortening velocity of >2.0 lengths (L)/s, in between that of vascular smooth muscle 

(0.48L/s) and cardiac muscle (0.6-3.3L/s) (Zhang et al., 2013). This functional property 

correlates with the finding that lymphatic smooth muscle expresses both striated and 

smooth muscle components (Muthuchamy et al., 2003). 

1.4.1 Functional similarities to arterial smooth muscle  

LSM expresses smooth muscle myosin heavy chain (SMMHC), myosin light chain 

(MLC) and actin, characteristic of smooth muscle (Wang et al., 2009; Muthuchamy et al., 

2003). Normally, lymphatic basal tone ranges from 10-20%, relatively lower than the 

average tone of arterioles (40-50%). Experimentally, like arterioles, collecting lymphatics 

develop a slow tonic contraction when warmed to body temperature in physiological 

solution. The lymphatics lose this tonic contraction in Ca2+ free solution, indicating that 

lymphatic tone depends on extracellular Ca2+, as in arterioles. The tone of lymphatic 

vessels (i.e., basal tone) can be evaluated by calculating the difference between the 

diameter at the end of diastole and the maximal dilated diameter as a percentage of the 

maximal dilated diameter in Ca2+-free physiological solution (Zawieja et al., 2009). 

In collecting lymphatics, as in arterioles, basal tone is maintained by a low basal 

level of intracellular Ca2+ that maintains a set balance of MLC kinase/MLC phosphatase 
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activity in response to physical and chemical stimulation in the surrounding milieu (Wang 

et al, 2009). In LSM, MLC and two forms of phosphorylated MLC: MLC-P and MLC-2P 

are expressed (Nepiyushchikh et al., 2011). Inhibition of MLC kinase decreases tonic 

lymphatic contraction (Wang et al., 2009; Nepiyushchikh et al., 2011). Activation of MLC 

phosphatase can deactivate MLC and relax LSM. Rho kinase can inactivate MLC 

phosphatase by phosphorylation at the regulatory subunit MYPT-1 to promote tonic 

lymphatic contraction (Kurtz et al., 2014). 

Similar to arterioles, LSM also exhibits a myogenic response. In arterioles, 

myogenic tone is the phenomenon of decreasing vessel diameter in response to increasing 

stretch on the vessel wall, as would occur with an increase in intraluminal blood pressure. 

The myogenic tone of arterioles regulates peripheral resistance, blood pressure and blood 

flow. This mechanism protects downstream capillaries from changes in blood pressure to 

maintain proper capillary filtration rate. In lymphatic vessels, tonic contraction decreases 

lymphatic diameter, increases downstream lymphatic resistance, and decreases lymph flow 

out of a lymphatic vascular bed. Compared to arteriole tone, which is augmented with an 

increase in intraluminal pressure and vice versa (Meininger and Davis, 1992), the level of 

tone in lymphatics seems stable regardless of the intraluminal pressure level (Zawieja et 

al., 2009). However, during a sudden step pressure increase, collecting lymphatics show 

myogenic constriction when they quickly expand and then regain a portion of tone over the 

course of one to two minutes (Davis et al., 2009). 

LSM also exhibits a myogenic constriction when output pressure of a two-valve 

segment is rapidly and selectively elevated: the segment upstream of the valve, which is 

protected from any change in pressure, progressively constricts in proportion to the rise in 
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output pressure, at least over a certain range. This lymphatic myogenic constriction appears 

to be important for proper valve closure to protect downstream lymphatic capillaries from 

retrograde lymph flow (Scallan et al., 2013) and for preventing excessive lymphatic 

dilation when intraluminal pressure rises during inflammation or edema (Davis et al., 

2009). 

1.4.2 Functional similarities to cardiac muscle  

Similar to the heart, LSM expresses troponin I, T and C and cardiac actin 

(Muthuchamy et al., 2003; Muthuchamy & Zawieja, 2008; Zolla et al., 2015). LSM cells 

phasically contract as a muscle syncytium and fire repetitive action potentials (APs) like 

cardiac cells. The LSM cells are tightly connected by gap junctions (Kanady and Simone, 

2012). When one of these cells is excited, the electrical signal will be propagated along the 

vessel length (Gui et al., 2015). 

Similar to cardiac muscle, the contraction of lymphatic muscle is driven by 

rhythmic firing of APs. Every lymphatic phasic contraction is preceded by an AP. A typical 

AP is preceded by a slow and gradual diastolic depolarization. Once membrane potential 

reaches threshold, a sharp 100ms potential spike from -40 to +5mV occurs, followed by a 

gradually declining 0.5-1ms plateau at -20mV and a small after-hyperpolarization of 

around 5mV. The diastolic depolarization slope is sensitive to pressure change, HCN 

inhibitors and KCNQ channel modulators (MJD unpublished observations). The AP spike 

is sensitive to TTX and nifedipine, implicating the importance of both voltage-gated Na+ 

and Ca2+ channels in the AP (MJD unpublished). The LSM cell network functions as a 

syncytium, with entrained depolarizations and APs that trigger nearly-simultaneous global 

increases in intracellular calcium in the smooth muscle layer. The entrained global calcium 
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rise leads to the shortening of LSM cells (Imtiaz et al., 2007). A contraction wave is thus 

propagated along the lymphatic wall and generates pulses of lymph flow, moving lymph 

from one lymphangion to the next. 

Historically, lymphatic contractions have been analyzed using cardiac contractile 

parameters (as illustrated and further described in Figure 9). The diameter at which the 

lymphatic vessel develops basal tone, as mentioned earlier, is called the end diastolic 

diameter. In a lymphangion with two valves, the input valve opens during diastole, creating 

suction and allowing lymph to fill the pumping unit. The end diastolic pressure created by 

the fluid volume in the lymphangion from the input up to the output valve is equivalent to 

preload in the heart. Afterload is the pressure at the beginning of systole and determines 

the load against which the lymphangion must pump. During systole, lymphatic diameter is 

decreased to an end systolic diameter. The contraction generates a pressure to overcome 

the output pressure, opening the output valve, and ejecting lymph to the next lymphangion. 

The difference between the end diastolic diameter and the end systolic diameter is the 

contraction amplitude. The number of contractions in a minute is counted as the contraction 

frequency. Amplitude and frequency have an interrelationship. An increase in frequency 

decreases the filling time and therefore reduces the amplitude of the next contraction. 

Stroke volume is the volume of lymph propelled during each contraction cycle and is the 

difference between end diastolic volume and end systolic volume. Ejection fraction is the 

proportion of end diastolic volume ejected during a contraction cycle. Fractional pump 

flow, a theoretical index of lymph flow per unit time, is the product of ejection fraction and 

contraction frequency. Contractility is a term that is commonly used to indicate the ability 
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of LSM to shorten its length and pump stroke volume forward at a given level of preload 

and afterload. 

Both tonic and phasic contractions are required to ensure lymphatic transport 

efficiency. Phasic contractions work as an intrinsic pump, creating a favorable pressure 

gradient to move lymph uphill. Tonic contraction acts as one of the regulators of valve 

movement allowing adequate pressure build-up during diastole, and preventing retrograde 

movement of lymph. Together, they are hallmarks of a “good” isolated lymphatic vessel 

preparation that recapitulates a normal physiological state. In undamaged collecting 

lymphatics, tonic and phasic contractions usually develop in parallel. Additionally, tone 

development during the warming and equilibration period is one of the signs of a healthy 

lymphatic vessel which will subsequently develop phasic contractions. 

1.5 Ca2+ signaling 

Ca2+ is important in many different roles in physiology such as, but not limited to, 

second messenger signaling, vascular remodeling, proliferation, triggering of electrical 

events in muscle contraction and cardiac and lymphatic pacemaking (Imtiaz, 2012). In 

contrast to other cations that control electrical activities across cellular membranes such as 

Na+ and K+, Ca2+ has a large variability across cell compartments, which is the reason for 

its versatility in cellular function. Extracellular [Ca2+] is ~1.8mM, [Ca2+] in the 

sarcoplasmic reticulum (SR) varies from 300µM to 2mM, and intracellular [Ca2+] at resting 

state is ~0.1µM and can increase up to 7-10-fold during cell activation, such as in smooth 

muscle contraction (Bose et al., 2015). 

Elevations of intracellular [Ca2+] can come from different Ca2+ sources. Ca2+ 

release from the SR can initiate Ca2+ spark release via ryanodine receptors, Ca2+ puff release 
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via inositol 1,4,5-triphosphate (IP3) receptors, and waves through calcium-induced calcium 

release. In contrast, Ca2+ influx from the extracellular space can be detected as rapid Ca2+ 

transients, spontaneous local Ca2+ sparklets, and an increase in global Ca2+ (e.g., flashes 

through voltage-gated Ca2+ channels) (Hill-Eubank et al., 2011). In vascular smooth 

muscle cells, global Ca2+ elevation induces tonic constriction mainly via opening of 

voltage-gated Ca2+ channels (VGCCs). Other, more localized Ca2+ events can modulate 

contraction by indirectly trigger global Ca2+ elevation (Berridge, 2006). 

Among these Ca2+ sources, Ca2+ through voltage-gated Ca2+ channels greatly 

contribute to the upstroke of spontaneous APs in smooth muscle cells. VGCCs open when 

membrane potential is depolarized above their threshold of activation. These types of 

channels can be activated rapidly and drastically change the intracellular [Ca2+]. This class 

of homologous proteins is divided into three families: Cav1.x, 2.x and 3.x. The 

cardiovascular system predominantly expresses two of them, which are the L-type Ca2+ 

channels: Cav1.x, and the T-type Ca2+ channels: Cav3.x. My dissertation will focus only on 

T and L-channels (Figure 3). 
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Figure 3. Classification and nomeclature of VGCC isoforms. Figure shows the three 

subfamilies of VGCCs: Cav1.x, Cav2.x and Cav3.x and their evolutionary relationship. 

Reprint with permission from Jurkat-Rott and Lehmann-Horn, 2004. 

The general structure of VGCCs is composed of four different types of subunits: a 

main pore-forming α1, associated with other auxiliary subunits: α2δ, β1–4, γ. Differences in 

the pore-forming α1 subunit structure divide the VGCC class into different subclasses: 

Cav1.2 (α1C), Cav1.3 (α1D), Cav3.1 (α1G), Cav3.2 (α1H), Cav3.3 (α1I).  

The α1 subunit consists of four linked membrane-spanning domains DI-IV. The 

intracellular amino-and carboxyl termini are both intracellular. Each domain has six 

transmembrane segments S1-6, in which S4 acts as a voltage sensor. With membrane 

depolarization, S4 moves outward and rotates creating a conformational change to open 

the channel pore. Between S5 and S6 lies a pore-forming loop (P-loop). The cytoplasmic 

loops linking the four domains DI-IV are crucial for channel gating, and for interactions 
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between α1 and second messengers, the β subunit, and scaffolding proteins. β and α2δ 

subunits are essential for most types of VGCCs with respect to channel regulation, 

membrane expression optimization, and gating kinetics (Perez-Reyes, 2003). Figure 4 

illustrates the interactions between VGCC subunits. 

The pharmacological susceptibility to inorganic antagonists of VGCCs such as 

dihydropyridines (DHPs) is attributed to the α1 subunit. The binding of DHPs to the pore-

forming α1 subunit is determined by the S5-6 extracellular linker, segment S6 of subunit 

III and IV, and two amino acid residues on segment S5 of subunit III on α1 subunit 

(Sandmann and Unger, 1999). The mouse α1 subunit of Cav1.2 is a large construct 

containing 49 exons in which at least 20 exons are alternative splicing sites (Hofmann et 

al., 2014). The smooth muscle L-channel variant (i.e., Cav1.2b) is more sensitive to DHP 

inhibition compared to the variants in the heart (i.e., Cav1.2a). The 190-250kDa pore-

forming α1 is also important for other functional properties of VGCCs such as voltage 

sensitivity, Ca2+-dependent inactivation, and Ca2+ permeability (Catterall, 2011). 
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A 

 
B 

 

Figure 4. The structural map of the alpha 1 subunit of the calcium channels and its 

interaction with regulatory components and inhibitor binding sites. A: the 2D-structure 

of the pore forming subunit alpha 1 of VGCCs, its interaction with regulatory signaling 

such as PKA, Ca2+-Calmodulin, auxiliary subunits, and the conceptual binding sites for 
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VGCC inhibitors such as dihydropyridines (e.g., nifedipine, nicardipine), 

phenylalkalamines-PAAs (e.g., verapamil), and benzothiazepine-BZT (e.g., diltiazem). B: 

the 3D-structure of the alpha 1 subunit and the conceptual binding site for the T-channel 

inhibitor mibefradil. Reprinted with permission from Muth et al., 2001 (A) and Sandmann 

and Unger, 1999 (B). 

The most used method in the literature to functionally differentiate between 

vascular T and L-channels and between different vascular T-channel isoforms is their 

susceptibility to pharmacological agents. L-channels can be blocked by nanomolar 

concentrations of DHPs, while T-channels are theoretically insensitive to DHPs (Perez-

Reyes, 2003). The well-established pharmacological approach to inhibit T-channels is to 

use a low dose of Ni2+ to target the vascular isoform Cav3.2 (i.e., ~50µM inhibits 60% of 

Cav3.2 but not Cav3.1 or Cav1.2, El-Rhahman et al., 2013). However, the IC50 for Cav3.1, 

Cav3.3 and Cav1.2 closely overlap (see Table 3). The high sensitivity of Cav3.2 to Ni2+ is 

regulated by a histidine on S3-S4 loop on the extracellular side: histidine 191 (Kang et al., 

2005). Cav1.2 and Cav3.1 are blocked at much higher concentrations of Ni2+ (Table 2) by 

pore occlusion at a shared site deep in the pore. However, the rate for blocking Cav3.1 is 

faster than that for blocking Cav1.2 (Obejero-Paz et al., 2008). Genetic manipulation 

technology currently offers the most accurate method to study and distinguish the roles 

between different VGCC families (L vs. T-channels), as well as between different T-

channel isoforms (e.g., Cav3.1 vs. Cav3.2) (Hansen, 2015). 
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Table 2. IC50 values of currently available VGCC blockers 

Inhibitor Assay system Ca2+ channel Isoform IC50 (µM) 
 Oocyte 

T-type 
Cav3.1 167 

 Cav3.2 5.7 
 Cav3.3 87 

Ni2+ L-type Cav1.2 127.6 
 HEK293  Cav3.1 250 
  T-type Cav3.2 12 
   Cav3.3 216 
 rbU-SMC L-type  324 

Ni2+ selectivity  Cav3.2>>3.3>1.2>3.1  

Mibefradil HEK293 T-type  0.87 
 L-type  1.4 

Mibefradil selectivity  T-type>L-type  

TTA-A2 HEK293 T-type 
Cav3.1 4.1 
Cav3.2 5.3 
Cav3.3 3.7 

TTA-A2 selectivity  Cav3.1~3.2~3.3  

Nifedipine 

tSA-201 
 T-type Cav3.1 109 

HEK293 Cav3.2 1.2 
CHO L-type Cardiac Cav1.2 (α1C-a) 0.47 

 Vascular Cav1.2 (α1C-b) 0.01 
Nifedipine selectivity Vascular> Cardiac Cav1.2> Cav 3.2 >Cav 3.1 

 
*CHO: Chinese hamster ovary; HEK: human embryonic kidney; rbU-SMC: rabbit urethra 

smooth muscle cells. (Kraus et al., 2010; Jensen and Holstein-Rathlou, 2009; Lee et al., 

2006; Shcheglovitov et al., 2005; Bradley et al., 2004; Lee et al., 1999; Morel et al., 1998; 

Zamponi et al., 1996) 

 

Different vascular beds have different profiles of T- and L-channel expression 

depending on their specific physiological function. Resistance arteries, subjected to lower 

pressure (40-80mmHg), such as rat cerebral arterioles, express both T- and L-channels 

(Abd El-Rahman et al., 2013). T-channels are also thought to underlie pacemaker activities 
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in some veins exhibiting spontaneous contractions such as dog saphenous vein (Yatani et 

al., 1987), rat portal vein (Loirand et al., 1989), and rabbit pulmonary vein (Chen et al., 

2004). The next section will focus on highlighting the current strategies about how to 

differentiate between T- and L-channels. 

1.5.1 L-channels 

The activation of L-channels is rapid, lasting and voltage-dependent. L-channels 

are activated at relatively more depolarized membrane potentials compared to T-channels: 

e.g., around 10mV more positive in mouse tibialis arteries (Moosmang et al., 2003). L-

channels have a long-lasting activation, and therefore allow a relatively larger amount of 

Ca2+ ions to pass into the intracellular compartment. In vascular smooth muscle, the L-

channel isoform Cav1.2 predominates (Catterall, 2011). When intraluminal pressure 

increases, vascular smooth muscles exhibit myogenic reactivity by depolarizing the 

membrane potential and opening Cav1.2 channels (Jaggar et al., 1998). Intracellular Ca2+ 

complexes with calmodulin, resulting in myosin light-chain kinase activation and vascular 

smooth muscle shortening. 

Patch-clamp experiments typically use high [Ba2+] as charge carrier to study L and 

T-type Ca2+ channels because Cav1.2 is two to three times more permeable to Ba2+ than 

Ca2+ (Perez-Reyes, 2003). In addition, since Ca2+ signaling involves many cellular 

processes, a higher concentration of Ba2+ is less likely to change the intracellular Ca2+ 

homeostasis than a high concentration of Ca2+. The higher permeability for Ba2+ results in 

longer activation because the conductance for Ba2+ is not subject to Ca2+-independent 

inactivation. Furthermore, the pore has a high affinity for Ca2+ and is particularly sensitive 

to low extracellular concentrations of Ca2+ (10-6M). However, this affinity also makes Ca2+ 
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obstruct its own influx, therefore allowing Ca2+ to permeate more slowly than Ba2+ (Sather 

and McCleskey, 2003). L-channels have a large conductance for Ba2+; in 110mM Ba2+ the 

conductance of L-channels (25pS) is three times higher than that of T-channels (8pS) 

(Bkaily, 1994). Patch-clamp recordings substituting a high concentration of Ba2+ (10-

20mM) for physiological [Ca2+] of 1.8mM reported an approximately 10-mV depolarized 

shift in the current-voltage relationship (Abd El-Rahman et al., 2013). This depolarized 

shift was explained by Ca2+ binding strongly to the hydrophilic part of the lipid bilayer 

membrane, referred as surface charge screening. Like some other K+ and Na+ channels, 

patch-clamp recordings of L-channels are also prone to rundown/washout phenomena, 

where the channel activity decreases when the contact between cytosol and membrane is 

disrupted during patch formation. These effects can be slowed by addition of ATP, Mg2+ 

and cAMP to the pipette solution to increase recording stability (Fedulova et al., 1985; 

Hille, 2001). Rundown can also be reduced by addition of protease and phosphatase 

inhibitors. 

L-channels (i.e. Cav1.2) play an important role in myogenic tone, smooth muscle 

contraction and therefore regulation of blood pressure. Global Cav1.2 deletion is 

embryonically lethal. Inducible smooth muscle-specific Cav1.2 deletion using the SM-22-

Cre promoters reduces blood pressure, blunts the myogenic response in arteries/arterioles 

and is eventually lethal around 21st day after Cre-induction (Moosmang et al., 2003). 

