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Abstract

���‘�Ž�1�–�’�Œ�›�˜�Ž�—�Ÿ�’�›�˜�—�–�Ž�—�•�1�˜�•�1�•�‘�Ž�1�—�ž�Œ�•�Ž�ž�œ�1�™�ž�•�™�˜�œ�ž�œ�1�’�œ�1�‘�¢�™�Ž�›�˜�œ�–�˜�•�’�Œ�1�Š�—�•�1���ž�Œ�•�ž�Š�•�Ž�œ�1�•�’�ž�›�—�Š�•�•�¢�1�•�ž�Ž�1�•�˜�1�–�Ž�Œ�‘�Š�—�’�Œ�Š�•�1
loading. Changes in extracellular osmolality result in cell volume alterations, responsiveness to such changes 
is essential for cellular homeostasis. Aquaporins allow movement of water across cell membranes and control 
water permeability in response to osmotic gradients. Furthermore, transient receptor potential vanilloid 4 has 
been shown to sense osmotic and mechanical stimuli resulting in changes to intracellular Ca2+. It has been 
shown previously that aquaporin 1 and 4 expression decreases during disc degeneration. Here, the expression 
of transient receptor potential vanilloid 4 by human nucleus pulposus cells during disc degeneration, and 
the roles of aquaporin 1, 4 and transient receptor potential vanilloid 4 in regulating responses to osmotic 
gradients was investigated. Transient receptor potential vanilloid 4 was expressed by the majority of human 
�—�ž�Œ�•�Ž�ž�œ�1�™�ž�•�™�˜�œ�ž�œ�1�Œ�Ž�•�•�œ�1�Š�—�•�1�—�˜�•�1�Š���Ž�Œ�•�Ž�•�1�‹�¢�1�•�’�œ�Œ�1�•�Ž�•�Ž�—�Ž�›�Š�•�’�˜�—�ï�1���š�ž�Š�™�˜�›�’�—�1�Z�1�œ�•�Š�’�—�’�—�•�1�Œ�˜�,�•�˜�Œ�Š�•�’�œ�Ž�•�1� �’�•�‘�1�™�›�’�–�Š�›�¢�1
cilia. Nucleus pulposus cells modulated their rate of volume change, water permeability and Ca 2+�1�’�—���ž�¡�1�’�—�1
response to extracellular osmolality. These responses were inhibited by chemical inhibition of aquaporin 4, 
transient receptor potential vanilloid 4, and to a lesser extent aquaporin 1; suggesting that both aquaporins 
and transient receptor potential vanilloid 4 play important roles in the fundamental adaptation of nucleus 
�™�ž�•�™�˜�œ�ž�œ�1�Œ�Ž�•�•�œ�1�•�˜�1�•�‘�Ž�’�›�1�˜�œ�–�˜�•�’�Œ�1�Ž�—�Ÿ�’�›�˜�—�–�Ž�—�•�ï�1���˜�,�•�˜�Œ�Š�•�’�œ�Š�•�’�˜�—�1� �’�•�‘�1�™�›�’�–�Š�›�¢�1�Œ�’�•�’�Š�1�’�—�•�’�Œ�Š�•�Ž�œ�1�•�‘�Ž�œ�Ž�1�™�›�˜�•�Ž�’�—�œ�1�–�Š�¢�1
function synergistically to achieve adaptation, which may be lost during disc degeneration, when aquaporin 
1 and 4 expression is reduced.

Keywords: Aquaporin, TRPV4, nucleus pulposus, osmotic adaptation, water permeability.

*Address for correspondence �ñ�1���›�˜�•�Ž�œ�œ�˜�›�1���‘�›�’�œ�•�’�—�Ž�1���Ž�1���Š�’�•�›�Ž�ð�1���’�˜�–�˜�•�Ž�Œ�ž�•�Š�›�1���Œ�’�Ž�—�Œ�Ž�œ�1���Ž�œ�Ž�Š�›�Œ�‘�1���Ž�—�•�›�Ž�ð�1���‘�Ž���Ž�•�•�1
�
�Š�•�•�Š�–�1���—�’�Ÿ�Ž�›�œ�’�•�¢�ð�1���’�•�¢�1���Š�–�™�ž�œ�ð�1�
�˜� �Š�›�•�1���•�›�Ž�Ž�•�ð�1���‘�Ž���Ž�•�•�1���W�1�W�����ð�1���
�ï
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OSMoTIc a Da PTaTIoN oF NU cLEUS PULPoSUS cELLS: THE RoLE 
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���ï���ï�1���—�ž�•�•�œ�ð�1���ï���ï���ï�1���ž�—�—�’�—�•�1�Š�—�•�1���ï���ï�1���Ž�1���Š�’�•�›�Ž��

���’�˜�–�˜�•�Ž�Œ�ž�•�Š�›�1���Œ�’�Ž�—�Œ�Ž�œ�1���Ž�œ�Ž�Š�›�Œ�‘�1���Ž�—�•�›�Ž�ð�1���‘�Ž���Ž�•�•�1�
�Š�•�•�Š�–�1���—�’�Ÿ�Ž�›�œ�’�•�¢�ð�1���‘�Ž���Ž�•�•�ð�1���


Introduction

���‘�Ž�1�•�˜�Œ�Š�•�1�Ž�—�Ÿ�’�›�˜�—�–�Ž�—�•�1�˜�•�1�•�‘�Ž�1�—�ž�Œ�•�Ž�ž�œ�1�™�ž�•�™�˜�œ�ž�œ�1�û�����ü�1
is hyperosmotic when compared to many other 
tissues (Ishihara et al.�ð�1 �W�_�_�]�ü�ï�1 ���Ž�•�ð�1 �•�‘�Ž�1 �˜�œ�–�˜�•�Š�•�’�•�¢�1
never remains constant as loading applied onto 
the disc forces water and ions out of the tissue as 
proteoglycans are compressed (McMillan et al., 
�W�_�_�\�ü�ï�1���‘�Ž�›�Ž�•�˜�›�Ž�ð�1�•�‘�Ž�1�’�—�•�Ž�›�Ÿ�Ž�›�•�Ž�‹�›�Š�•�1�•�’�œ�Œ�1�û�������ü�1�Š�—�•�1�’�•�œ�1
environment undergo a diurnal cycle where NP cells 
�–�ž�œ�•�1�Š�•�Š�™�•�1�•�˜�1�•�Š�’�•�¢�1���ž�Œ�•�ž�Š�•�’�˜�—�œ�1�’�—�1�•�’�œ�œ�ž�Ž�1�˜�œ�–�˜�•�Š�•�’�•�¢�1
and mechanical loading. The diurnal cycle of loading 
and consequential changes to the NP environment are 
important for regulating the correct function of NP 
cells (Ishihara et al.�ð�1�W�_�_�]�ò�1���Ž�’�•�•�’�—�•�Ž�›�,���’�•�”�Ž�1et al.�ð�1�X�V�W�X�ò�1
O’Connell et al.�ð�1 �X�V�W�Z�ò�1 ���ž�Ž�›�5�1et al.�ð�1 �X�V�V�]�ü�ï�1 ���ž�›�’�—�•�1
degeneration, when proteoglycan content of the IVD 

is reduced, the osmolality and mechanical loading 
of the tissue is permanently altered, interfering with 
the usual diurnal cycle. The altered environment 
contributes to degenerative processes, during 
which cells lose their ability to adapt to osmotic and 
mechanical cues and start producing catabolic factors 
(Gilbert et al.�ð�1�X�V�W�V�ò�1�	�’�•�‹�Ž�›�•�1et al.�ð�1�X�V�W�W�ò�1���Ž�1���Š�’�•�›�Ž�1et al., 
�X�V�V�_�ò�1���˜� �Š�1et al.�ð�1�X�V�W�X�ü�ï�1���‘�Ž�1�Š�‹�’�•�’�•�¢�1�˜�•�1�Œ�Ž�•�•�œ�1�•�˜�1�™�Ž�›�Œ�Ž�’�Ÿ�Ž�1
and respond to their environment is essential for 
their correct function, yet the exact mechanisms NP 
cells employ to adapt to the osmotic and mechanical 
environment and how these are altered during 
degeneration, are not completely understood.
	 ���‘�Š�—�•�Ž�œ�1 �’�—�1 �Ž�¡�•�›�Š�Œ�Ž�•�•�ž�•�Š�›�1 �˜�œ�–�˜�•�Š�•�’�•�¢�1 �Œ�Š�ž�œ�Ž�œ�1 ���ž�¡�1
of water, which results in cell swelling or shrinkage, 
depending on the osmotic gradient. The ability of 
cells to regulate their volume is essential for the 
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maintenance of cellular homeostasis. Aquaporins 
�û�������œ�ü�1�Š�•�•�˜� �1�•�‘�Ž�1�‹�’�,�•�’�›�Ž�Œ�•�’�˜�—�Š�•�1�–�˜�Ÿ�Ž�–�Ž�—�•�1�˜�•�1� �Š�•�Ž�›�1
and other small solutes through the cell membrane 
and control the water permeability of cells in 
response to even very small osmotic gradients (Agre 
et al.�ð�1�X�V�V�X�ü�ï�1�������1�Ž�¡�™�›�Ž�œ�œ�’�˜�—�1�Š�—�•�1�•�ž�—�Œ�•�’�˜�—�1�Š�•�•�˜� �œ�1�•�‘�Ž�1
control of water permeability, enabling fundamental 
functions of cells (Day et al.�ð�1�X�V�W�Z�ò�1�	�Š�•á�—�,���˜�‹�˜�1et al., 
�X�V�W�\�ò�1�
�’�•�Œ�‘�Ž�—�1�Š�—�•�1���˜�—�—�Ž�›�ð�1�X�V�W�[�ò�1�
�›�Š�—�Ž�1et al.�ð�1�X�V�V�W�ò�1
Ozu et al.�ð�1�X�V�W�^�ò�1���Š�—�Š�”�Š�1�Š�—�•�1�
�˜�¢�Š�–�Š�ð�1�X�V�W�W�ü�ï�1�����1�Œ�Ž�•�•�œ�1
express a wide number of AQPs (Gajghate et al.�ð�1�X�V�V�_�ò�1
Johnson et al.�ð�1�X�V�W�[�ò�1���’�Œ�‘�Š�›�•�œ�˜�—�1et al.�ð�1�X�V�V�^�ò�1���—�ž�•�•�œ�1
et al.�ð�1 �X�V�W�_�ü�ï�1 ���¡�™�Ž�›�’�–�Ž�—�•�Š�•�•�¢�ð�1 �ž�—�•�Ž�›�1 �‘�¢�™�Ž�›�˜�œ�–�˜�•�’�Œ�1
conditions mimicking the healthy environment of 
the disc, AQP2 expression is upregulated in NP 
cells, indicating AQP expression and function may 
be controlled by the osmotic environment within the 
disc (Gajghate et al.�ð�1�X�V�V�_�ü�ï�1���ž�›�’�—�•�1�������1�•�Ž�•�Ž�—�Ž�›�Š�•�’�˜�—�1
the expression of some AQPs, including AQP1 and 4, 
is decreased (Johnson et al.�ð�1�X�V�W�[�ò�1���—�ž�•�•�œ�1et al.�ð�1�X�V�W�_�ü�ð�1
which may result from the decreased extracellular 
osmolality due to matrix degradation. If AQP 
function contributes to the adaptation of NP cells to 
their environment, the loss of AQP1 and 4 during 
degeneration could be detrimental as cells can no 
longer function correctly within the altered osmotic 
environment of the NP.
	 Cells have adapted complex mechanisms to sense 
and respond to environmental stimuli. A group 
of transmembrane proteins that play a key role in 
adaptation to the environment are transient receptor 
�™�˜�•�Ž�—�•�’�Š�•�1 �û�������ü�1 �Œ�‘�Š�—�—�Ž�•�œ�ï�1 ���‘�Ž�1 �������1 �Œ�‘�Š�—�—�Ž�•�1 �•�Š�–�’�•�¢�1
enable cells to respond to environmental stimuli 
by altering intracellular Ca 2+ concentration, which 
activates signal transduction pathways (Samanta et 
al�ï�ð�1�X�V�W�^�ü�ï�1���‘�Ž�1�•�›�Š�—�œ�’�Ž�—�•�1�›�Ž�Œ�Ž�™�•�˜�›�1�™�˜�•�Ž�—�•�’�Š�•�1�Ÿ�Š�—�’�•�•�˜�’�•�1
�û���������ü�1�œ�ž�‹�•�Š�–�’�•�¢�1�û���������W�,�\�ü�1�‘�Š�Ÿ�Ž�1�•�’�Ÿ�Ž�›�œ�Ž�1�•�ž�—�Œ�•�’�˜�—�œ�1
(Caterina et al�ï�ð�1�W�_�_�]�ü�ï�1���—�1�™�Š�›�•�’�Œ�ž�•�Š�›�ð�1���������Z�1�‘�Š�œ�1�‹�Ž�Ž�—�1
shown to play an important role in cellular response 
�•�˜�1�˜�œ�–�˜�•�’�Œ�1�Š�—�•�1�–�Ž�Œ�‘�Š�—�’�Œ�Š�•�1�œ�•�›�Ž�œ�œ�1�û�
�ã�‘�•�Ž�›�1et al�ï�ð�1�X�V�V�\�ò�1
Liedtke et al�ï�ð�1�X�V�V�V�ò�1���’�•�’�ž�œ�1et al�ï�ð�1�X�V�V�W�ò�1���•�›�˜�•�–�Š�—�—�1et al., 
�X�V�V�V�ò�1���˜�•�•�,���Ž�›�•�Ž�•�œ�Ž�—�1et al�ï�ð�1�X�V�W�^�ü�ï�1���������Z�1�’�œ�1�Ž�¡�™�›�Ž�œ�œ�Ž�•�1
in a wide variety of tissues (Everaerts et al�ï�ð�1 �X�V�W�V�ü�1
�Š�—�•�1�’�œ�1�Š�Œ�•�’�Ÿ�Š�•�Ž�•�1�‹�¢�1�‘�¢�™�˜�,�˜�œ�–�˜�•�’�Œ�1�œ�•�’�–�ž�•�’�ð�1� �‘�Ž�—�1�Œ�Ž�•�•�1
�Ÿ�˜�•�ž�–�Ž�1 �’�—�Œ�›�Ž�Š�œ�Ž�œ�ð�1 �Ž�—�Š�‹�•�’�—�•�1 �•�‘�Ž�1 �’�—���ž�¡�1 �˜�•�1 ���Š2+. This 
leads to the activation of Ca2+�,�•�Ž�™�Ž�—�•�Ž�—�•�1�
+ channels 
(Arniges et al�ï�ð�1�X�V�V�Z�ü�1�Š�—�•�1�›�Ž�•�ž�•�Š�•�˜�›�¢�1�Ÿ�˜�•�ž�–�Ž�1�•�Ž�Œ�›�Ž�Š�œ�Ž�1
�û�������ü�1�–�Ž�Œ�‘�Š�—�’�œ�–�œ�1�û���’�Ž�•�•�”�Ž�1�Š�—�•�1���›�’�Ž�•�–�Š�—�ð�1�X�V�V�Y�ò�1���ž�1
et al�ï�ð�1�X�V�V�]�ü�1�Š�•�•�Ž�›�1�’�—�’�•�’�Š�•�1�Œ�Ž�•�•�1�œ� �Ž�•�•�’�—�•�ï�1���Ž�•�•�œ�1�Œ�Š�—�1�•�‘�ž�œ�1
�›�Ž�•�ž�•�Š�•�Ž�1�•�‘�Ž�1���ž�¡�1�˜�•�1�˜�œ�–�˜�•�¢�•�Ž�œ�1�Š�—�•�1�‹�Š�•�Š�—�Œ�Ž�1�Ž�¡�•�Ž�›�—�Š�•�1
and intracellular osmotic pressure, to control the 
�›�Š�•�Ž�1 �˜�•�1 �Œ�Ž�•�•�1 �œ� �Ž�•�•�’�—�•�1 �Š�—�•�1 �Š�•�Š�™�•�1 �•�˜�1 �‘�¢�™�˜�,�˜�œ�–�˜�•�’�Œ�1
environments.
	 However, there have been limited studies on 
TRPV4 expression and function in the IVD. It has 
been shown that exposing mouse mesenchymal stem 
cells to low magnitude compression enables their 
�•�’���Ž�›�Ž�—�•�’�Š�•�’�˜�—�1 �•�˜�1 �Š�—�1 �����1 �Œ�Ž�•�•�,�•�’�”�Ž�1 �™�‘�Ž�—�˜�•�¢�™�Ž�1 �Ÿ�’�Š�1 �Š�1
���������Z�,�•�Ž�™�Ž�—�•�Ž�—�•�1�™�Š�•�‘� �Š�¢�1�û�	�Š�—�1et al�ï�ð�1�X�V�W�^�ü�1�Š�—�•�1�’�—�1
bovine NP cells TRPV4 expression was upregulated 
�‹�¢�1 �‘�¢�™�˜�,�˜�œ�–�˜�•�Š�•�’�•�¢�1 �û���Š�•�•�Ž�›�1et al�ï�ð�1 �X�V�W�\�ü�ï�1 ���‘�Ž�1 �œ�Š�–�Ž�1

