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ABSTRACT 36 

An Australia-wide consensus was reached on seven core concepts of physiology, one of 37 

which was ‘cell-cell communication’. Three physiology educators from a ‘core concepts’ 38 

Delphi Task force, unpacked this core concept into seven different themes and sixty sub-39 

themes. Cell-cell communication, previously ‘unpacked’ and validated, was modified for an 40 

Australian audience to include emerging knowledge and adapted to increase student 41 

accessibility. The unpacked hierarchical framework for this core concept was rated by 42 

twenty-four physiology educators from separate Australian Universities, using a five-point 43 

scale for level of importance for student understanding (ranging from 1=Essential to 5=Not 44 

Important) and level of difficulty (ranging from 1=Very Difficult to 5=Not Difficult). Data 45 

was analysed using the Kruskal-Wallis test with Dunn’s multiple comparison test. The seven 46 

themes were rated within a narrow range of importance (1.13-2.4), with ratings of ‘essential’ 47 

or ‘important,’ and statistically significant differences between the themes (P<0.0001, n=7). 48 

The variance for the difficulty rating was higher than for importance, ranging from 2.15 49 

(‘Difficult’) to 3.45 (between ‘Moderately Difficult’ and ‘Slightly Difficult’). Qualitatively, it 50 

was suggested that some sub-themes were similar and that these could be grouped. However, 51 

all themes and sub-themes were ranked as ‘important’, validating this framework. Once 52 

finalised and adopted across Australian universities, the unpacked core concept for cell-cell 53 

communication will enable the generation of tools and resources for physiology educators 54 

and improvements in consistency across curricula.  55 

 56 

Key words: cell-cell communication, core concepts, learning framework, curriculum, 57 

undergraduate education  58 

New and noteworthy: Seven core concepts, including cell-cell communication, were 59 

identified by an Australian Delphi Task force of physiology educators. The previously 60 
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‘unpacked’ concept was adapted for Australian educators and students to develop a 61 

framework with 7 themes and 67 sub-themes. The framework was successfully validated by 62 

the original Delphi panel of educators and will provide a valuable resource for teaching and 63 

learning in Australian Universities.  64 

 65 

 66 
INTRODUCTION  67 

     The use of core concepts or ‘big ideas’ enables the teaching of an overcrowded 68 

curriculum, with a large and growing volume of detailed content, to shift towards a deeper 69 

understanding of overarching core concepts (1, 6). Core concepts have been developed in a 70 

range of fields, including Physiology (1, 6). In order to support educator and student 71 

understanding, the core concepts are ‘unpacked’ to provide a framework or hierarchical map 72 

of smaller themes and sub-themes (or descriptors), required for understanding of the larger 73 

concept (1, 2). The frameworks underlying the Physiology core concepts facilitate the 74 

implementation of core concepts into the curriculum, leading to a reduction in content and 75 

improving teaching and student learning (1,6).  There is global and growing interest from the 76 

higher education sector for the core concepts in Physiology, with a proliferation of research 77 

papers on this topic in Advances in Physiology Education (5-27A).  Many of these papers 78 

describe how the core concepts can be practically used in teaching (19) but there is also 79 

evidence that the use of the core concepts enhances student learning (17).  80 

Fifteen core concepts in undergraduate physiology were identified and developed by a 81 

group of U.S. and international faculty (1) and a number of these concepts have been 82 

unpacked (1-5).  A recent study found poor correlation between these 15 core concepts of 83 

physiology (2) and the Learning Outcomes of units (subjects) comprising undergraduate 84 

physiology curricula across Australian universities (7). This suggested that there might be 85 

differences in physiology curricula between the Australian, Northern American and European 86 
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higher education systems or that Australian Physiology educators were not aware of the 87 

original 15 core concepts (7, 8). This led a Task force of experienced, or senior, physiology 88 

educators from 25 Australian universities to revisit the 15 core concepts (8). The Task force 89 

utilised a Delphi approach (i.e. with a panel of expert physiology educators) to reach 90 

agreement upon a set of seven core concepts (and their descriptors): Cell Membrane, Cell-cell 91 

Communication, Movement of Substances, Structure and Function, Homeostasis, Integration 92 

and Physiological Adaptation. Only one of these concepts (Physiological Adaptation) was 93 

not adapted from the original 15 core concepts developed and published by Michael and 94 

colleagues (1. 9, 10). The other core concepts excluded from the final seven, whilst 95 

considered important, were thought to be better aligned with other non-physiology 96 

biomedical disciplines (8). Unpacking teams of three physiology educators, selected from the 97 

25-member Task force, focused on unpacking each of the seven core concepts. 98 

This present study focussed on the unpacking of the physiology concept of Cell-cell 99 

communication (2). Cells communicate with each other by sending and receiving signals. 100 

Cell-cell communication encompasses an expansive, multidisciplinary and rapidly growing 101 

field. The Cell-cell communication core concept, previously unpacked and validated by 102 

Michael et al. (1, 2), was expanded and modified to include themes and sub-themes reflecting 103 

the priorities and experiences of physiology educators at Australian Universities.  Although 104 

these themes reflect parochial priorities of Australian Physiology educators, it remains 105 

axiomatic that these core concepts remain universal in application. Before we embarked on 106 

the unpacking of the Cell-cell communication core concept, there were differences in the 107 

overarching themes. These differences in themes necessarily resulted in variation in the sub-108 

themes and unpacking.  For example, we have introduced discussion of electrochemical 109 

signalling between cells (e.g. gap junctions in cardiac smooth muscle), and the chemical 110 

properties of chemical signalling molecules (lipophilic or hydrophilic) as important high level 111 



6 

ideas that can be applied generally to understand specific examples and learning outcomes. It 112 

was thus not surprising that the recent text analysis of Australian undergraduate Physiology 113 

Learning Outcomes, found particularly poor alignment with the Cell-cell communication 114 

concept (7). This supports a need to review and refine the Cell-cell communication core 115 

concept theme and sub-theme statements. By better defining and unpacking the core concepts 116 

and gaining the endorsement of Australian educators (27), this will facilitate their inclusion 117 

within Australian undergraduate physiology programs and provide a tool for educators to do 118 

so with consistency across these programs.   119 

As this present study is specific to undergraduate physiology curricula for the Australian 120 

higher education context, in particular Physiology taught as a major (or a series of 121 

subjects/units/courses) with a Bachelor of Science or Biomedical Science degree program, it 122 

is important to understand how Australian Physiology curricula are determined. In Australia, 123 

the Tertiary Education Quality and Standards Agency (https://www.teqsa.gov.au/) accredits 124 

all programs of study, with oversight of the program learning outcomes to ensure that they 125 

are at the appropriate level for the study program (28). However, each university controls the 126 

learning outcomes at the level of Physiology subjects and this can lead to variability in 127 

Physiology learning outcomes.  128 

This study evaluated the existing Cell-Cell Communication concept descriptors and 129 

refined these with the intended purpose of aligning learning outcomes at Australian tertiary 130 

institutions with the revised Core Concepts as unpacked by Australian physiology educators 131 

(27). The aim was to synthesize a framework that will assist Australian educators to teach this 132 

concept at a level easily understood by undergraduates and in the context to their program of 133 

study.  134 

 135 

METHOD 136 
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The protocols for validating the unpacking of this core concept was adapted from Michael 137 

et al. (2). An Australian Task force performed a Delphi study to identify core concepts in 138 

physiology, which included Cell-cell communication (8). In the current study, the ‘unpacked’ 139 

Cell-cell communication conceptual framework by Michael et al., (1, 2) was modified by an 140 

‘unpacking team’ of three educators (LC, JC and JR) from different Australian universities. 141 

With facilitation by MT, the team met virtually by Zoom to reach a consensus regarding the 142 

previously unpacked themes and sub-themes. Additional sub-themes were included by the 143 

team, which aimed to increase the accessibility of the terminology for an undergraduate 144 

student audience at all levels. The adapted framework included newer and emerging ideas in 145 

physiology compared to previous iterations (2). As described by Michael et al. (2), the term 146 

‘cell-cell communication’ was limited in scope to ‘communication at the level of the cell’ and 147 

the team limited the unpacking to the field of ‘human physiology’.  148 

 149 

Task force and survey participants 150 

The unpacked themes and sub-themes were entered into a Qualtrics survey and a link sent 151 

to the 25 physiology educators from the Task force which completed the Delphi protocol (see 152 

ref 8). Each participant works at a different Australian University, with all Australian States 153 

and the Australian Capital Territory represented. In Australia, Universities undertake both 154 

higher education teaching and research. Members of the Task force had a mean 16.42 (SD 155 

7.17) years of experience teaching physiology at an undergraduate level. All survey 156 

respondents were experienced in aspects of physiology curriculum design, including the 157 

development of learning objectives, mapping course content and assessments to these 158 

learning objectives and the consideration of different modes of delivery (e.g. online, in person 159 

laboratories or tutorials)      160 

Survey 161 
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Survey respondents were asked to rate the themes and sub-themes on a five point scale for 162 

level of importance for students to understand (1=Essential, 2=Important, 3=Moderately 163 

Important, 4=Slightly Important and 5=Not Important) and perceived level of difficulty for 164 

students (1=Very Difficult, 2= Difficult, 3=Moderately Difficult, 4=Slightly Difficult and 165 

5=Not Difficult), based on the educators’ experience (see 27). Respondents were asked for 166 

qualitative feedback regarding any changes that they would recommend for accuracy, 167 

readability, importance and difficulty as previously described by Tangalakis et al (8; See also 168 