1.5.2 T-channels 

Since their original discovery in 1975, T-type VGCCs have been shown to be 

activated at more hyperpolarized membrane potentials compared to the activation potential 

threshold of other VGCCs: thus, they are also called low-voltage activated Ca2+ channels 
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(Hagiwara et al., 1975). Compared to L-channels, T-channels have a faster, more transient 

activation and inactivation. Different from L-channels, the range of voltage where T-

channels opens (-65 to -44.7mV, also called window current) is more hyperpolarized than 

the window current for L-channels, (-40mV to -30mV) (Cheng et al., 2009; Satoh, 1995).  

Furthermore, the window current of the channels expressed in smooth muscle has 

a depolarized shift compared to that of neuronal T-channels (Kuo et al., 2014). This shift 

could be possibly caused by 1) predominant expression of smooth-muscle T-channel splice 

variants with a more positive activation potential; 2) possible interaction with a) other 

components of the cell membrane, e.g., other ion channels; b) auxiliary subunits; c) 

intracellular second messengers (Kuo et al., 2014). Moreover, substitution of Ba2+ for Ca2+, 

as is common practice in patch-clamp experiments to enhance current flowing through 

VGCCs, does not shift the current-voltage relationship for T-channels as it does for L-

channels (Perez-Reyes, 2003). 

The small depolarization caused by Ca2+ entry through T-channels was shown to 

be required for activation of high-voltage activated Ca2+ channels, specifically L-channels 

in some cardiovascular contexts (Perez-Reyes, 2003). Furthermore, given that T-channels 

also have faster voltage-dependent inactivation (Hille, 2001), their characteristics are 

suited for initiating repetitive action potentials by depolarizing membrane potential to the 

AP threshold. 

T-channels have also been shown to play a role in tone regulation in resistance 

arteries (Abd El-Rahman et al., 2013). Indeed, the T-channel/L-channel ratio has been 

shown to be higher in small vessels compared to large vessels (Ball et al., 2009). In the 

cardiovascular system, Cav3.1 and Cav3.2 are the two main subtypes, while the Cav3.3 
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isoform is thought to be limited to expression in the central nervous system, in particular 

to the reticular neurons of thalamus (Vinogradova et al., 2009; Perez-Reyes, 2003). 

However, in a recent publication, Cav3.3 was found to play the same role in human cerebral 

arteries as Cav3.1 plays in rat cerebral arteries (Harraz et al., 2015). Studies in resistance 

vessels, such as smaller branches of mesenteric arteries and cerebral arteries, show a 

functional role for T-channels (Abd El-Rahman et al., 2013). Ca2+ entry through T-

channels, in particular Cav3.2, has been shown to contribute to the global Ca2+ increase and 

the development of myogenic tone at low intravascular pressures in cerebral and 

mesenteric arteries (Harraz et al., 2015; Abd El-Rahman et al., 2013; Kuo et al., 2010). In 

contrast, Cav3.1 has been shown to play a role in the myogenic tone of retinal arterioles 

(Fernández et al., 2015). 

Vascular T-channel splice variants have a more depolarized window current 

corresponding to Vm of vascular smooth muscle ~ -40mV. The α1 subunit of Cav3.1 

contains at least 15 alternative splicing sites among which the splice variants of exon 25 

and 26 determine the shift in voltage sensitivity. The isoform Cav3.2 also has 12-14 splicing 

sites between exons 25 and 26 (Kuo et al., 2014). For example, the splice variant 25bc at 

the III-IV linker region predominates in high-order cerebral, mesenteric and renal arteries, 

while the variant 25a is mainly expressed in the brain and determines altered membrane 

firing in various forms of epilepsy (Zhong et al., 2006). 

1.6 Role of L and T- type Ca2+ channels in cardiac pacemaking 

Ca2+ signaling is an important component of pacemaking in cardiac muscle. It has 

two major roles: an electrogenic role as in the Hodgkin-Huxley cycle of electrical 

excitation, and a regulatory role as a second messenger. In parts of the cardiovascular 
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system such as cardiac pacemaker cells of the sino-atrial node (SAN) and atrio-ventricular 

node (AVN), the Hodgkin-Huxley cycle can be applied to Ca2+ entry through VGCCs as 

follows: T-channels are activated initially and temporally, contribute to the transient 

upstroke, therefore depolarizing the membrane potential to the activation potential of L-

channels; L- channels then are activated and maintain a long-lasting Ca2+ influx, along with 

contributing a substantial change in intracellular [Ca2+]. As T-channels are inactivated the 

membrane potential is brought back to the resting level by K+ outflow, getting the cell 

ready for the next excitation cycle. The pacemaking cycle is often regulated by a diastolic 

depolarization (DD). The voltage-gated T and L-channels are proposed to contribute to the 

DD slope (Maltsev and Lakatta, 2008). VGCCs provide an important Ca2+ input regulating 

the pacemaker in the heart. L and T-channel currents have been recorded in both SAN and 

AVN cells (Mesirca et al., 2014). 

T-channels have been suggested to contribute to pacemaker potentials in the heart, 

with the highest density in pacemaker and conduction cells. T-channels are suggested to 

contribute to the mid-late diastolic depolarization, leading to the activation of L-channels, 

and contributing to the global Ca2+ rise (Maltsev and Lakatta, 2008). In mice lacking 

Cav3.1, T-current is completely abolished in sino-atrial nodal cells (Mangoni et al., 2006), 

atrio-ventricular conduction is delayed and the beating rate is decreased by 30% (Mangoni 

et al., 2008; Chen et al., 2003). However, selectively inhibiting Cav3.2 with 40 µM Ni2+ 

only decreases the beating rate by 10% (Hagiwara et al., 1988). In contrast, Cav3.2KO mice 

have a normal heart rate, suggesting that Cav3.2 is not crucial for cardiac pacemaking. 
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Therefore, Cav3.1, but not Cav3.2, contributes cardiac pacemaking. Could Cav3.1 also play 

a role in lymphatic pacemaking? 

1.7 Hypotheses of lymphatic pacemaking 

Currently, there are three schools of thoughts about the possible pacemaking 

mechanism underlying spontaneous contractions LSM. 

1.7.1 Spontaneous transient depolarizations (STDs) 

Lymphatic electrical pacing is similar in some respects to that observed in 

mesenteric veins and gastrointestinal (GI) smooth muscle (McHale et al., 2006). As in the 

GI tract (Kito et al., 2009), LSM displays spontaneous transient depolarizations (STDs), 

small fluctuations in membrane potential preceding the AP firing, as recorded by 

intracellular electrodes (Van Helden, 1993). STDs are defined as a 1-2mV deflections in 

Vm that produce no constriction and correlate with Ca2+ puffs-small oscillations in Ca2+ 

release from IP3R (Imtiaz et al., 2007). In the current literature, STDs are hypothesized to 

summate into pacemaking potentials and take the membrane potential up to the AP 

threshold to initiate AP firing. They are also observed in blood vessels such as rat 

mesenteric, irideal and basilar arteries (Haddock & Hill, 2005). The ionic mechanism 

underlying STDs is thought to be spontaneous transient inward currents (STICs) evoked 

by the activation of Ca2+ activated Cl- channels downstream to a spontaneous Ca2+ release 

from the sarcoplasmic reticulum through IP3 receptors (von der Weid et al., 2008); in 

guinea pig LSM STDs do not depend on ryanodine receptors. However, several 

unpublished findings from our laboratory suggest otherwise: 1) ryanodine receptor 

inhibition increases the lymphatic contraction frequency (SDZ unpublished data); 2) STDs 

are occasionally present, but their activity is not required for AP firings (SDZ unpublished 
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data in Tmem16a knockout mice); 3) selective inhibition of IP3 receptors by xestopongin 

(Miyamoto et al., 2000) does not reduce the lymphatic contraction frequency (MJD and 

JAC’s unpublished data). Therefore, the hypothesis of STDs being critical for pacing 

lymphatic contractions is supported by some data, but those data can be questioned due to 

their sole reliance on pharmacological modulators. 

1.7.2 Ion channels located on the plasma membrane of lymphatic smooth muscle cells 

Similar to cardiac muscle, there is a close overlap of the contribution of different 

ion channels in lymphatic pacemaking (Maltsev & Lakatta, 2008). In the literature, the 

roles of different ion channels in lymphatic pacemaking have been assessed only with 

pharmacological tools. L-channels are the main driving force for the AP upstroke (Beckett 

et al., 2007). Nifedipine application stops both AP firing and spontaneous contractions 

(Souza-Smith et al., 2015). K+ channels such as KATP, Kir, KV, KCa, Erg are expressed in 

LSM from human (Telinius et al., 2014), guinea pig (von der Weid, 1998), sheep (Cotton 

et al., 1997) and mouse lymphatic vessels (MJD unpublished data). K+ channels are 

responsible for the repolarization post-AP and regulate the resting membrane potential 

(Telinius et al., 2014). Hyperpolarization-activated cyclic nucleotide-gated channels, 

responsible for funny current in the heart (DiFrancesco, 2010), are suggested to play a role 

in lymphatic pacemaking in rat (Negrini et al., 2016) and sheep (McCloskey et al., 1999). 

In rat (Lee et al., 2014) and sheep (Cotton & McHale, 1997), T-channels are also implicated 

in a pacemaking role, contributing to the initial DD, and depolarizing the membrane 

potential toward the AP threshold, to the point where membrane potential increases 

exponentially. Non-selective cation channels are also suggested to be activated by 

lymphatic wall stretch and to trigger the next contraction after diastole (Lee et al., 2014). 
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A Ca2+-activated Cl- channel was identified in sheep LSM (Beckett et al., 2007), and 

proposed to set the resting membrane potential, modulate the AP frequency and the 

responses to stretch in rat, mouse and human (Zawieja et al., 2016 abstract). Na+ channels 

are postulated to contribute to the AP upstroke in LSM from sheep (Hollywood et al., 1997; 

Beckett et al., 2007) and human (Telinius et al., 2015). Roles for the Na+/Ca2+ exchanger 

in reverse mode also have been suggested to contribute to Ca2+ influx along with VGCCs 

(Allen et al., 1986). Table 5 summarizes the ion channels known to contribute to lymphatic 

pacemaking. 
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Table 5. Contribution of ion channels to lymphatic contraction mechanism 
Ion Species Ref Channel  Channel modulator(s) 

K+ Human thoracic duct Telinius et 
al., 2014b 
 

KATP, Kir, 
Kv, KCa 

Glibencamide (10µM), 
pinacidil* (1µM), 
TEA (1mM), paxillin 
(10µM), 4-AP (40µM-
1mM), KPSS (10mM) 

Rat mesenteric 
lymphatics 

Gui et al., 
2014 

KCNQ,  
 
Kv7.1 
ERG 

XE991, linopiridine (1-
10µM)  
flupirtine (10µM)* 
E-4031 (2-6µM) 

Sheep mesenteric 
lymphatics 

Beckett et al., 
2007 

BK Penitrem-A (100nM), 4-
AP (5µM) 

 Rat mesenteric lymph 
microvessels 

Mizuno et 
al., 1999 

KATP Glibencamide# (100nM 
and 1µM), pinacidil* 
(100nM and 1µM), 
TEA# (100µM and 
1mM), iberiotoxin (1-
10nM) 

Na+ Human thoracic duct 
and mesenteric 
lymphatics 

Telinius et 
al., 2015 
 

Nav1.3 
Reverse-
Na+/Ca2+ 
exchanger 

TTX (1nM-1µM), 
veratridine* (0.1-30µM), 
ranolazine (1µM) 
KB-R7943 (3µM) 

 Sheep mesenteric 
lymphatics 

Beckett et al., 
2007 

Nav TTX (0.5-1µM) 

 Guinea pig 
mesenteric LVs 

von der Weid 
et al., 2015 

TRPM4 Phenantrol (IC50=1.2µM) 

Ca2+ Rat mesenteric 
lymphatics 

Lee et al., 
2014a 

L and 
T-
channels 

Ni2+ (100µM), mibefradil 
(100nM), nifedipine (100 
and 200nM) 

Rat mesenteric 
lymphatics 

Souza-Smith 
et al., 2007 

L-
channels 

Nifedipine (100nM) 

Human thoracic duct 
and mesenteric 
lymphatics 

Telinius et al, 
2014a 

L -
channels 

Nifedipine (10nM) 

 Sheep mesenteric 
LVs 

Beckett et al., 
2007 

L and 
T-
channels 

Ni2+ (100µM), nifedipine 
(1µM) 

 Sheep mesenteric 
LVs 

Hollywood et 
al., 1997 

L-
channels 

Nifedipine (1µM) 

Cl- Sheep mesenteric 
LVs 

Toland et al., 
2000 

Cl- 

channels 
9-AC (1mM), Cl- 
substitution by glutamate 
or I- 
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HCN Rat diaphragmatic 
LVs 

Negrini et al., 
2016 

HCN1-4 Ivabradine (300µM), ZD-
7288 (200µM), Cs+ 

(10mM) 
* indicates an activator, the rest are inhibitors; # indicates no significant effect 

1.7.3 Interstitial cells of Cajals (ICCs) 

A specialized network of pacemaker cells, known as interstitial cells of Cajal 

(ICCs), have been found in the gastrointestinal (GI) smooth muscle layers as well as in 

many hollow organs including bladder, urethra, and fallopian tubes (Sergeant et al., 2006). 

These pacemaker cells are speculated to exhibit pacemaking related to Ca2+ release and are 

also expected to show rhythmicity even at low IP3 concentration (Imtiaz et al., 2007). 

However, the LSM layer of many strongly contracting lymphatics such as mouse popliteals 

contains only a single layer of LSM, in contrast to the GI tract wall which has many layers 

of GI smooth muscle (i.e., longitudinal, circular muscle layers and four ICC networks). c-

Kit, a prototypical marker for ICCs, co-localizes with Ca2+-activated chloride channels 

TMEM16A (Sanders et al., 2014)in the GI tract. c-Kit immuno-positive cells have been 

identified in lymphatic vessels based on anatomical evidence, but without any support for 

a functional role in electrical pacemaking (McCloskey et al., 2002; Imtiaz et al., 2007; 

Briggs Boedtkjer et al., 2013). Unpublished experiments in our laboratory on Kit-GFP 

reporter mice reveal that the only c-Kit positive cells in most lymphatic vessels are 

rounded, non-interconnected mast cells along the outer adventitia of the vessel wall. 

Additionally, TMEM16A immunostaining and TMEM16A-GFP reporter mice reveal 

signal in every LSM cell rather than in a confined ICC network. Dual intracellular 

recordings in pairs of LSM cells reveal that action potentials fire in both cells with one cell 

consistently leading the other (MJD unpublished observation). Injection of hyperpolarizing 

current into the lead cell alters the conduction direction and reduces the pacemaking rate. 
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This observation suggests that the lymphatic pacing frequency is controlled by the LSM 

cell with the highest intrinsic depolarization rate rather than relying on a network of 

pacemaking cells such as ICCs (Gui et al., 2015 abstract). In brief, the hypothesis of an 

ICC network in lymphatic vessels is contradicted by preliminary data from our laboratory 

that suggests pacemaking is initiated by LSM cells. 

1.7 Role of L and T-channels in the lymphatic pacemaking 

Similar to blood vascular and cardiac muscle, Ca2+ signaling in LSM is regulated 

by two main Ca2+ sources: Ca2+ entry through VGCCs and release from internal Ca2+ stores. 

VGCC-mediated Ca2+ influx is proven to be crucial for LSM contraction across different 

species: in bovine mesenteric lymphatics (Atchison and Johnston, 1997), in sheep 

mesenteric lymphatics ((Beckett et al., 2007), and in rat mesenteric lymphatics (Souza-

Smith et al., 2015)Lee et al., 2014a). However, pharmacological modulation is the only 

approach that has been used to test the functional role of VGCCs in lymphatic pacemaking. 

T and L-type Ca2+ channels are the two VGCC families expressed in LSM at the 

mRNA and protein levels (Lee et al., 2014a). The current established view suggested 

distinct roles for T and L-channels, in which L-channels regulate lymphatic amplitude and 

T-channels regulate lymphatic frequency. However, currently available T-channel 

inhibitors are not specific, make these results inconclusive. 

Some of the evidence for T-channels in lymphatic contraction/pacemaking could 

be explained by partial blockade of L-channels by T-channel inhibitors  (Cotton & McHale, 

1997; Beckett et al., 2007; Lee et al., 2014), because the IC50s of T-channels and L-

channels closely overlap, except for Cav3.2, which can be inhibited at low micromolar 

concentrations (Hansen, 2013; Jensen and Holstein-Rathlou, 2009) (Table 2). Lee et al., 
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2014a and Beckett et al., 2007 intentionally used low doses of pharmacological agents for 

T-channels (100µM Ni2+), expecting to only inhibit the T-channel isoform Cav3.2 (Ni2+ 

IC50=12µM for Cav3.2) without affecting L-channels (Ni2+ IC50=324µM) (Jensen and 

Holstein-Rathlou, 2009). However, the lymphatic pacemaker eventually stopped, reducing 

both lymphatic AP amplitude and frequency to zero (Figure 5); this result suggests that L-

channels could have already been affected by 100µM Ni2+. Furthermore, the other T-

channel isoform in lymphatic vessels Cav3.1, has an IC50 (Ni2+ IC50=250µM) very close to 

that of L-channel (Table 2). Therefore, it is necessary to have an alternative approach to 

inhibit T-channels more specifically than can differentiate T-channels from L-channels as 

well as between the two T-channel isoforms, Cav3.1 and Cav3.2. 
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A. Lee et al., 2014a (100µM Ni2+) 

 

B. Beckett et al., 2007 (100µM Ni2+) 

 

Figure 5. Published records of Ni2+ effects in rat and sheep mesenteric lymphatic vessels. 

A: Intracellular recording in an unstretched rat mesenteric lymphatic vessel treated with 

100µM Ni2+ showed that eventually AP firing stopped (Lee et al., 2014a). B: Intracellular 

recording in a sheep mesenteric vessel (wire myograph) treated with 100µM Ni2+ showing 

a slight decrease in AP frequency before AP firing ceased (Beckett et al., 2007). Reprinted 

with permission from Lee et al., 2014a and Beckett et al., 2007. 

1.8 Translational implications of increased knowledge of T-channels in the lymphatic 

smooth muscle 

A lack of functional lymphatics can lead to debilitating and incurable diseases such 

as lymphedema. As with many other bodily functions, lymphatic function degenerates with 

age (Zolla et al., 2015; Bridenbaugh, 2013) and becomes impaired in many inflammatory 

conditions (Liang et al., 2016; Thangaswamy et al., 2012). Lymphatic dysfunction may 
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also contribute to other chronic diseases such as metabolic syndrome (Chakraborty et al., 

2015) or hypertension (Wiig et al., 2013). Moreover, many forms of lymphatic dysfunction 

are left undiagnosed and untreated without direct, mechanism-based therapeutics. In 

lymphedema, lymphatic vessels in the affected region are dilated and have impaired 

contractions, or no contractions, and are unable to generate positive lymph flow 

(Olszewski, 2012). Understanding how lymphatic vessels contract can provide a 

therapeutic target to improve lymphatic function in lymphatic-related diseases, and 

therefore patients’ health and quality of life. Thus, the aim of my study is to seek a deeper 

understanding of the ionic mechanism of lymphatic phasic contractions. 