study also showed limited preliminary data that 
suggested TRPV4 expression in human IVDs was 
�•�Ž�Œ�›�Ž�Š�œ�Ž�•�1�•�ž�›�’�—�•�1�•�Ž�•�Ž�—�Ž�›�Š�•�’�˜�—�1�û���Š�•�•�Ž�›�1et al�ï�ð�1�X�V�W�\�ü�ï�1
No studies to date, have identified how TRPV4 
function potentially affects NP cell physiology 
in response to osmotic stimuli. TRPV4 has an 
established role in cartilage physiology, mediating 
mechanotransduction (O’Conor et al�ï�ð�1 �X�V�W�Z�ü�ð�1 �Š�—�•�1
�›�Ž�•�ž�•�Š�•�’�—�•�1 �������1 �–�Ž�Œ�‘�Š�—�’�œ�–�œ�1 �•�˜�•�•�˜� �’�—�•�1 �‘�¢�™�˜�,
osmotic stimuli (Lewis et al�ï�ð�1 �X�V�W�W�ü�ð�1 �’�—�•�’�Œ�Š�•�’�—�•�1 �•�‘�Š�•�1
TRPV4 contributes to healthy cartilage physiology. 
Indeed, mutations to TRPV4 have been shown to 
reduce channel activity and induce osteoarthritis 
(Lamandé et al�ï�ð�1 �X�V�W�W�ü�1 �Š�—�•�1 �•�Ž�•�Ž�•�’�˜�—�1 �˜�•�1 ���������Z�1 �’�—�1 �Š�1
�–�˜�ž�œ�Ž�1�–�˜�•�Ž�•�1�•�Ž�Š�•�œ�1�•�˜�1�Š�1�•�Š�Œ�”�1�˜�•�1�˜�œ�–�˜�•�’�Œ�Š�•�•�¢�,�•�›�’�Ÿ�Ž�—�1
Ca2+�1�’�—���ž�¡�1�Š�—�•�1�•�‘�Ž�1�˜�—�œ�Ž�•�1�˜�•�1�˜�œ�•�Ž�˜�Š�›�•�‘�›�’�•�’�œ�1�û���•�Š�›�”�1et 
al�ï�ð�1�X�V�W�V�ü�ï�1���‘�Ž�›�Ž�•�˜�›�Ž�ð�1���������Z�1�–�Š�¢�1�Š�•�œ�˜�1�‹�Ž�1�’�–�™�•�’�Œ�Š�•�Ž�•�1
in the adaptation of NP cells to their hyperosmotic 
environment and the overall health of the disc.
	 Interestingly, there is also evidence that the 
functions of AQPs and TRPV4 may be linked. 
The ability of many cell types to sense changes in 
extracellular osmolality and trigger RVD mechanisms 
may rely on AQPs and TRPV4 functioning in synergy. 
���—�1�›�Š�‹�‹�’�•�1�Œ�˜�›�•�’�Œ�Š�•�1�Œ�˜�•�•�Ž�Œ�•�’�—�•�1�•�ž�Œ�•�1�Œ�Ž�•�•�œ�ð�1�‘�¢�™�˜�,�˜�œ�–�˜�•�’�Œ�1
activation of TRPV4 and RVD mechanisms were 
reliant on AQP2 expression (Galizia et al�ï�ð�1 �X�V�W�X�ü�ï�1
Similar activation of TRPV4 and RVD was reliant on 
�������[�1�’�—�1�–�˜�ž�œ�Ž�1�œ�Š�•�’�Ÿ�Š�›�¢�1�•�•�Š�—�•�1�Œ�Ž�•�•�œ�1�û���’�ž�1et al�ï�ð�1�X�V�V�\�ü�1
and AQP4 and TRPV4 have been shown to interact 
to control RVD in mouse retinal Müller cells (Jo et 
al�ï�ð�1�X�V�W�[�ü�ï�1�������Z�1�‘�Š�œ�1�Š�•�œ�˜�1�‹�Ž�Ž�—�1�œ�‘�˜� �—�1�•�˜�1�Œ�˜�,�•�˜�Œ�Š�•�’�œ�Ž�1
with TRPV4 in mouse astrocytes and form a complex 
that controls the regulation of cell volume (Benfenati 
et al�ï�ð�1�X�V�W�W�ü�ï�1���˜�•�Š�1et al�ï�1�û�X�V�W�\�ü�1�’�•�Ž�—�•�’���Ž�•�1�•�‘�Š�•�1�������W�1
�Š�—�•�1�Z�,�’�—���ž�Ž�—�Œ�Ž�•�1�œ� �Ž�•�•�’�—�•�1� �Š�œ�1�•�‘�Ž�1�–�Š�’�—�1�•�›�’�•�•�Ž�›�1�•�˜�›�1
RVD and TRPV4 mediated calcium signalling in 
mouse astrocytes (Mola et al�ï�ð�1�X�V�W�\�ü�ï�1���‘�’�œ�1�›�Ž�•�ž�•�Š�•�˜�›�¢�1
role suggests AQPs, along with TRPV4, contribute 
to many fundamental processes enabling cellular 
adaptations. This is in addition to the function of 
AQPs as passive water channels, which has been 
suggested as one of the many mechanisms that 
potentially enable NP cells to sense changes in their 
extracellular environment (Sadowska et al�ï�ð�1�X�V�W�^�ü�ï
	 Other important mechanisms enabling cells 
to adapt to their osmotic environment involve 
the function of primary cilia. Primary cilia are 
�–�’�Œ�›�˜�•�ž�‹�ž�•�Ž�,�‹�Š�œ�Ž�•�1�Œ�Ž�•�•�1�œ�ž�›�•�Š�Œ�Ž�1�˜�›�•�Š�—�Ž�•�•�Ž�œ�1�Ž�¡�™�›�Ž�œ�œ�Ž�•�1
�‹�¢�1 �–�Š�–�–�Š�•�’�Š�—�1 �•�’�œ�œ�ž�Ž�œ�1 �û�•�Ž�—�Ž�›�Š�•�•�¢�1 �˜�—�Ž�1 �™�Ž�›�,�Œ�Ž�•�•�ü�ð�1
including the IVD (Donnelly et al�ï�ð�1 �X�V�V�^�ü�ï�1 ���‘�Ž�¢�1
can modulate signalling pathways in response to 
many extracellular stimuli including alterations in 
osmolality (Choi et al�ï�ð�1�X�V�W�_�ò�1���Š�›�’�•�Š�1et al�ï�ð�1�X�V�W�V�ò�1���’�›�˜�”�¢�1
et al�ï�ð�1 �X�V�W�]�ü�1 �Š�—�•�1 �–�Ž�Œ�‘�Š�—�’�Œ�Š�•�1 �œ�•�›�Ž�œ�œ�1 �û���˜�›�›�’�•�Š�—�1et al., 
�X�V�W�^�ò�1���Œ�	�•�Š�œ�‘�Š�—�1et al�ï�ð�1�X�V�W�V�ü�1via specialised calcium 
signalling (Delling et al�ï�ð�1�X�V�W�Y�ü�ï�1���Š�—�¢�1�������1�Œ�‘�Š�—�—�Ž�•�1
family members, including TRPV4, are localised to 
primary cilia (Corrigan et al�ï�ð�1�X�V�W�^�ò�1�
�•�Ž�Ž�—�Ž�1et al�ï�ð�1�X�V�W�_�ò�1
Nauli et al�ï�ð�1�X�V�W�\�ò�1���Š�‹�•�˜�1et al�ï�ð�1�X�V�W�]�ò�1���’�›�˜�”�¢�1et al�ï�ð�1�X�V�W�]�ü�ð�1
highlighting their role in cellular adaptation to such 
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�œ�•�’�–�ž�•�’�ï�1���’�•�‘�’�—�1�•�‘�Ž�1�������ð�1�™�›�’�–�Š�›�¢�1�Œ�’�•�’�Š�1�Š�›�Ž�1�’�–�™�˜�›�•�Š�—�•�1
for cell organisation and function (Li et al�ï�ð�1�X�V�X�V�ü�1�Š�—�•�1
have been shown to modulate their length in response 
to osmolality (Choi et al�ï�ð�1�X�V�W�_�ü�ï�1���‘�Ž�›�Ž�•�˜�›�Ž�ð�1�’�•�1�������W�ð�1
4 or TRPV4 are localised to primary cilia in NP cells, 
�•�‘�’�œ�1 �Œ�˜�ž�•�•�1 �›�Ž�•�Š�•�Ž�1 �•�˜�1 �Š�1 �Œ�˜�,�•�ž�—�Œ�•�’�˜�—�Š�•�’�•�¢�1 �›�Ž�•�Š�›�•�’�—�•�1
cellular adaptation to the extracellular environment.
	 As AQP1 and 4 are among the AQP isoforms 
�•�‘�Š�•�1�‘�Š�Ÿ�Ž�1�Š�1�‘�’�•�‘�1� �Š�•�Ž�›�1�™�Ž�›�–�Ž�Š�‹�’�•�’�•�¢�1�û�
�’�•�Œ�‘�Ž�—�1et al., 
�X�V�W�[�ò�1���Š�—�•�1�Š�—�•�1���Ž�›�”�–�Š�—�ð�1�W�_�_�]�ü�1�•�‘�Ž�’�›�1�›�˜�•�Ž�1�’�—�1�����1�Œ�Ž�•�•�œ�ð�1
and whether AQPs work in unison with TRPV4 is 
important to understand, especially as a decrease 
in AQP1 and 4 expression is observed during IVD 
degeneration (Johnson et al�ï�ð�1�X�V�W�[�ò�1���—�ž�•�•�œ�1et al�ï�ð�1�X�V�W�_�ü�ï�1
This could result in a loss of NP cell adaptation to the 
�������1 �Ž�—�Ÿ�’�›�˜�—�–�Ž�—�•�ð�1 � �‘�Ž�—�1�’�•�1 �‹�Ž�Œ�˜�–�Ž�œ�1�‘�¢�™�˜�,�˜�œ�–�˜�•�’�Œ�ï�1
���—�1 �Š�•�•�’�•�’�˜�—�ð�1 �™�˜�•�Ž�—�•�’�Š�•�1 �Œ�˜�,�•�˜�Œ�Š�•�’�œ�Š�•�’�˜�—�1 � �’�•�‘�1 �™�›�’�–�Š�›�¢�1
�Œ�’�•�’�Š�ð�1� �‘�’�Œ�‘�1�–�Š�¢�1�Ž�—�Š�‹�•�Ž�1�Š�•�Š�™�•�Š�•�’�˜�—�1�•�˜�1�•�‘�Ž�1���ž�Œ�•�ž�Š�•�’�—�•�1
osmotic environment, is important to determine.
	 The working hypothesis was that human NP 
cells are able to adapt to their extracellular osmotic 
environment by rapidly altering the rate of volume 
and water permeability change, and that the functions 
of AQP1, 4 and TRPV4 enable these adaptations that 
are potentially lost during IVD degeneration. To 
determine the physiological roles of AQP1, AQP4 
and TRPV4 in the IVD, this study investigated the 
expression of TRPV4 in native human NP tissue to 
determine if levels were altered during degeneration 
�Š�—�•�1�•�‘�Ž�1�™�˜�•�Ž�—�•�’�Š�•�1�Œ�˜�,�•�˜�Œ�Š�•�’�œ�Š�•�’�˜�—�1�˜�•�1�������Z�1�û���Ž�—�•�Ž�—�Š�•�’�1
et al�ï�ð�1�X�V�W�W�ü�ð�1���������Z�1�Š�—�•�1�™�›�’�–�Š�›�¢�1�Œ�’�•�’�Š�1�û���’�›�˜�”�¢�1et al., 
�X�V�W�]�ü�ï�1 ���ž�›�•�‘�Ž�›�–�˜�›�Ž�ð�1�‘�˜� �1 �‘�ž�–�Š�—�1�����1 �Œ�Ž�•�•�œ�1�Š�•�Š�™�•�1�•�˜�1
changes in extracellular osmolality and the potential 
involvement of AQP1, AQP4 and TRPV4 in regulating 
�Œ�Ž�•�•�1�Ÿ�˜�•�ž�–�Ž�1�Œ�‘�Š�—�•�Ž�1�Š�—�•�1�Œ�Š�•�Œ�’�ž�–�1�’�—���ž�¡�1� �Š�œ�1�œ�•�ž�•�’�Ž�•�ï