27).  169 

 170 

Statistical Analyses 171 

The mean and standard deviation were determined for each item for level of importance 172 

and level of difficulty. Survey responses were analysed using non-parametric Kruskal-Wallis 173 

tests and Dunn’s multiple comparison test to compare themes and sub-themes. P<0.05 was 174 

considered statistically significant.  175 

 176 

RESULTS  177 

 178 

Survey respondents: Members of the initial Delphi Task force (n = 25), each from a 179 

different Australian University were surveyed, with a response rate of n = 24. Some 180 

respondents did not rank all sub-themes, however.  181 

Survey results:  182 

The ‘unpacked’ core concept for Cell-cell communication was adapted to produce a 183 

hierarchical conceptual framework with seven themes and 60 sub-themes and rated for 184 

respondents’ perceptions of the level of importance and the level of difficulty (Table 1). The 185 

importance of each theme was rated on a five-point scale with the expert educators 186 

considering these themes to be 'essential' (rating of 1), ‘important' (ratings of 2-4) or ‘not 187 
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important’ (rating of 5) for students to understand (Figure 1). The seven themes received 188 

perceived ratings for importance between 1.13 - 2.17 (1.58 ± 0.39, n=7) indicating that they 189 

were considered ‘essential’ or ‘important’ for physiology students to understand (Table 1). 190 

There was a statistically significant difference in the rating for importance between the 191 

themes (P< 0.0001, Kruskal-Wallis), with the highest-rated of the seven themes being Theme 192 

1: Cell to cell communication occurs through electrochemical and chemical signaling’ (1.13 193 

± 0.45, n= 24, Table 1) with a mean rating of ‘essential’. This theme was rated statistically 194 

significantly more important than a number of other themes (Theme 3, P = 0.0085; Theme 6, 195 

P = 0.0002 and Theme 7, P = 0.018, Kruskal-Wallis test, Dunn’s multiple comparison test, 196 

Table 1). Theme 4 was also rated statistically significantly more important than Theme 7 (P = 197 

0.0039, n=7, Table 1).  198 

The 60 sub-themes were rated for importance from 1.21-2.96, indicating that they were all 199 

considered to be at least ‘moderately important’ for students to understand (Table 1). 200 

Statistically significant differences in importance ratings were observed between the different 201 

themes and sub-themes (P<0.0001, n = 67; Table 1). A number of newer or emerging ideas in 202 

physiology that had not been described in the original unpacking of this core concept by 203 

Michael (1,9), were introduced. For example, traditionally it has been taught that 204 

hydrophobic, lipophilic hormones and molecules signal through intracellular, nuclear 205 

receptors, while hydrophilic messengers, which cannot pass through the lipid bilayer of the 206 

cell membrane signal through extracellular receptors (30, 34, 36). Some of these concepts 207 

rated lower than other sub-themes, with ‘moderately important’ ratings. This includes the 208 

sub-theme describing juxtacrine signaling ‘1.1.6 Local communication can be contact 209 

dependent’ (2.16 ± 1.23, n=24, Table 1) which was ranked statistically significantly lower 210 

than its overarching theme (Theme 1, P<0.001, n=67). Sub-themes describing the role of 211 

exosomes in cell-cell communication (Sub-themes 1.15, 2.67) were rated between 212 
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‘important’ and ‘moderately important’ (Table 1), but were statistically significantly less 213 

important than the higher-level theme 1 (P<0.0001, n=67). Similarly, the sub-theme 214 

describing gases and eicosanoids as signaling molecules (Sub-theme 2.2.5, Table 1), was 215 

ranked lower in importance than other sub-themes (2.74 ± 0.86, n=23) and statistically 216 

significantly less important than Theme 2 (P<0.0001).  217 

Qualitative comments about suggested changes (additions, deletions, corrections) for 218 

themes and sub-themes for the cell-cell communication concept were provided by 17 of the 219 

survey respondents. These suggestions, mainly about refining the wording of themes and sub-220 

themes to improve their clarity or accuracy, were considered by the unpacking team. 221 

Although all themes and sub-themes were rated as at least ‘moderately important’, some 222 

repetition was noted. For example, it was suggested by several respondents that sub-theme 223 

4.3, stating that the hydrophobic or hydrophilic nature of a messenger can influence the 224 

location of its receptor in or on a target cell, was unpacked into too many sub-themes. A 225 

number of respondents noted that clarification was required for sub-theme 6.1 (n=4), 226 

‘messenger release must be ceased’ and theme 7, regarding electrical communication via gap 227 

junctions, could be omitted, as this concept is covered by theme 1 (n =3). Further refinement 228 

of the ‘unpacked’ concept is required based on the feedback from the Task force.  229 

The perceived level of difficulty for students to understand (the theme or sub-theme) was 230 

rated by the expert educators from ‘very difficult’ [1] to ‘not difficult’ [5], with ratings for 231 

seven themes between 3.04 - 3.78 (3.44 ± 0.26, n=7), or in the range from ‘moderately 232 

difficult’ [3] to ‘slightly difficult’ [4] (Figure 2, Table 2). There were no statistically 233 

significant differences between the themes. The level of difficulty of the sub-themes ranked 234 

more broadly than the themes, ranging from 2.71 (‘moderately difficult’) to 4.18 (‘slightly 235 

difficult’) (Figure 2, Table 2) with statistically significant differences being identified 236 
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between the total themes and sub-themes (P<0.0001, n=67). Sub-theme 4.2, ‘A cell can only 237 

respond to a messenger for which it has receptors,’ was rated ‘slightly difficult,’ was 238 

statistically significantly less difficult than a number of other sub-themes (Table 2). 239 

 240 

 241 

DISCUSSION 242 

Cell-cell communication was endorsed as a core concept in physiology by an Australian 243 

Task force using a Delphi panel method (8). This core concept was unpacked by a subgroup 244 

of the Task force (‘unpacking team’) and validated by the Task force. Originally ‘unpacked’ 245 

and validated as a core concept by Michael et al., (2), the published framework was used as a 246 

basis for developing a modified hierarchical framework suitable for Australian educators and 247 

undergraduate students. The modified framework was rated by members of the Task force 248 

using five-point scales for the level of importance for students to understand and for the level 249 

of difficulty for the students in order to validate the ‘unpacking’.  250 

All themes and sub-themes in Cell-cell communication were determined to be either 251 

‘essential’, ‘important’ or ‘moderately important’ for undergraduate students to understand. 252 

Importance was largely rated higher for the overarching themes than the sub-themes. This is 253 

expected, as the framework is by definition hierarchical, with sub-themes being less 254 

important if they were lower in the hierarchy, as previously reported (2, 3). The framework 255 

consists of seven themes and 60 sub-themes, with up to four hierarchical levels. While some 256 

rationalisation of the number of sub-themes is desirable to reduce repetition, the number of 257 

items is not surprising given the broad scope of the core concept. There were significant 258 

differences in the level of importance between the themes or sub-themes. The meaningfulness 259 

of these observations remains to be determined. One possible explanation might be the 260 

individual teaching context of the educator, with some educators teaching Physiology as a 261 
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scientific discipline, where mechanism and scientific reasoning are a priority, and other 262 

educators teaching in the allied health education context, where the emphasis is on 263 

understanding human physiology in the context of health and disease. This remains to be 264 

explored in future research. 265 

Cell-cell communication is a highly complex and constantly expanding field. It 266 

exemplifies the multidisciplinary nature of physiology and its significant overlap with 267 

disciplines including cell and molecular biology (2). It also illustrates its integrative nature, 268 

from the level of the molecule to the cellular and organismal level (2). Cell-cell 269 

communication is an important concept for numerous areas of physiology, including the 270 

nervous and endocrine systems, the cardiovascular, respiratory, renal and gastrointestinal 271 

systems (11) and integrated and environmental physiology. Core concepts are particularly 272 

important for this field as they enable educators to focus on key areas of knowledge that 273 

students need to acquire in light of an exponential rate of discovery (29). Furthermore, as new 274 

discoveries emerge, some long held ‘general rules’ and assumptions in this field can prove 275 

incorrect or inaccurate.  276 

We maintained a relatively narrow definition of Cell-cell communication for the purpose 277 

of developing this framework, as described by Michael et al., (2). Silverthorn’s (30) 278 

definition of cell-to-cell communication includes ‘the use of chemical and electrical signaling 279 

to coordinate function and maintain homeostasis’ (30). Long distance communication also 280 

involves action potentials, electrical signals in neurones (30), a concept not unpacked in 281 

detail here. The addition of a theme or concept to include the complex and important topic of 282 

action potentials could be considered in future iterations.  283 

Some sub-themes in physiology that were added to the conceptual framework for Cell-cell 284 

communication were ranked lower than other sub-themes. Although accepted in the literature, 285 
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these sub-themes have not yet been widely integrated into all physiology text books. This 286 

includes the role of exosomes and extracellular vesicles in cell-cell communication (31-33), 287 

which is briefly introduced by Boulpaep (34). Signaling molecules, including gases, and 288 

signaling mechanisms such as contact-dependent signaling through cell adhesion molecules 289 

(CAMs) have been described by Silverthorn (30) and Boulpaep (34). Eicosanoids, signaling 290 

molecules with key roles in a range of physiological processes (35), have also been described 291 

in some physiology texts (30, 36). The fact that these ideas are not yet described in all 292 

standard physiology textbooks could influence the lower rating of these sub-themes in terms 293 

of importance.  294 

There are some stark differences between the descriptors (themes/sub-themes) for the 295 

Cell-Cell Communication core concept proposed here and the descriptors proposed by 296 