1.9 Rationale, significance and hypothesis 

In the field of studying ion channels in lymphatic pacemaking/contraction, the only 

approaches used to date are with pharmacologic inhibition. This is especially problematic 

for the understanding of ion channels, such as T-channels, that lack specific 

pharmacological modulators. Recently, robust development of transgenic technology in 

mice, as acclaimed by the Nobel Prize 2007 to Mario R. Capecchi, Martin J. Evans and 

Oliver Smithies, has provided an option to test the established hypothesis of lymphatic 

pacemaking using selective deletion of specific ion channel isoforms. However, one 

challenge of applying this approach is that viable mouse lymphatic vessels are difficult to 

isolate. Fortunately, Dr. Davis and Dr. Scallan, a former post-doc in Dr. Davis' laboratory, 

developed methods to isolate, cannulate and study single mouse collecting lymphatic 

vessels using pressure myography (Scallan and Davis, 2013a). After joining Davis’ 

laboratory, I was able to use lymphatic vessels isolated from mice deleted of specific T-

channel isoforms to test the role of T-channels as critical components of the lymphatic 
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pacemaker. I utilized three well-established transgenic mouse models Cav3.1-/-, Cav3.2-/- 

and smooth-muscle-specific Cav1.2-/- to investigate for the role of T-channels in lymphatic 

pacemaking. 

In accord with the previous findings of Lee et al., 2014a, I hypothesized that genetic 

deletion of T-channel isoforms Cav3.1 and/or Cav3.2 would reduce the pacemaking 

frequency, but not the amplitude, of spontaneous lymphatic contractions. 
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CHAPTER 2: MATERIALS AND METHODS 

2.1 Animals 

Experiments testing the role of T-channels were conducted on mature male 

Spargue-Dawley rats (180-250g), male C57BL/6 wild-type (WT) mice, male and female 

Cav3.1-/- (Lee et al., 2004) mice, and male Cav3.2-/- (Chen et al., 2003) mice (8- to 10-

week-old, 18-25 g), with the latter two mice bred more than ten generations onto the 

C57BL/6 background.  

Cav3.1-/- mice were obtained from Dr. Jeff Molkentin’s laboratory at Cincinnati 

Children’s Hospital Medical Center. Due to the presence of parvo- and hepatoviruses in 

those mice, sperm from them was obtained and the line was rederived locally (IDEXX 

Laboratories, Columbia, MO). Sperm was used to generate embryos by in vitro 

fertilization, which were then implanted in three newly purchased C57BL/6 wild-type 

females. Cav3.1-/- mice were obtain after two generations. Rat, C57BL/6, and Cav3.2-/- 

(B6;129-Cacna1htm1Kcam/J) mice were purchased from Jackson laboratory (Bar Harbor, 

MA).  

Other studies were conducted in mice with smooth-muscle-specific deletion of 

Cav1.2 (Cav1.2 global KO is lethal). SMMHC-CreERT2 (B6.FVB-Tg(Myh11-

cre/ERT2)1Soff/J) were obtained from Steffan Offermanns, Cav1.2fl/fl (Cacna1ctm3Hfm/J) 

mice were purchased from Jackson laboratory (Bar Harbor, MA). Subsequently, Cav1.2fl/fl 

mice were bred with SMMHC-CreERT2 mice to allow inducible and specific deletion of 

Cav1.2 in smooth muscle.  

To image lymphatic vessels in vivo, Prox1-GFP mice were obtained from Dr. 

Young-Kwon Hong, University of Southern California. To visualize fluorescent LSM 
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cells, a-SMA-DsRedP mice were obtained from Dr. Tim Padera, Massachusetts General 

Hospital, and SMMHCCre-eGFP mice were purchased from Jackson Laboratory (Bar 

Harbor, MA). All animal procedures were approved by the University of Missouri Animal 

Care and Use Committee, and conformed to the National Institutes of Health's Guide for 

the Care and Use of Laboratory Animals (8th edition, 2011).  

 

Table 3. Summary of mouse lines used 

Genotype Purpose Source 
C57BL/6 Control Jackson laboratory 
Cav3.1-/- Global KO Jeff Molkentin 
Cav3.2-/- Global KO Jackson laboratory 
Cav1.2fl/fl To breed with SMMHC-CreERT2 Jackson laboratory 
SMMHC-CreERT2 To breed with Cav1.2fl/fl Steffan Offermanns 
SMMHC-CreERT2; 
Cav1.2fl/fl 

Smooth-muscle specific KO Breeding 

Prox1-GFP To image lymphatics in vivo Young-Kwon Hong 
a-SMA-DsRedP To visualize red fluorescent smooth 

muscle 
Tim Padera 

SMMHCCre-eGFP To visualize green fluorescent smooth 
muscle 

Jackson laboratory 

2.2 Lymphatic vessel isolation 

Animals were anesthetized with pentobarbital sodium (Nembutal; mouse: 

60mg*kg-1, rat: 100mg*kg-1, intraperitoneal injection). Surgery for lymphatic vessel 

excision proceeded after the animals became unresponsive to toe pinch. After completion 

of lymphatic vessel excision, animals were euthanized by intracardial injection of 1mL of 

200mM KCl. 

Rats were placed in the supine position and an incision was made at the abdominal 

midline to expose the gastrointestinal tract. Loops of intestine were pinned down to 

facilitate the visualization of mesenteric lymphatic vessels that usually ran in parallel with 
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mesenteric veins and arteries. Mesenteric lymphatic vessels were excised along with 

surrounding tissues such as fat and the adjacent mesenteric vein and transferred to room 

temperature albumin-supplemented Krebs buffer. 

An anesthetized mouse was placed in the prone position and an incision was made 

in either flank from the inguinal node to the axillary node (to access the inguinal-axillary 

lymphatics) or at the outer margin of either leg from the ankle toward near the groin region 

(to access the popliteal afferent lymphatics). After either excision, the inguinal-axillary or 

popliteal lymphatic was placed in warm Krebs’ buffer supplemented with albumin. 

The lymphatic vessel was pinned on a Sylgard platform (Sylgard® 184, Dow 

Corning, Midland, MI) and subsequently isolated from the surrounding connective tissue 

and fat cells. A segment of a cleaned lymphatic vessel (e.g., inguinal-axillary vessels with 

inner diameter 100-150µm, containing at least one valve), was then transferred to a 3mL 

chamber where it was cannulated and pressurized on two micropipettes (outer diameter of 

40-80µm) at the two ends. The bath was exchanged at a rate of 0.4ml/min; and equilibrated 

at 37ºC in preparation for pressure myograph experiments, as previously described (Scallan 

et al., 2013a). 

Krebs buffer contained (in mM): NaCl, 146.9; KCl, 4.7; CaCl2, 2; MgSO4, 1.2; 

NaH2PO4.H2O, 1.2; NaHCO3, 3; Na-HEPES, 1.5; D-glucose, 5 (pH 7.4, 37ºC). Krebs with 

0.5% BSA was used for vessel isolation and cannulation and to fill the pipette system and 

vessel lumen. 

2.3 Pressure myograph 

Each vessel was equilibrated for 30-60 minutes at 2-3cmH2O and tested for 

contractile function using pressure steps 0.5-8cmH2O (for inguinal-axillary lymphatics) 
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and 0.5-10cmH2O (for popliteal lymphatics). The inner diameter was tracked by computer 

from a video image (Davis et al., 2011) to record the change in diameter of each 

spontaneous contraction. The vessel was only included in the data analysis if 1) 

spontaneous contractions and tone developed within the first 60 minutes; 2) contraction 

amplitude was more than 30% at 1cmH2O. Subsequently, the vessel was treated with 

pharmacological inhibitors at the pressure that produced the largest contraction amplitude 

(usually 2-3cmH2O). To test the potential for a role of T-channels in lymphatic contractions 

using pharmacological approaches, increasing concentrations of the inhibitors Ni2+ (15µM-

2mM), nifedipine (1nM-10µM), TTA-A2 (100nM-100µM), or mibefradil (0.2nM-2µM) 

were added to the bath solution with the perfusion halted. In some protocols acetylcholine 

(1-300nM) was added to test the ability to activate eNOS. Bay K8644 (1µM) was added to 

test residual Cav1.2 activity in vessels from tamoxifen-induced SMMHC-Cre; Cav1.2fl/fl 

mice. Mibefradil was dissolved in warm double-distilled water. TTA-A2, Bay K8644 and 

nifedipine were dissolved in DMSO. Ni2+ and acetylcholine were dissolved in warm Krebs 

buffer without BSA. The contraction response was recorded for 3 min before the next dose 

was applied. At high concentrations of pharmacological inhibitors such as nifedipine and 

Ni2+, small, irregular changes in inner diameter of less than 5µm were not considered as 

contractions. At the end of every pressure myograph experiment the lymphatic vessels were 

superfused with Ca2+ free Krebs buffer solution to obtain the passive diameter (Davis et 

al., 2011). 

2.4 Single lymphatic smooth muscle cell isolation 

Cleaned collecting lymphatics were pre-heated in low-Ca2+-digestion solution at 

37oC for 10 minutes, and then went through two digestion steps: 1) in 1mg/ml 
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dithioerythritol (Sigma, D8161-5G) and 1.5mg/ml (rat) or 1mg/ml (mouse) papain (Sigma, 

P4762-1G); 2) in 0.5mg/ml collagenase H (Sigma, C8051-1G), 0.7mg/ml collagenase F 

(Sigma, C7926-1G) and 1mg/ml soybean trypsin inhibitor II (Sigma, T9128-1G). The 

digestion cocktails were diluted and aliquoted in physiological salt solution (PSS) 

containing (in mM): 144 NaCl; 5.6 KCl; 1.0 MgSO4; 0.42 Na2HPO4.H2O; 0.44 

NaH2PO4.H2O; 4.17 NaHCO3; 10 HEPES; 5 D-glucose (pH 7.4 adjusted with NaOH, 

25ºC). The digestion process occurred in a low-Ca2+-digestion solution, which is PSS 

supplemented with CaCl2 and BSA, containing (in mM): 144 NaCl; 5.6 KCl; 0.1 

CaCl2.2H2O; 1.0 MgSO4; 0.42 Na2HPO4.H2O; 0.44 NaH2PO4.H2O; 4.17 NaHCO3; 10 

HEPES; 5 D-glucose; 1mg/ml BSA (pH 7.4 adjusted with NaOH, 25ºC). After digestion, 

the remaining vessel fragments were rinsed with an ice-cold digestion solution and 

triturated with a fire-polished Pasteur pipette to release single cells. Isolated muscle cells 

were stored in ice-cold solution to stop enzymatic digestion and used within 4-6h (Harraz 

and Welsh, 2013). The resulting LSM cell homogenates were used either for Ca2+ current 

recording using the patch-clamp technique or collection of single LSM cells for mRNA 

detection for Ca2+ channels and related controls that will be discussed in the subsequent 

PCR section. For LSM cell collection, the cell suspension was placed in a chamber at room 

temperature and a 30µm-pipette was used to collect single, spindle-shaped cells. For patch-

clamp experiments, the cell suspension was placed in a recording chamber perfused with 

Ca2+ 1.8mM physiological solution at room temperature and current through VGCCs were 

recorded as described in the following section. 
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2.5 Patch-clamp recordings 

The smooth muscle cells resulting from the digestion of lymphatic vessels were 

placed in a recording chamber under an inverted microscope and perfused with 1.8mM-

Ca2+ physiological solution containing (in mM) 110 NaCl, 1 CsCl, 1.8 CaCl2, 1.2 MgCl2, 

10 HEPES, 10 D-glucose (pH was adjusted to 7.4 with NaOH). Whole-cell patch-clamp 

recordings were performed using a pipette solution containing (in mM): 135 CsCl (stock 

1M), 10 HEPES  (stock 1M), 10 EGTA (stock 100mM), 5 GTP·Mg (stock 1M) (Sigma, 

A-9187-1G), with pH was adjusted to 7.2 with CsOH 1M and a bath solution contained (in 

mM) 110 NaCl (stock 2M), 1 CsCl (stock 1M), 10 or 20 BaCl2 (stock 1M), 1.2 MgCl2 

(stock 1M), 10 HEPES (stock 1M), 10 D-glucose (stock 1M), with pH was adjusted to 7.4 

with NaOH. Cs+ and Mg2+ were added into the pipette solution to block K+ channels. Mg2+ 

along with GTP was added to prevent Ca2+ channel run down. The use of GTP is preferred 

over the use of ATP in studies of T-channels because ATP can activate PKA, and therefore 

have an indirect activating effect on T-channels (Harraz and Welsh, 2013). 

LSM cells were distinguished from other cell types (endothelial cells and neural 

cells) in the homogenate based on the cell size and morphology. LSM cells had either a 

bean or spindle shape and were significantly larger than endothelial cells which were round 

and small. Whole-cell patch-clamp recording of current through VGCCs was performed 

using an EPC9 amplifier controlled by Pulse software (HEKA instruments, Bellmore, NY). 

Recording electrodes (resistance from 3-5MΩ) were back-filled with a pipette solution 

containing (in mM): 135 CsCl (to block K+ channels), 10 HEPES, 10 EGTA, 5 GTP·Mg 

(pH adjusted to 7.2 with CsOH). Pipette movement was controlled with a hydraulic 

manipulator (MO-102, Narishige, Tokyo, Japan). After the cell and its gigaseal (>1GΩ) 
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stabilized in 1.8mM-Ca2+ physiological solution, all subsequent recordings were performed 

using Ba2+ as the charge carrier; the solution contained (in mM) 110 NaCl, 1 CsCl, 10 or 

20 BaCl2, 1.2 MgCl2, 10 HEPES, 10 D-glucose (pH was adjusted to 7.4 with NaOH). Cell 

capacitance, an indication of cell membrane surface area, ranged from 9-25pF. The 

recorded current value (pA) was normalized to cell capacitance (pF) to obtain current 

density (pA/pF). The holding potential was -70mV. This is a more hyperpolarized potential 

compared to the resting membrane potential of LSM cells under physiological conditions 

recorded intracellularly with electrode impalement (-45 to -35mV). 

I subsequently performed two voltage clamp protocols: 1) a voltage ramp, from -

100 to +80mV at 1mV/ms to generate directly and rapidly current-voltage relations (Figure 

6); 2) voltage steps from a holding potential of -70mV with a prepulse to -90mV for 200ms, 

then steps to a range of voltages from -80 to +40mV (10mV-increment, 2s each), and a 

final step back to the holding potential; this protocol provided a measurement of current 

kinetics at different voltage steps (Figure 7). 

 

Figure 6. Ramp protocol used in patch-clamp experiments. The ramp protocol used to 

instantaneously elicit Ca2+ current in response to a voltage gradient: from the holding 

potential -70mV, the membrane potential is hyperpolarized to -100mV to relieve 
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inactivation of VGCCs. From -100mV the membrane potential is progressively 

depolarized to 80mV to obtain a pseudo-instantaneous I-V relationship. 

 
Figure 7. Step protocol used in patch-clamp experiments. From a holding potential 

voltage of -70mV, Vm was hyperpolarized with a prepulse to -90mV for 200ms, then 

stepped to a range of voltage from -80 to +40mV (10mV increment, 2s each), and finally 

stepped back to the holding potential (Davis et al., 1992). 

2.6 Immunostaining 

Inguinal-axillary lymphatic vessels were isolated and pressurized at ~8cmH2O and slightly 

stretched axially to remove slack. Pressurized lymphatics were fixed in 2% 

paraformaldehyde (v/v) (19943-1L, Affymetrix, Cleveland, OH) for 30 minutes. The 

vessels were then washed in Phosphate Buffered Saline (PBS, 21600-010, Thermo Fisher 

Scientific, Waltham, MA), permeabilized with 0.3% Triton-X (v/v) (32737-1000, Acros 

Organics, Thermo Fisher Scientific, Springfield Town, NJ) for 30 minutes, and blocked 

with 5% donkey serum (v/v) for 1 hour at RT. The vessels were incubated in α-actin 

primary antibody (Sigma, -A2547) (1:200) and one of the primary antibodies for Ca2+ 

channels (Alomone, Jerusalem, Israel): Cav3.1 (ACC-021), Cav3.2 (ACC-025), Cav3.3 

(ACC-009) and Cav1.2 (ACC-003) (1:100) diluted into PBS containing 5% donkey serum 
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(017-000-121, Jackson ImmunoResearch Laboratories, West Grove, PA) and 0.1% Triton-

X (AC2156825000, Thermo Fisher Scientific, Waltham, MA). The vessels were washed 

with PBS for at least 3 times for 20 min (a total of 2 hours), and incubated in secondary 

antibodies diluted 200-fold in PBS containing 5% donkey serum and 0.1% Triton-X for 1h 

at RT. The secondary antibodies used were goat anti-mouse antibody Alexa Fluor 647 

(A21241, Invitrogen, Carlsbad, CA) and donkey anti-rabbit Alexa Fluor 448 (A21206, 

Invitrogen, Carlsbad, CA). The vessels were subsequently washed again with PBS for at 

least 3 times for 20 min (a total of 2 hours). Subsequently, ProLong® Gold Antifade 

Reagent with DAPI (P36931, Thermo Fisher Scientific, Waltham, MA) was used to stain 

for the nuclei and mount the vessels onto imaging slides. The mounted vessels were 

allowed to cure overnight and sealed the following day by painting nail polish around the 

edges of the slides. Cav1.2 staining served as a positive control and α-actin co-staining was 

used to outline the structure and location of LSM cells. Negative controls included 

omission of the Ca2+ channel primary antibody or primary antibody pre-absorption using 

the corresponding Alomone antigens. Fluorescence emission was imaged using an 

Olympus IX81 microscope equipped with a Nippon spinning disk confocal microscopy 

and Hamamatsu Flash 4.0 camera (Hamamatsu Photonics, Shizuoka, Japan), illumination 

was controlled by Andor diode lasers (Andor, Belfast, Northern Ireland) under Metamorph 

(Nashville, TN, USA). Images were processed with NIH ImageJ. 

2.7 PCR 

2.7.1. End-point PCR 

End-point PCR experiments are performed to detect the presence of VGCCs in rat 

mesenteric LVs, mouse whole PL, IAL vessels and their freshly isolated LSM cells. 
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Vessels used for PCR were dissected at 4ºC. The freshly isolated lymphatic vessels or 

collected cells were directly transferred to RNAlater solution (Qiagen, Hilden, Germany) 

and stored at -80ºC. RNA from 6-16 lymphatic vessels or five hundred LSM cells from 

more than three mice was extracted using the Arcturus PicoPure RNA Isolation Kit (Life 

Technology, Carlsbad, CA, USA). cDNA then was synthesized using the Superscript III 

first Strand synthesis system (Invitrogen, Carlsbad, CA, USA). PCR using primers listed 

in Table 4 and 6 was subsequently performed using GoTaq Flexi Reverse Transcriptase 

(M8291, Promega, Madison, WI, USA) or Biotool Universe Hot Start High-Fidelity 2x 

PCR mix (B22100, Biotool, Jupiter, FL, USA). Nested PCR was performed for weak 

signals such as Cav3.1, Cav3.2 and Cav3.3. Nested PCR used a second internal set of 

primers to amplify the PCR product of the first external set of primers. PCR were 

performed with a Biorad thermal cycler (Type C1000 TouchÔ, Biorad, Hercules, CA, 

USA). Following a five-min initial step at 95ºC were 35 cycle of [95ºC, 30 sec 

denaturation; 58ºC, 30 sec annealation; 72ºC, 20 sec extension) and a final extension at 

72ºC for 5 min. The PCR products were then cooled down to 12ºC. The amplified PCR 

products along with a 100-bp DNA ladder (15628-019, Invitrogen) were loaded in to 1.5-

2% Agarose gel (Invitrogen) + Gel Red (1:10000, Biotum, Fremont, CA, USA) and the gel 

was run at 70-80V for 60-90 min. The gel was subsequently imaged by a ChemiDoc XRS+ 

digital system (Biorad). 

