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AMAZING PAPERS IN NEUROSCIENCE 
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L-Type Calcium Channels 
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The primary literature, as an adjunct to textbooks, lectures, 
problem sets, and laboratories, has become integral to most 
undergraduate neuroscience courses by extending learning 
to topics outside the scope of introductory textbooks, 
providing insight into experimental methods and design, and 
offering a platform for critical thinking, independent learning, 
and student presentations. While introductory and 
intermediate textbooks cover “Hodgkin-Huxley” (H-H) Na 
and K channels thoroughly, the characteristics of diverse 
calcium, chloride, and other sodium and potassium 
channels, and especially the resulting emergent cellular 
properties and their functional consequences, receive far 

less coverage.  The specific aim of this report is to identify, 
summarize, and pedagogically evaluate six articles that 
describe the biophysical channel properties, resulting 
cellular emergent properties, and potential functions of two 
types of somato-dendritic calcium channels: type T- and L- 
type channels.  The three-tier vertical organization (channel, 
emergence, function) across multiple channels (T-, L-type) 
will help students connect information across parallel and 
hierarchical levels of analysis. 
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The primary literature, as an adjunct to textbooks, lectures, 
problem sets, and laboratories, has become integral to most 
undergraduate neuroscience courses (Cook-Snyder, 2016).  
Journal articles extend learning by covering topics outside 
the scope of introductory textbooks, providing insight into 
experimental methods and design (Hoskins, 2008), and 
offering a platform for critical thinking, independent learning, 
and student presentations (Harrington et al., 2015). 
     Although diverse in approach, depth, and style, 
introductory (e.g., Striedter, 2015; Luo, 2016) and 
intermediate level textbooks (e.g., Kandel et al., 2012) 
inevitably cover in detail the classic “Hodgkin-Huxley” (H-H) 
sodium and potassium channels from which the action 
potential emerges.  In contrast, the characteristics of diverse 
calcium, chloride, and other sodium and potassium 
channels, and especially the resulting cellular emergent 
properties and their functional consequences, receive far 
less coverage.  More advanced textbooks address these 
concepts (e.g., Johnston and Wu, 1994; Fain, 2014; 
Hammond, 2015), but are often too advanced for 
undergraduates.  While it can be argued this more extensive 
coverage is outside the scope of an undergraduate 
neurobiology course, I have found that covering only the H-
H channels in detail limits my ability to teach how the 
quantitative properties of channels (ion selectivity, activation 
and inactivation curves, time dependence, and role of 
intracellular ligands) can lead to a wide range of functionally 
important emergent properties such as delay, oscillation, 
spike frequency adaptation burst-tonic switching, and 
plateau potentials (Figure 1). 
     The specific aim of this report is to identify, summarize 
and pedagogically evaluate a group of related articles that 
describe the biophysical channel properties, resulting 
cellular emergent properties, and potential functions of two 
types of somato-dendritic calcium channels: T- and L-type 
channels.  The six papers span three levels – biophysical 
channel properties, resulting cellular emergent properties, 

and potential functions.  These articles, all of which I use in 
teaching an upper-level Neurobiology class, were 
pedagogically evaluated and chosen based on three criteria 
that I employ for all 10-12 empirical articles I assign my 
students to present in class. 
 

• Length.  Articles must be relatively short because I 
require students to read carefully all papers each 
semester and they are examined in detail (e.g., by 
changing the data in a figure and asking about 
implications, which requires a solid understanding).  I 
often use articles from Science, Nature or brief report 
sections of journals rather than more extensive “parent” 
articles. 

 

• Lack of jargon/techniques that are not covered in class. 
While there are many fabulous recent articles, the 
neuroscience techniques and jargon are often outside 
the scope of what is covered in my class, thus creating 
an unnecessary barrier to understanding. 
 

• Reinforce material covered in class.  While many 
teachers use articles to expand the course content, the 
articles I assign reinforce specific, often difficult (e.g., 
reversal potentials, Owens et al., 1996), topics covered 
in lecture. 