Michaels et al (1-3, see Table 3).  What is immediately obvious when you compare the 297 

concept descriptors/themes is that we have included discussion about electrical signalling 298 

between cells (via gap junctions) which is absent from the earlier Michael’s themes.  299 

Physiologically, communication via gap junctions is crucial for understanding physiology of 300 

both cardiac and smooth muscle (30, 34. 36). While action potentials are intracellular 301 

signalling, transmission of depolarizing signals that lead to synchronised muscle contraction 302 

are due to communication through electrically coupled cells.  We have also combined both 303 

Michael’s descriptors for the core concept (‘CC4’ and ‘CC5’) into one Theme (theme 5).  304 

Thus, although both groups end up with seven themes or ‘CC’s, there are subtle differences 305 

in the emphasis between the two.  A key difference between the two frameworks is that the 306 

new proposal makes a virtue of understanding the chemical properties of the signalling 307 

molecules, and the impact this has on both the molecule behaviour and how it interacts with 308 

its receptor.  309 
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A number of newer or emerging ideas were incorporated into this unpacking of the cell-310 

cell communication core concept.  For example, it is now well established that hydrophobic 311 

hormones and messengers can rapidly signal through transmembrane receptors (30, 34, 36), 312 

and not only through intracellular, nuclear receptors. Exosomes and extracellular vesicles are 313 

emerging as important communication vehicles (31-33) and messenger molecules are now 314 

known to be more diverse, including gases (38, 39), lipids, RNA and DNA (40). Although the 315 

concept of juxtacrine signaling has been recognised for some time (41), 316 

The aim of identifying core concepts and unpacking these ‘big ideas’ into their underlying 317 

important constituents is to provide guidance and to generate an important tool for teaching 318 

and learning (4). Although one of the aims of adapting the core concept of Cell-cell 319 

communication was to improve the accessibility of the themes and sub-themes for 320 

undergraduate students, this framework requires testing with a student audience. Qualitative 321 

comments indicated that some sub-themes were not as easy to understand as others and 322 

further modifications are therefore required.  323 

Unpacked core concepts can be used by educators to structure and design curriculum, 324 

including new courses, using a backward design approach (6, 18). This framework will 325 

facilitate the generation of numerous resources to enable the implementation of the core 326 

concept and to enhance student learning. This can include concept inventories, learning 327 

objectives, formative and summative assessments, and the design of active learning 328 

approaches (6, 9, 13). The adoption of core concepts in Australian Universities will lead to 329 

increased consistency in the curriculum and provide an additional and powerful tool for 330 

students and educators. 331 

The core concepts as proposed by Michael and colleagues (1, 6, 9. 10) have been 332 

transformative of how physiology educators approach their teaching design. The context of 333 
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this paper should not be seen as an attempt to replace the original core concept, but rather to 334 

refine them to reflect local priorities. Ultimately, physiology core concepts should be 335 

universally applicable, even if undergoing constant refinement. 336 
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Acknowledgement: We would like to thank the additional Task force members who 338 

contributed to this project: Anthony, Bakker, Elizabeth Beckett, Melissa Cameron, Matthew 339 

Cooke, Tracy Douglas, Suzanne Estaphan, Sarah Etherington, Voula Gaganis, Nicole 340 

Masters, Andrew Moorhouse, Christian Moro, Tamara Paravicini, Ben Perry, Ruben, 341 

Phillips, Chris Scott, Gabrielle Todd, Tanya Uebergang, and Glenn Wadley.  342 

  343 



16 

REFERENCES 344 

1 Michael J, Clff, W, McFarland J, Model H, Wright A.What are the Core Concepts of 345 

Physiology. A New Paradigm for Teaching Physiology. New York: Springer 2017. 346 

2. Michael J, Martinkova P, McFarland J, Wright A, Cliff W, Modell H, et al. Validating 347 

a conceptual framework for the core concept of "cell-cell communication". Adv Physiol 348 

Educ. 2017;41(2):260-5. 349 

3. Michael J, Modell H. A conceptual framework for the core concept of "cell 350 

membrane". Adv Physiol Educ. 2019;43(3):373-7. 351 

4. McFarland J, Wenderoth MP, Michael J, Cliff W, Wright A, Modell H. A conceptual 352 

framework for homeostasis: development and validation. Adv Physiol Educ. 2016;40(2):213-353 

22. 354 

5. Michael J, Modell H. Validating The Core Concept Of "Mass Balance". Adv Physiol 355 

Educ. 2021;45(2):276-80. 356 

6. McFarland JL, Michael JA. Reflections on core concepts for undergraduate 357 

physiology programs. Adv Physiol Educ. 2020;44(4):626-31. 358 

 359 

7. Tangalakis K, Julien BL, Lexis L, Hryciw DH, Thomas CJ, Husaric M, et al. 360 

Mapping the Core Concepts of Physiology Across Australian University Curricula. Adv 361 

Physiol Educ; Adv Physiol Educ;. 2023; Under review. 362 

8. Tangalakis K, Lexis L, Hryciw D, Towstoless M, Tony B, Elizabeth B, et al. 363 

Establishing consensus for the core concepts of physiology in the Australian higher education 364 

context using a modified Delphi protocol. 2023; In Press. DOI:10.1152/advan.00140.2022  365 

9. Michael J, McFarland J. Another look at the core concepts of physiology: revisions 366 

and resources. Adv Physiol Educ 2020 Dec 1;44(4):752-62. DOI:10.1152/advan.00114.2020 367 

10. McFarland JL, Michael JA. Reflections on core concepts for undergraduate 368 

physiology programs. Adv Physiol Educ 2020 Dec 1;44(4):626-31. 369 

DOI:10.1152/advan.00188.2019 370 

11. Michael J. Use of core concepts of physiology can facilitate student transfer of 371 

learning. Adv Physiol Educ 2022 Sep 1;46(3):438-42. DOI: 0.1152/advan.00005.2022 372 

12. Crowther GJ, Knight TA. Using Test Question Templates to teach physiology core 373 

concepts. Adv Physiol Educ 2023 Jun 1;47(2):202-14. DOI: 10.1152/advan.00024.2022 374 

13. Crosswhite PL, Anderson LC. Physiology core concepts in the classroom: reflections 375 

from faculty. Adv Physiol Educ 2020 Dec 1;44(4):640-5. DOI: 10.1152/advan.00183.2019 376 



17 

14. Stanescu CI, Wehrwein EA, Anderson LC, Rogers J. Evaluation of core concepts of 377 

physiology in undergraduate physiology curricula: results from faculty and student surveys. 378 

Adv Physiol Educ 2020 Dec 1;44(4):632-9. DOI:10.1152/advan.00187.2019 379 

15. Fonseca M, Oliveira B, Carreiro-Martins P, Neuparth N, Rendas A. Revisiting the 380 

role of concept mapping in teaching and learning pathophysiology for medical students. Adv 381 

Physiol Educ 2020 Aug 14. DOI: 382 

16. Chirillo M, Silverthorn DU, Vujovic P. Core concepts in physiology: teaching 383 

homeostasis through pattern recognition. Adv Physiol Educ 2021 Oct 11. 384 

DOI:10.1152/advan.00106.2021 385 

17. Doherty JH, Cerchiara JA, Scott EE, Jescovitch LN, McFarland J, Haudek KC, 386 

Wenderoth MP. Oaks to arteries: The Physiology Core Concept of flow down gradients 387 

supports transfer of student reasoning. Adv Physiol Educ 2023 Feb 2. 388 

DOI:10.1152/advan.00155.2022 389 

18. Shaltry C. A new model for organizing curriculum alignment initiatives. Adv Physiol 390 

Educ 2020 Dec 1;44(4):658-63. DOI: 10.1152/advan.00174.2019 391 

19. Hsu JL, Halpin PA. Exploring physiology instructors’ use of core concepts: 392 

pedagogical factors that influence choice of course topics. Adv Physiol Educ 2022 Dec 393 

1;46(4):667-76. DOI:10.1152/advan.00114.2022 394 

20. Silverthorn DU. Constructing the Wiggers diagram using core concepts: a classroom 395 

activity. Adv Physiol Educ 2022 Dec 1;46(4):714-23. DOI:10.1152/advan.00046.2022 396 

21. Mahaffey AL. Examining the Impact of the Core Principles of Physiology with Pre-397 

Licensure BSN and BSES Students: A Qualitative Analysis. Adv Physiol Educ 2023 47(2) 398 

251-58 Feb 16. DOI:10.1152/advan.00076.2022 399 

22. Halpin PA, Gopalan C. Using dramatizations to teach cell signaling enhances learning 400 

and improves students’ confidence in the concept. Adv Physiol Educ 2021 Mar 1;45(1):89-401 

94. DOI:10.1152/advan.00177.2020 402 

23. Daemicke AK, Galt NJ, Samonds KE, Bergan-Roller HE. Challenging endocrinology 403 

students with a critical-thinking workbook. Adv Physiol Educ 2020 Mar 1;44(1):72-9. DOI: 404 

10.1152/advan.00101.2019 405 

24. Aguilar-Roca N, Anderson LC, Crecelius AR, French MB, Johnson KM, McFarland 406 

JL, Rogers J, Stanescu CI, Wehrwein EA. Where do we go from here: a forward-thinking 407 

vision for physiology undergraduate education. Adv Physiol Educ 2020 Oct 20 44(4) 702-408 