2.7.2. Genotyping PCR 

 1 to 2-mm pieces of tails were collected from 3-week-old transgenic mice for 

genotyping. Scissors were cleaned with 70% ethanol before each sample collection to 

disinfect and prevent DNA contamination from previous sample. For DNA extraction, tail 
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biopsies were incubated in base solution (25mM NaOH and 0.2mM, pH~12) at 95º for 45 

min until the tail pieces were completely dissolved. The digestion reaction was stopped by 

adding equal amount of neutralization solution (40mM Tris-HCl, pH~5). The samples were 

subsequently centrifuged (3 min; 13,000 rpm) to collect the supernatant containing 

genomic DNA. DNA samples were mixed with 2x ConquestÔ PCR mix (D911, Lambda 

Biotech) and genotyping PCR primers listed in Table 5. After an initial 5 min pre-

incubation step at 94ºC, PCR were amplified using initial 10 cycles of [94ºC, 20 s; 65ºC, 

15 s; 68ºC, 30 s] and subsequent 28 cycles of [94ºC, 15 s; 60ºC, 15 s; 72ºC, 30 s]. The final 

step was at 72ºC for 5 min before the products were cooled down to 12ºC. 
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Table 4. Primers targeting rat T-type Ca2+ channels and control genes used in end-point 
PCR 

Target Accession 
number Primer sequence (5’ to 3’) Size Reference 

Cav3.1 AF027984 
F: 5’-TCT TCC AGG ACA GGT GGA AC-3’ 

501bp Abd El-Rahman et al., 
2013 R: 5’-TCA GCA CGA AGG ACA CAA AG-3’ 

Cav3.2 AF290213 
F: 5’-AGT TTC CTC TTT GGG GGC TA-3’ 

402bp Abd El-Rahman et al., 
2013 R: 5’-CAG GAA AAC CCA AAC CTG AA-3’ 

Cav3.3 AF086827 
F: 5’-CCC TGG AGA TGA TCC TGA AA-3’ 

501bp Abd El-Rahman et al., 
2013 R: 5’-AGT TGC CAA AGG TCA TGA GG-3’ 
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Table 5. Genotyping primers targeting Cav3.1 and Cav3.2 

Target Primer type Primer sequence (5’ to 3’) Size Reference 

Cav3.2 

WT Forward 5’-ATT CAA GGG CTT CCA CAG GGT A-
3’ Mutant: 330bp 

WT: 480bp 
Heterozygote:  
330 and 480bp 

Jackson 
Laboratory 

site 
Mutant Forward 5’-GCT AAA GCG CAT GCT CCA GAC TG-3’ 

Common 5’-CAT CTC AGG GCC TCT GGA CCA C-3’ 

Cav3.1 

WT Forward 5’-CGAAGGCCTGACGTAGAAAG-3’ Mutant: 385bp 
WT: 288bp 

Heterozygote:  
288 and 385bp 

Kim et al., 
2001 Mutant Forward 5’-CTGACTAGGGGAGGAGTAGAAG-3’ 

Common 5’-ATACGTGGTTCGAGCGAGTC-3’ 

 

Table 6. Primers targeting mouse Ca2+ channels and control genes used in end-point PCR 

 

Target Accession 
number Primer sequence (5’ to 3’) Size Reference 

Cav3.1 
external 

NM_009783 

F: 5’-TGT GGA AAT GGT GAA GA-3’ 
150bp Li et al., 2012 

R: 5’-ACT GCG GAG AAG CTG ACA TT -3’ 

Cav3.1  
internal 

F: 5’-GAT GGT CGC TTT GGG TAT CT-3’ 
131bp 

Designed with 
PrimerQuest 

Tool R: 5’-ACT GCG GAG AAG CTG ACA TT-3’ 

Cav3.2 
external NM_021415 

F: 5’- TTC ATT GTC ATG GCT GGC AT-3’ 
289bp Lin et al., 2014 

R: 5’- TCA GGT TGT TGT TCC TGA CG-3’ 

Cav3.2 
internal NM_021415 

F: 5’-TAC TCT CTG GAC GGA CAC AA-3’ 
262bp 

Designed with 
PrimerQuest 

Tool R: 5’-TCA GGT TGT TGT TCC TGA CG-3’ 

Cav3.3  
external 

NM_001044308 

F: 5’-GAT CCT GCA GGT CTT TGA TGA-3’ 
239bp Designed with 

Primer BLAST R: 5’-GAA CAC GGT TGA TGG CTT TG-3’ 

Cav3.3  
internal 

F: 5’-TGG GCA TTT TTG GCA AGA A-3’ 
129bp Li et al., 2012 

R: 5’-CAG TGC GGA TGG CTG ACA-3’ 
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Cav1.2 NM_00159533 
F: 5’- CAG GAG GTG ATG GAG AAG CCA -3’ 

315bp Xu et al., 2003 
R: 5’-CTG CAG GCG GAA CCT GTT GTT-3’ 

Cav1.3 
external 

NM_028981 

F: 5’- TGC TGT GAG GAC GAC AGC TCT CCC A -3’ 
342bp Maddala et al., 

2013 R: 5’- TAG GCC TGC AAC GGC CAT GAT CTG C -3’ 

Cav1.3 
internal 

F: 5’- CAG CTC CAT GGA CTT TGA GAG -3’ 
117bp 

Designed with 
PrimerQuest 

Tool R: 5’- TAG GCC TGC AAC GGC CAT GAT CTG C -3’ 

α-actin NM_007392 
F: 5’-GTG AAG AGG AAG ACA GCA CAG-3’ 

146bp Chow et al., 
2016 R: 5’-GCC CAT TCC AAC CAT TAC TCC-3’ 

eNOS NM_008713 
F: 5’-CTG CCA CCT GAT CCT AAC TTG-3’ 

143bp Chiplunkar et al., 
2013 R: 5’-CAG CCA AAC ACC AAA GTC ATG-3’ 
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2.8 Western blotting 

Brain, a tissue expressing T and L-channels abundantly, from WT and Cav3.2-/- 

mice was excised and ground in liquid nitrogen using a mortar and pestle. Total proteins 

were extracted with ice-cold RIPA lysis buffer containing protease inhibitor cocktail 

(Thermo Fisher Scientific, Waltham, MA). The resulting homogenates were centrifuged to 

separate the protein-containing supernatant from the solid matter. Protein concentrations 

in the supernatants were determined using a BCA kit (Pierce, Rockford, IL, USA) and 

measured by Nanodrop 2000c (ThermoFisher Scientific, Waltham, MA, USA). 

Approximately 50µg of protein was loaded on 4-20% sodium dodecyl sulfate (SDS) 

polyacrylamide gel (Biorad) and total proteins were separated into different molecular 

masses in an electric field using a SDS-polyacrylamide gel electrophoresis (SDS-PAGE) 

system. The gel was electro-transferred to a nitrocellulose membrane for 16h at 4ºC. Non-

specific binding on the membrane was blocked by incubation in 5% non-fat dry milk 

dissolved in TBST (0.1% Tween 20) for 2h. The membrane then was incubated overnight 

in rabbit polyclonal anti-Cav3.2 antibody (Alomone, Jerusalem, Israel) and mixed in the 

blocking solution (1:800) overnight at 4ºC. The membrane was washed with TBST (0.05% 

Tween 20). After that, the membrane was incubated in horseradish peroxidase-conjugated 

goat anti-rabbit secondary antibody (Cell signaling, Danvers, MA) and diluted in blocking 

solution (1:4000) for 2h at RT. After washing with TBST (0.05% Tween 20), 

immunoreactive protein bands were detected using SuperSignal Pico Extended Duration 

Substrate (ThermoFisher Scientific), and imaged by a ChemiDoc XRS+ digital system 

(Biorad). 
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2.9 Alcein blue staining 

Tracheal segments were dissected from 10-week old WT and Cav3.2-/- mice to 

confirm one of the major phenotypes of Cav3.2-/- mice (Lin et al., 2014). The tissue was 

fixed for 18h in 4% paraformaldehyde and washed in PBS. The cartilage ring structure was 

stained with 1% Alcein blue in 3% acetic acid to detect tracheal stenosis as described in 

Lin et al., 2014. The dye then was washed and, dyed tissue was immersed in 2% KOH for 

24h. The stained tracheas were kept in glycerol until ready for imaging. 

2.10 Validation of transgenic mouse models lacking specific T-type Ca2+ channel 

isoforms 

Although we obtained knock-out mice from reliable sources (Cav3.2-/- from Jackson 

Laboratory and Cav3.1-/- from Jeffrey Molkentin’s laboratory), I tested the expression of 

L- and T-channels to confirm the deletion of the specific T-channel isoforms in the 

respective knock-out mice. 

2.10.1 Validation of global Cav3.2-/- mice 

To validate the Cav3.2-/- mouse model, I first tested the mRNA expression of Cav3.2 

in brain harvested from Cav3.2-/- mice (Figure 8A) using primers published in the original 

paper that described phenotypes of the first generation of global Cav3.2-/- mice (Chen et al., 

2003). Although Chen et al. 2003 showed no Cav3.2 mRNA expression in Cav3.2-/- mice, 

I was still able to amplify the amplicon targeted by their same primers in Cav3.2-/- brain. 

The positive Cav3.2 mRNA expression in Cav3.2-/- brain was further confirmed with 

western blotting, detecting positive Cav3.2 protein expression (Figure 8A) using rabbit 

polyclonal anti-Cav3.2 (cat#ACC-025, Alomone, Jerusalem, Israel) in contrast to from the 

original report showing negative Cav3.2 protein expression. We contacted the authors of 



 

 
 

61 

the original paper (Dr. Campbell and Dr. Chen) who suggested we use an alternative set of 

primers (Lin et al., 2014), (Figure 8D). The absence of Cav3.2 mRNA expression was 

further confirmed with a narrowed tracheal phenotype consistent with that described by 

Lin et al., 2014 (Figure 8E). 
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E 

 
Figure 8. Validation of Cav3.2-/- mouse model. A, B & C: Genotyping PCR, end-point 

PCR and western blot results of brain sample from a representative Cav3.2-/- mouse (#1) 

indicate the presence of both mRNA (n=3) and protein expression (n=1) of Cav3.2 in 

Cav3.2-/- mice using PCR primers previously used in Chen et al. 2003 and rabbit polyclonal 

anti-Cav3.2 (cat#ACC-025, Alomone, Israel). D: end-point PCR detecting Cav3.2 in 

Cav3.2-/- mice using a newer set of PCR primers recently used by Chen’s group (Lin et al., 

2014) showed the absence of Cav3.2 mRNA expression. E: The lack of Cav3.2 mRNA 

expression was further confirmed by a typical tracheal phenotype in 10-week old Cav3.2-/- 

mice (n=3). 

2.10.2 Validation of global Cav3.1-/- mice 

To validate the Cav3.1-/- mouse model, I tested the mRNA expression of Cav3.1 in brain 

harvested from Cav3.1-/- mice. I confirmed the absence of Cav3.1 mRNA expression in 

brain harvested from Cav3.1-/- mice. 
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2.11 Chemicals 

Unless otherwise stated, all chemicals were obtained from Sigma (St. Louis, MO), 

except for BSA (US Biochemicals; Cleveland, OH), MgSO4, HEPES (Fisher Scientific; 

Pittsburgh, PA, USA), and TTA-A2 (Alomone, Jerusalem, Israel).  

2.12 Data analysis 

All data were analyzed using Prism 5 (Graphpad, La Jolla, CA, USA) and JMP 8 

(SAS institute, Cary, NC, USA). A one-way ANOVA was performed to compare 

contraction parameters before and after pharmacological treatments in the same 

lymphatics. A two-way ANOVA was performed to compare contractile function 

parameters between transgenic and WT mice. P-values less than 0.05 were considered 

significant. The data are expressed as mean ± standard error of the mean. 
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CHAPTER 3: RESULTS 

3.1 Representative contraction pattern recording using pressure myograph 

I used pressure myography to functionally assess the contraction patterns of isolated 

collecting lymphatic vessels from rat, WT mice, and transgenic mice with selective genetic 

deletion of Ca2+ channel isoform(s) in the presence of voltage-gated Ca2+ channel 

modulators and acetylcholine. A representative recording of inner diameter shows the 

contraction patterns of a cannulated and pressurized collecting lymphatic vessel (Figure 

9A). The technique of pressure myography simulates the physiological pressure conditions 

experienced by the collecting lymphatics in the body. I routinely used vessel segments 

containing at least one intraluminal valve, thus enabling pressure control throughout the 

segment. Frequency is the number of spontaneous contractions in a minute; in the example 

below (Figure 9A), there are eleven contractions/min. Inner diameter is tracked to record 

end diastolic diameter (EDD) and end systolic diameter (ESD). ESD is the lymphatic 

diameter where the lymphatic vessel contracts maximally during the spontaneous 

contraction cycle. EDD is the diameter at the end of the contraction cycle. Amplitude is 

the difference between EDD and ESD. Maximal diameter (MaxD) was recorded at each 

pressure at the end of the experiment when the vessel was perfused with Ca2+-free Krebs. 

Tone, ejection fraction, and fractional pump flow were calculated to comprehensively 

describe lymphatic contractile function (Scallan et al., 2013a). To compare between two 

groups, amplitude can be normalized to MaxD if their EDD values significantly differ. For 

pressure steps, frequency can be normalized to the maximal frequency value over the 

different pressure steps. The maximal frequency value usually occurs at pressure 8 or 
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10cmH2O, but it can sometimes occur at lower pressure steps. For dose response curves to 

pharmacological agents, frequency can be normalized to the control value prior to 

inhibitor/agonist application (Figure 9C). 
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A 

 
 
B 

 
C 

 

 
Figure 9. Example of a pressure myography recording. A: An inguinal-axillary lymphatic 

vessel (inner diameter=120µm) is cannulated and pressurized at two ends onto two glass 

micropipettes for pressure control. B: Representative diameter recording characterizing the 
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contraction patterns of an ex-vivo pressurized inguinal-axillary lymphatic vessel; C: 

Formulas used to calculate the contractile parameters to assess the lymphatic contractile 

function (Scallan et al., 2013a). 

3.2 Rationale for the study of different lymphatic vascular beds 

I tested the expression of T-type Ca2+ channels in LSM cells at the mRNA, protein, 

and electrophysiological levels and then assessed their functional role in lymphatic 

pacemaking in rat and/or mouse using pressure myography. Rat mesenteric lymphatics 

were used initially to compare my work with other published lymphatic contractile studies. 

Subsequently, due to the lack of transgenic rat models, I shifted to mouse transgenic models 

to allow tests of contractile function after deletion of specific VGCC isoforms (Chen et al., 

2003; Moosmang et al., 2003; Lee et al., 2001). While mesenteric lymphatics in rat and 

most other species show strong contraction patterns (Telinius et al., 2014a; Gashev et al., 

2009, von der Weid et al., 2008, and Beckett et al., 2007), mouse mesenteric lymphatics 

do not (Scallan et al., 2015). Therefore, I used two other types of lymphatic vessels 

exhibiting rhythmic and spontaneous contraction patterns at different locations in the 

mouse: 1) the inguinal-axillary lymphatic vessel (IAL), which is both an efferent vessel 

draining the inguinal node in the flank and an afferent vessel entering the axillary node 

group, and 2) the afferent popliteal lymphatic vessel (PL) in the lower leg, which feeds into 

the popliteal node behind the knee (Figure 10). Figure 10A is an image taken from a Prox1-

GFP mouse, a mouse line with fluorescent lymphatic endothelial cells, allowing capture of 

the lymphatic vessels in vivo after the overlying skin is retracted (Choi et al., 2011). Of the 

two vessels, the PLs are more difficult to cannulate and clean because the surrounding 

connective tissue and fat cells are more tightly attached to the lymphatic wall and the vessel 
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diameter is smaller. At 3cmH2O, EDD of PLs averages 86.9±1.5µm, while EDD of IALs 

averages 106.7±3.2µm. The use of two lymphatic vessels from different regions, which 

presumably experience different pressures in vivo could potentially provide stronger 

support for my conclusions about a common role of T-type Ca2+ channels in lymphatic 

pacemaking. 

The pressure step protocol went from 0.5, 1, 2, 3, 5, and 8cmH2O for both IALs 

and PLs. An additional increase to 10cmH2O was added for PLs, given that it likely 

experiences higher pressure in vivo than the IALs (at least in some body positions). As 

shown from the traces in Figure 10B and C, popliteal vessels continue to show a 

measureable contraction amplitude at 10cmH20, whereas the inguinal-axillary contraction 

amplitude is close to zero at pressures above 5cmH2O. The absolute contraction amplitude 

change is quite similar between the two vessel types at low pressures. The amplitude 

peaked at either 1 or 2cmH2O in IALs, and either 2 or 3cmH2O in PLs. The pressure at 

which the contraction amplitude peaks reflects the optimal LSM cell length/circumferential 

stretch prior to generation of force, which is determined by the optimal level of overlap 

between actin and myosin. Circumferential stretch greater than the optimal pressures 

caused IAL amplitude to drop dramatically while the PL amplitude was able to withstand 

higher pressures and maintain a reasonable contraction amplitude over a wider range of 

pressure. In IALs, amplitude ranged from 5.1 to 34.9µm (3.4 to 22% when normalized to 

maximal diameter), while in PLs, it ranged from 10.9 to 40.3µm (11.7 to 42.6% when 

normalized). Absolute frequency ranged from 15.3 to 30.7 contractions/min in IALs and 

from 4.8 to 12 contractions/min in PLs. In both types of lymphatic vessels, normalizing 

absolute frequency to peak frequency revealed an overlapping frequency response to 



 

 
 

69 

pressure changes in both types of vessels. Frequency increased up to the optimal pressure, 

reached a plateau over the middle pressure range, and was maintained in PLs or slightly 

increased in IALs. When diastolic diameter was normalized to the maximal diameter in 

Ca2+-free solution, PLs had a lower basal tone, around 10%, while IALs had a higher basal 

tone, around 30%. The level of IAL tone is comparable to tone is some arterioles (Hill et 

al., 2001). As a volume-index of contraction amplitude, ejection fraction (EF) considers 

the lymph volume expelled in a lymphatic contraction; EF showed a similar response to 

pressure as contraction amplitude. Fractional pump flow incorporates both frequency and 

EF; it peaks at 1-2cmH20 for IALs and at 2-3cmH2O for PLs. In summary, both lymphatic 

vessels contract most efficiently at low pressures, likely reflecting the innate pressure levels 

in the lymphatic vasculature. Both vessels regulate their function following the Frank-

Starling Law analogous to the heart, that is, increasing intraluminal pressure over a certain 

range can lead to an increase of contractile function and pump output. 
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D. Summary of contractile parameters as a function of pressure 

 

Figure 10. Position of inguinal-axillary and popliteal lymphatics in the mouse body, 

their patterns of contraction and summary of contractile parameters. A: The anatomical 

locations of inguinal-axillary and popliteal lymphatics in the mouse. Photomontages were 

captured in Prox1-GFP mice (by MJD). B & C: Representative pressure myograph 

recordings throughout the pressure step protocol for the two types of vessels (popliteal 

traces by MJD). D: Summary data showing the change in contractile patterns for the 
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pressure step protocol in inguinal-axillary (black lines, open symbols; n=6) and popliteal 

lymphatics (blue lines, closed symbols; n=8), refers to the number of lymphatic vessels; 

popliteal data collected by MJD. Timescales indicate intervals of 30s. 