 

BACKGROUND 

T- and L-type calcium channels, beyond sharing selectivity 
for calcium, differ in activation, inactivation, time course, and 
pharmacology.  In particular, the membrane potential at 
which T-type channels inactivate is relatively more positive 
compared to H-H sodium and L-type calcium channels.  L-
type channels importantly lack rapid inactivation, thus 
creating persistent currents (Hammond, 2015).  Although 
not discussed in this paper, there are also N- and P-type  
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Figure 1.  Emergent cellular properties result from diverse ion 
channels.  Cartoon of membrane potential and spiking behavior of 
representative neurons in response to step depolarization.  A. 
Classic “Hodgkin-Huxley” neuron, Delay, Oscillation and Spike 
Frequency Adaption arising potentially from diverse sodium, 
calcium and potassium channels.  B. Burst-tonic switching arising 
from T-type calcium channels.  The resting membrane potentials 
are progressively more positive in each panel due to progressively 
more injected baseline current, resulting in two possible states – 
bursting and tonic responses to depolarization.  C. Plateau 
potential arising from L-type calcium channels. 

 
calcium channels that have their own distinct characteristics 
(Johnston and Wu, 1994). 
     Expressed in neurons, these calcium channels underlie 
the emergent properties of burst-tonic switching (T-type) 
and plateau potentials (L-type) in neurons (Huguenard and 
McCormick, 1994; Kiehn and Eken, 1998).  For burst-tonic 
switching (Figure 1B), the central concept is that the resting 
potential must be especially negative (-80 mV) to remove T-
type channel inactivation, thus allowing rapidly adapting 
activation to create a slow calcium potential and a burst of 
sodium action potentials.  In the absence of removing 
inactivation, depolarization results in only passive 
responses or tonic firing of action potentials.  Thus, 
somewhat paradoxically, hyperpolarization increases the 
sensitivity of the neuron to stimulation. 
     For plateau potentials (Figure 1C), the central concept is 
that once activated by a brief depolarization, the non-
(slowly) inactivating L-type calcium channels support an 
inward calcium current great enough to maintain a 
depolarization that keeps the activation gates open.  Thus, 
plateau potentials could persist indefinitely.  The plateau 
potential can be turned off, however, by a brief 

hyperpolarization that closes the activation gate, thus 
eliminating the persistent depolarization.  Interestingly, 
plateau potentials in spinal motoneurons were not 
recognized for over 20 years of intracellular recording, 
possibly because anesthesia or spinalization may have 
allowed potassium channels, which could sufficiently 
counter the calcium-mediated depolarization, to remain 
open.  Once identified, early hypotheses focused on network 
rather than cellular explanations (Hultborn et al., 1975); only 
later was the endogenous origin of motoneuronal plateau 
potentials appreciated (Hounsgaard et al., 1984). 
     Functionally, burst-tonic switching, shown in Figure 1B,  
has been implicated in thalamic neurons switching between 
sleep-wake cycles (Hirsch et al., 1983; Sherman, 2001; 
McCormick, 2014), learning and memory (Leresche and 
Lambert, 2017), nociception (Bourinet et al., 2016), and 
disease (Nilius and Carbone, 2014).  Plateau potentials 
have been shown to potentially underlie postural stability 
(Eken and Kiehn, 1989), memory (Malik and Johnston, 
2017), and locomotion (Tong and McDearmid, 2012) 

 
PAPER DESCRIPTIONS 
The six papers below describe two of calcium channels at 
three levels – biophysical channel properties, resulting 
cellular emergent properties, and potential functions. 

Nowycky et al. (1985) Three types of neuronal calcium 
channel with different calcium agonist sensitivity 
[Biophysical: both T- and L-type]. 
 
Llinás and Jahnsen (1982) Electrophysiology of mammalian 
thalamic neurones in vitro [Emergent: T-type]. 
 
Hounsgaard and Kiehn (1985) Ca dependent bistability 
induced by serotonin in spinal motoneurons [Emergent: L-
type]. 
 
Hounsgaard et al. (1984) Intrinsic membrane properties 
causing a bistable behaviour of α-motoneurones [Emergent: 
L-type ]. 
 
Hirsch et al. (1983) Sleep-related variations of membrane 
potential in the lateral geniculate body relay neurons of the 
cat [Functional: T-type]. 
 
Eken and Kiehn (1989) Bistable firing properties of soleus 
motor units in unrestrained rats [Functional: L-type]. 