705. DOI: 10.1152/advan.00190.2019 409 



18 

25. O’Loughlin VD, Goodwin M, Reynolds A. Skeletal muscle coverage in 410 

undergraduate courses: a comparison of stand-alone human anatomy and anatomy and 411 

physiology (A&P) courses. Adv Physiol Educ 2022 Sep 1;46(3):400-15. DOI: 412 

10.1152/advan.00038.2022 413 

26. Langton PD, MacMillan FM, Palmer ZJ. Team-based, problem-solving exercises 414 

using studies of diarrhea and oral rehydration encourage students to integrate knowledge of 415 

systems physiology. Adv Physiol Educ 2021 Jun 1;45(2):250-8. 416 

DOI:10.1152/advan.00140.2022 417 

27. Beckett E, Gaganis V, Bakker AJ, Towstoless M, Hayes A, Hryciw DH, Lexis L, 418 

Tangalakis K, and Task Force Unpacking the Homeostasis Core Concept in Physiology: An 419 

Australian Perspective. . Adv Physiol Educ 2023 April 20 In Press DOI: 420 

10.1152/advan.00141.2022 421 

28. Australian Quality Framework Council. AQF Second Edition 2023 Jan.  422 

https://www.aqf.edu.au/publication/aqf-second-edition. Dowloaded 23 April, 2023 423 

29 Santiago M, Davis EA, Hinton T, Angelo TA, Shield A, Babey AM, et al. Defining 424 

and unpacking the core concepts of pharmacology education. Pharmacol Res Perspect. 425 

2021;9(6):e00894. 426 

30. Silverthorn D. Human Physiology: An integrated approach. 7th ed: Pearson; 2016. 427 

31. Stahl AL, Johansson K, Mossberg M, Kahn R, Karpman D. Exosomes and 428 

microvesicles in normal physiology, pathophysiology, and renal diseases. Pediatr Nephrol. 429 

2019;34(1):11-30. 430 

32. Ibrahim A, Marban E. Exosomes: Fundamental Biology and Roles in Cardiovascular 431 

Physiology. Annu Rev Physiol. 2016;78:67-83. 432 

33. van Niel G, Carter DRF, Clayton A, Lambert DW, Raposo G, Vader P. Challenges 433 

and directions in studying cell-cell communication by extracellular vesicles. Nat Rev Mol 434 

Cell Biol. 2022;23(5):369-82. 435 

34. Boulpaep E. Medical Physiology. Third ed: Elsevier; 2017. 436 

35. Calder PC. Eicosanoids. Essays Biochem. 2020;64(3):423-41. 437 

36. Tortora G, Derrickson B. Principles of anatomy and physiology. 15th ed: Wiley; 438 

2017. 439 

37. Wiggins G, McTighe J. Understanding by design. Upper Saddle River, NJ.: Pearson 440 

Education; 2006. 441 



19 

38. Walewska A, Szewczyk A, Koprowski P. Gas Signaling Molecules and 442 

Mitochondrial Potassium Channels. Int J Mol Sci. 2018 Oct 18;19(10):3227. DOI: 443 

10.3390/ijms19103227. 444 

39. Qi W, Man L, Suguro S, Zhao Y, Quan H, Huang C, Ma H, Guan H, Zhu Y (2022) 445 

Endocrine effects of three common gas signaling molecules in humans: A literature review. 446 

Front. Endocrinol. 13:1074638. DOI: 10.3389/fendo.2022.1074638 447 

40. Kalluri R, LeBleu VS. The biology, function, and biomedical applications of 448 

exosomes. Science367, eaau6977(2020). DOI:10.1126/science.aau6977 449 

41. Singh AB, Harris RC. Autocrine, paracrine and juxtacrine signaling by EGFR ligands. 450 

Cellular signalling. 2005 Oct 1;17(10):1183-93. DOI:10.1016/j.cellsig.2005.03.026 451 

  452 



20 

Table 1: Level of importance for students to understand themes and sub-themes rated 453 
by Task force members.  454 

Themes and sub-themes Level of Importance 
 

 Mean SD n 

1. Cell to cell communication occurs through electrochemical and 
chemical signaling and can be local or long distance. 

1.13 0.45 24

1.1 Local communication occurs through electrochemical and 
chemical signaling. 

1.29 0.55 24 

1.1.1 Gap junctions allow direct electrochemical communication 
between adjacent cells. 

1.92 1.02 24 

1.1.2 Gap junctions allow movement of molecules between 
adjacent cells. 

2.78 1.09 23

1.1.3 Autocrine signaling occurs when a chemical messenger acts 
on the cell that releases the messenger. 

2.04 0.75 24

1.1.4 Paracrine signaling occurs where a chemical messenger 
diffuses to the site to act on adjacent cells. 

1.83 0.76 24

1.1.5 Signaling through extracellular vesicles (including 
exosomes) allows local cell to cell communication, and transport 
messengers including proteins, non-coding RNAs, DNA and lipid 
signals. 

2.67 1.09 24

1.1.6 Local communication can be contact dependent. Cell 
surface cell adhesion molecules (CAMs) allow bidirectional 
signaling across the cell membrane of two cells when in direct 
contact. 

2.96 1.23 24 

1.2 Long-distance signaling occurs through chemical signaling in 
the nervous system and through chemical signaling (hormones) in 
the endocrine system. 

1.21 0.42 24 

1.2.1 The endocrine system secretes hormones (chemical 
messengers) into the bloodstream which can exert long lasting 
effects. 

1.21 0.42 24 

1.2.2 The nervous system releases chemical signals as 
neurotransmitters and neuromodulators at the synapse. 

1.29 0.46 24 

1.2.3 Exosomes are released from most cell types, and transport 
messengers (including RNA, DNA, protein and metabolites) over 
long distances. 

2.83 1.31 24 
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2. A cell synthesises and releases a chemical messenger. 1.38 0.58 24

2.1 Messenger molecules can be proteins (or peptides), steroids, 
lipids, amines, amino acids, DNA, RNA or gases. 

1.63 0.77 24 

2.2 A cell synthesises a messenger molecule and either stores the 
messenger in vesicles or it escapes by diffusion. 

1.96 0.96 24 

2.2.1 Peptides/proteins are synthesised in the cell and stored in 
secretory vesicles prior to release. 

2.04 0.83 23 

2.2.2 Steroid hormones are synthesised as required and diffuse 
from the cell. 

2.26 0.81 23 

2.2.3 Catecholamines are synthesized and stored in secretory 
vesicles. 

2.57 0.95 23

2.2.4 Some hormones are produced and stored in an inactive 
form and cleavage leads to the active product (e.g. thyroid 
hormones and proinsulin/insulin). 

2.54 1.02 24

2.2.5 Gases and eicosanoids are synthesised as required and 
diffuse across the cell membrane. 

2.74 0.86 23 

2.3 The rate of release of a chemical messenger from a cell is 
determined by the “sum” of the stimuli promoting and inhibiting 
that release. 

2.25 0.68 24 

2.4 Chemical signaling molecules can have biological effects even 
at low extracellular concentrations. 

2.21 0.83 24 

2.5 Chemical messengers that are stored prior to release can be 
secreted from the cell via exocytosis, or through the release of 
vesicles such as exosomes. 

2.43 0.90 23

2.6 Cells that release messengers can be anywhere in the body. 1.87 0.69 23 

3. The (solubility) hydrophilic/hydrophobic nature of the messenger 
can determine how the messenger molecule is transported. 

1.79* 0.78 24 

3.1 The solubility of the molecule can influence how it is 
transported to its target cells. 

2.17 1.09 24 

3.1.1 Hydrophobic chemical messengers must travel with other 
carrier molecules i.e., binding proteins or plasma proteins. 

2.13 0.85 24 

3.1.2 Hydrophilic chemical messengers can travel dissolved in 
aqueous solution, attached to a binding protein, or transported 
within an exosome. 

2.17 0.92 24 

3.2 Only the messenger in solution which is free to diffuse is 2.25 0.90 24 
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biologically active. 

3.2.1 A chemical messenger bound to a binding protein in 
solution is biologically unavailable. 

2.50 0.83 24 

3.3 The extracellular fluid concentration of a messenger molecule 
depends on the balance between the production, release and 
elimination of messenger molecules. 

2.38 0.77 24 

4. The messenger must bind to a receptor protein in or on its target 
cell to produce a response. 

1.21 0.42 24 

4.1 Each messenger molecule binds with a certain affinity to a 
specific receptor molecule. 

1.92 0.93 24 

4.1.1 Binding of a messenger to its receptor is a probabilistic 
event. 

2.75 0.99 24 

4.2 A cell can only respond to a messenger for which it has 
receptors. 

1.33 0.48 24 

4.3 The solubility/hydrophobicity of the messenger can influence 
the location of its receptor protein in/on the target cell. 

2.04 0.86 24

4.3.1 Water-soluble (hydrophilic) primary messengers cannot 
pass through the cell membrane. 

1.78 0.74 23 

4.3.2 Water-soluble (hydrophilic) primary messengers signal 
through receptors on the target cell membrane (extracellular 
receptors). 

1.70 0.64 23 

4.3.3 Lipid soluble (hydrophobic) messengers can pass through 
the cell membrane. 

1.83 0.83 23 

4.3.4 Lipid soluble (hydrophobic) messengers can signal through 
either intracellular (cytoplasmic or nuclear) or extracellular 
receptors. 

2.13 0.76 23 

4.3.5 Lipid soluble messengers that bind with intracellular 
receptors can interact with DNA to mediate genomic effects. 

2.17 0.94 23 

4.3.6 Lipid soluble messengers that bind with extracellular 
receptors can mediate non-genomic effects. 

2.65 1.07 23 

4.4 The number of receptors for a particular messenger is variable. 2.46 0.83 24 

4.5 There can be more than one type of receptor for the same 
messenger on different target cells, including different isoforms of 
the same receptor. 