3.3 Nomenclature 

Scientists studying lymphatic contractile function use the two terms “lymphatic 

muscle” and “lymphatic smooth muscle” interchangeably to indicate the layer of cells in 

the tunica media of the collecting lymphatic vessel wall that drive the spontaneous 

contractions of that vessel. When studying pacemaking properties, the term “lymphatic 

muscle” is often used to contrast its properties to those of cardiac muscle. However, in the 

literature LSM has been molecularly characterized by expression of smooth muscle 

markers, i.e., smooth muscle heavy chain (SMMHC) and smooth muscle α-actin (SMA) 

(Muthuchamy et al., 2003), therefore the term “lymphatic smooth muscle” is commonly 

used. To be consistent with the current literature, I will use the term “lymphatic smooth 

muscle” (LSM) throughout the rest of this dissertation. 

3.4 Lymphatic smooth muscle cell isolation 

A digestion protocol was optimized for the isolation of rat or mouse LSM cells 

from the mixture of cell and tissue types present in an isolated lymphatic vessel: including 

lymphatic endothelial cells, smooth muscle cells, immune cells, neural cells, adipose cells 

and connective tissue cells (e.g. mast cells, fibroblasts). Morphology, cell size and cell 

capacitance are features used to differentiate between some of the different cell types, as 

described in the Methods section. 

The membrane capacitance of LSM cells ranged between 9-25pF. After enzymatic 

isolation, their initial morphology in physiological solution is bean- or spindle shaped. The 
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cell morphology can change during the voltage clamp process: cells can round up when 

depolarized, indicating a healthy cell membrane. The cell morphology matches with the 

fluorescent lymphatic cells digested from αSMA-DsRedP and SMMHCCre-eGFP 

lymphatic vessels, with smooth muscle indicators constitutively fluorescing at 635nm 

(Figure 11A) and 488nm (Figure 11B), respectively. Figure 11C shows the LSM cell 

morphology in brightfield mode. These isolated LSM cells were used in two different ways 

in my project: 1) to record ion movement through VGCCs and 2) to test for the expression 

of T-channels in the LSM. 

Enzymatically dispersed lymphatic smooth muscle cells from mouse IALs 
       A) αSMA-DsRed_635nm                B)SMMHC-Cre/eGFP_488nm 

 

Figure 11. Morphology of lymphatic smooth muscle cells from mouse inguinal-axillary 

lymphatic vessels. LSM cells from transgenic mice expressing fluorescence in smooth 

muscle cells using two different promoters: A) αSMA and B) SMMHC: the cells are 

elongated in Ca2+-free solution); C) image of an αSMA-DsRed LSM cell in PSS in 

brightfield mode. 

Enzymatically dispersed lymphatic muscle cell from 

- PCR 
- Patch-clamp 

A) αSMAP-DsRed_635nm B) SMMHCCre/eGFP_448nm 

C) αSMAP-DsRed_bright field 
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3.5 Evidence of T-channels in collecting lymphatics at the mRNA level 

3.5.1 mRNA expression of voltage-gated Ca2+ channels in rat mesenteric lymphatic vessels 

To detail the profile of voltage-gated Ca2+ channels in lymphatic vessels, I started 

by confirming their mRNA expression in rat mesenteric lymphatics, as reported by Lee et 

al., 2014a. These vessels can be dissected in relatively large quantities because post-

prandially they appear visibly off-white and are easy to dissect and clean of fat and 

connective tissue. End-point PCR was utilized to detect the presence of L and T-type Ca2+ 

channels at the mRNA level in rat brain (as a positive control) and in whole mesenteric 

lymphatic vessels (LVs). In whole rat mesenteric LVs, I found the expression of two out 

of three isoforms of T-channels (Cav3.1 and Cav3.2). Cav3.3 was absent, which is not 

surprising because Cav3.3 is predominantly expressed in neural tissue (Astori et al., 2011). 

Also, the L-channel isoform that is predominantly expressed in blood vessels and cardiac 

muscle, Cav1.2, was expressed in rat mesenteric lymphatics (Figure 12A). 

Before I performed endpoint PCR on lymphatic vessels and LSM cells, preliminary 

quantitative PCR for all VGCCs (Cav1, Cav2, Cav3.x) was performed in Donald Welsh’s 

laboratory (University of Calgary, Canada) to provide an independent, comprehensive 

quantitative profile of VGCCs in rat mesenteric LVs, and mouse popliteal LVs (vessels 

dissected by MJD). Similar to the end-point PCR results, qPCR confirmed the expression 

of the two T-channel isoforms Cav3.1 and Cav3.2 and the absence the neuronal T-isoform 

Cav3.3 (Figure 12B). Cav3.2 appeared to show stronger expression in rat mesenteric LVs. 

Also, three out of four L-channel isoforms Cav1.1, 1.2, and 1.3 were detected, with 

strongest expression of Cav1.2, and the signals were all stronger than that for the T-channel 

isoform Cav3.1. The neuronal voltage-gated N-type Ca2+ channel isoform Cav2.2 and the 
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R-type Ca2+ channel isoform Cav2.3 were also detected, possibly due to the remnants of 

neural cell processes innervating the lymphatic wall. These findings aligned with those of 

Lee et al., 2014a who showed convincing evidence for the expression of the T-channel 

isoform Cav3.2 at both mRNA and protein levels along with Cav3.1 (only at the mRNA 

level) in rat mesenteric lymphatics (Lee et al., 2014a). Consistent with our findings, they 

also found the expression of three L-channel isoforms Cav1.1, 1.2, and 1.3. Because their 

study also reported the expression of Cav3.2 and Cav1.2 at the protein level, colocalizing 

with SMA, I did not repeat immunostaining for Ca2+ channels in rat mesenteric lymphatic 

vessels. 

A. Rat mesenteric LVs 

 

B. Expression in rat mesenteric lymphatic 
relative to whole brain (n=1) 

 

C. Expression in rat mesenteric lymphatic 
relative to whole brain (n=1) 

 

Figure 12. mRNA expression of VGCCs in rat whole mesenteric lymphatic vessels 

detected by end-point and quantitative PCR. A: Representative end-point PCR gel (n=3) 

shows the mRNA for Ca2+ channels from rat mesenteric lymphatic vessels (LV), negative 

control: H2O (C), and positive control: brain (B). Each PCR experiment was performed on 

at least eight lymphatic vessels dissected from one rat. The "n" is the number of animals 
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used, as well as the number of PCR experiments performed. The sizes of PCR amplicons 

coincide with those of the RNA sequences in the targeted genes. B and C: Real-time 

quantitative PCR of Ca2+ channels in rat (e.g., rCav3.1 denotes rat Cav3.1) mesenteric 

lymphatic vessels using two different housekeeping genes: glyceraldehyde-3-phosphate 

dehydrogenase (GAPD) and β-actin (ACTB) performed by Welsh laboratory. The results 

are shown as relative Ca2+ channel mRNA expression to that in the rat whole brain. The 

ratios between the mRNA expression of different Ca2+ channels with two housekeeping 

genes are nearly identical, strengthening the finding of T-channels detected in rat whole 

mesenteric lymphatic vessels. M: molecular markers using 100 base pairs (bp) DNA 

ladder. 

3.5.2 RNA expression of voltage-gated Ca2+ channels in mouse popliteal lymphatic vessels 

To profile the VGCCs expressed in mouse lymphatic vessels, I started with mouse 

PLs, the lymphatic vessels possessing strong pumping capacity. Using end-point PCR and 

rat brain as positive control, I found, similar to rat mesenteric LVs, that whole popliteal 

LVs expressed message for two out of the three isoforms of T-channels, Cav3.1 and Cav3.2 

(Cav3.3 was absent), along with the predominant cardiovascular L-channel isoform 

(Cav1.2) (Figure 13A). In addition, we sent whole PLs (dissected by MJD) to Donald 

Welsh’s laboratory to quantitatively measure PCR of all VGCC mRNA and found that the 

material from one mouse is inadequate to be detected by traditional qPCR (n=1). The whole 

T-channel family was undetectable, partially reflecting the lower density of the T-channels 

in lymphatic vessels compared to L-channels (Figure 13B and C). 

In later assays to detect RNA message, I used end-point PCR, using primers/nested 

primers, to answer the yes/no question as to the presence of T-channels in pure samples of 
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freshly digested and dispersed mouse LSM cells. Nested PCR, utilizing an internal set of 

primers to further amplify the PCR products, was performed in case the first round of PCR 

products showed no signal or a very faint signal, to detect any potential false negatives due 

to the low density of T-channels in LSM. The goal was to determine whether T-channels 

are expressed in mouse LSM. 

 

A. Mouse popliteal LVs 

 
B. Expression in mouse popliteal lymphatic 

relative to whole brain (n=1) 

 
 

C. Expression in mouse popliteal lymphatic 
relative to whole brain (n=1) 

 
Figure 13. mRNA expression of VGCCs in mouse whole popliteal lymphatic vessels. A: 

Representative end-point PCR gel (n=3, refers to number of tissue batch, each was 

harvested from at least 4 mice) shows the mRNA expression for Ca2+ channel in mouse 

whole popliteal lymphatic vessels (LV), negative control: H2O (C), and positive control: 

brain (B). Each experiment was performed on at least sixteen lymphatic vessels dissected 

A: Mouse popliteal LVs 

400- 
 
 
 
 
200- 
 
 
 
 
 
 
 
100- 
(bp)  

LV      C         B
Cav3.1 Cav3.2 Cav1.2 Cav1.3 Cav3.3 

M" LV      C          B LV      C          B LV        C        B LV       C          B



 

 
 

77 

from four mice. The sizes of PCR amplicons coincide with those of the RNA sequences in 

the targeted genes. B and C: Real-time quantitative PCR for Ca2+ channels in mouse 

(mCav3.1 denotes mouse Cav3.1) popliteal lymphatic vessels using two different 

housekeeping genes: glyceraldehyde-3-phosphate dehydrogenase (GAPD) and β-actin 

(ACTB) performed by Welsh laboratory. The results are shown as Ca2+ channel mRNA 

expression relative to that in the mouse whole brain. M: molecular markers using 100-bp 

DNA ladder. 

3.5.3 RNA expression of voltage-gated Ca2+ channels in LSM cells isolated from mouse 

popliteal lymphatic vessels 

I found signal for T-channels by PCR from whole lymphatic vessels both in rat and 

mouse. However, the whole vessel is a complex structure with many types of cells, as 

mentioned earlier, in section “3.4 Lymphatic smooth muscle cell isolation”. To answer the 

question as to whether T-channels are expressed specifically by lymphatic smooth muscle 

cells, I digested PLs and collected single LSM cells using a micropipette, based on their 

morphology, and performed end-point PCR to ensure that the signal I found previously in 

whole popliteal vessels was specifically from the muscle cells. Each PCR was performed 

with ~500 smooth muscle cells digested and isolated from sixteen PLs collected from four 

mice. Since single LSM cell collection yielded less primary material than that from whole 

lymphatic vessels, nested PCR was used if the signal was weak. In addition to using primers 

for VGCCs as described for whole vessels, I also used eNOS primers to detect potential 

contamination from endothelial cells accidentally collected by the pipette aspiration. α-

actin primers were used to confirm the identity of individually collected cells based on that 

reported molecular marker for LSM (Muthuchamy et al., 2003). 
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In LSM cells, I consistently detected the expression of the two isoforms Cav3.1 and 

Cav3.2 found in whole vessels. The signal for the L-channel isoform Cav1.2 was also 

present abundantly. α-actin was detected, consistent with a molecular identity for LSM; 

however, eNOS was also found, raising the need for checking for T-channel expression in 

lymphatic endothelial cells. 

I subsequently performed PCR on a lymphatic endothelial tube, digested and 

divested of lymphatic smooth muscle cells. Lymphatic vessels served as a positive control. 

eNOS signal confirmed endothelial cell identity. This is the first time eNOS has been 

shown at the mRNA level from a PL endothelial tube, although eNOS has been found at 

protein level inside collecting lymphatics by immunostaining in cross-sections of vessels 

(Hagendoorn et al., 2004). The absence of α-actin signal suggested complete elimination 

of LSM cells. While Cav3.1 or Cav3.2 signals were detected in whole lymphatic vessels, 

no Cav3.1 or Cav3.2 signals were amplified in the endothelial sample (Figure 14C). 
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A. A lymphatic muscle cell   B. Popliteal lymphatic smooth cells 
with a collecting pipette tip 

 
C. Popliteal lymphatic endothelial cells (LEC) 

 
Figure 14. mRNA expression of VGCCs in single LSM cells freshly digested and isolated 

from mouse popliteal lymphatic vessels. A: A 30µm-pipette tip used to collect LSM cells 

identified by spindle-shaped morphology. B: Representative end-point PCR gel (n=3) 

shows mRNA expression for Ca2+ channels in popliteal LSM cells, with α-actin and eNOS 

serving as endothelial cell-specific positive and negative controls, respectively. At least 

sixteen popliteal lymphatic vessels (LV) dissected from four mice were used for one set of 

experiments, and I repeated each set of experiments thrice. The "n" refers to the number of 

tissue harvest repetitions; each required at least four mice. The sizes of PCR amplicons 

coincide with those of the RNA sequences in the targeted genes. C: End-point PCR gel of 

a popliteal lymphatic endothelial cell (LEC) tube. Again, α-actin and eNOS were negative 

and positive controls for cell type, respectively. To test whether T-channels were expressed 
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in LEC tubes, I used primers for two T-channel isoforms Cav3.1 and 3.2 that had been 

detected in whole popliteal lymphatic vessels and collected popliteal LSM cells. M: 

molecular markers using 100 base-pair (bp) DNA ladder. 

3.5.4 RNA expression of voltage-gated Ca2+ channels in mouse whole IAL vessels and in 

LSM cells isolated from mouse IAL vessels 

Since I was also interested in testing the functional role of T-channels in IALs with 

patch-clamp and pressure myography, I repeated the PCR assay in whole IAL vessels and 

freshly-isolated IAL smooth muscle cells to assess their VGCC profile. I was able to detect 

all three T-channel isoforms Cav3.1, 3.2 and 3.3 in whole IAL vessels. I was only able to 

detect the expression of T-channel isoforms Cav3.1 and 3.2 in inguinal-axillary LSM cells; 

therefore, the Cav3.3 signal in whole IALs may originate from neuronal processes 

remaining in the vessel wall after dissection. Again, α-actin confirmed that the majority of 

the sample was LSM cells with very little contamination from lymphatic endothelial cells. 

This reflects the advantage of using the longer IALs, which requires fewer animals, saves 

time otherwise committed to harvesting cells, and offers less contamination. Since I could 

harvest longer vessels from the flank region between inguinal and axillary lymph nodes, 

each set of PCR required four IAL vessels from only two mice and two days to collect cells 

in comparison with the minimum requirements of sixteen PL vessels from four mice and 

four days of cell harvesting. 
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A 

 
B 

 
Figure 15. mRNA expression of VGCCs in mouse whole inguinal-axillary lymphatic 

vessels and their freshly digested and isolated single LSM cells. A: Representative end-

point PCR gel (n=3) shows the mRNA expression for Ca2+ channel in IAL vessels. B: 

Representative end-point PCR gel (n=3) shows the mRNA expression for Ca2+ channel in 

inguinal-axillary LSM cells; actin and eNOS served as cell-type positive and negative 

controls, respectively. At least six lymphatic vessels dissected from at least two mice were 

used for one set of experiments, and I repeated each set of experiments thrice. The "n" 

refers to the number of tissue harvesting repetitions. The sizes of PCR amplicons coincide 

with those of the RNA sequences in the targeted genes. M: molecular markers using 100-

bp DNA ladder. 
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3.6 Evidence for T-channels in collecting lymphatics at the protein level 

In rat mesenteric lymphatic vessels, expression of the T-channel isoform Cav3.2 

was confirmed with immunohistochemistry (Lee et al., 2014a). However, no data were 

shown for the expression of the other T-channel isoforms, Cav3.1 or Cav3.3. I performed 

staining for the T-channel protein expression in mouse IALs utilizing the same antibody 

from Alomone used by Lee et al., 2014a. For positive controls, I used an antibody for the 

L-channel isoform Cav1.2, which was abundantly expressed at the mRNA level and protein 

level (Lee et al., 2014a), and I tested for T-channel expression in 2nd or 3rd order mesenteric 

arteries in which Cav3.1 and Cav3.2 expressions were previously verified (Harraz et al., 

2015) (Figure 16Ad and Bd). For negative controls, the same immunostaining process was 

performed after antibody pre-absorption with the appropriate antigen provided by 

Alomone. In WT mouse IALs, I found expression of both T-channel isoforms Cav3.1 and 

Cav3.2, with expression colocalizing substantially with smooth muscle α-actin (Figure 

16Aa & Ba). Similarly, mesenteric artery smooth muscle cells also showed expression of 

both Cav3.1 and 3.2 (Figure 16Ad & Bd). In contrast, IALs from Cav3.1-/- mice showed 

spotty, non-specific binding rather a staining pattern that aligned with the vessel structure 

(Figure 16Ac); the negative controls using antibody pre-absorption by antigen also showed 

a spotty pattern. Surprisingly, IALs from Cav3.2-/- mice showed staining that did not align 

with any previously known vessel structure and seemed to form a layer outside. One can 

argue that the expression is in the adventitia and that the signal is from compensatory 

upregulation in cells outside of the muscle layer (Harraz et al., 2015). The neuronal T-

isoform Cav3.3 also showed similar non-specific binding rather than a staining pattern that 
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aligned with the vessel structure. The L-type Ca2+ channel positive control accordingly 

showed protein expression of Cav1.2 in the LSM cells (Figure 16Cc). 

 

Table 7. Confocal and image processing settings for Ca2+ channel immunostaining 

λ 
(nm) 

Exposure 
time (ms) 

Power Step distance 
(µm) 

Primary 
antibodies 

Brightness & 
contrast adjustment  

638 75-400 20-40 0.5 Ca2+ channel Min: 9 
448 750 100 0.5 SMA Max: 115 

(ImageJ) 
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A 

b/ WT inguinal-axillary lymphatic with antibody absorption (-) control 

Cav3.1 SMA merge 

50µm 

SMA merge Cav3.1ab + antigen 

50µm 

c/ Cav3.1-/- inguinal-axillary lymphatic 

SMA merge Cav3.1 

50µm 

SMA merge Cav3.1 

100µm 

d/ WT mesenteric artery 

a/ WT inguinal-axillary lymphatic 
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50µm 

Cav3.2 merge SMA 

a/ WT inguinal-axillary lymphatic 

50µm 

50µm 

SMA merge Cav3.2ab + antigen 

b/ WT inguinal-axillary lymphatic with antibody absorption (-) control 

100µm 

SMA merge Cav3.2 

d/ WT mesenteric artery 

100µm 

c/ Cav3.2-/- inguinal-axillary lymphatic 

SMA merge Cav3.2 
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SMA merge Cav3.3 

a/ WT inguinal-axillary lymphatic 

50µm 

SMA merge Cav3.3 

b/ WT inguinal-axillary lymphatic with antibody absorption (-) control 

50µm 

SMA merge Cav1.2 

50µm 

SMA merge Cav1.2 

50µm 

d/ WT inguinal-axillary lymphatic with antibody absorption (-) control 

c/ WT inguinal-axillary lymphatic 
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Figure 16. Immunohistaining of inguinal-axillary lymphatics for T and L-channels and 

their control counterparts. Immunostaining for A) Cav3.1, B) Cav3.2, C) Cav3.3 and 

Cav1.2 in inguinal-axillary lymphatics and their negative (i.e., antigen absorption negative 

control) and positive (WT mesenteric artery) controls. Cav1.2 staining also served as a 

positive control for VGCCs. Smooth muscle α-actin (SMA). Immunostaining was repeated 

at least three times for each Ca2+ channel isoform. 