Materials and Methods

Experimental design
T o  i n v e s t i g a t e  T R P V 4  e x p r e s s i o n , 
�’�–�–�ž�—�˜�‘�’�œ�•�˜�Œ�‘�Ž�–�’�œ�•�›�¢�1 �û���
���ü�1 � �Š�œ�1 �™�Ž�›�•�˜�›�–�Ž�•�1 �˜�—�1
�—�˜�—�,�•�Ž�•�Ž�—�Ž�›�Š�•�Ž�1 �Š�—�•�1 �•�Ž�•�Ž�—�Ž�›�Š�•�Ž�1 �‘�ž�–�Š�—�1 �����1 �•�’�œ�œ�ž�Ž�ï�1
���˜�,�•�˜�Œ�Š�•�’�œ�Š�•�’�˜�—�1 �˜�•�1�������Z�ð�1 ���������Z�1 �Š�—�•�1 �™�›�’�–�Š�›�¢�1 �Œ�’�•�’�Š�1
was determined in human NP cells using confocal 
microscopy. These investigations were performed 
�Š�œ�1�•�‘�Ž�1�œ�•�Š�’�—�’�—�•�1�™�Š�4�Ž�›�—�œ�1�˜�•�1�������Z�1�›�Ž�™�˜�›�•�Ž�•�1�™�›�Ž�Ÿ�’�˜�ž�œ�•�¢�1
(Snuggs et al�ï�ð�1 �X�V�W�_�ü�ð�1 �Š�™�™�Ž�Š�›�Ž�•�1 �œ�’�–�’�•�Š�›�1 �•�˜�1 ���������Z�1
staining observed here. Furthermore, IHC for 
AQP4 and TRPV4 staining appeared to identify 
�Œ�’�•�’�Š�1 �œ�•�›�ž�Œ�•�ž�›�Ž�œ�ï�1�������W�1�œ�•�Š�’�—�’�—�•�1 �™�Š�4�Ž�›�—�œ�1�™�›�Ž�Ÿ�’�˜�ž�œ�•�¢�1
reported (Snuggs et al�ï�ð�1�X�V�W�_�ü�1�•�’�•�1�—�˜�•�1�œ�‘�˜� �1�œ�’�–�’�•�Š�›�1
�œ�•�Š�’�—�’�—�•�1�™�Š�4�Ž�›�—�œ�1�Š�—�•�1�•�‘�ž�œ�1� �Ž�›�Ž�1�—�˜�•�1�’�—�Ÿ�Ž�œ�•�’�•�Š�•�Ž�•�1�’�—�1
the current study.
	 To investigate how human NP cells respond to 
shifts in extracellular osmolality, cells were exposed to 
rapid physiological alterations to osmolality to mimic 
�‘�Ž�Š�•�•�‘�¢�1�Š�—�•�1�•�Ž�•�Ž�—�Ž�›�Š�•�Ž�1�Œ�˜�—�•�’�•�’�˜�—�œ�1�Š�—�•�1�•�‘�Ž�1���ž�¡�Ž�œ�1�œ�Ž�Ž�—�1
�•�ž�›�’�—�•�1�•�’�ž�›�—�Š�•�1�•�˜�Š�•�’�—�•�ï�1���1�™�•�Š�•�Ž�,�›�Ž�Š�•�Ž�›�1�‹�Š�œ�Ž�•�1�Š�œ�œ�Š�¢�ð�1
�ž�•�’�•�’�œ�’�—�•�1�•�‘�Ž�1�œ�Ž�•�•�,�š�ž�Ž�—�Œ�‘�’�—�•�1�Ž���Ž�Œ�•�œ�1�˜�•�1�Œ�Š�•�Œ�Ž�’�—�,�����1�’�—�1
response to relative intracellular concentration, was 
used to determine the rate at which NP cells respond 
to extracellular osmolality changes by modulating 
their size (Fenton et al�ï�ð�1 �X�V�W�V�ü�ï�1 ���˜�1 �•�Ž�•�Ž�›�–�’�—�Ž�1 �•�‘�Ž�1
actual change in cell volume to rapid changes 
in osmolality, flow cytometry and fluorescence 
microscopy methods were utilised. Measurements 
taken from both the rate of cell volume change and 
the actual cell volume change were used to determine 
the relative water permeability from equations 
outlined by Fenton et al�ï�1 �û�X�V�W�V�ü�ï�1 ���ž�Ž�1 �•�˜�1 �•�‘�Ž�1 �‘�’�•�‘�1
water permeability of AQP1 and 4 and the proposed 

Fig. 1. Experimental design used in this study.
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�›�˜�•�Ž�œ�1�˜�•�1���������Z�1�’�—�1�������1�›�Ž�•�ž�•�Š�•�’�˜�—�ð�1�œ�™�Ž�Œ�’���Œ�1�Œ�‘�Š�—�—�Ž�•�1
inhibition of AQP1, 4 and TRPV4 were utilised to 
determine their role during these processes. Calcium 
�’�—���ž�¡�1�’�—�1�›�Ž�œ�™�˜�—�œ�Ž�1�•�˜�1�Š�•�•�Ž�›�Ž�•�1�˜�œ�–�˜�•�Š�•�’�•�¢�ð�1�Š�—�1�’�–�™�˜�›�•�Š�—�•�1
cellular adaptation response, was measured using 
���•�ž�˜�,�Z�1 �•�’�›�Ž�Œ�•�1 �Œ�Š�•�Œ�’�ž�–�1 �Š�œ�œ�Š�¢�ï�1���œ�1�������Z�1 �Š�—�•�1 ���������Z�1
�Œ�˜�,�•�˜�Œ�Š�•�’�œ�Ž�•�1�’�—�1�����1�Œ�Ž�•�•�œ�1�û�’�—�•�’�Œ�Š�•�’�—�•�1�™�˜�•�Ž�—�•�’�Š�•�1�œ�‘�Š�›�Ž�•�1
�•�ž�—�Œ�•�’�˜�—�œ�ü�ð�1�œ�™�Ž�Œ�’���Œ�1�’�—�‘�’�‹�’�•�˜�›�œ�1�˜�•�1�‹�˜�•�‘�1�Œ�‘�Š�—�—�Ž�•�œ�1� �Ž�›�Ž�1
�ž�œ�Ž�•�1 �•�˜�1 �’�—�Ÿ�Ž�œ�•�’�•�Š�•�Ž�1 �•�‘�Ž�1 �Ž���Ž�Œ�•�œ�1 �˜�•�1 �Ž�Š�Œ�‘�1 �Œ�‘�Š�—�—�Ž�•�1 �˜�—�1
�Œ�Š�•�Œ�’�ž�–�1 �’�—���ž�¡�1 �’�—�1 �›�Ž�œ�™�˜�—�œ�Ž�1 �•�˜�1 �˜�œ�–�˜�•�’�Œ�1 �œ�•�’�–�ž�•�’�ï�1 �����1
�Œ�Ž�•�•�œ�1 � �Ž�›�Ž�1 �Ž�’�•�‘�Ž�›�1 �•�›�Ž�Š�•�Ž�•�1 � �’�•�‘�1 �œ�™�Ž�Œ�’���Œ�1 �’�—�‘�’�‹�’�•�˜�›�œ�1 �•�˜�1
block channel function or left as uninhibited controls 
during all experiments. The experimental design is 
outlined in Fig. 1.

Human tissue processing and grading
Human IVD tissue was obtained from patients 
undergoing microdiscectomy surgery with informed 
consent of the patients �û���‘�Ž���Ž�•�•�1 ���Ž�œ�Ž�Š�›�Œ�‘�1 ���•�‘�’�Œ�œ�1
���˜�–�–�’�4�Ž�Ž�1 �û�V�_�&�
�W�Y�V�^�&�]�V�ü�ï�1 �������1 �•�’�œ�œ�ž�Ž�1 � �Š�œ�1 ���¡�Ž�•�1 �’�—�1
�W�V �–�1�û�Ÿ�&�Ÿ�ü�1�—�Ž�ž�•�›�Š�•�1�‹�ž���Ž�›�Ž�•�1�•�˜�›�–�Š�•�’�—�1�û���Ž�’�Œ�Š�ð�1���’�•�•�˜�—�1
�
�Ž�¢�—�Ž�œ�ð�1���
�ü�ð�1�Ž�–�‹�Ž�•�•�Ž�•�1�’�—�•�˜�1�™�Š�›�Š���—�1� �Š�¡�1�Š�—�•�1�Z µm 
sections were cut before being histologically graded 
using previously published methods (Le Maitre et al., 
�X�V�V�]�ü�ï�1 �������1 �œ�Š�–�™�•�Ž�œ�1 � �Ž�›�Ž�1 �œ�Ž�™�Š�›�Š�•�Ž�•�1 �’�—�•�˜�1 �•�’���Ž�›�Ž�—�•�1
groups depending on their grade of degeneration: 
�—�˜�—�,�•�Ž�•�Ž�—�Ž�›�Š�•�Ž�1�û�•�›�Š�•�Ž�1�V�,�Z�ü�ð�1�–�˜�•�Ž�›�Š�•�Ž�•�¢�,�•�Ž�•�Ž�—�Ž�›�Š�•�Ž�1
�û�•�›�Š�•�Ž�1�Z�ï�W�,�\�ï�_�ü�1�Š�—�•�1�œ�Ž�Ÿ�Ž�›�Ž�•�¢�,�•�Ž�•�Ž�—�Ž�›�Š�•�Ž�1�û�•�›�Š�•�Ž�1�]�,�W�X�ü�ï

NP-cell isolation and culture
Human NP tissue was dissected and cells isolated 
using 2 �–�•�&�–���1�Œ�˜�•�•�Š�•�Ž�—�Š�œ�Ž�1�•�¢�™�Ž�1���1�û���’�•�Ž�1���Ž�Œ�‘�—�˜�•�˜�•�’�Ž�œ�ð�1
���Š�’�œ�•�Ž�¢�ð�1���
�ü�1�Š�•�1�Y�] °C for 4 h, as described previously 
(Johnson et al.�ð�1�X�V�W�[�ò�1���—�ž�•�•�œ�1et al.�ð�1�X�V�W�_�ü�ï�1���˜�•�•�˜� �’�—�•�1
isolation human, NP cells were expanded using 
���ž�•�‹�Ž�Œ�Œ�˜���œ�1���˜�•�’���Ž�•�1���Š�•�•�Ž�1�–�Ž�•�’�ž�–�1�û���������ð�1�	�’�‹�Œ�˜�ð�1
���Š�’�œ�•�Ž�¢�ð�1 ���
�ü�1 �œ�ž�™�™�•�Ž�–�Ž�—�•�Ž�•�1 � �’�•�‘�1 �W�V �–�1 �û�Ÿ�&�Ÿ�ü�1 �•�˜�Ž�•�Š�•�1
�‹�˜�Ÿ�’�—�Ž�1 �œ�Ž�›�ž�–�ð�1 �W�V�ð�V�V�V ���&�–���1 �™�Ž�—�’�Œ�’�•�•�’�—�ð�1 �W�V �–�•�&�–���1
�œ�•�›�Ž�™�•�˜�–�¢�Œ�’�—�1�û�	�’�‹�Œ�˜�ü�ð�1�X�[ µg/mL amphotericin B (Sigma�,
���•�•�›�’�Œ�‘�ð�1 �	�’�•�•�’�—�•�‘�Š�–�ð�1 ���
�ü�ð�1 �X �–�–�˜�•�&���1 ���,�•�•�ž�•�Š�–�’�—�Ž�1
�û�	�’�‹�Œ�˜�ü�1�’�—�1�–�˜�—�˜�•�Š�¢�Ž�›�1�ž�™�1�•�˜�1�™�Š�œ�œ�Š�•�Ž�1�X�ï