These papers are amazing in two ways.  First, several 
(Llinas and Jahnsen, 1982; Hounsgaard et al., 1984; 
Nowycky et al., 1985) revolutionized our understanding of 
ion channel diversity and functional implications.  Prior to 
their publication, the prevailing view in mammals was that 
neurons were electrically simple, “platonic,” neurons that 
created complex behaviors through complex synaptic inter-
connections (Llinas, 1988).  Nowycky et al. (1985) 
underscored the point that neurons were not electrically 
simple in that they had multiple channels for a single ion, 
especially regarding calcium (Tsien and Barrett 2005).  
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Llinas and Jahnsen (1982) demonstrated that these new 
and diverse channels could create unexpected emergent 
spiking behavior.  Hounsgaard et al. (1984) exemplified the 
concept, demonstrating that a specific behavior, the long-
lasting component of the stretch reflex, arose from cellular 
rather than network properties as was previously believed 
(Hultborn et al. 1975).  Although the other three papers did 
not transform our understanding, they completed the 
functional and mechanistic story of T-type calcium channels. 
     Second, most of the six papers are amazing for teaching 
in that they perfectly match the criteria I employ for papers 
in my neurobiology course – lack of jargon, brevity and 
reinforcement of concepts covered in neurobiology course. 
 
Channels 
Nowycky et al. (1985) is the classic, often cited (n=2316, 
Google Scholar, March, 2018) and brief Nature article that 
provides the biophysical descriptions of T- and L-type (and 
N-type) calcium channels – voltage and time dependencies 
of activation and inactivation – using both whole cell voltage 
and patch clamp current recording of channel activity.  The 
central findings of their paper were three-fold.  First, single 
neurons contained all three types of channels; previously it 
was believed that different types of calcium channels would 
be largely found in different neurons.  Second, a new type 
of calcium channel was identified, the N-type, giving rise to 
three distinct categories of channels.  Finally, they first 
coined the terms L-, T- and N-type (Tsien and Barrett, (2005) 
that have persisted to today.  Voltage clamp records and 
current-voltage (I-V) curves, although they take some effort 
to understand, closely match typical textbook examples.  
The patch clamp channel records, although typical of 
records at that time, are slightly “messier” than textbook 
examples because a large number of channels are present 
in the patch; nevertheless, they are readily understood.  
From a pedagogical perspective, probably the only limitation 
is that their experiments are descriptive rather than 
hypothesis driven. 
 
Emergent Cellular Properties 
The article by Llinas and Jahnsen (1982) on T-type 
channels, cited 623 times (the longer parent articles, 
Jahnsen and Llinas, 1984a and 1984b, are cited 1130 and 
1041 times), combines both a descriptive and hypothesis 
driven approach using current clamp intracellular recording 
of membrane potential.  The article is short but addresses 
several topics.  Specifically, in only three pages, the authors 
demonstrate clearly for the first time membrane potential 
and spiking bistability, determine the dependence of 
bistability on resting potential, evaluate pharmacologically 
the ionic basis and argue that switching between states is 
all-or-none.  The experiments also demonstrate effective 
use of intracellular current injection to vary resting 
membrane potential.  The paper relies on, but does not 
explain, orthodromic versus antidromic axonal excitation, 
which can be skipped without affecting the remaining 
concepts. 
     Two short articles by Hounsgaard and colleagues 
(Hounsgaard et al., 1984; Hounsgaard and Kiehn, 1985) 
describe plateau potentials.  First clearly described in cat 

motoneurons, plateau potentials have now been described 
in diverse neurons and preparations (Kiehn and Eken, 
1998).  However, most of the more complete articles (e.g., 
Hounsgaard et al., 1988) are pedagogically less suitable to 
my teaching (too long, difficult or containing educationally 
less useful figures).  In these two papers, the authors use 
intracellular current clamp recording of membrane potential 
to describe plateau potentials, their dependence on resting 
potential, mediation by calcium, and modulation by 
serotonin actions on potassium channels.  Together, the 
findings provide a complete description of emergent 
behaviors at both the cellular and channel level.  While the 
figures are clean and easily understood, because of the 
shortness of the papers students may need some 
assistance in understanding the experimental design. 
 