3.7 Electrophysiological evidence for T-type Ca2+ current in LSM cells 

3.7.1 T-channel current in rat mesenteric lymphatic smooth muscle cells 

To test for functional VGCCs, I used the patch-clamp technique to measure the 

current flowing through voltage gated-Ca2+ channels in single, isolated LSM cells. After 

digestion, the cell suspension was placed in a recording chamber perfused with bath 

solution containing Ca2+ 1.8mM at room temperature (see Methods). The cells that gave 

good gigaseals (>1GΩ) and recordings were healthy-looking and usually rounded up 

further during Ba2+ solution perfusion and repeated voltage manipulations. Unusable cells 

either had a thin cell membrane with damage spots and granulated intracellular organelles 

or had intact, shiny, but a less digested cell membrane with remaining undigested 

extracellular matrix. The Ca2+ 1.8mM bath solution contains a physiological Ca2+ level to 

better maintain the LSM cell vitality compared to high concentration of Ba2+ such as 10 or 

20mM. To determine a usable cell for Ca2+ current recordings, the ability of a cell to 

respond to voltage stimulation was first tested with a voltage ramp protocol (Figure 17B) 

to see whether the cell was healthy and could give a measurable Ca2+ current with a typical 

U-shape I-V relationship. Whole-cell Ca2+ current density was low in 1.8mM Ca2+ bath 

solution, but could be enhanced by increasing the [Ca2+] and/or substitution with Ba2+ 
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(which is more permeable). However, prolonged incubation in 10 or 20mM Ba2+ bath 

solution caused cells to hypercontract or die rather than maintaining a partially relaxed, 

spindle/bean shape. Therefore, Ba2+ solution perfusion was applied only after finding a 

promising cell with a good seal and detectable Ca2+ current in 1.8mM Ca2+ (>5pA); after 

the perfusion had been changed to Ba2+, the leftover cells would be discarded. My strategy 

to find a decent cell was to scan the whole chamber for several good cells and find the most 

promising ones to patch. A holding potential of -70mV was used to reset all VGCCs. The 

membrane potential was then depolarized using a ramp or step protocol. The ramp protocol 

provides a pseudo-instantaneous record of the I-V relationship, while the step protocol 

shows the time course of activation in response to depolarization to different levels. Figure 

17C shows recordings from a rat mesenteric LSM cell in 10mM Ba2+ before and after 

addition of nifedipine 1µM to inhibit L-channels; subsequent addition of Ni2+ (1mM) was 

used to test for inhibition of the remaining nifedipine-insensitive current. The total current 

in control Ba2+ solution peaked in the range between 10-20mV. The treatment with 1µM 

nifedipine revealed a residual current, which accounted for approximately 20% of the total 

Ba2+ current, and peaked at a more hyperpolarized voltage than the total current (voltage 

ramp protocol recording is representative of at least five cells). This T-channel-like current 

was also inhibited by the classical T-channel blocker Ni2+ (1mM), and any residual L-

channel current resistant to 1µM nifedipine was also inhibited. One can extrapolate that 

nifedipine-sensitive current, primarily through L-channels, accounted for 80% of total Ba2+ 

current (Figure 17C). 

In the reverse protocol, in a cumulative Ni2+ dose-response protocol, when the cell 

was treated first with increasing doses of Ni2+, the current tracing shifted toward a more 
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depolarized voltage. At 50µM Ni2+, when Cav3.2 should be substantially inhibited, the 

current reduction was less than 10% of the total Ca2+ current. At 500µM Ni2+, when Cav3.1 

should be inhibited, the total Ba2+ current was reduced by 50%; however, at this 

concentration, L-channels, should also begin to be affected. At 1mM Ni2+, 25% of the total 

Ba2+ current remained, this Ni2+-insensitive current could be current through L-channels. 

Since in the test with nifedipine (Figure 17C), L-channels conducted 80% of the total Ca2+-

channel current, the Ni2+-insensitive current is additional evidence of the off-target effect 

of Ni2+ on L-channels. Finally, treatment with 1µM nifedipine totally inhibited the 

remaining Ca2+-channel current, suggesting that the Ni2+-insensitive current passed 

through L-channels (Figure 17D). 



 

 
 

92 

A. Patch-clamp set-up 

 
 
B. Ramp protocol 
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D. Ni2++nifedipine (10mM Ba2+) 

 
Figure 17. T-channel current in rat mesenteric lymphatic smooth muscle cells. A: 

Schema describing patch-clamp set-up perfusing freshly digested LSM cells with 10 or 

20mM Ba2+ perfusing solution and patching cell membrane with pipette containing Cs+ to 

make whole-cell recordings; B: Ramp protocol used to elicit voltage-dependent current by 

progressively depolarizing from -100 to +80mV from a holding potential of -70mV. C: 

Representative traces of whole-cell Ba2+ currents in 10mM Ba2+ perfusing solution (black), 

after treatment with nifedipine 1µM (blue) and after the combined treatment of nifedipine 

1µM and Ni2+ 1mM (red). D: Representative traces of whole-cell Ba2+ currents in 10mM 

Ba2+ perfusion solution, after treatment with a protocol of Ni2+ (50, 500 and 1000µM) and 

then additional treatment with nifedipine 1µM. The recording traces were filtered at 20kHz. 
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3.7.2 T-channel current in mouse popliteal lymphatic smooth muscle cells 

Compared to rat mesenteric lymphatics, mouse PLs provided more limited material 

and therefore required a less aggressive and shorter digestion protocol, and yielded more 

fragile LSM cells. However, I could still find cells that had capacitances as large as rat 

mesenteric lymphatic cells and allowed as much current to flow through VGCCs. Figure 

18 shows representative recordings during a ramp protocol similar to that shown in Figure 

17B under nifedipine treatment, and then nifedipine+Ni2+ combined treatment. Similar to 

the observations in rat, Ca2+ channel current peaked between +20 and +30mV. The 

nifedipine-sensitive current peaked at -10 to 0mV, a more hyperpolarized voltage range. 

The addition of Ni+ (1mM) to the bath eliminated all remaining current not inhibited by 

1µM nifedipine. 
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Mouse popliteal lymphatic smooth muscle cell 
Nifedipine+Ni2+ (10mM Ba2+) 

 

Figure 18. T-channel current recorded from a popliteal lymphatic smooth muscle cell. 

Representative traces of whole-cell Ba2+ currents in 10mM Ba2+ bath solution, before 

(black) and after treatment with 1µM nifedipine (blue) and 1µM nifedipine plus 1mM Ni2+ 

(red). The recording traces were filtered at 5kHz. 

3.7.3 T-channel current in mouse inguinal-axillary lymphatic (IAL) smooth muscle cells 

Compared to PLs, longer segments of IALs are easier to dissect and yield more 

LSM cells after disgestion. This is the type of mouse lymphatic vessel with which I had 

more experience recording Ca2+ current. Here, I show Ca2+ channel recordings in an IAL 

smooth muscle cell in 20mM Ba2+ bath solution using both ramp and step voltage protocols 

(Figure 19). In response to a voltage ramp (Figure 19C), the total VGCC current (recorded 

in 20mM Ba2+) peaked between +20 and +30mV, a slightly more depolarized voltage 

compared the voltage ramp recordings in rat mesenteric and popliteal LSM cells shown in 

Figure 17 and Figure 18 (recorded in 10mM Ba2+), which peaked between +10 and +20mV. 

This is consistent with the observation that an increase in charge carrier concentration shifts 
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the peak voltage to more depolarized potentials, as reported by Harraz and Welsh (2013). 

Eventually, the T-channel identitity was confirmed when this nifedipine-insensitive current 

was inhibited by 1mM Ni2+. In IAL smooth muscle cells, I observed that in inguinal-

axillary LSM cells, VGCC current could persist at concentrations as high as 2mM Ni2+ and 

was only completely abolished at 3mM Ni2+, consistent with small vasomotion persisting 

in pressurized vessels at Ni2+ concentrations higher than 1mM (Figure 23). One can 

speculate that this persistent current could be an indication of a VGCC that is insensitive 

to both 1µM nifedipine and 1mM Ni2+. 

Besides using ramp voltage protocols, I also used a step-voltage protocol to 

differentiate between L and T-channels by the time course of current activation/inactivation 

after a depolarizing step ranging from -80 to +40mV. In IAL smooth muscle cells, total 

VGCC current exhibited both a fast-inactivating component, typical of T-channels, and a 

long-lasting component, typical of L-channels. In the presence of 1µM nifedipine, the long-

lasting component disappeared from control total VGCC current (shown in black), 

revealing a fast-inactivating component (shown in blue). This fast-inactivating component 

was sensitive to 1mM Ni2+, which is known to be a T-channel inhibitor (Harraz et al., 

2013). 

To analyze the activation potential of VGCCs present in LSM cells, I separated 

recordings at different depolarizing steps: -40 to +40mV (Figure 19F). The steps to 

voltages from -80 to -40mV evoked no significant Ca2+ current. A fast-inactivating current 

appeared at the step to -10mV, with almost no long-lasting component, although a certain 

degree of VGCC current with a fast-inactivating component manifested early after at the 

step to -20mV. At the step to 0mV, the fast-inactivating current was most prominent when 
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L-channels were not yet activated. This is consistent with findings in the ramp protocol 

mentioned above, showing that nifedipine-insensitive current peaked at 0mV. Steps to 

more depolarized voltages from +10 to +40mV elicited both fast-inactivating and long-

lasting components. The depolarizing step to +30mV was able to activate the largest total 

VGCC current, consistent with my observations using the ramp protocol. Since I used Ba2+ 

to record current VGCCs, the absolute activation voltages could be shifted toward a more 

depolarized value compared with physiological condition (extracellular [Ca2+]=1.8mM). 

Figure 19 summarizes of current densities of 5 IAL smooth muscle cells at different 

pressure steps under control, under treatment with 1µM nifedipine or 1mM Ni2+. Under 

nifedipine treatment the current densities peaked at a more hyperpolarized voltage 

(+10mV) compared to control (+15mV), reflecting the low-voltage activation 

characteristics of T-channels. When T-channels were subsequently blocked with Ni2+ 

1mM, the peak shifted back toward more depolarized voltage (+20mV). 
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Figure 19. T-channel current recorded from a mouse IAL smooth muscle cell. A: A 

typical mouse IAL smooth muscle cell patched with a micropipette containing Cs+ solution 

to inhibit K+ current, and perfused with 20mM Ba2+ solution. B: Ramp protocol starting at 

a holding potential of -70mV, hyperpolarized to -100mV and gradually depolarized to 

80mV, as in Figure 17 and Figure 18. C: Representative traces of whole-cell Ba2+ current 

in 20mM Ba2+ solution (control), treated with 1µM nifedipine, and subsequently treated 

with 1mM Ni2+. The recording traces were filtered at 5kHz. D: Step protocol with an initial 
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step to a hyperpolarized potential of -90mV followed by series of depolarizing steps to a 

voltage range from -80 to 40mV in 10mV increments, and a final step back to the original 

holding potential of -70mV. E: Representative recordings of whole-cell Ba2+ currents 

during a step protocol in the same cell patched in (C): a) control, b) with nifedipine 1µM 

and c) with subsequent 1mM Ni2+. F: Single raw Ba2+ current traces from control/total 

T+L-current in (E). The green lines indicate 0mV. The voltages above the green lines 

indicate the level of depolarization. The traces were filtered at 1kHz. G: Summary of 

current density at voltage steps from -80 to +40mV (n=5 inguinal-axillary LSM cells) 

3.8 Effect of mibefradil on lymphatic contractile patterns in rat mesenteric 

lymphatics 

Mibefradil is reported to be a specific T-channel inhibitor at doses in the nanomolar 

range and only affects L-channels at doses in the micromolar range, based on studies of 

recombinant channels in HEK cells (Jensen and Holstein-Rathlou, 2009). However, 

because I am ultimately interested in the potential role of T-channels in determining 

lymphatic pacemaking frequency and contraction strength in intact vessels, the effective 

concentrations reported for mibefradil in electrophysiological studies of recombinant 

channels are only a guideline. The context of the more complicated environment of a native 

LSM cell, with a low T-channel density, the possible expression of T-channel splice 

variants, and the possibility of off-target effects on other types of Ca2+ channels e.g., 

Cav1.2, Cav1.3, TRPs, NCX in reverse mode that contribute to pacemaker modulation 

and/or contraction strength, can lead to uncertainties about the specific effects of mibefradil 

on T-channels. To collect more information and reduce uncertainties, rather than a single 

dose of mibefradil, as used in many previous studies (e.g., Lee et al., 2014a; Beckett et al., 
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2007), I applied cumulative mibefradil concentrations to yield a complete dose-response 

curve. Using pressure myography with rat mesenteric lymphatics, contraction frequency 

slowed (IC50=66nM) at a lower concentration than that required to affect the contraction 

amplitude (IC50=423nM); (Figure 20), which is consistent with the findings of Lee et al., 

2014a, who treated rat mesenteric lymphatics with 100nM mibefradil and concluded that 

T-channels regulate only lymphatic contraction frequency. However, mibefradil has been 

shown not only to inhibit T-channels but to also inhibit voltage-gated Na+ channels, 

IC50=0.5µM (Schafer et al., 2016; Strege et al., 2005; McNulty and Hanck, 2004); delayed 

rectifier K+ channels, IC50=0.3µM; and L-channels, IC50=1.4µM (Lee et al., 2006; Liu et 

al., 1999); all of which are known to play functional roles in mesenteric lymphatics: L-

channels modulate contraction strength (Lee et al., 2014a), K+ and Na+ channels modulate 

contraction frequency (Gui et al., 2014; Hollywood et al., 1997; Zawieja et al., 1993). 

Therefore, I cannot rule out the possibility that mibefradil is acting via L-channels, Na+ 

and/or K+ channels to inhibit lymphatic contraction amplitude and frequency. 
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Figure 20. Effect of mibefradil on the contractile patterns of rat mesenteric lymphatics. 

A: A representative diameter recording from a rat mesenteric lymphatic during a mibefradil 

dose-response protocol; B: Summary data showing the effect of cumulative mibefradil 

dose-response on contractile parameters of rat mesenteric lymphatic vessels (n=8). The 

IC50 was 66µM for contraction frequency, while the IC50 was 423µM for contraction 
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amplitude. *p<0.05 indicates significant difference between marked concentration vs. 

control. Data are presented as mean±SEM.  

3.9 Effect of Ni2+ on lymphatic contractile patterns in rat mesenteric lymphatics 

Ni2+ is a commonly used T-channel inhibitor that is reputedly selective for Cav3.2 

at low concentrations (IC50=12µM for Cav3.2 expressed in HEK cells; Lee et al., 1999). In 

vascular smooth muscle cells, 60µM Ni2+ has been estimated to inhibit 60% of T-current 

(Harraz et al., 2013). However, to be able to target Cav3.1 (IC50=250µM for Cav3.1 

expressed in HEK cells; Lee et al., 1999) the required concentration needed to be higher 

and overlapped with the concentration range that inhibited L-channels (IC50=324µM; 

Bradley et al., 2004). Previously, Ni2+, at 100µM, was shown to inhibit AP firing and 

contraction frequency in sheep and rat mesenteric lymphatics (Lee et al., 2014a; Beckett 

et al., 2007), a concentration somewhat specific for Cav3.2 and presumably leaving Cav3.1 

relatively unaffected. I treated rat mesenteric lymphatics with cumulative concentrations 

of Ni2+ to obtain a Ni2+ dose-response curve (Figure 21). Surprisingly, the contraction 

frequency (IC50=279µM) slowed almost simultaneously with contraction amplitude 

(IC50=248nM), in contrast to the findings of Lee et al., 2014a. Ni2+, at 100µM, can be 

specific for T-channels, especially the Cav3.2 isoform (Harraz and Welsh, 2013). However, 

because rat whole mesenteric lymphatic vessels express Cav3.1, Cav3.2 and Cav1.2 at the 

mRNA level, a 100µM Ni2+ can only be used to extrapolate a role for Cav3.2 in lymphatic 

pacemaking. Since Ni2+ can also have non-selective effect on other channels, e.g., Na+ and 

K+ channels (Lacinova, 2011; Sheng et al., 2002; Stockland et al., 1993), the observed 

effects of Ni2+ could also be a reflection/consequence of its non-selectivity. 
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B 

 
Figure 21. Effect of Ni2+ on the contractile patterns of rat mesenteric lymphatics. A: A 

representative diameter recording from a rat mesenteric lymphatic during a Ni2+ dose-

response protocol; B: Summary data showing the effect of cumulative Ni2+ dose-response 

on contractile parameters of rat mesenteric lymphatic vessels (n=9). the IC50 was 248µM 
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for contraction amplitude, while the IC50 was 279µM for the contraction frequency. 

*p<0.05 indicates significant difference between marked concentration vs. control. Data 

are presented as mean±SEM. 

3.10 Effect of Ni2+ on lymphatic contractile patterns in mouse popliteal lymphatics 

Since 1987, Ni2+ has been used in studies of T-channels, in contrast to newer 

inhibitors such as mibefradil (since 1994) and TTA-A2 (since 2009). Ni2+ is the only 

inhibitor that is repeatedly capable of differentiating between Cav3.1 and Cav3.2. I 

consistently used Ni2+ in many experiments of my project. I repeated the Ni2+ dose-

response protocol on mouse vessels to be consistent with the literature of using 

pharmacological inhibitors in studying lymphatic pacemaking (Lee et al., 2014a; Beckett 

et al., 2007; Hollywood et al., 1997). Similar to my results found in rat mesenteric 

lymphatic vessels, Ni2+ inhibited mainly lymphatic contraction amplitude (IC50=110µM), 

while leaving the contraction frequency unchanged (IC50=452M) until very high doses 

were reached and the amplitude was nearly zero (Figure 22). 



 

 
 

106 

A 

 
B 

 

Figure 22. Effect of Ni2+ on the contractile patterns of mouse popliteal lymphatics. A: 

Representative diameter recording from a mouse popliteal lymphatic during a Ni2+ dose-
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response protocol; B: Summary data showing the effect of cumulative Ni2+ doses on 

contractile parameters of mouse popliteal lymphatics (n=11). The IC50 for amplitude was 

110µM Ni2+, while frequency remained unaffected (IC50=452M) until the contraction 

amplitude was severely attenuated. *p<0.05 indicates significant difference when the 

indicated concentration was compared to control before treatment. Data are expressed as 

mean±SEM. 