TRPV4 gene expression in native human NP 
tissue
Directly following human NP cell isolation, RNA 
� �Š�œ�1�Ž�¡�•�›�Š�Œ�•�Ž�•�1�ž�œ�’�—�•�1�������£�˜�•�1�û���’�•�Ž�1���Ž�Œ�‘�—�˜�•�˜�•�’�Ž�œ�ü�1�Š�—�•�1
cDNA synthesised as previously published (Johnson 
et al�ï�ð�1�X�V�W�[�ò�1���—�ž�•�•�œ�1et al�ï�ð�1�X�V�W�_�ü�ï�1���‘�Ž�1�•�Ž�—�Ž�1�Ž�¡�™�›�Ž�œ�œ�’�˜�—�1
of TRPV4 in directly extracted human NP samples 
� �Š�œ�1�’�•�Ž�—�•�’���Ž�•�1�ž�œ�’�—�•�1�š�����,�������1�˜�—�1�Œ�������1�œ�¢�—�•�‘�Ž�œ�’�œ�Ž�•�1
�•�›�˜�–�1�—�˜�—�,�•�Ž�•�Ž�—�Ž�›�Š�•�Ž�1�ûn �½ �W�Z�ü�ð�1�–�˜�•�Ž�›�Š�•�Ž�•�¢�,�•�Ž�•�Ž�—�Ž�›�Š�•�Ž�1
(n �½ �W�]�ü�1 �Š�—�•�1 �œ�Ž�Ÿ�Ž�›�Ž�•�¢�,�•�Ž�•�Ž�—�Ž�›�Š�•�Ž�1 �ûn �½ �Y�X�ü�1 �‘�ž�–�Š�—�1
�����1 �•�’�œ�œ�ž�Ž�1 �û���Š�‹�•�Ž�1 �W�ü�ï�1 ���›�Ž�,�•�Ž�œ�’�•�—�Ž�•�1 ���Š�š�–�Š�—�1 �™�›�’�–�Ž�›�&
�™�›�˜�‹�Ž�1�–�’�¡�1�•�˜�›�1�‘�ž�–�Š�—�1���������Z�1�•�Ž�—�Ž�1�û�
�œ�V�W�V�_�_�Y�Z�^���–�W�ð�1
���’�•�Ž�1 ���Ž�Œ�‘�—�˜�•�˜�•�’�Ž�œ�ü�1 � �Š�œ�1 �ž�œ�Ž�•�1 �Š�—�•�1 �—�˜�›�–�Š�•�’�œ�Ž�•�1 �•�˜�1
the average Ct values of two housekeeping genes: 
GAPDH�1 �Š�—�•�1 �W�^�œ�ï�1 ���Š�•�Š�1 � �Ž�›�Ž�1 �Š�—�Š�•�¢�œ�Ž�•�1 �ž�œ�’�—�•�1 �•�‘�Ž�1
2�,�����• method, where each sample was normalised to 
�‘�˜�ž�œ�Ž�”�Ž�Ž�™�’�—�•�1�•�Ž�—�Ž�œ�1�û���’�Ÿ�Š�”�1�Š�—�•�1���Œ�‘�–�’�4�•�Ž�—�ð�1�X�V�V�W�ü�ï

TRPV4 protein expression in native human NP 
tissue
���‘�Ž�1�Ž�¡�™�›�Ž�œ�œ�’�˜�—�1�˜�•�1���������Z�1�™�›�˜�•�Ž�’�—�1�’�—�1�—�˜�—�,�•�Ž�•�Ž�—�Ž�›�Š�•�Ž�1
(n �½ �W�V�ü�ð�1�–�˜�•�Ž�›�Š�•�Ž�•�¢�,�•�Ž�•�Ž�—�Ž�›�Š�•�Ž�1�ûn �½ �W�V�ü�1�Š�—�•�1�œ�Ž�Ÿ�Ž�›�Ž�•�¢�,
degenerate (n �½ �W�V�ü�1 �•�›�Š�•�Ž�•�1 �‘�ž�–�Š�—�1 �����1 �•�’�œ�œ�ž�Ž�1 � �Š�œ�1
assessed using IHC as described previously (Binch et 
al�ï�ð�1�X�V�X�V�ü�1�û���Š�‹�•�Ž�1�W�ü�ï�1���•�’�•�Ž�œ�1� �Ž�›�Ž�1�•�Ž�,� �Š�¡�Ž�•�ð�1�›�Ž�‘�¢�•�›�Š�•�Ž�•�1
and endogenous peroxidases blocked before enzyme 
�Š�—�•�’�•�Ž�—�1�›�Ž�•�›�’�Ž�Ÿ�Š�•�1�ý�V�ï�V�W �–�1� �&�Ÿ�1�…�,�Œ�‘�¢�–�˜�•�›�¢�™�œ�’�—�1�û���’�•�–�Š�,
���•�•�›�’�Œ�‘�ü�1�’�—�1�������1�û�X�V �–�–�˜�•�&���1���›�’�œ�ð�1�W�[�V �–�–�˜�•�&���1���Š���•�ð�1
�™�
 �]�ï�[�ü�1 �Œ�˜�—�•�Š�’�—�’�—�•�1 �V�ï�W �–�1 � �&�Ÿ�1 ���Š���•2�1 �•�˜�›�1 �Y�V �–�’�—�1 �Š�•�1
�Y�] �Ú���þ�ï�1���˜�—�,�œ�™�Ž�Œ�’���Œ�1�Š�—�•�’�‹�˜�•�¢�1�‹�’�—�•�’�—�•�1� �Š�œ�1�‹�•�˜�Œ�”�Ž�•�1
�’�—�1 �W �–�1 �û� �&�Ÿ�ü�1 �‹�˜�Ÿ�’�—�Ž�1 �œ�Ž�›�ž�–�1 �Š�•�‹�ž�–�’�—�1 �’�—�1 �X�[ �–�1 �û�Ÿ�&�Ÿ�ü�1
�•�˜�Š�•�1 �œ�Ž�›�ž�–�1 �û���‹�Œ�Š�–�ð�1 ���Š�–�‹�›�’�•�•�Ž�ð�1 ���
�ü�1 �Š�—�•�1 �]�[ �–�1
�û�Ÿ�&�Ÿ�ü�1 �•�›�’�œ�,�‹�ž�•�•�Ž�›�Ž�•�1 �œ�Š�•�’�—�Ž�1 �û�������ü�1 �•�˜�›�1 �W �‘�1 �Š�•�1 �›�˜�˜�–�1
temperature. Rabbit polyclonal primary antibody 
�Š�•�Š�’�—�œ�•�1 ���������Z�1 �û�W �ñ �X�V�V�ð�1 �Š�‹�_�Z�^�\�^�ð�1 ���‹�Œ�Š�–�ü�1 � �Š�œ�1
�’�—�Œ�ž�‹�Š�•�Ž�•�1�˜�—�1�œ�•�’�•�Ž�œ�1�˜�Ÿ�Ž�›�—�’�•�‘�•�1�Š�•�1�Z �Ú���ï�1���•�•�1�Š�—�•�’�‹�˜�•�’�Ž�œ�1
� �Ž�›�Ž�1 �•�’�•�ž�•�Ž�•�1 �’�—�1 �������1 �Œ�˜�—�•�Š�’�—�’�—�•�1 �W �–�1 �û� �&�Ÿ�ü�1 �‹�˜�Ÿ�’�—�Ž�1
serum albumin and IgG controls were used in the 
place of the primary antibody at an equal protein 
concentration. Slides were then incubated with goat 
�Š�—�•�’�,�›�Š�‹�‹�’�•�1 ���•�	�1 �û�
�í���ü�1 �û���’�˜�•�’�—�ü�1 �œ�Ž�Œ�˜�—�•�Š�›�¢�1 �Š�—�•�’�‹�˜�•�¢�1
�û�W �ñ �[�V�V�ð�1 �Š�‹�\�]�X�V�ð�1 ���‹�Œ�Š�–�ü�1 �•�˜�›�1 �Y�V �–�’�—�ï�1 ���—�•�’�‹�˜�•�¢�1
binding was detected by adding Elite ®ABC reagent 
�û���Ž�Œ�•�˜�›�1���Š�‹�˜�›�Š�•�˜�›�’�Ž�œ�ð�1���Ž�•�Ž�›�‹�˜�›�˜�ž�•�‘�ð�1���
�ü�1�•�˜�›�1�Y�V �–�’�—�1
�Š�•�1�›�˜�˜�–�1�•�Ž�–�™�Ž�›�Š�•�ž�›�Ž�1�•�˜�•�•�˜� �Ž�•�1�‹�¢�1�Š�•�•�’�•�’�˜�—�1�˜�•�1�V�ï�V�^ �–�1
�û�Ÿ�&�Ÿ�ü�1 �
2O2�1 �Š�—�•�1 �V�ï�\�[ �–�•�&�–���1 �Y�ð�Y���,�•�’�Š�–�’�—�˜�‹�Ž�—�£�’�•�’�—�Ž�1
�•�Ž�•�›�Š�‘�¢�•�›�˜�Œ�‘�•�˜�›�’�•�Ž�1�û���’�•�–�Š�,���•�•�›�’�Œ�‘�ü�1�’�—�1�������1�•�˜�›�1�X�V �–�’�—�1
at room temperature. Nuclei were counterstained 
with Mayer’s haematoxylin for 1 min before slides 
were dehydrated, cleared, and mounted using 
Pertex®�1 �û���Ž�’�Œ�Š�ü�ï�1 ���•�’�•�Ž�œ�1 � �Ž�›�Ž�1 �Ÿ�’�œ�ž�Š�•�’�œ�Ž�•�1 �ž�œ�’�—�•�1 �Š�—�1
���•�¢�–�™�ž�œ�1 �����\�V�1 �–�’�Œ�›�˜�œ�Œ�˜�™�Ž�1 �Š�—�•�1 �’�–�Š�•�Ž�œ�1 �Œ�Š�™�•�ž�›�Ž�•�1
�ž�œ�’�—�•�1���Ž�•�•���Ž�—�œ�1�œ�˜�•�•� �Š�›�Ž�1�û���•�¢�–�™�ž�œ�ð�1���˜�ž�•�‘�Ž�—�•�,�˜�—�,���Ž�Š�ð�1
���
�ü�ï�1�
�’�œ�•�˜�•�˜�•�’�Œ�Š�•�•�¢�1�•�’�œ�•�’�—�Œ�•�1�Š�›�Ž�Š�œ�1�˜�•�1�����1�•�’�œ�œ�ž�Ž�1� �Ž�›�Ž�1
�’�•�Ž�—�•�’���Ž�•�1�‹�Ž�•�˜�›�Ž�1�ž�œ�’�—�•�1�Š�1�›�Š�œ�•�Ž�›�1�™�Š�4�Ž�›�—�1�•�˜�1�–�˜�Ÿ�Ž�1�Š�Œ�›�˜�œ�œ�1
�•�‘�Ž�1�•�’�œ�œ�ž�Ž�ð�1�Œ�˜�ž�—�•�’�—�•�1�Š�•�•�1�����1�Œ�Ž�•�•�œ�1�’�—�1�Ž�Š�Œ�‘�1���Ž�•�•�1�˜�•�1�Ÿ�’�Ž� �1
(brown staining = positive, purple nuclei staining 
�˜�—�•�¢�1�½ �—�Ž�•�Š�•�’�Ÿ�Ž�ü�ï�1���1�•�˜�•�Š�•�1�˜�•�1�X�V�V �����1�Œ�Ž�•�•�œ�1� �Ž�›�Ž�1�Œ�˜�ž�—�•�Ž�•�1
for each human IVD tissue section and the percentage 
of positively stained cells was determined.