Function 
The literature on the functional consequences of these two 
emergent cellular properties of calcium channels is much 
less extensive and the papers more difficult to understand.  
Nevertheless, it is important for students to connect cellular 
behaviors, often observed in in-vitro preparations, with 
functional consequences for in-vivo preparations and 
normal behavior. 
     Although only cited 99 times (longer similar article in 
humans cited 185 times), the medium length article by Eken 
and Kiehn (1989) on plateau potentials bridges the gap 
between observing plateau potentials in the spinal cord slice 
preparation and intact behaving animals.  In a clever and 
understandable series of hypothesis-driven experiments 
using electromyography, the authors demonstrate that 
plateau potentials are present in rat motoneurons and at 
least in part determine firing rate in intact rats.  The clever 
experimental designs do metaphorically sit on educational 
tipping point of being both challenging to understand but 
experimentally elegant. 
     Burst-tonic switching has been shown to underlie diverse 
behaviors.  However, functional articles, especially those on 
sleep (e.g., Steriade et al., 1993), contain extensive jargon 
related to electroencephalogram frequencies and sleep-
wake characteristics, making the articles unnecessarily 
difficult and obscuring the central point of cellular bistability.  
However, an older article (Hirsch et al., 1983), cited 278 
times, provides a clear example of bistability correlated with 
sleep cycle obtained from intracellular recordings in intact 
cats, itself an accomplishment for the time.  While the 
medium length article may not warrant being assigned as 
independent reading, presentation of the key finding in 
lecture would round out the multilevel treatment of L-type 
channels. 
 

AUDIENCE 
I have used these six papers in my upper-level course, 
Neurobiology, which focuses on the cellular level but delves 
secondarily into molecules and simple circuits.  Although 
pre-requisites are minimal, most students have taken an 
introductory neuroscience or physiology course.  The level 
is above Kandel et al. (2012) but below more advanced texts 
(Johnston & Wu, 1994; Fain, 2014); I use readings from all 
three in the class.  The class is enrolled by 24 mostly seniors 
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and some junior students and includes computer simulation 
laboratories that reinforce lecture material (relevant wet 
laboratories are taught in a separate course that I teach, 
Experimental Neurobiology).  In particular, the freely 
available Electrophysiology of the Neuron by Hounsgaard 
and McCormick (1994) and accompanying simulation 
software (http://eotn.stanford.edu/ and an updated version 
at http://www.eotnprogram.org/) illustrate bistability and 
other emergent properties, though it does not include 
plateau potentials.  The program Neurosim 
(http://www.biosoft.com/w/neurosim.htm), though more 
complex and costly (Revest, 1995), does provide a model 
neuron exhibiting plateau potentials.  Each student 
presents, in detail over 30 minutes, a single assigned paper 
that all students are required to have read.  Approximately 
25% of each exam covers material from the papers, often 
requiring a solid understanding on the part of the students.  
In order to ensure high quality presentations, I often review 
the article and later the presentation individually with each 
student (30-60 minutes for each session). 
 

VALUE 
Although these papers vary in difficulty, only one (Nowycky 
et al., 1985) requires an understanding of voltage clamp and 
patch clamp current recording; most rely on simple 
intracellular (current clamp) recordings, extracellular and 
electromyogram (Eken and Kiehn, 1989) recording.  The 
explanations of the experimental designs, especially in the 
shorter papers, are often limited and require my guidance 
for full understanding.  However, most of students would 
understand much of the content without assistance. 
     Few courses would benefit from requiring that students 
read all six articles, both because of the amount of narrowly 
targeted material for an undergraduate class and the varying 
educational benefit of the papers.  Specifically, I have found 
Llinás and Jahnsen, (1982), Hounsgaard et al. (1984), and 
Hounsgaard and Kiehn (1985) especially valuable.  The 
paper by Nowycky and colleagues (1985) is scientifically 
important but educationally of less value and requires 
understanding of voltage/patch clamping.  Regarding the 
two papers on functional consequences, Eken and Kiehn 
(1989) is hypothesis-driven and requires critical thinking, but 
is somewhat divergent from typical course content.  The 
content from Hirsch et al. (1983) is probably best covered in 
lecture.  One educational approach is to present the material 
over both lecture and assigned reading as appropriate to the 
aims of the course.  For example, the material on channels 
could be presented in lecture (~20 minutes if the students 
are prepared), emergent properties in required articles, and 
functional implications in lecture (~10 minutes). 
     In summary, this group of six articles provide a multilevel 
understanding of two different calcium channels that could 
further students’ understanding of the causal relationships 
between ion channels, emergent cellular properties, and the 
behavior of neural systems. 
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