3.11 Effect of Ni2+ on lymphatic contractile patterns in mouse inguinal-axillary 

lymphatics 

I treated mouse IALs with Ni2+ to obtain a dose-response curve. IAL vessels have 

a fairly high contraction frequency, which we initially thought to be beneficial for studying 

lymphatic pacing, because a decrease in contraction frequency could be more easily 

detected. I hoped that the addition of experiments on IALs to my project could strengthen 

my study in a way that can contribute to more understanding of lymphatic-related disorders 

such as lymphedema. 

Consistent with the recordings in mouse PLs, Ni2+ mainly altered the lymphatic 

contraction amplitude (IC50=66µM), while leaving the lymphatic pacing unaffected until a 

dose of 2mM Ni2+ was reached (Figure 22). One can see that the cummulative Ni2+ 

concentration required to inhibit the IAL contractions is twice as high as the concentration 

required to inhibit the contraction of PLs (1mM). In the representative recording below, 

even the highest Ni2+ concentration could only silence the contraction for less than two 

minutes, and was accompanied by vasodilation, after which contractions returned with 

small amplitude <5µm; these were classified as “vasomotion”, similar to what is observed 

in mouse mesenteric lymphatics (Scallan et al., 2015), and were not the focus of my 
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analyses, as these small and uncoordinated movements can not move lymph between 

lymphangions. 
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B 

 

Figure 23. Effect of Ni2+ on the contractile patterns of mouse inguinal-axillary 

lymphatics. A: A representative diameter recording from a mouse inguinal-axillary 

control 50µM 250µM 1mM$500µM 1mM 2mM Time (min) 

Ni2+ 

n=8$

10-5 10-4 10-3
0

50

100

150

Nickel (M)

E
nd

 d
ia

st
ol

ic
 d

ia
m

et
er

 (µ
m

)

0

10-5 10-4 10-3
0

20

40

60

Nickel (M)

A
m

pl
itu

de
 (µ

m
)

0

**
*
*

**

*
*

*

*

10-5 10-4 10-3
0

10

20

Nickel (M)

Fr
eq

ue
nc

y 
(m

in
-1

)

0

*

10-5 10-4 10-3
0

10

20

30

40

Nickel (M)

To
ne

 (%
)

0

10-5 10-4 10-3
0.0

0.2

0.4

0.6

0.8

1.0

Nickel (M)

E
je

ct
io

n 
fr

ac
tio

n 
(%

)

0

** * *

10-5 10-4 10-3
0

5

10

15

Nickel (M)

Fr
ac

tio
na

l p
um

p 
flo

w
 (m

in
-1

)

0

* * ** * *

EDD

AMP

FREQ

Tone

EF

FPF



 

 
 

110 

lymphatic during a Ni2+ dose-response protocol; B: Summary data showing the effect of 

cumulative Ni2+ addition on contractile parameters of mouse inguinal-axillary lymphatics 

(n=8). The IC50 for amplitude was 66µM Ni2+, while frequency remained unaffected until 

the contraction amplitude approached zero. *p<0.05 indicates significant difference when 

the marked concentration with control before treatment were compared. Data are expressed 

as mean±SEM. 

3.12 Effect of TTA-A2 on lymphatic contractile patterns in mouse popliteal 

lymphatics 

To exhaust all the possibilities of testing the role of T-channels using 

pharmacological approaches, I decided to use a more recently developed T-channel 

inhibitor. Based on the number, quality of publications and availability of solid information 

about effective concentrations, I chose TTA-A2, a novel T-channel inhibitor that is thought 

to be specific for T-channels (15 publications), among several options such as TTA-P2 (13 

publications) and ML 218 (4 publications). It was developed by Uebele et al., 2009 at 

Merck Research Laboratories, WestPoint, USA (Schaffer and Li, 2014). In response to 

cumulative doses of TTA-A2, the contraction amplitude was only affected by 20% 

(IC50=1.3µM), with almost no effect on frequency. 
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A 

 
B 

 
Figure 24. Effect of TTA-A2 on the contractile patterns of mouse popliteal lymphatics. 

A: A representative myograph recording from a mouse popliteal lymphatic during a TTA-
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A2 dose-response protocol; B: Summary data showing the effect of cumulative doses of 

TTA-A2 on the contractile parameters of popliteal lymphatics (n=8). The IC50=1.3µM for 

contraction amplitude TTA-A2. *p<0.05 indicates significant difference between marked 

concentration vs. control. Data are graphed as mean±SEM (Table 2). 

The contraction frequency tended to increase, possibly as a secondary effect 

consequent to a decrease in amplitude, allowing less refractory time between contractions. 

TTA-A2 is claimed by Alomone labs to be a specific and state-dependent T-channel 

blocker that is 40 times more potent at -80mV than at -100mV. They also admit that the 

chemical cannot differentiate between different T-channel isoforms, although in one study 

the agent showed 3.3-times more selectivity for Cav3.2 compared to Cav3.1 (François et 

al., 2013). However, there are several problems with using TTA-A2. Alomone Labs found 

that 1µM TTA-A2 inhibits about 50% of the current through Cav3.1, while 100µM inhibits 

about 90% current through Cav3.2 (http://www.alomone.com/p/tta-a2/t-140/7). Presuming 

that the potency for the T-channel isoform Cav3.2 is similar to that of Cav3.1 mentioned 

above, an effective concentration of more than 1µM is problematic because of its possible 

off-target effects. TTA-A2 has only been used in one publication on the microcirculation 

using a concentration as low as 1µM (Fernández et al., 2015). In summary, since there are 

many uncertainties of the selectivity of currently available T-channel inhibitors, I turned to 

transgenic mouse models to genetically delete specific T-channel isoforms and test their 

specific roles in lymphatic pacemaking. 



 

 
 

113 

 

Table 8. Summary of pharmacological inhibitors used and their IC50 on lymphatic 
contraction amplitude and frequency 

Drug Species LV location IC50 for amplitude IC50 for frequency 
Mibefradil Rat Mesenteric 423nM 66nM 
Ni2+ Rat Mesenteric 248µM 279µM 

Mouse Inguinal-axillary 66µM 1287M 
Mouse Popliteal 110µM 452M 

TTA-A2 Mouse Popliteal 1.3µM nd 
*nd stands for not-determined. 

3.13 Effect of smooth muscle-specific genetic deletion of Cav1.2 on lymphatic 

contractions in mouse popliteal lymphatics 

According to the current hypothesis regarding the respective roles of L and T-

channels in LSM, L-channels only modulate contraction amplitude and T-channels (i.e., 

Cav3.2; Lee et al., 2014a) modulate pacemaking frequency (Beckett et al., 2007). First, we 

attempted to delete Cav1.2 from LSM to test if T-channels were capable of generating any 

significant contractile activities on their own. Since the global deletion is embryonically 

lethal (Seisenberger et al., 2000), we used the SMMHC promoter to specifically delete the 

Cav1.2 gene in smooth muscle. From SMMHC-CreERT2 mice and Cav1.2fl/fl mice, we 

generated SMMHC-CreERT2; Cav1.2fl/fl mice and induced deletion by tamoxifen i.p. 

injection. The tamoxifen induction protocol was the same as worked out previously in our 

laboratory using ROSAmT/mG reporter mice to follow the time course of GFP expression in 

LSM (SDZ and JAC’s unpublished observations). Previously this floxed Cav1.2 construct 

was combined with a SM22 promoter to generate SMAKO mice (smooth muscle-specific 

alpha 1.2 calcium channel knockout) which were induced with tamoxifen for five days and 

allowed to recover for two weeks (Moosmang et al., 2003). Moosmang et al. assessed the 
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role of Cav1.2 in vascular smooth muscle, without evaluating the genetic deletion 

consequences in lymphatic vessels. However, the SM22 alpha promoter has been reported 

to be expressed not only in smooth muscle cells (Shen et al., 2012), but also in immune 

cells, including monocytes, neutrophils, and macrophages, each of which is known to 

influence lymphatic contractile activity (Zawieja et al., 2016; Chakraborty et al., 2015; and 

Gashev et al., 2013). Alternatively, the SMMHC (Myh11) promoter is currently considered 

to be the most selective promoter for smooth muscle (Long et al., 2014) and its RNA and 

protein expression are found in lymphatic vessels (Muthuchamy et al., 2008). Therefore, 

for this dissertation, we used the SMMHC promoter to specifically excise Cav1.2 sequences 

in smooth muscle cells. Initially we planned to replicate the conventional tamoxifen 

injection (Moosmang et al., 2003). However, we experienced lethality of Cav1.2-/- as early 

as ten days after the first tamoxifen injection. Therefore, we started our experiments as 

early as ten days after Cre induction with i.p. tamoxifen injection. The mice showed 

excessive grooming, hunched posture, sluggish movement and a dramatic GI phenotype: a 

bloated, distended and paralyzed GI tract. The current established view is that L-channels 

only regulate contraction amplitude (Lee et al., 2014a; Beckett et al., 2007). Surprisingly, 

in smooth muscle-specific Cav1.2-/- mice, both PLs and IALs were completely quiescent, 

showing zero contraction amplitude and zero frequency at all intraluminal pressures, in 

contrast to the spontaneous contractions normally observed in control vessels, which were 

Cav1.2fl/fl mice (no Cre) subjected to the same tamoxifen injection protocol (Figure 26). 

One additional observation was that in PLs lacking Cav1.2, has basal tone that was slightly 

less than that measured in tamoxifen-injected Cav1.2fl/fl mice without Cre expression: 10% 

vs. 30%, respectively (Figure 26). 
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A. Inguinal-axillary lymphatic from tamoxifen-induced SMMHC-Cre; Cav1.2fl/fl mouse 

 
B. Inguinal-axillary lymphatic from tamoxifen-induced Cav1.2fl/fl mouse 

 
Figure 25. Contractile patterns of inguinal-axillary lymphatics from smooth-muscle 

specific Cav1.2KO during a pressure step protocol. Representative pressure myograph 

recordings from A) a Cav1.2-/- inguinal-axillary lymphatic (tamoxifen-injected SMMHC-

Cre; Cav1.2fl/fl) and B) its control counterpart (from a tamoxifen-induced SMMHC-Cre; 

Cav1.2fl/fl mouse). 
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A. Popliteal lymphatic from tamoxifen-induced Cav1.2fl/fl mouse lacking Cre 

 
 
B. Popliteal lymphatic from tamoxifen-induced SMMHC-Cre; Cav1.2fl/fl mouse 

 

 
C. Illustration of small amplitude vasomotion in a popliteal lymphatic from a tamoxifen-
induced SMMHC-Cre; Cav1.2fl/fl mouse, Pin=Pout=2cmH2O 
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D 

 
Figure 26. Contractile patterns of popliteal lymphatics from smooth-muscle specific 

Cav1.2KO mice during pressure step protocol. Representative pressure myograph 

recordings from A) a smooth muscle-specific Cav1.2KO popliteal lymphatic (tamoxifen-

injected SMMHC-Cre; Cav1.2fl/fl) and B) its control counterpart (from a tamoxifen-induced 

SMMHC-Cre; Cav1.2fl/fl mouse). C: Illustration of residual vasomotion in a PL from a 

tamoxifen-induced SMMHC-Cre; Cav1.2fl/fl mouse. D: The contractile parameters 

calculated from pressure myograph recordings in popliteal lymphatics comparing between 

smooth muscle-specific Cav1.2KO and their control counterparts (tamoxifen-induced 
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SMMHC-Cre; Cav1.2fl/fl mice: n=5; tamoxifen-injected Cav1.2fl/fl mice, in the absence of 

Cre: n=7). Experiments were performed by MJD. n refers to the number of lymphatic 

vessels. Timescales indicate 30s for control LV and 2 min for smooth muscle-specific 

Cav1.2KO, note the more expanded timescale for smooth muscle-specific Cav1.2KO. 

I observed small vasomotions in both PLs (Figure 26C) and IALs specifically 

deleted of Cav1.2 in smooth muscle. We were uncertain of the ionic origin of these small 

events. They are also present in lymphatic vessels treated with 1µM nifedipine (personal 

observations in IALs and PLs), consistent with observations in guinea pig lymphatic 

vessels, in which they are hypothesized to be driven by STDs (von der Weid et al., 2008). 

These small events can sometimes be observed in diastole in PLs from control mice, 

although they are often obscured by large amplitude contractions. They are also observed 

in mouse mesenteric and iliac lymphatics, which do not exhibit spontaneous, coordinated 

contractions (for unknown reasons). In contrast, in the fast-pacing IALs from WT mice 

with higher basal frequency, these small events, if present, are totally masked. To check 

for any remaining functional Cav1.2 channels, smooth muscle-specific Cav1.2-/- PLs were 

treated with Bay K8644 (BayK), an L-channel activator. Subsequently, 1µM nifidipine was 

administered to the bath to test if the vasomotions were driven by Ca2+ entry through L-

channels. Experiments were performed under isobaric conditions with equal input and 

output pressure (Pin=Pout= 2 or 3cmH2O, whichever produced peak contraction strength). 

In popliteals from tamoxifen-treated control without Cre construct, BayK increased 

amplitude from 37.9±4 to 52.1±3.8µm and decreased frequency from 12±2.8 to 9±2.8 

contractions/min, while 1µM nifedipine decreased amplitude from 37.9±4 to 5.2±2.3µm 

and increased frequency from 12±1.9 to 13.2±4.2 contractions/min (Figure 27). However, 
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PLs from induced SMMHC-Cre; Cav1.2fl/fl mice did not respond to either BayK or 

nifedipine (Table 9). 
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Table 9. Effects of nifedipine and Bay K8466 on contraction amplitude and frequency 
in mouse popliteal lymphatics after tamoxifen induction  

  Cav1.2fl/fl, no Cre 
(n=7) 

SMMHCCre; 
Cav1.2fl/fl (n=3) 

Pin=Pout=2 or 3cmH2O Mean ± SEM 
Amplitude (µm) Control  37.9±4 0 

Bay K8644 (1µM) 52.1±3.8 0 
Nifedipine (1µM) 5.2±2.3 0 

Frequency 
(contractions/min) 

Control  12±1.9 0 
Bay K8644 (1µM) 9±2.8 0 
Nifedipine (1µM) 13.2±4.2 0 

* Notes: amplitude and frequency values are expressed as mean±SEM. 
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A. Popliteal lymphatic from a tamoxifen-induced Cav1.2fl/fl control mouse, 
Pin=Pout=2cmH2O 

Time (min) 
B 

 
Figure 27. Effect of Bay K8644 and nifedipine on popliteal lymphatic contractile 

function in smooth muscle-specific Cav1.2KO mice. A: Representative inner diameter 
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recording during a series of drug applications 1) activating L-channels by 1µM BayK8644 

and 2) inhibiting L-channels with 1µM nifedipine in a popliteal lymphatic vessel from a 

tamoxifen-induced Cav1.2fl/fl (no Cre) mouse, which served as the control for tamoxifen-

induced SMMHC-Cre; Cav1.2fl/fl mice. B: Comparison of the contractile parameters in 

response to Bay K8644 and nifedipine between popliteal lymphatics from SMMHC-Cre; 

Cav1.2fl/fl and their controls both injected with tamoxifen (tamoxifen-induced SMMHC-

Cre; Cav1.2fl/fl mice: n=5; tamoxifen-injected Cav1.2fl/fl, no Cre: n=6). Experiments by 

MJD. 

3.14 Effect of global genetic deletion of Cav3.2 on lymphatic contractions in mouse 

inguinal-axillary lymphatics 

According to Lee et al. 2014a, a role for T-channels in lymphatic pacemaking is 

supported by the expression of Cav3.2, as detected by PCR and immunostaining, and by 

the sensitivity of frequency of spontaneous APs and contractions to 100µM Ni2+. Since I 

could not replicate their findings either in rat or mouse lymphatics using ranges of 

gradually increasing concentrations of the T-channel inhibitors Ni2+ and TTA-A2, I 

investigated the lymphatic phenotype of Cav3.2 global knockout mice as an alternative 

strategy to selectively eliminate the expression of the T-channel isoform Cav3.2. Reports 

of tracheal, neuronal and cardiovascular abnormalities in Cav3.2-/- mice (Harraz et al., 

2015; Beckett et al., 2008, Chen et al., 2003) confirmed other aspects of a Cav3.2-/- 

phenotype and offered hope for a detectable lymphatic phenotype. We purchased Cav3.2-/- 

mice from Jackson Laboratories, and the mouse model validation is elaborated in 

“Materials and Methods” section. 
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Surprisingly, during pressure step protocols to test lymphatic contractile function, 

I found that the contraction frequencies and amplitudes of IAL vessels from Cav3.2-/- mice 

were essentially identical to those of WT lymphatic vessels. Tones and end diastolic 

diameters also showed no significant differences between Cav3.2-/- and WT vessels (Figure 

28). These results urged me to continue testing the role of the other T-channel isoform 

Cav3.1 expressed in LSM. 
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A. Inguinal-axillary lymphatic from a Cav3.2-/- mouse 

 
B. Inguinal-axillary lymphatic from a WT mouse 
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Figure 28. Contractile patterns of IALs from Cav3.2-/- mice during pressure step protocol. 

A&B: Representative pressure myograph recordings throughout a pressure step protocol 

for inguinal-axillary lymphatic vessels from Cav3.2-/- and WT mice, respectively. C: 

Summary data comparing contractile characteristics as a function of pressure in inguinal-

axillary lymphatic vessels from WT, n=6 (black lines, open symbols) and Cav3.2-/- mice, 

n=10 (dashed lines, closed symbols); "n" refers to the number of lymphatic vessels. WT: 

C57Bl/6J, which is the background for Cav3.2-/-. Timescale indicates 30s. 

3.15 Effect of global genetic deletion of Cav3.1 on lymphatic contractions in mouse 

popliteal lymphatics 

Next, I used global Cav3.1-/- mice to test the role of this T-channel isoform in 

lymphatic pacemaking. Similar to IALs from Cav3.2-/- mice, IALs from Cav3.1-/- mice 

showed contractile patterns nearly indistinguishable from those of WT mice in response to 

the pressure step protocol (Figure 29). We also utilized PLs from Cav3.1-/- mice and found 

normal contractile patterns similar to those from WT (experiments by MJD). The current 

established view posits that the T-channel isoform Cav3.1 in smooth muscle cells is 

important in myogenic responses at low pressure from 40-80mmHg (Hansen et al., 2015; 

Björling et al., 2013). Compared with lymphatic vessels from WT, EDDs inclined to be 

larger in IALs, but tended to be smaller in PLs from Cav3.1-/- mice compared to controls; 

however, the differences were not statistically significant. Contraction amplitudes in both 

IALs and PLs tended to be larger in Cav3.1-/- than in WT vessels, especially at lower 

pressures from 0.5 up to 3cmH2O. However, the differences also were not significant 

(Figure 29 and Figure 30). 
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A. Inguinal-axillary lymphatic from Cav3.1-/- mouse 

 
B. Inguinal-axillary lymphatic from WT mouse 
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Figure 29. Contractile patterns of IALs from Cav3.1-/- mice during pressure step protocol. 