TRPV4, AQP4 and primary cilia localisation in 
human NP cells
Human NP cells were seeded into chamber slides at a 
�•�Ž�—�œ�’�•�¢�1�˜�•�1�W �¼ �W�V4�1�Œ�Ž�•�•�œ�&� �Ž�•�•�1�˜�Ÿ�Ž�›�—�’�•�‘�•�ï�1���Ž�•�•�œ�1� �Ž�›�Ž�1�•�‘�Ž�—�1
���¡�Ž�•�1�•�˜�›�1�[ �–�’�—�1�ž�œ�’�—�•�1�Z �–�1�û� �&�Ÿ�ü�1�™�Š�›�Š�•�˜�›�–�Š�•�•�Ž�‘�¢�•�Ž�ð�1
�™�Ž�›�–�Ž�Š�‹�’�•�’�œ�Ž�•�1 �•�˜�›�1 �[ �–�’�—�1 �ž�œ�’�—�•�1 �V�ï�W �–�1 �û�Ÿ�&�Ÿ�ü�1 ���›�’�•�˜�—�1
���,�W�V�V�1 �û���’�•�–�Š�,���•�•�›�’�Œ�‘�ü�1 �Š�—�•�1 �’�–�–�ž�—�˜�•�•�ž�˜�›�Ž�œ�Œ�Ž�—�Œ�Ž�1
protocols were performed as described previously 
(Snuggs et al�ï�ð�1 �X�V�W�_�ü�ï�1 ���˜�1 �•�Ž�•�Ž�›�–�’�—�Ž�1 �™�˜�•�Ž�—�•�’�Š�•�1 �Œ�˜�,
�•�˜�Œ�Š�•�’�œ�Š�•�’�˜�—�1�˜�•�1�������Z�&���������Z�1�Š�—�•�1�†�,�•�ž�‹�ž�•�’�—�&���������Z�ð�1
individual and dual immunostaining was performed 
�‹�¢�1�’�—�Œ�ž�‹�Š�•�’�—�•�1���¡�Ž�•�1�����1�Œ�Ž�•�•�œ�1� �’�•�‘�1�–�˜�ž�œ�Ž�1�–�˜�—�˜�Œ�•�˜�—�Š�•�1
�Š�—�•�’�‹�˜�•�¢�1�Š�•�Š�’�—�œ�•�1�������Z�1�û�W �ñ �X�V�V�ð�1�Š�‹�_�[�W�X�ð�1���‹�Œ�Š�–�ü�1�Š�—�•�1
�›�Š�‹�‹�’�•�1 �™�˜�•�¢�Œ�•�˜�—�Š�•�1�Š�—�•�’�‹�˜�•�¢�1�Š�•�Š�’�—�œ�•�1���������Z�1�û�W �ñ �X�V�V�ð�1
�Š�‹�_�Z�^�\�^�ð�1 ���‹�Œ�Š�–�ü�ð�1 �˜�›�1 �›�Š�‹�‹�’�•�1 �™�˜�•�¢�Œ�•�˜�—�Š�•�1 �Š�—�•�’�‹�˜�•�¢�1
�Š�•�Š�’�—�œ�•�1�†�,�•�ž�‹�ž�•�’�—�1�ý�����X�þ�1�û���•�Ž�¡�Š�1���•�ž�˜�›®�1�\�Z�]�ü�1�û�W �ñ �X�V�V�ð�1
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Patient Source Age IVD level Average grade RT-qPCR IHC Cellular studies

1 Surgical �[�Z ���[�&���W �[ X
2 Surgical �Z�_ ���[�&���W �\ X
�Y Surgical �[�\ ���Z�&���[ �[�ï�[ X
4 Surgical 42 ���Z�&���[ �Y X X
�[ Surgical �Z�V ���[�&���W �Y�ï�_ X X
�\ Surgical �Z�[ ���[�&���W 4 X
7 Surgical �X�V ���Z�&���[ 2 X X
�^ PM �Z�[ ���Y�&���Z 1 X
�_ Surgical 42 ���[�&���W 2 X
�W�V Surgical 42 ���[�&���W �Y X
11 Surgical �Z�[ ���Z�&���[ �X�ï�\ X
12 Surgical 21 ���[�&���W 4 X X
�W�Y Surgical �Z�\ ���[�&���W �Y X X
14 Surgical 27 ���[�&���W 4 X
�W�[ Surgical �Z�[ ���[�&���W 4 X
�W�\ Surgical �X�\ ���[�&���W 4 X
17 PM �Y�Y ���Z�&���[ 2 X
�W�^ PM �Y�Y ���X�&���Y 4 X X
�W�_ Surgical �X�V ���Z�&���[ �Y X X
�X�V Surgical �\�Y ���[�&���\ 4 X
21 Surgical �X�[ ���Z�&���[ �Z�ï�^ X
22 Surgical �Y�X ���[�&���W �[ X
�X�Y Surgical �Z�V ���[�&���W �[ X
24 Surgical �X�^ ���Z�&���[ �\ X X
�X�[ Surgical �[�\ ���[ �\ X X
�X�\ Surgical 47 ���Z�&���[ �\ X X
27 Surgical �[�\ ���[ �\ X
�X�^ Surgical �[�\ ���Z�&���[ �[ X
�X�_ Surgical �\�[ ���Y�&���[ �\ X
�Y�V Surgical �Z�[ ���[�&���W �\�ï�[ X
�Y�W Surgical �Y�] ���Z�&���[ �[ X X
�Y�X Surgical 47 ���[�&���W �[ X X
�Y�Y Surgical �Y�X ���[�&���W �[�ï�[ X
�Y�Z Surgical �W�^ ���Z�&���[ �\ X
�Y�[ Surgical �Z�\ ���[�&���\ �\ X X
�Y�\ Surgical �Y�Y ���Z�&���[ �[ X X
�Y�] PM �Y�Y ���Y�&���Z �[ X
�Y�^ Surgical �[�Z ���\�&���] �\ X
�Y�_ Surgical �Y�[ ���[�&���W �\ X
�Z�V Surgical 42 ���[�&���W �[ X
41 Surgical �Y�Y ���[�&���W �_ X
42 Surgical �Z�^ ���Z�&���[ �^ X
�Z�Y Surgical �X�\ ���[�&���W 12 X
44 Surgical �Y�Y ���[�&���W �_ X
�Z�[ PM 74 ���X�&���Y 11 X
�Z�\ Surgical �X�\ ���[�&���W 12 X
47 Surgical �Y�\ ���[�&���W �^ X
�Z�^ Surgical �Y�^ ���[�&���W 7 X
�Z�_ Surgical 44 ���[�&���W �_ X
�[�V Surgical �X�^ ���[�&���W �^ X
�[�W Surgical �Z�Y ���Z�&���[ �W�V X X
�[�X Surgical �\�X ���Y�&���Z �W�V X
�[�Y Surgical �Z�V ���Y�&���Z 11 X
�[�Z Surgical �^�[ ���X�&���Y �^ X
�[�[ Surgical �Z�V ���[�&���W �_ X
�[�\ Surgical �Y�^ ���[�&���W 12 X
�[�] Surgical �\�\ ���[�&���W �W�V X
�[�^ Surgical �Z�\ ���[�&���W �W�V X
�[�_ Surgical �\�[ ���Y�&���Z 11 X X
�\�V Surgical �Z�[ ���[�&���\ �_�ï�[ X
�\�W Surgical �Y�^ ���Z�&���[ 11 X X
�\�X Surgical �]�V ���[�&���\ �^�ï�[ X
�\�Y Surgical 47 ���[�&���W �^�ï�[ X
�\�Z Surgical �[�X ���Z�&���[ 11 X X
�\�[ Surgical �Y�_ ���Z�&���[ �_ X X
�\�\ Surgical �Y�Y ���Z�&���[ �^ X
�\�] Surgical �X�_ ���[�&���W �^ X
�\�^ Surgical �Y�[ ���Z�&���[ 11 X
�\�_ Surgical �Y�^ ���\�&���] �_ X
�]�V Surgical 42 ���Z�&���[ �^ X
71 Surgical �Y�^ ���[�&���W �^ X
72 Surgical �[�Z ���[�&���W 11 X

�]�Y Surgical �Y�\ ���[�&���W �W�V X

74 Surgical 44 ���[�&���W �W�V X X

�]�[ Surgical �[�Z ���[�&���W �_ X X

Table 1. Human patient and IVD sample details used in this study. Samples were obtained from 
�–�’�Œ�›�˜�•�’�œ�Œ�Ž�Œ�•�˜�–�¢�1�œ�ž�›�•�Ž�›�¢�1�˜�›�1�•�›�˜�–�1�™�˜�œ�•�1�–�˜�›�•�Ž�–�1� �’�•�‘�1�’�—�•�˜�›�–�Ž�•�1�Œ�˜�—�œ�Ž�—�•�1�˜�•�1�•�‘�Ž�1�™�Š�•�’�Ž�—�•�œ�1�û���‘�Ž���Ž�•�•�1���Ž�œ�Ž�Š�›�Œ�‘�1
���•�‘�’�Œ�œ�1���˜�–�–�’�4�Ž�Ž�1�û�V�_�&�
�W�Y�V�^�&�]�V�ü�ü�ï�1���Š�–�™�•�Ž�œ�1� �Ž�›�Ž�1�œ�Ž�™�Š�›�Š�•�Ž�•�1�‹�¢�1�Š�Ÿ�Ž�›�Š�•�Ž�1�•�›�Š�•�Ž�1�˜�•�1�������1�•�Ž�•�Ž�—�Ž�›�Š�•�’�˜�—�ï�1���˜�—�,
�•�Ž�•�Ž�—�Ž�›�Š�•�Ž�1�û�V�,�Z�ü�ð�1�–�˜�•�Ž�›�Š�•�Ž�•�¢�1�•�Ž�•�Ž�—�Ž�›�Š�•�Ž�1�û�Z�ï�W�,�\�ï�_�ü�1�Š�—�•�1�œ�Ž�Ÿ�Ž�›�Ž�•�¢�,�•�Ž�•�Ž�—�Ž�›�Š�•�Ž�1�û�]�,�W�X�ü�ï�1 ���Š�–�™�•�Ž�œ�1� �Ž�›�Ž�1�ž�œ�Ž�•�1�’�—�1
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NP cell metabolic activity in the presence of 
inhibitors
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Rate of human NP cell swelling and shrinkage
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�–�Ž�•�’�Š�1�Œ�˜�—�•�Š�’�—�’�—�•�1�X�V�V �–�–�˜�•�&���1�œ�ž�Œ�›�˜�œ�Ž�1�û�[�X�[ �–���œ�–�&�”�•�ü�1
� �Š�œ�1�’�—�“�Ž�Œ�•�Ž�•�1�’�—�•�˜�1�Ž�Š�Œ�‘�1� �Ž�•�•�ï�1���˜�›�1�Š�1���—�Š�•�1�˜�œ�–�˜�•�Š�•�’�•�¢�1�˜�•�1
�[�X�[ �–���œ�–�&�”�•�ð�1�–�Ž�•�’�Š�1�Œ�˜�—�•�Š�’�—�’�—�•�1�Z�V�V �–�–�˜�•�&���1�œ�ž�Œ�›�˜�œ�Ž�1
�û�]�X�[ �–���œ�–�&�”�•�ü�1 � �Š�œ�1 �’�—�“�Ž�Œ�•�Ž�•�1 �’�—�•�˜�1 �Ž�Š�Œ�‘�1 � �Ž�•�•�ï�1 ���‘�Ž�1
�˜�œ�–�˜�•�Š�•�’�•�¢�1�˜�•�1�Š�•�•�1�œ�˜�•�ž�•�’�˜�—�œ�1� �Š�œ�1�Œ�˜�—���›�–�Ž�•�1�‹�¢�1�•�›�Ž�Ž�£�’�—�•�1
point osmometry (Advanced ®�1 ���˜�•�Ž�•�1 �Y�Y�X�V�1 �–�’�Œ�›�˜�,
�˜�œ�–�˜�–�Ž�•�Ž�›�ð�1���•�Ÿ�Š�—�Œ�Ž�•�1���—�œ�•�›�ž�–�Ž�—�•�œ�ð�1�
�˜�›�œ�‘�Š�–�ð�1���
�ü�ï
	 Plates were loaded into the plate reader and 
�™�›�˜�•�˜�Œ�˜�•�œ�1� �Ž�›�Ž�1�™�Ž�›�•�˜�›�–�Ž�•�1�˜�—�1�����1�Œ�Ž�•�•�œ�1�•�›�˜�–�1�Y�1�™�Š�•�’�Ž�—�•�œ�1
in triplicate to determine the rate of human NP cell 
swelling and shrinkage in response to physiological 
alterations in extracellular osmolality. Experiments 
were performed after 1  h incubation of NP cells 
�û�Š�•�›�Ž�Š�•�¢�1�œ�Ž�Ž�•�Ž�•�1�’�—�•�˜�1�_�\�,� �Ž�•�•�1�™�•�Š�•�Ž�œ�1�Š�•�1�W �¼ �W�V4�1�Œ�Ž�•�•�œ�&
well) �1 � �’�•�‘�1 �—�˜�1 �’�—�‘�’�‹�’�•�˜�›�1 �û���������1 �Ÿ�Ž�‘�’�Œ�•�Ž�1 �Œ�˜�—�•�›�˜�•�ü�ð�1
�W�V�V �•�–�˜�•�&���1 �������W�1 �’�—�‘�’�‹�’�•�˜�›�1 �û�������W�’�ü�1 �û�����1 �������W�1
�W�ð�1 ���˜�Œ�›�’�œ�1 ���’�˜�œ�Œ�’�Ž�—�Œ�Ž�ü�ð�1 �Y�V�V �•�–�˜�•�&���1 �������Z�1 �’�—�‘�’�‹�’�•�˜�›�1
�û�������Z�’�ü�1�û���	���1�V�X�V�ð�1���˜�Œ�›�’�œ�1���’�˜�œ�Œ�’�Ž�—�Œ�Ž�ü�1�˜�›�1�Z�ï�^ �•�–�˜�•�&���1
���������Z�1 �’�—�‘�’�‹�’�•�˜�›�1 �û���������Z�’�ü�1 �û�
���,�V�\�]�V�Z�]�ð�1 ���’�•�–�Š�,
���•�•�›�’�Œ�‘�ü�1�•�˜�1�•�Ž�•�Ž�›�–�’�—�Ž�1�•�‘�Ž�1�•�ž�—�Œ�•�’�˜�—�1�˜�•�1�•�‘�Ž�œ�Ž�1�Œ�‘�Š�—�—�Ž�•�œ�1
on the rate of NP cell swelling and shrinkage. During 
inhibition experiments, all washes and treatment 
injections were performed with media containing 
�W�V�V �•�–�˜�•�&���1�������W�’�ð�1�Y�V�V �•�–�˜�•�&���1�������Z�’�1�˜�›�1�Z�ï�^ �•�–�˜�•�&���1
���������Z�’�1� �‘�Ž�—�1�Š�™�™�›�˜�™�›�’�Š�•�Ž�ï�1���Ž�•�Š�•�’�Ÿ�Ž�1���ž�˜�›�Ž�œ�Œ�Ž�—�Œ�Ž�1�˜�•�1
calcein (F1�&���V�ü�1�˜�Ÿ�Ž�›�1�•�’�–�Ž�1�û�œ�ü�1�Œ�ž�›�Ÿ�Ž�œ�1� �Ž�›�Ž�1�™�•�˜�4�Ž�•�1�Š�—�•�1
the rate of the change in F1�&���V�1was determined by 
���4�’�—�•�1 �™�•�Š�•�Ž�Š�ž�1 �•�˜�•�•�˜� �Ž�•�1 �‹�¢�1 �˜�—�Ž�1 �™�‘�Š�œ�Ž�1 �Š�œ�œ�˜�Œ�’�Š�•�’�˜�—�&
decay nonlinear regression analysis to curves using 
�	�›�Š�™�‘���Š�•�1���›�’�œ�–�1�Ÿ�]�ï�V�Y�1�œ�˜�•�•� �Š�›�Ž�ï