2.33 0.92 24

4.6 It is the receptor that determines the cellular response. 1.52 0.73 23
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4.6.1 The same chemical signaling molecule can elicit a range of 
cellular responses based on the receptor subtypes it binds. 

2.00 0.83 24

4.6.2 Cells have a large variety of different receptors, thus 
enabling them to respond to a large number of different 
messengers. 

1.79 0.59 24 

5. Binding of the messenger molecule to its receptor gives rise to 
signal transduction. 

1.46 0.66 24 

5.1 A single messenger molecule bound to its receptor can lead to 
the activation of signaling cascades to amplify the signal. 

1.96 0.81 24 

5.1.1 Because the target cell response is a multistep process and 
amplification occurs at each step, a single molecule can activate 
or alter many more molecules; the more steps in the intracellular 
signaling process, the greater the amplification can be. 

2.54 1.02 24 

5.1.2 Because the target cell response is a multistep process, 
there are many points at which different inputs (other 
messengers) can modify the response. This is referred to as 
integration. 

2.50 0.93 24

5.2 There are a number of basic mechanisms for signal 
transduction. 

2.05 0.84 22 

5.2.1 Binding of a messenger molecule to an extracellular 
receptor can lead to signaling through a range of processes 
including the activation of enzymes, G proteins or opening of ion 
channels. 

1.83 0.82 24 

5.2.2 Ion flux can activate signal transduction pathways and alter 
excitability 

2.09 1.04 23 

5.2.3 Binding of a messenger molecule to a receptor can regulate 
gene expression. 

2.04 0.64 23

5.2.4 The speed of the response to signaling pathways varies 
according to the signaling pathway. 

2.75 1.19 24 

5.2.4.1 Ion channels are the fastest response mechanism 2.35 0.98 23

5.2.4.2 The signaling response for extracellular receptors and 
second messenger systems are rapid as second messenger 
molecules are already present in the cell and can be rapidly 
inactivated. 

2.48 0.95 23

5.2.4.3 The genomic signaling effects are slower, as 
transcription and translation of new molecules is required. 

2.39 0.72 23 
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6.  Messenger signal termination requires a combination of 
processes that effectively prevents the signaling molecule from 
binding to the receptor.  This can include removal of the signaling 
molecule from the extracellular space or rendering the receptor 
unavailable. 

2.17*$ 1.09 24

6.1 Messenger release must be ceased. 2.36 1.09 22 

6.2 The messenger signal can be terminated when the molecule is 
removed, either through diffusion (concentration becomes too 
low) or via chemical breakdown by enzymes or via specific 
transport or uptake into compartments away from the receptor. 

2.17 0.98 23

6.3 The messenger molecule must dissociate from the receptor or 
the receptor- messenger complex, can be internalized by 
endocytosis and digested in the cell and the complex will cease to 
generate a signal. 

2.48 1.08 23 

6.4 Receptors can be made unavailable through internalisation, 
down regulation or through pharmacological antagonism. 

2.65 0.88 23 

7. Some cells can communicate with neighbouring cells electrically; 
they are electrically coupled via gap junctions. 

1.91* 1.15 22

7.1 When electrically excited, current (ions) can flow from the 
excited cell to neighbouring cells via the gap junctions. 

2.05 1.00 22

7.2 These currents then electrically excite the second cell 
synchronising depolarisation across a whole tissue. 

2.09 0.87 22 

 455 

Themes and sub-themes were rated on a 5-point scale for level of importance for the students 456 

to understand (1=Essential, 2=Important, 3=Moderately Important, 4=Slightly Important and 457 

5=Not Important). SD = standard deviation. n = number of respondents. *Themes rated 458 

statistically significantly less important than theme 1 (P < 0.05). $Theme rated statistically 459 

significantly less important than theme 4 (P=0.004). Kruskal-Wallis test with Dunn’s 460 

multiple comparison test.  461 
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Table 2: Level of difficulty for students to understand themes and sub-themes, rated by 462 
Task force members.  463 

 Level of Difficulty  
 

 Mean SD n 

1. Cell to cell communication occurs through electrochemical and 
chemical signaling and can be local or long distance. 

3.25 0.85 24

1.1 Local communication occurs through electrochemical and 
chemical signaling. 

3.21 0.93 24 

1.1.1 Gap junctions allow direct electrochemical communication 
between adjacent cells. 

3.48 0.73 23 

1.1.2 Gap junctions allow movement of molecules between 
adjacent cells. 

3.36 0.95 22

1.1.3 Autocrine signaling occurs when a chemical messenger acts 
on the cell that releases the messenger. 

3.67 0.87 24

1.1.4 Paracrine signaling occurs where a chemical messenger 
diffuses to the site to act on adjacent cells. 

3.75 0.74 24

1.1.5 Signaling through extracellular vesicles (including 
exosomes) allow the local cell to cell communication, and 
transport messengers including proteins, non-coding RNAs, DNA 
and lipid signals. 

2.71 0.86 24

1.1.6 Local communication can be contact dependent. Cell 
surface cell adhesion molecules (CAMs) allow bidirectional 
signaling across the cell membrane of two cells when in direct 
contact. 

2.91 0.79 23 

1.2 Long-distance signaling occurs through electrochemical 
signaling in the nervous system and through chemical signaling 
(hormones) in the endocrine system. 

3.54 0.83 24 

1.2.1 The endocrine system secretes hormones (chemical 
messengers) into the bloodstream which can exert long lasting 
effects. 

3.71 0.81 24 

1.2.2 The nervous system releases chemical signals as 
neurotransmitters and neuromodulators at the synapse. 

3.50 0.78 24 

1.2.3 Exosomes are released from most cell types, and transport 
messengers (including RNA, DNA, protein and metabolites) over 
long distances. 

3.00 0.95 23 
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2. A cell synthesizes and releases a chemical messenger. 3.75 0.90 24

2.1 Messenger molecules can be proteins (or peptides), steroids, 
lipids, amines, amino acids, DNA, RNA or gases. 

3.50 0.98 24 

2.2 A cell synthesizes a messenger molecule and either stores the 
messenger in vesicles or it escapes by diffusion. 

3.57 0.84 23 

2.2.1 Peptides/proteins are synthesized in the cell and stored in 
secretory vesicles prior to release. 

3.70 0.88 23 

2.2.2 Steroid hormones are synthesized as required and diffuse 
from the cell. 

3.57 0.90 23 

2.2.3 Catecholamines are synthesized and stored in secretory 
vesicles. 

3.59 0.96 22

2.2.4 Some hormones are produced and stored in an inactive 
form and cleavage leads to the active product (e.g. thyroid 
hormones and proinsulin/insulin). 

3.22 0.95 23

2.2.5 Gases and eicosanoids are synthesized as required and 
diffuse across the cell membrane. 

3.41 0.80 24 

2.3 The rate of release of a chemical messenger from a cell is 
determined by the “sum” of the stimuli promoting and inhibiting 
that release. 

3.08 0.88 24 

2.4 Chemical signaling molecules can have biological effects even 
at low extracellular concentrations. 

3.65 1.03 23 

2.5 Chemical messengers that are stored prior to release can be 
secreted from the cell via exocytosis, or through the release of 
vesicles such as exosomes. 

3.32 0.72 22

2.6 Cells that release messengers can be anywhere in the body. 4.18 0.85 22 

3. The (solubility) hydrophilic/hydrophobic nature of the messenger 
can determine how the messenger molecule is transported. 

3.46 0.98 24 

3.1 The solubility of the molecule can influence how it is 
transported to its target cells. 

3.42 0.97 24 

3.1.1 Hydrophobic chemical messengers must travel with other 
carrier molecules i.e. binding proteins or plasma proteins 

3.33 0.96 24 

3.1.2 Hydrophilic chemical messengers can travel dissolved in 
aqueous solution, attached to a binding protein, or transported 
within an exosome. 

3.42 0.93 24 

3.2 Only the messenger in solution and free to diffuse is 3.42 0.97 24 
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biologically active. 

3.2.1 A chemical messenger bound to a binding protein in 
solution is biologically unavailable. 

3.42 0.88 24 

3.3 The extracellular fluid concentration of a messenger molecule 
depends on the balance between the production, release and 
elimination of messenger molecules. 

3.33 0.96 24 

4. The messenger must bind to a receptor protein in or on its target 
cell to produce a response. 

3.78 1.04 23 

4.1 Each messenger molecule binds with a certain affinity to a 
specific receptor molecule. 

3.09 0.79 23 

4.1.1 Binding of a messenger to its receptor is a probabilistic 
event. 

2.74 1.01 23 

4.2 A cell can only respond to a messenger for which it has 
receptors. 

4.13 0.92 23 

4.3 The solubility/hydrophobicity of the messenger can influence 
the location of its receptor protein in/on the target cell. 

3.61 0.89 23

4.3.1 Water-soluble (hydrophilic) primary messengers cannot 
pass through the cell membrane. 

3.82 0.91 22 

4.3.2 Water-soluble (hydrophilic) primary messengers signal 
through receptors on the target cell membrane (extracellular 
receptors). 

3.77 0.92 22 

4.3.3 Lipid soluble (hydrophobic) messengers can pass through 
the cell membrane. 

3.82 0.85 22 

4.3.4 Lipid soluble (hydrophobic) messengers can signal through 
either intracellular (cytoplasmic or nuclear) or extracellular 
receptors. 