A&B: Representative pressure myograph recordings throughout a pressure step protocol 

in inguinal-axillary lymphatic vessels from Cav3.1-/- and WT, respectively. C: Summary 

data comparing contractile parameters as a function of pressure for inguinal-axillary 

lymphatic vessels from Cav3.1-/-, n=8 (dashed lines, closed symbols) and WT, n=6 (black 

lines, open symbols); n refers to the number of lymphatic vessels. WT: C57Bl/6J, which is 

the background for Cav3.1-/-. No significant differences were found. 
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A. Popliteal lymphatic from a Cav3.1-/- mouse 

 
B. Popliteal lymphatics from WT mouse 
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Figure 30. Contractile patterns of PLs from Cav3.1-/- mice during pressure step protocol. 

A&B: Representative pressure myograph recordings throughout a pressure step protocol 

in popliteal lymphatic vessels from Cav3.1-/- and WT, respectively. C: Summary data 

comparing the contractile patterns for the pressure step protocol in PLs from WT mice 

(black lines, open symbols, n=8) and Cav3.1-/- mice (dashed lines, open symbols, n=6), n 

refers to the number of lymphatic vessels. Experiments was performed by MJD. No 

significant differences were found. WT: C57Bl/6J, which is the background for Cav3.1-/-. 

Using transgenic mouse models with deleted or overexpressed Cav3.1, Nakayama 

et al. suggested a protective role for Cav3.1 against cardiac hypertrophy via an eNOS-

dependent pathway (Nakayama et al., 2009); eNOS was shown to expressed in the cardiac 

myocytes and interact with Cav3.1. Likewise, in mesenteric arteries, global deletion of 

Cav3.1 interferes with NO-mediated dilation, mediated partially by eNOS activity 

(Svenningsen et al., 2014). For this reason, we implemented an additional dose-response 

protocol in which acetylcholine (1-300nM) was used to activate eNOS in WT and Cav3.1-

/- lymphatic vessels (Scallan et al., 2013a). In comparison with WT mice, PLs from Cav3.1-

/- mice showed no differences in contractile parameters in response to increasing 

cumulative concentrations of acetylcholine in the range from 1 to 300nM, which is often 

sufficient to completely inhibit spontaneous contractions (Figure 31). 
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A. Popliteal lymphatic from a Cav3.1-/- mouse 

 
B. Popliteal lymphatic from a WT mouse 
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Figure 31. Effect of acetylcholine on the contractile patterns of PLs from Cav3.1-/-mice. 

A&B: Representative pressure myograph recordings during a cumulative acetylcholine 

dose-response curve in popliteal lymphatic vessels from a Cav3.1-/- mouse and a WT 

mouse, respectively. C: Summary data comparing contractile parameters for the 

acetylcholine dose-response protocol in PLs from WT mice (black lines, open symbols), 

n=7, and Cav3.1-/- mice (dashed lines, closed symbols), n=9; n refers to the number of 

lymphatic vessels. Experiments were performed by MJD. No significant differences were 

found. 

Because there were no obvious differences in contractile parameters or Ach 

responsiveness between Cav3.1-/- and WT vessels, we decided to test for more subtle effects. 

We hypothesized that deletion of Cav3.1 might cause a shift in the nifedipine dose-response 

curve if T-channels contributed an additional source of Ca2+ entry in LSM cells. However, 

the nifedipine dose-response curves of Cav3.1-/- and WT PLs were nearly identical in regard 

to all contraction parameters except frequency (Figure 32). Spontaneous contractions in 

WT vessels persisted at higher nifedipine concentrations compared to Cav3.1-/- vessels 

(IC50=40nM and 45nM, respectively), but this difference was not significant. Also, 

applying nifedipine on rat mesenteric lymphatics, Souza-Smith et al. showed that 100nM 

nifedipine decreased both contraction amplitude and frequency (Souza-Smith et al., 2015). 

Unlike this finding in the rat, our experiments on mouse popliteals showed that lower 

concentrations of nifedipine (1-100nM) slightly increased the contraction frequency while 

decreasing contraction amplitude. Indeed, this was a common trend for almost all of the 

pharmacological inhibitors used, and suggests a common effect of those compounds on L-
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type channels. In summary, I found no showed significant differences in contractile 

parameters of lymphatic vessels from WT and Cav3.1-/- mice at any nifedipine 

concentrations. 

One explanation for the collective findings is that either one of the two T-channel 

isoforms is needed to ensure normal lymphatic contractile function. Thus, if Cav3.1 is 

deleted, Cav3.2 may be able to compensate, and vice versa. This possibility led us to 

generate double knock-outs of both Cav3.1 and Cav3.2 to study the lymphatic phenotype. 

However, those mice were not yet ready to study at the time of my defense and so the 

results are part of this dissertation. 
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Figure 32. Effect of nifedipine on the contractile patterns of PLs from Cav3.1-/-mice. 

A&B: Representative pressure myograph recordings throughout cumulative nifedipine 

doses in popliteal lymphatic vessels from Cav3.1-/- and WT, respectively. C: Summary data 

comparing contractile patterns for the nifedipine dose-response protocol in Cav3.1-/- PLs 

from WT PLs (solid lines), n=8, and Cav3.1-/- (dashed lines), n=6; n refers to the number 

of lymphatic vessels. Experiments were performed by MJD. 
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CHAPTER 4: DISCUSSION 

This study investigated role of the T-type voltage-gated Ca2+ channels (Cav3.1 and 

Cav3.2 isoforms) in lymphatic pacemaking. For the first time in this field, I combined both 

conventional pharmacological modulators and mouse models genetically deleted of 

specific voltage-gated Ca2+ channel isoform(s) to find out the contribution of Cav3.1 and 

Cav3.2 in lymphatic pacemaking. Based on the literature, I hypothesized that both 

pharmacological inhibition and genetic deletion of T-type voltage-gated Ca2+ channels 

would selectively decrease the frequency of lymphatic contractions in mice. I also 

attempted to reproduce experiments on rat mesenteric lymphatic vessels using 

pharmacological T-channel inhibitors. In both rat and mouse LSM, I was able to collect 

evidence for T-channel expression at the mRNA and electrophysiological levels using 

PCR, and patch-clamp techniques, respectively. Immunostaining was also used to detect 

expression of T-channels in mouse IALs at the protein level. Cav3.1 and 3.2 are the two T-

channel isoforms predominantly expressed by LSM, along with L-channel isoform Cav1.2. 

When lymphatic contractile function was tested using pressure myography in both mouse 

and rat lymphatic vessels, reputedly-specific T-channel inhibitors Ni2+ and TTA-A2, 

produced effects that were not in accord with the currently established view about the role 

of T-channels in lymphatic pacemaking reported in rat and sheep lymphatic vessels (Lee 

et al., 2014a; Beckett et al., 2007). 

Genetic deletion of either T-channel isoform Cav3.1 or Cav3.2 in mice was utilized 

as an alternative, but more powerful and specific, way to test the role of T-channels. 

However, I was unable to find any significant changes in lymphatic pacemaking and/or 
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contractile patterns in either IALs from Cav3.2KO mice or in IALs and PLs from Cav3.1KO 

mice compared to their control counterparts from WT mice. I will now offer explanations 

for the discrepancies between my findings and previous studies and propose future 

experiments that might enhance our understanding of how voltage-gated Ca2+ channels 

contribute to lymphatic vessel contractions and pacemaking. 

Discrepancies from the current literature 

Previous publications on the role of T-type voltage-gated Ca2+ channels in 

lymphatic pacemaking relied only on pharmacology, even though none of the currently 

available T-channel inhibitors are specific. T-channel inhibitors can also affect L-type Ca2+ 

channels due to structural similarities between them. For example, Ni2+ and mibefradil, the 

two most commonly used T-channel inhibitors, also inhibit L-channels (Jensen and 

Holstein-Rathlou, 2009; Moosmang et al., 2006). My data (Figure 20, Figure 21, Figure 

22, Figure 23 and Figure 24) are consistent with effects of mibefradil, Ni2+ and TTA-A2 

on both types of channels because both contraction frequency and amplitude were inhibited 

to approximately the same extent as the inhibitor concentration increased. Therefore, I 

conclude that it is impossible to differentiate the role of T- and L-channels in lymphatic 

pacemaking/contraction using currently available T-channel inhibitors. 

Moreover, the proposed role of T-channels in lymphatic pacemaking based on the 

current literature was established by using single concentrations of inhibitors on lymphatic 

vessels from two different species i.e., sheep (Beckett et al., 2007) and rat (Lee et al., 

2014a). Both Lee et al. and Beckett et al. utilized 100µM Ni2+ to inhibit T-channels and 

100nM nifedipine to inhibit L-channels. In the presence of 100µM Ni2+ and 100nM 

nifedipine, rat mesenteric lymphatics kept firing APs (Lee et al., 2014a). In the presence 
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of the same doses of Ni2+ and nifedipine, sheep mesenteric lymphatic vessels ceased firing 

APs (Beckett et al., 2007). Therefore, lymphatic vessels from different species can have 

different responses to the same drug concentration. I encountered a similar phenomenon 

when rat mesenteric lymphatic vessels usually stopped contracting at lower Ni2+ 

concentrations than mouse lymphatic vessels (Figure 21, Figure 22 and Figure 23). And 

even among mouse lymphatics from different body regions, mouse IALs required two to 

three times the Ni2+ concentration than PLs to stop contractions (Figure 22 and Figure 23). 

To my knowledge, this is the only study using full dose-response protocols for both Ni2+ 

and nifedipine. 

The discrepancies between my results and previous results might also stem from 

different ways of administering inhibitors. Lee et al. 2014a seemingly exchanged the whole 

tissue bath gradually with drug solution at its final concentrations in the majority of their 

experiments. Although, it is not specifically stated in their study, that is the method used 

in many previous studies from the same laboratory. This gradual exchange method results 

in a slow increase in drug concentration until the bath is completely exchanged. We found 

that rapid exchange of the bath was not possible in our lab without inducing a substantial 

temperature change (that could have influenced pacemaking frequency which is very 

temperature sensitive). Beckett et al. 2007 seemingly applied a stock solution of inhibitors, 

and mixed it to dilute to the final concentration directly in the bath. Similar to Beckett et 

al. 2007, I added an aliquot of inhibitors to one end of the chamber and mixed it rapidly 

with the whole bath to rapidly obtain the final concentration. This method may 

transitionally expose the vessels to a higher concentration of inhibitors. Therefore, ways of 
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administering pharmacological inhibitors can greatly distort conclusions from different 

laboratories about the same physiological questions. 

Additionally, the previous two studies assessed the effect of T-channel inhibitors 

on the frequency and amplitude of lymphatic pacemaking at different times after exposure 

to those inhibitors. Beckett et al. 2007 made observations immediately after drug 

application (see Figure 5). Lee et al. 2014 made observations after exchange of the whole 

tissue bath, which can take 10-15min in based on my experience. In my studies, I averaged 

contraction parameters over a period of two to three minutes after drug application and 

mixing, allowing for the lymphatic contraction patterns to stabilize. 

Based on my collective results, I was not able to confirm the current view that T-

channels regulate the frequency of lymphatic contractions while L-channels regulate 

amplitude. Comparing my results using pharmacological inhibition and genetic deletion on 

the same type of mouse lymphatic vessels, I found that each of the T-channel inhibitors 

produced a major effect on lymphatic contraction amplitude, while genetic deletion of 

either T-channel isoform, Cav3.1 or 3.2, resulted in no defect in lymphatic pacemaking or 

contraction amplitude. In contrast, I found that inhibiting or deleting L-channels had a great 

impact on both lymphatic contraction amplitude and frequency. Therefore, T-channels play 

no detectable role in regulating phasic lymphatic contraction frequency or amplitude and 

the inhibitory effects on pacemaking observed when treating lymphatic vessels with T-

channel inhibitors are likely to be a non-specific effect of those inhibitors on L-channels. 
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Future directions 

The lack of a lymphatic pacemaking phenotype in Cav3.1-/- and Cav3.2-/- mice could 

be explained by the functional redundancy of these two T-channel isoforms. The breeding 

of double knockout mice lacking both Cav3.1-/- and Cav3.2-/- takes about nine months to 

complete and results will be included in a future publication. The expression of one isoform 

could be increased to compensate for deletion of the other isoform. Although double 

knock-out mice of T-channels (Cav3.3-/- and Cav3.2-/-) have been generated by Shin’s group 

for neuronal function studies (Lee et al., 2014b), this will be the first time that any 

physiological studies will be investigated using mice lacking both Cav3.1 and Cav3.2. 

With respect to the possibility of compensation of other channels in Cav3 knockout 

mice, it was previously reported that in both Cav3.1-/- and Cav3.2-/- mice, the mRNA 

expression of other channels such as L-type Ca2+ channels, TRP channels and K+ channels 

are unchanged (Mikkelsen et al., 2016; Björling et al., 2013). However, possible functional 

compensation of other channels in KO mice were not investigated (e.g., membrane 

trafficking, phosphorylation state, accessory subunits or activation by second messengers). 

Furthermore, Cav3.2-/- mice with mixed background (C57Bl/6x129) were reported to 

produce more nitric oxide in response to depolarization by 70mM KCl compared to WT 

and Cav3.2-/- mice with C57Bl/6 background. In this study, I purchased Cav3.2-/- mice from 

the Jackson laboratory, backcrossed into C57Bl/6, therefore their NO production should 

not be altered. In addition, in human arterial smooth muscle cells, Cav3.3 was found to 

substitute functionally for Cav3.1, which is the isoform expressed in arterial smooth muscle 

cells from mouse. Cav3.3 is suggested to play a role in the constriction of human cerebral 

arteries, similar to the role of Cav3.1 in rodent arteries (Harraz et al., 2015). Therefore, it 
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is possible that there could be functional compensation of Cav3.3 in knockout mice lacking 

Cav3.1 or/and Cav3.2. This could be tested using PCR and immunostaining for Cav3.3 in 

the double KO. Functional compensation, if it exists, could be prevented using conditional 

knockout mice (e.g. conditional Cav3.1KO + global Cav3.2KO) in which the timing of 

genetic deletion is controlled with studies conducted before compensation can occur. 

Specifically deleting Cav1.2 from smooth muscle cells rendered lymphatic vessels 

quiescent (Figure 26). Since inhibiting L-channels with nifedipine depolarizes LSM by 5-

10mV (preliminary data by MJD; von der Weid et al., 2014; Telinius et al., 2013), LSM 

cells lacking Cav1.2 could have a depolarized Vm that is unfavorable for T-channel 

activation. One hypothesis that I would like to test using vessels from Cav1.2KO mice is 

whether spontaneous contractions can be restored if I activate T-channels. The first step 

would be resetting Vm of LSM cells lacking Cav1.2 to around -45 to -35mV, the normal 

resting membrane potential recorded in LSM cells. Ideally, a series of gradually increasing 

depolarizing currents would be injected to find a voltage that is able to recruit a maximal 

number of T-channels. However, this is not possible experimentally in a vessel with a LSM 

cell syncytium, but an alternative approach could be using low K+ solution to hyperpolarize 

all the LSM cells in the vessel. I would be testing whether T-channels alone can take over 

the spontaneous lymphatic activity in LSM lacking Cav1.2. Perhaps T-channels are 

normally only important when LSM is hyperpolarized by mediators such as NO, VIP, 

cyclic nucleotides (von der Weid et al., 2012 and 1998). Another remaining question is: 

what are the T-channel splice variants predominantly expressed in lymphatic muscle cells? 

This raises the issue of whether there are splice variants of T-channels expressed in LSM 

that have more positive window currents. In a T-channel mRNA construct, splicing could 
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occur between exon 25-26 to either transcribe for vascular-specific (25bc) or brain-specific 

(25a) splice variants distinguishable by their window currents (Emeric et al., 2006; Zhong 

et al., 2006). Splice variant 25bc was shown to have a more depolarized window current 

from -35 to -45mV (Kuo et al., 2014). From my patch-clamp data T-channel current 

(recorded after 1µM nifedipine) is likely to be activated more in the depolarized range than 

Vm of LSM, and I would predict that a certain population of T-channels in lymphatic 

muscle cells is activated at a more depolarized potential, similar to the vascular-specific 

splice variants (25bc). 

Smooth muscle-specific deletion of Cav1.2 offers a mouse model that possesses 

lymphatic vessels lacking spontaneous pacemaking. An interesting question is: what is the 

impact of lack of Cav1.2 on LSM in vivo? Do the mice eventually develop lymphedema? 

The major obstacle to testing this idea is that SMMHC-Cre, Cav1.2fl/fl mice have a low 

survival rate after systemic tamoxifen induction, beginning to die as early as ten days after 

tamoxifen injection due to gastrointestinal problems. I imagine that limited Cre induction 

in a localized body region might prolong survival time of tamoxifen-induced SMMHC-

Cre; Cav1.2fl/fl mice and reveal pathological consequences of lacking lymphatic 

pacemaking. Cre recombination has been successfully induced using topical tamoxifen 

(Boneva et al., 2016; Vasioukihin et al., 1999). Therefore, it may be feasible to silence 

lymphatic pacemaking in collecting lymphatic vessels from one limb and use the other 

limb as control to investigate the lymphatic consequences of localized, chronic Cav1.2 

deletion in smooth muscle. 

There is a possibility that T-channels indeed do not play any role in lymphatic 

pacemaking. The question then becomes whether T-channels play roles in other aspects of 
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lymphatic physiology. One possible role for T-channels is in endothelial-dependent 

lymphatic responses. In my immunostaining protocols, I occasionally found a Cav3.2 signal 

in parallel with the orientation of LECs. It could suggest the expression of Cav3.2 in the 

LEC layer. In blood vessels, Cav3.2 channels were suggested to play a role in vasodilatory 

feedback by endothelial cells, although no data were provided to support that idea 

(Figueroa et al., 2007). Their role would rely on electrical communication between blood 

endothelial layer and smooth muscle layer via myoendothelial gap junctions (Kuo et al., 

2011). However, such communication is not likely to be present in lymphatic vessels 

because LSM cells and LECs are electrically uncoupled. In experiments from our 

laboratory, Vm of the mouse LEC layer is -70mV and quiescent, while Vm in the mouse 

LSM cells is more depolarized from -40 to -35mV and repetitively fires APs (MJD and 

SDZ unpublished observations). 

In LSM, Cav3 channels could contribute to Ca2+ signaling that regulates lymphatic 

remodeling in response to a sustained high lymph load (Dongaonkar et al., 2013 and 2015). 

In the heart, Cav3.1 has been shown to play a role in cardiac pacemaking (Mangoni et al., 

2006) and in hypertrophic process via calcineurin-NFAT hypertrophic pathways 

(Nakayama et al., 2009). Likewise, Cav3.2 also has been shown to induce calcineurin-

NFAT pathways in overload-induced cardiac hypertrophy. Could Cav3.x expression and 

function therefore be altered in lymphatic pathological conditions such as increased lymph 

load in lymphedema? 

Ultimately, by studying the ionic mechanisms regulating lymphatic pacemaking, I 

am aiming to find a way to improve lymphatic function in humans, especially in 

pathological conditions such as lymphedema where the lymphatic pacemaker may be 
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compromised. Targeting the pacemaker of lymphatic vessels may be a novel way to 

directly treat lymphedema. Although it is unclear whether T-channels are expressed in 

human lymphatic vessels and have a functional role in lymphatic contractions, we are in 

the process of analyzing the molecular expression of T-channels in human mesenteric 

lymphatic vessels harvested as a by-product of bariatric surgery. Since transgenic 

approaches cannot be used, the development of specific inhibitors for T-type Ca2+ channels 

will be necessary to fully understand the functional role of T-channels in human lymphatic 

pacemaking. 
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