Cell size determination
�
�ž�–�Š�—�1 �����1 �Œ�Ž�•�•�œ�1 �û�•�›�˜�–�1 �Y�1 �’�—�•�’�Ÿ�’�•�ž�Š�•�1 �™�Š�•�’�Ž�—�•�œ�1 �’�—�1
�•�›�’�™�•�’�Œ�Š�•�Ž�ü�1 � �Ž�›�Ž�1 �•�›�¢�™�œ�’�—�’�œ�Ž�•�1 �Š�—�•�1 �›�Ž�œ�ž�œ�™�Ž�—�•�Ž�•�1 �’�—�1
�œ�•�Š�—�•�Š�›�•�1�Œ�ž�•�•�ž�›�Ž�1�–�Ž�•�’�Š�1�Š�•�1�Š�1�•�Ž�—�œ�’�•�¢�1�˜�•�1�X �¼ �W�V�[�1�Œ�Ž�•�•�œ�&
mL. Live cells were labelled with CFSE – Cell 
���Š�‹�Ž�•�•�’�—�•�1�
�’�•�1�û�W : �W�ð�V�V�V�ð�1�Š�‹�W�W�Y�^�[�Y�ð�1���‹�Œ�Š�–�ü�1�•�˜�›�1�W�V min 
at RT protected from light and washed before being 
resuspended in 1 mL standard culture media. No 
�’�—�‘�’�‹�’�•�˜�›�1 �û���������1 �Ÿ�Ž�‘�’�Œ�•�Ž�1 �Œ�˜�—�•�›�˜�•�ü�ð�1�������W�ð�1�������Z�1 �˜�›�1
TRPV4 inhibitors were added as above. An equivalent 
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amount (1 �–���ü�1�˜�•�1�Š�•�•�Ž�›�Ž�•�1�˜�œ�–�˜�•�Š�•�’�•�¢�1�•�›�Ž�Š�•�–�Ž�—�•�1�–�Ž�•�’�Š�1
was added to cells for ~ �Y�V s (time taken for calcein 
F1�&���V�1�Œ�ž�›�Ÿ�Ž�œ�1�•�˜�1�™�•�Š�•�Ž�Š�ž�ü�1�‹�Ž�•�˜�›�Ž�1�•�˜�›� �Š�›�•�1�œ�Œ�Š�4�Ž�›�1�û�������ü�1
�û�™�›�˜�™�˜�›�•�’�˜�—�Š�•�1�•�˜�1�Œ�Ž�•�•�1�œ�’�£�Ž�ü�1� �Š�œ�1�•�Ž�•�Ž�›�–�’�—�Ž�•�1�˜�—�1�W�V�ð�V�V�V�1
�Ž�Ÿ�Ž�—�•�œ�1�ž�œ�’�—�•�1�Š�1�����������Š�•�’�‹�ž�›���1���˜� �1�Œ�¢�•�˜�–�Ž�•�Ž�›�1�û�����1
���’�˜�œ�Œ�’�Ž�—�Œ�Ž�œ�ð�1���˜�”�’�—�•�‘�Š�–�ð�1���
�ü�1�Š�—�•�1���Ž�•�•���ž�Ž�œ�•���1���›�˜�1
�Ÿ�[�ï�X�ï�W�1 �œ�˜�•�•� �Š�›�Ž�1 �û�����1 ���’�˜�œ�Œ�’�Ž�—�Œ�Ž�œ�ü�ï�1 ���ž�›�•�‘�Ž�›�–�˜�›�Ž�ð�1 �•�˜�1
�•�Ž�•�Ž�›�–�’�—�Ž�1�Š�Œ�•�ž�Š�•�1�Œ�Ž�•�•�1�œ�’�£�Ž�1�Š�•�•�Ž�›�1�Y�V s treatment, cells at 
�Š�1�•�Ž�—�œ�’�•�¢�1�˜�•�1�X �¼ �W�V�[�1�Œ�Ž�•�•�œ�&�–���1� �Ž�›�Ž�1�Š�•�•�Ž�•�1�•�˜�1���˜�ž�—�•�Ž�œ�œ���1
�Œ�Ž�•�•�1�Œ�˜�ž�—�•�’�—�•�1�Œ�‘�Š�–�‹�Ž�›�1�œ�•�’�•�Ž�œ�1�û���—�Ÿ�’�•�›�˜�•�Ž�—�ü�1�Š�—�•�1�’�–�Š�•�Ž�œ�1
�˜�•�1�•�’�Ÿ�Ž�1�ý���Š�›�‹�˜�¡�¢���ž�˜�›�Ž�œ�Œ�Ž�’�—�1�œ�ž�Œ�Œ�’�—�’�–�’�•�¢�•�1�Ž�œ�•�Ž�›�1�û���������ü�1
�œ�•�Š�’�—�Ž�•�þ�ð�1 �œ�ž�œ�™�Ž�—�•�Ž�•�1 �����1 �Œ�Ž�•�•�œ�1 � �Ž�›�Ž�1 �Œ�Š�™�•�ž�›�Ž�•�1 �ž�œ�’�—�•�1
�Š�1 �����\�V�1 ���ž�˜�›�Ž�œ�Œ�Ž�—�Œ�Ž�1 �–�’�Œ�›�˜�œ�Œ�˜�™�Ž�1 �û���•�¢�–�™�ž�œ�ü�1 �ž�œ�’�—�•�1
�Œ�Ž�•�•���Ž�—�œ�1�œ�˜�•�•� �Š�›�Ž�1�û���•�¢�–�™�ž�œ�ü�ï�1���‘�Ž�1�Š�›�Ž�Š�1�˜�•�1�Š�•�1�•�Ž�Š�œ�•�1�X�V�V�1
�Œ�Ž�•�•�œ�&�›�Ž�™�Ž�Š�•�1�•�›�˜�–�1�X���1�’�–�Š�•�Ž�œ�1� �Š�œ�1�•�Ž�•�Ž�›�–�’�—�Ž�•�1�ž�œ�’�—�•�1
ImageJ (Schneider et al�ï�ð�1 �X�V�W�X�ü�ï�1 ���Ž�•�•�œ�1 �•�‘�Š�•�1 �‘�Š�•�1 �Š�—�1
�Š�œ�™�Ž�Œ�•�1�›�Š�•�’�˜�1�˜�•�1�Ã �W�ï�[�1�Š�—�•�1�Š�—�1�Š�›�Ž�Š�1�˜�•�1�Â �W�V�V�1�™�’�¡�Ž�•�œ�1� �Ž�›�Ž�1
�Ž�¡�Œ�•�ž�•�Ž�•�1�•�˜�1�›�Ž�–�˜�Ÿ�Ž�1�•�˜�ž�‹�•�Ž�•�œ�&�Œ�•�ž�–�™�œ�1�˜�•�1�Œ�Ž�•�•�œ�1�Š�—�•�1�Œ�Ž�•�•�1
debris. Size calculations of cells in suspension relied 
on the presumption that all suspended cells used 
�•�˜�›�1�•�‘�Ž�1�Š�—�Š�•�¢�œ�’�œ�1�˜�•�1�X���1�Š�—�•�1�Y���1�Œ�Ž�•�•�1�œ�’�£�Ž�1�‘�Š�•�1�œ�™�‘�Ž�›�’�Œ�Š�•�1
morphology. Cell size was calculated from a series 
�˜�•�1�Ž�š�ž�Š�•�’�˜�—�œ�ð�1���›�œ�•�•�¢�1�•�˜�1�•�Ž�•�Ž�›�–�’�—�Ž�1�•�‘�Ž�1�›�Š�•�’�ž�œ�1�˜�•�1�Œ�Ž�•�•�œ�1
�•�›�˜�–�1�X���1�Š�›�Ž�Š�1�–�Ž�Š�œ�ž�›�Ž�–�Ž�—�•�œ�1�û���š�ž�Š�•�’�˜�—�1�W�ü�ï

                                   
Equation 1. Radius of a circle�ï�1 ���‘�Ž�›�Ž�1r =  radius, 
A �½ �Š�›�Ž�Š�ð�1�” �½ �™�’�ï

Once the average radius of cells was determined, this 
was used to determine the average cell surface area 
�û���š�ž�Š�•�’�˜�—�1�X�ü�1�Š�—�•�1�Š�Ÿ�Ž�›�Š�•�Ž�1�Œ�Ž�•�•�1�Ÿ�˜�•�ž�–�Ž�1�û���š�ž�Š�•�’�˜�—�1�Y�ü 
for each repeat experiment.

                                 
Equation 2. Surface area of a sphere�ï�1 ���‘�Ž�›�Ž�1
A �½ �œ�ž�›�•�Š�Œ�Ž�1�Š�›�Ž�Š�ð�1�” �½ �™�’�ð r = radius.

                                  
Equation 3. Volume of a sphere�ï�1���‘�Ž�›�Ž�1V = volume, 
�” �½ �™�’�ð r = radius.

Both cell surface area and cell volume measurements, 
along with the rate of change in F1�&���V�1over time, 
were used to determine the water permeability of 
human NP cells in response to altered extracellular 
osmolality. All cell size determination experiments 
were performed after 1 h incubation of NP cells with 
���˜�1�’�—�‘�’�‹�’�•�˜�›�1�û���������1�Ÿ�Ž�‘�’�Œ�•�Ž�1�Œ�˜�—�•�›�˜�•�ü�ð�1�������W�’�1�û�������W�’�ü�1
�û�W�V�V �•�–�˜�•�&���1�����1�������W�1�W�ð�1���˜�Œ�›�’�œ�1���’�˜�œ�Œ�’�Ž�—�Œ�Ž�ü�ð�1�������Z�’�1
�û�Y�V�V �•�–�˜�•�&���1���	���1�V�X�V�ð�1���˜�Œ�›�’�œ�1���’�˜�œ�Œ�’�Ž�—�Œ�Ž�ü�1�˜�›�1���������Z�’�1
�û�Z�ï�^ �•�–�˜�•�&���1 �
���,�V�\�]�V�Z�]�ð�1 ���’�•�–�Š�,���•�•�›�’�Œ�‘�ü�ð�1 � �‘�’�Œ�‘�1
were also added to each wash, resuspension and 
CFSE incubation steps throughout the experimental 
procedure.

Water permeability determination
Using values calculated from the rate of NP 
cell swelling and shrinkage and NP cell size 
determination, the water permeability of human 
NP cells in response to alterations in extracellular 
osmolality and the potential involvement of AQP1, 4 
and TRPV4, was determined using Equation 4.

                       
Equation 4. Water permeability�ï�1���‘�Ž�›�Ž�1Pf = water 
permeability, K �½ �›�Š�•�Ž�1�Œ�˜�—�œ�•�Š�—�•�1�•�˜�›�1�˜�—�Ž�1�™�‘�Š�œ�Ž�1�•�Ž�Œ�Š�¢�&
association, V�V �½ �œ�•�Š�›�•�’�—�•�1 �Œ�Ž�•�•�1 �Ÿ�˜�•�ž�–�Ž�ð�1Vmin2 = cell 
volume after treatment, A   =  cell surface area, 
���” �½ �Š�™�™�•�’�Ž�•�1�˜�œ�–�˜�•�’�Œ�1�•�›�Š�•�’�Ž�—�•�ð�1Vw = partial molar 
�Ÿ�˜�•�ž�–�Ž�1�˜�•�1� �Š�•�Ž�›�1�û�W�ï�^ �¼ �W�V�,�[m�Y�&�–�˜�•�ü�ï�1���œ�1�ýV�V �º Vmin2�þ�1
�›�Ž���Ž�Œ�•�œ�1�•�‘�Ž�1�•�˜�•�Š�•�1�Œ�Ž�•�•�1�Ÿ�˜�•�ž�–�Ž�1�Œ�‘�Š�—�•�Ž�1�’�—�1�›�Ž�œ�™�˜�—�œ�Ž�1�•�˜�1�•�‘�Ž�1
change in extracellular osmolality, K × [V�V �º Vmin2�þ�1
describes the theoretical fraction of total volume 
�Œ�‘�Š�—�•�Ž�1�™�Ž�›�1�˜�—�Ž�1�¡�,�Š�¡�’�œ�1�ž�—�’�•�1�Œ�‘�Š�—�•�Ž�1�û�[�V �–�œ�ü�1�Š�•�1�•�‘�Ž�1�’�—�’�•�’�Š�•�1
rate of volume change (Fenton et al.�ð�1�X�V�W�V�ü�ï

	 The average Pf of human NP cells, for each patient, 
was calculated in response to physiological changes 
�’�—�1�˜�œ�–�˜�•�Š�•�’�•�¢�1�û�Y�X�[ �–���œ�–�&�”�• �: �1�X�X�[�ð�1�Z�X�[�1�˜�›�1�[�X�[ �–���œ�–�&
�”�•�ü�1� �’�•�‘�1�˜�›�1� �’�•�‘�˜�ž�•�1�������W�’�ð�1�������Z�’�1�Š�—�•�1���������Z�’�ï�1�û���˜�•�Ž�1
it was not possible to calculate Pf�1�•�˜�›�1�Y�X�[ �–���œ�–�&�”�•�1
�Š�œ�1 �•�‘�’�œ�1 �’�œ�1 �•�‘�Ž�1 �œ�•�Š�›�•�’�—�•�1 �–�Ž�•�’�Š�1 �Œ�˜�—�Œ�Ž�—�•�›�Š�•�’�˜�—�ü�ï�1���•�•�1Pf 
values were normalised to the average Pf of controls 
�’�—�1�•�‘�Ž�1�Š�‹�œ�Ž�—�Œ�Ž�1�˜�•�1�’�—�‘�’�‹�’�•�˜�›�œ�ð�1�•�˜�1�•�Ž�•�Ž�›�–�’�—�Ž�1�•�‘�Ž�1�Ž���Ž�Œ�•�1
of AQP1i, AQP4i and TRPV4i on the Pf of human NP 
cells at each extracellular osmolality change.