3.64 0.79 22 

4.3.5 Lipid soluble messengers that bind with intracellular 
receptors can interact with DNA to mediate genomic effects. 

3.18 0.91 22 

4.3.6 Lipid soluble messengers that bind with extracellular 
receptors can mediate non-genomic effects. 

3.18 0.80 22 

4.4 The number of receptors for a particular messenger is variable. 3.74 1.05 23 

4.5 There can be more than one type of receptor for the same 
messenger on different target cells, including different isoforms of 
the same receptor. 

3.09 0.85 23

4.6 It is the receptor that determines the cellular response. 3.27 1.12 22
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4.6.1 The same chemical signaling molecule can elicit a range of 
cellular responses based on the receptor subtypes it binds. 

2.96 0.98 23

4.6.2 Cells have a large variety of different receptors, thus 
enabling them to respond to a large number of different 
messengers. 

3.48 1.16 23 

5. Binding of the messenger molecule to its receptor gives rise to 
signal transduction. 

3.33 0.96 24 

5.1 A single messenger molecule bound to its receptor can lead to 
the activation of signaling cascades to amplify the signal. 

3.04 1.00 24 

5.1.1 Because the target cell response is a multistep process and 
amplification occurs at each step, a single molecule can activate 
or alter many more molecules; the more steps in the intracellular 
signaling process, the greater the amplification can be. 

3.00 1.00 23 

5.1.2 Because the target cell response is a multistep process, 
there are many points at which different inputs (other 
messengers) can modify the response. This is referred to as 
integration. 

2.70 0.82 23

5.2 There are a number of basic mechanisms for signal 
transduction. 

3.23* 0.97 22 

5.2.1 Binding of a messenger molecule to an extracellular 
receptor can lead to signaling through a range of processes 
including the activation of enzymes, G proteins or opening of ion 
channels. 

2.88 0.90 24 

5.2.2 Ion flux can activate signal transduction pathways and alter 
excitability 

2.91* 0.87 22 

5.2.3 Binding of a messenger molecule to a receptor can regulate 
gene expression. 

3.00 0.74 23
 

5.2.4 The speed of the response to signaling pathways varies 
according to the signaling pathway. 

3.59 0.85 22 

5.2.4.1 Ion channels are the fastest response mechanism 3.74 1.05 23

5.2.4.2 The signaling response for extracellular receptors and 
second messenger systems are rapid as second messenger 
molecules are already present in the cell and can be rapidly 
inactivated. 

3.00 0.82 22

5.2.4.3 The genomic signaling effects are slower, as 
transcription and translation of new molecules is required. 

3.26 0.96 23 
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6.  Messenger signal termination requires a combination of 
processes that effectively prevents the signaling molecule from 
binding to the receptor.  This can include removal of the signaling 
molecule from the extracellular space or rendering the receptor 
unavailable. 

3.04 0.86 24

6.1 Messenger release must be ceased. 4.05 0.92 21 

6.2 The messenger signal can be terminated when the molecule is 
removed, either through diffusion (concentration becomes too 
low) or via chemical breakdown by enzymes or via specific 
transport or uptake into compartments away from the receptor. 

3.22 0.85 23

6.3 The messenger molecule must dissociate from the receptor or 
the receptor- messenger complex, can be internalized by 
endocytosis and digested in the cell and the complex will cease to 
generate a signal. 

2.96 0.95 22 

6.4 Receptors can be made unavailable through internalisation, 
down regulation or through pharmacological antagonism. 

2.87* 0.87 23 

7. Some cells can communicate with neighbouring cells electrically; 
they are electrically coupled via gap junctions. 

3.48 0.98 21

7.1 When electrically excited, current (ions) can flow from the 
excited cell to neighbouring cells via the gap junctions. 

3.33 0.97 21

7.2 These currents then electrically excite the second cell 
synchronising depolarisation across the whole tissue. 

3.14 0.85 21 

 464 

Level of difficulty for students (1=Very Difficult, 2=Difficult, 3=Moderately Difficult, 465 

4=Slightly Difficult and 5=Not Difficult) was rated by Task force members. SD = standard 466 

deviation. n = number of respondents. * Theme or sub-theme statistically significantly more 467 

difficult than 4.2 A cell can only respond to a messenger for which it has receptors. (P< 0.05 468 

Kruskal-Wallis test with Dunn’s multiple comparison test).   469 
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 470 

Figure 1: Distribution of level of importance for students to understand ranked by 471 

members of the Task force for Themes from the cell-cell communication framework. 472 

(1=Essential, 2=Important, 3=Moderately Important, 4=Slightly Important and 5=Not 473 

Important). 474 

 475 

  476 
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 477 

 478 

Figure 2: Distribution of level of difficulty for students ranked by members of the Task 479 

force for Themes from the cell-cell communication framework. (1=Very Difficult, 480 

2=Difficult, 3=Moderately Difficult, 4=Slightly Difficult and 5=Not Difficult) 481 

 482 

  483 
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TABLE 3: Comparison of major themes for the Cell-Cell Communication core concepts 484 

between Michael et al (1,2) and this current study. 485 

Core Concept 
Descriptors (CC: 
Michaels) or 
Theme (Chopin) 

Michael et al 2017  Chopin et al 2023 

CC1 
Theme 1 

A cell synthesizes and releases 
a chemical messenger. 

Cell to cell communicaƟon occurs 
through electrochemical and chemical 
signaling and can be local or long 
distance. 

CC2 
Theme 2 

Transport of messenger 
molecules is determined by 
the chemical nature of the 
messenger. 

A cell synthesises and releases a chemical 
messenger. 

CC3 
Theme 3 

The messenger must bind to a 
receptor protein in or on its 
target cell to produce a 
response. 

The (solubility) hydrophilic/hydrophobic 
nature of the messenger can determine 
how the messenger molecule is 
transported. 

CC4 
Theme 4 

Binding of the messenger 
molecule to its receptor gives 
rise to signal transducƟon. 

The messenger must bind to a receptor 
protein in or on its target cell to produce 
a response. 

CC5 
Theme 5 

Binding of the messenger 
molecule to its receptor alters 
cell funcƟon. 

 Binding of the messenger molecule to its 
receptor gives rise to signal transducƟon. 

CC6 
Theme 6 

TerminaƟon of a messenger 
signal is accomplished in 
several ways. 

Messenger signal terminaƟon requires a 
combinaƟon of processes that effecƟvely 
prevents the signaling molecule from 
binding to the receptor.  This can include 
removal of the signaling molecule from 
the extracellular space or rendering the 
receptor unavailable. 

CC7 
Theme 7 

Some cells can communicate 
with neighboring cells 
electrically; they are 
electrically coupled. 

Some cells can communicate with 
neighbouring cells electrically; they are 
electrically coupled via gap juncƟons. 

 486 

Comparison of the CC themes between the Michael et al (1,2) and the outcomes of this study. 487 

Boxes with same shading (black or grey, with black or white text) indicated CC themes are 488 

common between Michael and Chopin. Unshaded boxes (white fill) indicate CC themes that 489 

are specific to the particular study. Four of the seven CC themes in each study are the same or 490 

similar, while three from each study are unaligned. 491 
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2=Difficult, 3=Moderately Difficult, 4=Slightly Difficult and 5=Not Difficult) 

 



Table 1: Level of importance for students to understand themes and sub-themes rated 
by Task force members.  

Themes and sub-themes Level of Importance 

 

 Mean SD n 

1. Cell to cell communication occurs through electrochemical and 
chemical signaling and can be local or long distance. 

1.13 0.45 24 

1.1 Local communication occurs through electrochemical and 
chemical signaling. 

1.29 0.55 24 

1.1.1 Gap junctions allow direct electrochemical communication 
between adjacent cells. 

1.92 1.02 24 

1.1.2 Gap junctions allow movement of molecules between 
adjacent cells. 

2.78 1.09 23 

1.1.3 Autocrine signaling occurs when a chemical messenger acts 
on the cell that releases the messenger. 

2.04 0.75 24

1.1.4 Paracrine signaling occurs where a chemical messenger 
diffuses to the site to act on adjacent cells. 

1.83 0.76 24

1.1.5 Signaling through extracellular vesicles (including 
exosomes) allows local cell to cell communication, and transport 
messengers including proteins, non-coding RNAs, DNA and lipid 
signals. 

2.67 1.09 24

1.1.6 Local communication can be contact dependent. Cell 
surface cell adhesion molecules (CAMs) allow bidirectional 
signaling across the cell membrane of two cells when in direct 
contact. 

2.96 1.23 24 

1.2 Long-distance signaling occurs through chemical signaling in 
the nervous system and through chemical signaling (hormones) in 
the endocrine system. 

1.21 0.42 24

1.2.1 The endocrine system secretes hormones (chemical 
messengers) into the bloodstream which can exert long lasting 
effects. 

1.21 0.42 24 

1.2.2 The nervous system releases chemical signals as 
neurotransmitters and neuromodulators at the synapse. 

1.29 0.46 24 

1.2.3 Exosomes are released from most cell types, and transport 
messengers (including RNA, DNA, protein and metabolites) over 
long distances. 

2.83 1.31 24 

2. A cell synthesises and releases a chemical messenger. 1.38 0.58 24 



2.1 Messenger molecules can be proteins (or peptides), steroids, 
lipids, amines, amino acids, DNA, RNA or gases. 

1.63 0.77 24

2.2 A cell synthesises a messenger molecule and either stores the 
messenger in vesicles or it escapes by diffusion. 

1.96 0.96 24

2.2.1 Peptides/proteins are synthesised in the cell and stored in 
secretory vesicles prior to release. 

2.04 0.83 23

2.2.2 Steroid hormones are synthesised as required and diffuse 
from the cell. 

2.26 0.81 23

2.2.3 Catecholamines are synthesized and stored in secretory 
vesicles. 

2.57 0.95 23

2.2.4 Some hormones are produced and stored in an inactive 
form and cleavage leads to the active product (e.g. thyroid 
hormones and proinsulin/insulin). 

2.54 1.02 24

2.2.5 Gases and eicosanoids are synthesised as required and 
diffuse across the cell membrane. 

2.74 0.86 23 

2.3 The rate of release of a chemical messenger from a cell is 
determined by the “sum” of the stimuli promoting and inhibiting 
that release. 

2.25 0.68 24

2.4 Chemical signaling molecules can have biological effects even 
at low extracellular concentrations. 

2.21 0.83 24 

2.5 Chemical messengers that are stored prior to release can be 
secreted from the cell via exocytosis, or through the release of 
vesicles such as exosomes. 

2.43 0.90 23 

2.6 Cells that release messengers can be anywhere in the body. 1.87 0.69 23 

3. The (solubility) hydrophilic/hydrophobic nature of the messenger 
can determine how the messenger molecule is transported. 

1.79* 0.78 24 

3.1 The solubility of the molecule can influence how it is 
transported to its target cells. 

2.17 1.09 24 

3.1.1 Hydrophobic chemical messengers must travel with other 
carrier molecules i.e., binding proteins or plasma proteins. 

2.13 0.85 24 

3.1.2 Hydrophilic chemical messengers can travel dissolved in 
aqueous solution, attached to a binding protein, or transported 
within an exosome. 

2.17 0.92 24

3.2 Only the messenger in solution which is free to diffuse is 
biologically active. 

2.25 0.90 24 

3.2.1 A chemical messenger bound to a binding protein in 
solution is biologically unavailable. 

2.50 0.83 24 



3.3 The extracellular fluid concentration of a messenger molecule 
depends on the balance between the production, release and 
elimination of messenger molecules. 

2.38 0.77 24

4. The messenger must bind to a receptor protein in or on its target 
cell to produce a response. 

1.21 0.42 24 

4.1 Each messenger molecule binds with a certain affinity to a 
specific receptor molecule. 

1.92 0.93 24 

4.1.1 Binding of a messenger to its receptor is a probabilistic 
event. 

2.75 0.99 24 

4.2 A cell can only respond to a messenger for which it has 
receptors. 

1.33 0.48 24 

4.3 The solubility/hydrophobicity of the messenger can influence 
the location of its receptor protein in/on the target cell. 

2.04 0.86 24 

4.3.1 Water-soluble (hydrophilic) primary messengers cannot 
pass through the cell membrane. 

1.78 0.74 23 

4.3.2 Water-soluble (hydrophilic) primary messengers signal 
through receptors on the target cell membrane (extracellular 
receptors). 

1.70 0.64 23

4.3.3 Lipid soluble (hydrophobic) messengers can pass through 
the cell membrane. 

1.83 0.83 23 

4.3.4 Lipid soluble (hydrophobic) messengers can signal through 
either intracellular (cytoplasmic or nuclear) or extracellular 
receptors. 

2.13 0.76 23 

4.3.5 Lipid soluble messengers that bind with intracellular 
receptors can interact with DNA to mediate genomic effects. 

2.17 0.94 23 

4.3.6 Lipid soluble messengers that bind with extracellular 
receptors can mediate non-genomic effects. 

2.65 1.07 23 

4.4 The number of receptors for a particular messenger is variable. 2.46 0.83 24 

4.5 There can be more than one type of receptor for the same 
messenger on different target cells, including different isoforms of 
the same receptor. 

2.33 0.92 24

4.6 It is the receptor that determines the cellular response. 1.52 0.73 23 

4.6.1 The same chemical signaling molecule can elicit a range of 
cellular responses based on the receptor subtypes it binds. 

2.00 0.83 24

4.6.2 Cells have a large variety of different receptors, thus 
enabling them to respond to a large number of different 
messengers. 

1.79 0.59 24



5. Binding of the messenger molecule to its receptor gives rise to 
signal transduction. 

1.46 0.66 24

5.1 A single messenger molecule bound to its receptor can lead to 
the activation of signaling cascades to amplify the signal. 

1.96 0.81 24

5.1.1 Because the target cell response is a multistep process and 
amplification occurs at each step, a single molecule can activate 
or alter many more molecules; the more steps in the intracellular 
signaling process, the greater the amplification can be. 

2.54 1.02 24

5.1.2 Because the target cell response is a multistep process, 
there are many points at which different inputs (other 
messengers) can modify the response. This is referred to as 
integration. 

2.50 0.93 24 

5.2 There are a number of basic mechanisms for signal 
transduction. 

2.05 0.84 22

5.2.1 Binding of a messenger molecule to an extracellular 
receptor can lead to signaling through a range of processes 
including the activation of enzymes, G proteins or opening of ion 
channels. 

1.83 0.82 24

5.2.2 Ion flux can activate signal transduction pathways and alter 
excitability 

2.09 1.04 23 

5.2.3 Binding of a messenger molecule to a receptor can regulate 
gene expression. 

2.04 0.64 23 

5.2.4 The speed of the response to signaling pathways varies 
according to the signaling pathway. 

2.75 1.19 24 

5.2.4.1 Ion channels are the fastest response mechanism 2.35 0.98 23 

5.2.4.2 The signaling response for extracellular receptors and 
second messenger systems are rapid as second messenger 
molecules are already present in the cell and can be rapidly 
inactivated. 

2.48 0.95 23 

5.2.4.3 The genomic signaling effects are slower, as 
transcription and translation of new molecules is required. 

2.39 0.72 23 

6.  Messenger signal termination requires a combination of 
processes that effectively prevents the signaling molecule from 
binding to the receptor.  This can include removal of the signaling 
molecule from the extracellular space or rendering the receptor 
unavailable. 

2.17*$ 1.09 24 

6.1 Messenger release must be ceased. 2.36 1.09 22 



6.2 The messenger signal can be terminated when the molecule is 
removed, either through diffusion (concentration becomes too 
low) or via chemical breakdown by enzymes or via specific 
transport or uptake into compartments away from the receptor. 

2.17 0.98 23

6.3 The messenger molecule must dissociate from the receptor or 
the receptor- messenger complex, can be internalized by 
endocytosis and digested in the cell and the complex will cease to 
generate a signal. 

2.48 1.08 23 

6.4 Receptors can be made unavailable through internalisation, 
down regulation or through pharmacological antagonism. 

2.65 0.88 23 

7. Some cells can communicate with neighbouring cells electrically; 
they are electrically coupled via gap junctions. 

1.91* 1.15 22

7.1 When electrically excited, current (ions) can flow from the 
excited cell to neighbouring cells via the gap junctions. 

2.05 1.00 22

7.2 These currents then electrically excite the second cell 
synchronising depolarisation across a whole tissue. 

2.09 0.87 22

 

Themes and sub-themes were rated on a 5-point scale for level of importance for the students 
to understand (1=Essential, 2=Important, 3=Moderately Important, 4=Slightly Important and 
5=Not Important). SD = standard deviation. n = number of respondents. *Themes rated 
statistically significantly less important than theme 1 (P < 0.05). $Theme rated statistically 
significantly less important than theme 4 (P=0.004). Kruskal-Wallis test with Dunn’s 
multiple comparison test. 



Table 2: Level of difficulty for students to understand themes and sub-themes, rated by 
Task force members.  

 Level of Difficulty  

 

 Mean SD n 

1. Cell to cell communication occurs through electrochemical and 
chemical signaling and can be local or long distance. 

3.25 0.85 24 

1.1 Local communication occurs through electrochemical and 
chemical signaling. 

3.21 0.93 24 

1.1.1 Gap junctions allow direct electrochemical communication 
between adjacent cells. 

3.48 0.73 23 

1.1.2 Gap junctions allow movement of molecules between 
adjacent cells. 

3.36 0.95 22 

1.1.3 Autocrine signaling occurs when a chemical messenger acts 
on the cell that releases the messenger. 

3.67 0.87 24

1.1.4 Paracrine signaling occurs where a chemical messenger 
diffuses to the site to act on adjacent cells. 

3.75 0.74 24

1.1.5 Signaling through extracellular vesicles (including 
exosomes) allow the local cell to cell communication, and 
transport messengers including proteins, non-coding RNAs, DNA 
and lipid signals. 

2.71 0.86 24

1.1.6 Local communication can be contact dependent. Cell 
surface cell adhesion molecules (CAMs) allow bidirectional 
signaling across the cell membrane of two cells when in direct 
contact. 

2.91 0.79 23 

1.2 Long-distance signaling occurs through electrochemical 
signaling in the nervous system and through chemical signaling 
(hormones) in the endocrine system. 

3.54 0.83 24

1.2.1 The endocrine system secretes hormones (chemical 
messengers) into the bloodstream which can exert long lasting 
effects. 

3.71 0.81 24 

1.2.2 The nervous system releases chemical signals as 
neurotransmitters and neuromodulators at the synapse. 

3.50 0.78 24 

1.2.3 Exosomes are released from most cell types, and transport 
messengers (including RNA, DNA, protein and metabolites) over 
long distances. 

3.00 0.95 23 

2. A cell synthesizes and releases a chemical messenger. 3.75 0.90 24 



2.1 Messenger molecules can be proteins (or peptides), steroids, 
lipids, amines, amino acids, DNA, RNA or gases. 

3.50 0.98 24

2.2 A cell synthesizes a messenger molecule and either stores the 
messenger in vesicles or it escapes by diffusion. 

3.57 0.84 23

2.2.1 Peptides/proteins are synthesized in the cell and stored in 
secretory vesicles prior to release. 

3.70 0.88 23

2.2.2 Steroid hormones are synthesized as required and diffuse 
from the cell. 

3.57 0.90 23

2.2.3 Catecholamines are synthesized and stored in secretory 
vesicles. 

3.59 0.96 22

2.2.4 Some hormones are produced and stored in an inactive 
form and cleavage leads to the active product (e.g. thyroid 
hormones and proinsulin/insulin). 