���•�ž�˜�,�Z�1���’�›�Ž�Œ�•���1�Œ�Š�•�Œ�’�ž�–�1�’�—���ž�¡�1�Š�œ�œ�Š�¢
���Š�•�Œ�’�ž�–�1�’�—���ž�¡�1�’�—�•�˜�1�‘�ž�–�Š�—�1�����1�Œ�Ž�•�•�œ�1�’�—�1�›�Ž�œ�™�˜�—�œ�Ž�1�•�˜�1
extracellular osmolality alterations was measured 
�ž�œ�’�—�•�1 ���•�ž�˜�,�Z�1 ���’�›�Ž�Œ�•���1 �Œ�Š�•�Œ�’�ž�–�1 �Š�œ�œ�Š�¢�1 �”�’�•�1 �û���W�V�Z�]�W�ð�1
���—�Ÿ�’�•�›�˜�•�Ž�—�ü�1 �Š�œ�1 �™�Ž�›�1 �•�‘�Ž�1 �–�Š�—�ž�•�Š�Œ�•�ž�›�Ž�›���œ�1 �•�ž�’�•�Ž�•�’�—�Ž�œ�ï�1
�
�ž�–�Š�—�1�����1�Œ�Ž�•�•�œ�1� �Ž�›�Ž�1�œ�Ž�Ž�•�Ž�•�1�’�—�•�˜�1�‹�•�Š�Œ�”�,� �Š�•�•�Ž�•�1�_�\�,
� �Ž�•�•�1�™�•�Š�•�Ž�œ�1�û���˜�›�—�’�—�•�ü�1�Š�•�1�Š�1�•�Ž�—�œ�’�•�¢�1�˜�•�1�W �¼ �W�V4�1�Œ�Ž�•�•�œ�&� �Ž�•�•�1
�•�˜�›�1 �Z�^ �‘�1 �™�›�’�˜�›�1 �•�˜�1 �Ž�¡�™�Ž�›�’�–�Ž�—�•�œ�ï�1 ���•�ž�˜�,�Z�1 ���’�›�Ž�Œ�•���1 �û�X�¼�ü�1
�Œ�Š�•�Œ�’�ž�–�1 �›�Ž�Š�•�Ž�—�•�1 �•�˜�Š�•�’�—�•�1 �œ�˜�•�ž�•�’�˜�—�1 �û���—�Ÿ�’�•�›�˜�•�Ž�—�ü�1 � �Š�œ�1
prepared following the manufacturer’s guidelines: 
�W�V �–���1 ���•�ž�˜�,�Z�1 ���’�›�Ž�Œ�•���1 �Œ�Š�•�Œ�’�ž�–�1 �Š�œ�œ�Š�¢�1 �‹�ž�•�•�Ž�›�1 � �Š�œ�1
�Š�•�•�Ž�•�1�•�˜�1�˜�—�Ž�1�‹�˜�4�•�Ž�1�˜�•�1���•�ž�˜�,�Z�1���’�›�Ž�Œ�•���1�Œ�Š�•�Œ�’�ž�–�1�›�Ž�Š�•�Ž�—�•�1
�û�Œ�˜�–�™�˜�—�Ž�—�•�1���ü�ï�1���Ž�•�’�Š�1� �Š�œ�1�Š�œ�™�’�›�Š�•�Ž�•�1�•�›�˜�–�1�Œ�Ž�•�•�œ�1�Š�—�•�1�Š�—�1
�Ž�š�ž�Š�•�1�Ÿ�˜�•�ž�–�Ž�1�˜�•�1���•�ž�˜�,�Z�1���’�›�Ž�Œ�•���1�û�X�¼�ü�1�Œ�Š�•�Œ�’�ž�–�1�›�Ž�Š�•�Ž�—�•�1
�•�˜�Š�•�’�—�•�1�œ�˜�•�ž�•�’�˜�—�1�û�Y�]�ï�[ �•���ü�1�Š�—�•�1�œ�•�Š�—�•�Š�›�•�1�Œ�ž�•�•�ž�›�Ž�1�–�Ž�•�’�Š�1
�û�Y�]�ï�[ �•���ü�1 � �Š�œ�1�Š�•�•�Ž�•�1 �•�˜�1 �Œ�Ž�•�•�œ�ð�1�•�˜�›�1 �Š�1�•�˜�•�Š�•�1 �Ÿ�˜�•�ž�–�Ž�1�˜�•�1
�]�[ �•���1�™�Ž�›�1� �Ž�•�•�ï�1���•�Š�•�Ž�œ�1� �Ž�›�Ž�1�’�—�Œ�ž�‹�Š�•�Ž�•�1�•�˜�›�1�W �‘�1�Š�•�1�Y�] �Ú���1
protected from light. Following incubation, plates 
were ready for experimental use without removing 
���•�ž�˜�,�Z�1 ���’�›�Ž�Œ�•���1 �û�X�¼�ü�1 �Œ�Š�•�Œ�’�ž�–�1 �›�Ž�Š�•�Ž�—�•�1 �•�˜�Š�•�’�—�•�1
solution and standard culture media from wells. 
���Š�•�Œ�’�ž�–�1�’�—���ž�¡�1�’�—�•�˜�1�‘�ž�–�Š�—�1�����1�Œ�Ž�•�•�œ�1�’�—�1�›�Ž�œ�™�˜�—�œ�Ž�1�•�˜�1
physiological alterations of extracellular osmolality 
�û�Y�X�[ �–���œ�–�&�”�• �:�1�X�X�[�ð�1�Y�X�[�ð�1�Z�X�[�1�˜�›�1�[�X�[ �–���œ�–�&�”�•�1���—�Š�•�1
�˜�œ�–�˜�•�Š�•�’�•�’�Ž�œ�ü�1� �Š�œ�1�™�Ž�›�•�˜�›�–�Ž�•�1�˜�—�1�Š�1�������������œ�•�Š�›�1�™�•�Š�•�Ž�1
�›�Ž�Š�•�Ž�›�1�û�����	�1���Š�‹�•�Ž�Œ�‘�ü�1�•�˜�•�•�˜� �’�—�•�1�•�‘�Ž�1�œ�Š�–�Ž�1�™�›�˜�•�˜�Œ�˜�•�1
outlined above (Rate of human NP cell swelling and 
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shrinkage�ü�ð�1� �’�•�‘�1�˜�™�•�’�Œ�1�œ�Ž�4�’�—�•�œ�1�Œ�‘�Š�—�•�Ž�•�1�•�˜�1�Ž�¡�Œ�’�•�Š�•�’�˜�—�1
�Š�•�1�Z�_�Z �—�–�1�Š�—�•�1�Ž�–�’�œ�œ�’�˜�—�1�Š�•�1�[�W�\ �—�–�ï�1���›�Ž�Š�•�–�Ž�—�•�1�–�Ž�•�’�Š�1
as described above (Rate of human NP cell swelling 
and shrinkage�ü�1� �Š�œ�1�’�—�“�Ž�Œ�•�Ž�•�1�’�—�•�˜�1� �Ž�•�•�œ�1�Š�•�•�Ž�›�1�•�‘�Ž�1���›�œ�•�1
�”�’�—�Ž�•�’�Œ�1 � �’�—�•�˜� �1 �û�º �[ �•�˜ �V �œ�ü�ï�1���œ�1�������Z�1 �Š�—�•�1 ���������Z�1
� �Ž�›�Ž�1 �•�˜�ž�—�•�1 �•�˜�1 �Œ�˜�,�•�˜�Œ�Š�•�’�œ�Ž�ð�1 �œ�ž�•�•�Ž�œ�•�’�—�•�1 �Œ�˜�–�‹�’�—�Ž�•�1
functions, experiments were performed after 1  h 
incubation of cells with either no inhibitor (DMSO 
�Ÿ�Ž�‘�’�Œ�•�Ž�1�Œ�˜�—�•�›�˜�•�ü�ð�1�������Z�’�1�û�Y�V�V �•�–�˜�•�&���1���	���1�V�X�V�ð�1���˜�Œ�›�’�œ�ü�1
�˜�›�1���������Z�’�1�û�Z�ï�^ �•�–�˜�•�&���1�
���,�V�\�]�V�Z�]�ð�1���’�•�–�Š�,���•�•�›�’�Œ�‘�ü�ð�1
�œ�’�–�ž�•�•�Š�—�Ž�˜�ž�œ�•�¢�1�Š�•�•�Ž�•�1�•�˜�1�Œ�Ž�•�•�œ�1� �’�•�‘�1���•�ž�˜�,�Z�1���’�›�Ž�Œ�•���1
�û�X�¼�ü�1 �Œ�Š�•�Œ�’�ž�–�1 �›�Ž�Š�•�Ž�—�•�1 �•�˜�Š�•�’�—�•�1 �œ�˜�•�ž�•�’�˜�—�1 �Š�—�•�1 �–�Ž�•�’�Š�ï�1
During AQP4i and TRPV4i experiments, inhibitors 
were also added to treatment media prior to injection.

Statistical analysis
TRPV4 protein expression in human NP tissue 
�û�Š�œ�œ�Ž�œ�œ�Ž�•�1�‹�¢�1���
���ü�1� �Š�œ�1�•�˜�ž�—�•�1�•�˜�1�‹�Ž�1�—�˜�—�,�™�Š�›�Š�–�Ž�•�›�’�Œ�ò�1
therefore, �
�›�ž�œ�”�Š�•�•�,���Š�•�•�’�œ�1 � �’�•�‘�1 ��� �Š�œ�œ�,���•�Ž�Ž�•�,
���›�’�•�Œ�‘�•�˜� �,���•�’�•�—�Ž�›�1post hoc analysis test was used to 
�’�•�Ž�—�•�’�•�¢�1 �œ�’�•�—�’���Œ�Š�—�•�1 �•�’���Ž�›�Ž�—�Œ�Ž�œ�1 �‹�Ž�•� �Ž�Ž�—�1 �Ž�¡�™�›�Ž�œ�œ�’�˜�—�1
�Š�Œ�›�˜�œ�œ�1�•�›�Š�•�Ž�œ�1�˜�•�1�•�Ž�•�Ž�—�Ž�›�Š�•�’�˜�—�ï�1���‘�Ž�1�›�Š�•�Ž�1�˜�•�1�Œ�Ž�•�•�1�œ� �Ž�•�•�’�—�•�&
�œ�‘�›�’�—�”�Š�•�Ž�1�û�•�Ž�•�Ž�›�–�’�—�Ž�•�1�‹�¢�1�Œ�Š�•�Œ�Ž�’�—�1���ž�˜�›�Ž�œ�Œ�Ž�—�Œ�Ž�ü�1� �Š�œ�1
�’�—�Ÿ�Ž�œ�•�’�•�Š�•�Ž�•�1�’�—�1�•�›�’�™�•�’�Œ�Š�•�Ž�1�’�—�1�‘�ž�–�Š�—�1�����1�Œ�Ž�•�•�œ�1�•�›�˜�–�1�Y�1
�™�Š�•�’�Ž�—�•�œ�ï�1���Š�•�Š�1� �Ž�›�Ž�1�—�˜�—�,�™�Š�›�Š�–�Ž�•�›�’�Œ�1�Š�—�•�1�•�˜�1�•�Ž�•�Ž�›�–�’�—�Ž�1
�œ�’�•�—�’���Œ�Š�—�Œ�Ž�1�‹�Ž�•� �Ž�Ž�—�1�™�Š�’�›�Ž�•�1�œ�Š�–�™�•�Ž�œ�1�•�›�˜�–�1�•�‘�Ž�1�œ�Š�–�Ž�1
patient across 4 treatment groups (CTR, AQP1i, 
�������Z�’�1 �Š�—�•�1 ���������Z�’�ü�ð�1 �•�‘�Ž�1 ���›�’�Ž�•�–�Š�—�1 �•�Ž�œ�•�1 � �Š�œ�1 �ž�œ�Ž�•�1
with Conover post hoc analysis. Cell volume data 
� �Š�œ�1�—�˜�—�,�™�Š�›�Š�–�Ž�•�›�’�Œ�ò�1�•�‘�Ž�›�Ž�•�˜�›�Ž�ð�1�
�›�ž�œ�”�Š�•�•�,���Š�•�•�’�œ�1� �’�•�‘�1
��� �Š�œ�œ�,���•�Ž�Ž�•�,���›�’�•�Œ�‘�•�˜� �,���•�’�•�—�Ž�›�1post hoc analysis 
�•�Ž�œ�•�1 � �Š�œ�1 �ž�œ�Ž�•�1 �•�˜�1 �’�•�Ž�—�•�’�•�¢�1 �œ�’�•�—�’���Œ�Š�—�•�1 �•�’���Ž�›�Ž�—�Œ�Ž�œ�1 �’�—�1
�Œ�Ž�•�•�1�Ÿ�˜�•�ž�–�Ž�ð�1�Š�•�1�Š�1���¡�Ž�•�1�˜�œ�–�˜�•�Š�•�’�•�¢�ð�1� �‘�Ž�—�1�Œ�˜�–�™�Š�›�’�—�•�1
�•�›�Ž�Š�•�–�Ž�—�•�1�•�›�˜�ž�™�œ�1�û�������ð�1�������W�’�ð�1�������Z�’�1�Š�—�•�1���������Z�’�ü�ï�1
���‘�Ž�1���›�’�Ž�•�–�Š�—�1�•�Ž�œ�•�1� �Š�œ�1�ž�œ�Ž�•�1�•�˜�1�•�Ž�•�Ž�›�–�’�—�Ž�1�œ�’�•�—�’���Œ�Š�—�Œ�Ž�1
between the geometric mean of the FSC, and the 
Pf, from paired patient samples when comparing 
�•�›�Ž�Š�•�–�Ž�—�•�1�•�›�˜�ž�™�œ�1�û�������ð�1�������W�’�ð�1�������Z�’�1�Š�—�•�1���������Z�’�ü�ð�1
at a fixed osmolality. Ca2+�1 �’�—�•�•�ž�¡�1 �•�Š�•�Š�1 � �Š�œ�1 �—�˜�—�,
parametric; therefore, �
�›�ž�œ�”�Š�•�•�,���Š�•�•�’�œ�1� �’�•�‘�1��� �Š�œ�œ�,
���•�Ž�Ž�•�,���›�’�•�Œ�‘�•�˜� �,���•�’�•�—�Ž�›�1post hoc analysis test was used 
�•�˜�1�’�•�Ž�—�•�’�•�¢�1�œ�’�•�—�’���Œ�Š�—�•�1�•�’���Ž�›�Ž�—�Œ�Ž�œ�1�’�—�1�•�‘�Ž�1�–�Š�¡�,�–�’�—�1��1�&
F�V and time taken to reach maximum F1�&���V�1in NP cells 
�•�›�Ž�Š�•�Ž�•�1� �’�•�‘�1�•�’���Ž�›�Ž�—�•�1�˜�œ�–�˜�•�Š�•�’�•�’�Ž�œ�ð�1�˜�›�1�’�—�‘�’�‹�’�•�˜�›�œ�1�û�������ð�1
�������Z�’�1�Š�—�•�1���������Z�’�ü�1�Š�•�1�X�X�[ �–���œ�–�&�”�•�ï