3.22 0.95 23

2.2.5 Gases and eicosanoids are synthesized as required and 
diffuse across the cell membrane. 

3.41 0.80 24 

2.3 The rate of release of a chemical messenger from a cell is 
determined by the “sum” of the stimuli promoting and inhibiting 
that release. 

3.08 0.88 24

2.4 Chemical signaling molecules can have biological effects even 
at low extracellular concentrations. 

3.65 1.03 23 

2.5 Chemical messengers that are stored prior to release can be 
secreted from the cell via exocytosis, or through the release of 
vesicles such as exosomes. 

3.32 0.72 22 

2.6 Cells that release messengers can be anywhere in the body. 4.18 0.85 22 

3. The (solubility) hydrophilic/hydrophobic nature of the messenger 
can determine how the messenger molecule is transported. 

3.46 0.98 24 

3.1 The solubility of the molecule can influence how it is 
transported to its target cells. 

3.42 0.97 24 

3.1.1 Hydrophobic chemical messengers must travel with other 
carrier molecules i.e. binding proteins or plasma proteins 

3.33 0.96 24 

3.1.2 Hydrophilic chemical messengers can travel dissolved in 
aqueous solution, attached to a binding protein, or transported 
within an exosome. 

3.42 0.93 24

3.2 Only the messenger in solution and free to diffuse is 
biologically active. 

3.42 0.97 24 

3.2.1 A chemical messenger bound to a binding protein in 
solution is biologically unavailable. 

3.42 0.88 24 



3.3 The extracellular fluid concentration of a messenger molecule 
depends on the balance between the production, release and 
elimination of messenger molecules. 

3.33 0.96 24

4. The messenger must bind to a receptor protein in or on its target 
cell to produce a response. 

3.78 1.04 23 

4.1 Each messenger molecule binds with a certain affinity to a 
specific receptor molecule. 

3.09 0.79 23 

4.1.1 Binding of a messenger to its receptor is a probabilistic 
event. 

2.74 1.01 23 

4.2 A cell can only respond to a messenger for which it has 
receptors. 

4.13 0.92 23 

4.3 The solubility/hydrophobicity of the messenger can influence 
the location of its receptor protein in/on the target cell. 

3.61 0.89 23 

4.3.1 Water-soluble (hydrophilic) primary messengers cannot 
pass through the cell membrane. 

3.82 0.91 22 

4.3.2 Water-soluble (hydrophilic) primary messengers signal 
through receptors on the target cell membrane (extracellular 
receptors). 

3.77 0.92 22

4.3.3 Lipid soluble (hydrophobic) messengers can pass through 
the cell membrane. 

3.82 0.85 22 

4.3.4 Lipid soluble (hydrophobic) messengers can signal through 
either intracellular (cytoplasmic or nuclear) or extracellular 
receptors. 

3.64 0.79 22 

4.3.5 Lipid soluble messengers that bind with intracellular 
receptors can interact with DNA to mediate genomic effects. 

3.18 0.91 22 

4.3.6 Lipid soluble messengers that bind with extracellular 
receptors can mediate non-genomic effects. 

3.18 0.80 22 

4.4 The number of receptors for a particular messenger is variable. 3.74 1.05 23 

4.5 There can be more than one type of receptor for the same 
messenger on different target cells, including different isoforms of 
the same receptor. 

3.09 0.85 23

4.6 It is the receptor that determines the cellular response. 3.27 1.12 22 

4.6.1 The same chemical signaling molecule can elicit a range of 
cellular responses based on the receptor subtypes it binds. 

2.96 0.98 23

4.6.2 Cells have a large variety of different receptors, thus 
enabling them to respond to a large number of different 
messengers. 

3.48 1.16 23



5. Binding of the messenger molecule to its receptor gives rise to 
signal transduction. 

3.33 0.96 24

5.1 A single messenger molecule bound to its receptor can lead to 
the activation of signaling cascades to amplify the signal. 

3.04 1.00 24

5.1.1 Because the target cell response is a multistep process and 
amplification occurs at each step, a single molecule can activate 
or alter many more molecules; the more steps in the intracellular 
signaling process, the greater the amplification can be. 

3.00 1.00 23

5.1.2 Because the target cell response is a multistep process, 
there are many points at which different inputs (other 
messengers) can modify the response. This is referred to as 
integration. 

2.70 0.82 23 

5.2 There are a number of basic mechanisms for signal 
transduction. 

3.23* 0.97 22

5.2.1 Binding of a messenger molecule to an extracellular 
receptor can lead to signaling through a range of processes 
including the activation of enzymes, G proteins or opening of ion 
channels. 

2.88 0.90 24

5.2.2 Ion flux can activate signal transduction pathways and alter 
excitability 

2.91* 0.87 22 

5.2.3 Binding of a messenger molecule to a receptor can regulate 
gene expression. 

3.00 0.74 23 

 

5.2.4 The speed of the response to signaling pathways varies 
according to the signaling pathway. 

3.59 0.85 22 

5.2.4.1 Ion channels are the fastest response mechanism 3.74 1.05 23 

5.2.4.2 The signaling response for extracellular receptors and 
second messenger systems are rapid as second messenger 
molecules are already present in the cell and can be rapidly 
inactivated. 

3.00 0.82 22

5.2.4.3 The genomic signaling effects are slower, as 
transcription and translation of new molecules is required. 

3.26 0.96 23 

6.  Messenger signal termination requires a combination of 
processes that effectively prevents the signaling molecule from 
binding to the receptor.  This can include removal of the signaling 
molecule from the extracellular space or rendering the receptor 
unavailable. 

3.04 0.86 24 

6.1 Messenger release must be ceased. 4.05 0.92 21 



6.2 The messenger signal can be terminated when the molecule is 
removed, either through diffusion (concentration becomes too 
low) or via chemical breakdown by enzymes or via specific 
transport or uptake into compartments away from the receptor. 

3.22 0.85 23

6.3 The messenger molecule must dissociate from the receptor or 
the receptor- messenger complex, can be internalized by 
endocytosis and digested in the cell and the complex will cease to 
generate a signal. 

2.96 0.95 22 

6.4 Receptors can be made unavailable through internalisation, 
down regulation or through pharmacological antagonism. 

2.87* 0.87 23 

7. Some cells can communicate with neighbouring cells electrically; 
they are electrically coupled via gap junctions. 

3.48 0.98 21

7.1 When electrically excited, current (ions) can flow from the 
excited cell to neighbouring cells via the gap junctions. 

3.33 0.97 21

7.2 These currents then electrically excite the second cell 
synchronising depolarisation across the whole tissue. 

3.14 0.85 21

 

Level of difficulty for students (1=Very Difficult, 2=Difficult, 3=Moderately Difficult, 

4=Slightly Difficult and 5=Not Difficult) was rated by Task force members. SD = standard 

deviation. n = number of respondents. * Theme or sub-theme statistically significantly more 

difficult than 4.2 A cell can only respond to a messenger for which it has receptors. (P< 0.05 

Kruskal-Wallis test with Dunn’s multiple comparison test).   



 



1 

TABLE 3: Comparison of major themes for the Cell-Cell Communication core concepts 

between Michael et al (1,2) and this current study. 

Core Concept 
Descriptors (CC: 
Michaels) or 
Theme (Chopin) 

Michael et al 2017  Chopin et al 2023 

CC1 
Theme 1 

A cell synthesizes and releases 
a chemical messenger. 

Cell to cell communication occurs 
through electrochemical and chemical 
signaling and can be local or long 
distance. 

CC2 
Theme 2 

Transport of messenger 
molecules is determined by 
the chemical nature of the 
messenger. 

A cell synthesises and releases a chemical 
messenger. 

CC3 
Theme 3 

The messenger must bind to a 
receptor protein in or on its 
target cell to produce a 
response. 

The (solubility) hydrophilic/hydrophobic 
nature of the messenger can determine 
how the messenger molecule is 
transported. 

CC4 
Theme 4 

Binding of the messenger 
molecule to its receptor gives 
rise to signal transduction. 

The messenger must bind to a receptor 
protein in or on its target cell to produce 
a response. 

CC5 
Theme 5 

Binding of the messenger 
molecule to its receptor alters 
cell function. 

 Binding of the messenger molecule to its 
receptor gives rise to signal transduction. 

CC6 
Theme 6 

Termination of a messenger 
signal is accomplished in 
several ways. 

Messenger signal termination requires a 
combination of processes that effectively 
prevents the signaling molecule from 
binding to the receptor.  This can include 
removal of the signaling molecule from 
the extracellular space or rendering the 
receptor unavailable. 

CC7 
Theme 7 

Some cells can communicate 
with neighboring cells 
electrically; they are 
electrically coupled. 

Some cells can communicate with 
neighbouring cells electrically; they are 
electrically coupled via gap junctions. 

 

Comparison of the CC themes between the Michael et al (1,2) and the outcomes of this study. 

Boxes with same shading (black or grey, with black or white text) indicated CC themes are 

common between Michael and Chopin. Unshaded boxes (white fill) indicate CC themes that 

are specific to the particular study. Four of the seven CC themes in each study are the same or 

similar, while three from each study are unaligned. 
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