Results

Expression of TRPV4 within native human NP 
tissue
TRPV4 was expressed at both gene and protein 
level within native human NP tissue (Fig. 2a,b�ü�ï�1���‘�Ž�1
relative gene expression of TRPV4 did not change 
significantly during IVD degeneration (Fig. 2a �ü�ï�1
The majority of NP cells expressed TRPV4 protein 
in native tissue; however, immunopositivity was 
�ž�—�Š���Ž�Œ�•�Ž�•�1�‹�¢�1�������1�•�Ž�•�Ž�—�Ž�›�Š�•�’�˜�—�1�û���’�•�ï�1�Xb�,e�ü�ï�1���������Z�1
was also still expressed by NP cells extracted from 
human IVD tissue at passage 2 �û���’�•�ï�1�Y�ü�ï�1���’�•�‘�’�—�1�X���1
�Œ�ž�•�•�ž�›�Ž�•�1 �‘�ž�–�Š�—�1�����1 �Œ�Ž�•�•�œ�1���������Z�1 � �Š�œ�1�•�˜�ž�—�•�1 �•�˜�1 �Œ�˜�,

localise with AQP4 (Fig. 3�Š�,c�ü�1 �Š�—�•�1 �†�,�•�ž�‹�ž�•�’�—�1 �û���’�•�ï�1
�Yd�,f �ü�ð�1�™�˜�•�Ž�—�•�’�Š�•�•�¢�1�œ�ž�•�•�Ž�œ�•�’�—�•�1�›�Ž�•�Š�•�Ž�•�1�•�ž�—�Œ�•�’�˜�—�œ�1�œ�‘�Š�›�Ž�•�1
between these transmembrane channel proteins. 
�������Z�1�œ�•�Š�’�—�’�—�•�1�Š�•�œ�˜�1�Œ�˜�,�•�˜�Œ�Š�•�’�œ�Ž�•�1� �’�•�‘�1�™�›�’�–�Š�›�¢�1�Œ�’�•�’�Š�ð�1
�’�—�•�’�Œ�Š�•�Ž�•�1�‹�¢�1�Š�Œ�Ž�•�¢�•�Š�•�Ž�•�1�•�ž�‹�ž�•�’�—�1�œ�•�Š�’�—�’�—�•�1�û���’�•�ï�1�Yg�,i�ü�ï

Rate of NP cell swelling and shrinkage in 
response to extracellular osmolality
Relative fluorescence (F1�&���V: F1 =  fluorescence at 
�•�’�–�Ž�1�—�1�&�1���V �½ ���ž�˜�›�Ž�œ�Œ�Ž�—�Œ�Ž�1�Š�•�1�‹�Š�œ�Ž�•�’�—�Ž�ü�1�˜�•�1�’�—�•�›�Š�Œ�Ž�•�•�ž�•�Š�›�1
calcein in human NP cells is linearly correlated with 
extracellular osmolality (as osmolality decreases, 
calcein F1�&���V�1�’�—�Œ�›�Ž�Š�œ�Ž�œ�ü�1�û���’�•�ï�1�Za�ü�ð�1� �‘�Ž�›�Ž�Š�œ�1�Š�Œ�•�ž�Š�•�1�Œ�Ž�•�•�1
volume and extracellular osmolality are not linearly 
correlated (Fig. 4b�ü�ï�1 ���‘�Ž�›�Ž�•�˜�›�Ž�ð�1 �Œ�Ž�•�•�1 �Ÿ�˜�•�ž�–�Ž�1 �Œ�Š�—�—�˜�•�1
be directly determined from calcein F 1�&���V; actual 
cell volume and the rate of cell volume change 
in response to extracellular osmolality must be 
measured separately. The metabolic activity of NP 
cells increased over time (Fig. 4c�ü�ï�1���•�•�Ž�›�1�X �‘�1�Š�—�•�1�Y �‘�1
�’�—�Œ�ž�‹�Š�•�’�˜�—�1 � �’�•�‘�1 ���������1 �û�Ÿ�Ž�‘�’�Œ�•�Ž�1 �Œ�˜�—�•�›�˜�•�ü�ð�1 �������W�’�ð�1
AQP4i and TRPV4i, the metabolic activity of human 
�����1 �Œ�Ž�•�•�œ�1 � �Š�œ�1 �œ�’�•�—�’���Œ�Š�—�•�•�¢�1 �’�—�Œ�›�Ž�Š�œ�Ž�•�1 �Œ�˜�–�™�Š�›�Ž�•�1 �•�˜�1
1 h incubation (p �½ �À �V�ï�V�V�V�W�ü�1�û���’�•�ï�1�Zc�ü�ï�1���‘�Ž�›�Ž�1� �Š�œ�1�—�˜�1
�œ�’�•�—�’���Œ�Š�—�•�1�•�Ž�Œ�›�Ž�Š�œ�Ž�1�’�—�1�•�‘�Ž�1�–�Ž�•�Š�‹�˜�•�’�Œ�1�Š�Œ�•�’�Ÿ�’�•�¢�1�˜�•�1�����1
cells incubated with AQP1i, AQP4i and TRPV4i when 
compared to DMSO control at any timepoint (Fig. 
4c�ü�ð�1�’�—�•�’�Œ�Š�•�’�—�•�1�—�˜�1�Š�•�Ÿ�Ž�›�œ�Ž�1�Ž���Ž�Œ�•�œ�1�˜�•�1�Š�—�¢�1�•�›�Ž�Š�•�–�Ž�—�•�1�˜�—�1
cell growth or viability. Therefore, any experimental 
�˜�‹�œ�Ž�›�Ÿ�Š�•�’�˜�—�œ�1�Œ�Š�—�1�‹�Ž�1�Š�4�›�’�‹�ž�•�Ž�•�1�•�˜�1�Œ�‘�Š�—�—�Ž�•�1�’�—�‘�’�‹�’�•�’�˜�—�ð�1
not alterations to cell metabolic activity and viability.
	 F1�&���V�1�˜�•�1�’�—�•�›�Š�Œ�Ž�•�•�ž�•�Š�›�1�Œ�Š�•�Œ�Ž�’�—�1� �Š�œ�1�Š�•�•�Ž�›�Ž�•�ð�1�’�—�1�›�Ž�Š�•�,
�•�’�–�Ž�ð�1 � �‘�Ž�—�1 �—�˜�,�’�—�‘�’�‹�’�•�’�˜�—�1 ���������1 �Œ�˜�—�•�›�˜�•�1 �����1 �Œ�Ž�•�•�œ�1
�û�������ü�1� �Ž�›�Ž�1�Ž�¡�™�˜�œ�Ž�•�1�•�˜�1�Š�•�•�Ž�›�Ž�•�1�Ž�¡�•�›�Š�Œ�Ž�•�•�ž�•�Š�›�1�˜�œ�–�˜�•�Š�•�’�•�¢�1
�û�X�X�[�ð�1 �Z�X�[�1 �Š�—�•�1 �[�X�[ �–���œ�–�&�”�•�ü�ð�1 �Š�•�•�Ž�›�1 �[ �œ�1 �‹�Š�œ�Ž�•�’�—�Ž�1
�›�Ž�Š�•�’�—�•�œ�1�’�—�1�œ�•�Š�—�•�Š�›�•�1�Œ�ž�•�•�ž�›�Ž�1�–�Ž�•�’�Š�1�û�Y�X�[ �–���œ�–�&�”�•�ü�1
�û���’�•�ï�1�[a�ü�ï�1���‘�Ž�—�1�Œ�˜�—�•�›�˜�•�1�–�Ž�•�’�ž�–�1�û�Y�X�[ �–���œ�–�&�”�•�ü�1� �Š�œ�1
added after baseline, the F1�&���V�1was unchanged (Fig. 
�[a�ü�ï�1���—�Œ�ž�‹�Š�•�’�˜�—�1� �’�•�‘�1�������Z�’�1�û�Y�V�V �•�–�˜�•�&���ð�1���	���1�V�X�V�ü�1�˜�›�1
���������Z�’�1�û�Z�ï�^ �•�–�˜�•�&���ð�1�
���,�V�\�]�V�Z�]�ü�1�Š�•�•�Ž�›�Ž�•�1�•�‘�Ž�1�›�Ž�Š�•�,�•�’�–�Ž�1
change in intracellular calcein F1�&���V when NP cells 
� �Ž�›�Ž�1�Ž�¡�™�˜�œ�Ž�•�1�•�˜�1�X�X�[ �–���œ�–�&�”�•�1�û���’�•�ï�1�[b�ü�ð�1�Z�X�[ �–���œ�–�&
�”�•�1�û���’�•�ï�1�[d�ü�1�Š�—�•�1�[�X�[ �–���œ�–�&�”�•�1�û���’�•�ï�1�[f�ü�1�•�›�Ž�Š�•�–�Ž�—�•�œ�ï�1
���‘�Ž�1 �›�Š�•�Ž�1 �˜�•�1 �Œ�‘�Š�—�•�Ž�1 �’�—�1 ���ž�˜�›�Ž�œ�Œ�Ž�—�Œ�Ž�1 �û�
 �� ��1�&���V�ü�1 �Š�•�1
�X�X�[ �–���œ�–�&�”�•�1�•�›�Ž�Š�•�–�Ž�—�•�1� �Š�œ�1�œ�’�•�—�’���Œ�Š�—�•�•�¢�1�›�Ž�•�ž�Œ�Ž�•�1�’�—�1
AQP4i (p �½ �V�ï�V�V�X�X�ü�1�Š�—�•�1���������Z�’�1�ûp �½ �V�ï�V�W�^�Y�ü�1�•�›�Ž�Š�•�Ž�•�1�����1
�Œ�Ž�•�•�œ�1� �‘�Ž�—�1�Œ�˜�–�™�Š�›�Ž�•�1�•�˜�1�—�˜�,�’�—�‘�’�‹�’�•�’�˜�—�1�Œ�˜�—�•�›�˜�•�1�����1�Œ�Ž�•�•�œ�1
�û�������ü�1�û���’�•�ï�1�[c�ü�ï�1���•�1�Z�X�[ �–���œ�–�&�”�•�1�•�›�Ž�Š�•�–�Ž�—�•�1�
 �� ��1�&
F�V�1� �Š�œ�1�œ�’�•�—�’���Œ�Š�—�•�•�¢�1�•�Ž�Œ�›�Ž�Š�œ�Ž�•�1�’�—�1�������Z�’�1�ûp �½ �V�ï�V�V�_�[�ü�1
and TRPV4i (p �½ �V�ï�V�V�Z�]�ü�1�Œ�˜�–�™�Š�›�Ž�•�1�•�˜�1�������1�û���’�•�ï�1�[e�ü�ï�1
���•�1�[�X�[ �–���œ�–�&�”�•�1�•�›�Ž�Š�•�–�Ž�—�•�1�
 �� ��1�&���V�1� �Š�œ�1�œ�’�•�—�’���Œ�Š�—�•�•�¢�1
decreased in TRPV4i (p �½ �V�ï�V�V�X�Y�ü�1�Œ�˜�–�™�Š�›�Ž�•�1�•�˜�1�������1
�û���’�•�ï�1�[g�ü�ï �������W�’�1�•�›�Ž�Š�•�–�Ž�—�•�1�‘�Š�•�1�—�˜�1�œ�’�•�—�’���Œ�Š�—�•�1�Ž���Ž�Œ�•�1
on the change in F1�&���V�1at any osmolality but followed 
�Š�1 �œ�’�–�’�•�Š�›�1 �•�›�Ž�—�•�1 �•�˜�1�������Z�’�1 �•�›�Ž�Š�•�–�Ž�—�•�1 �û���’�•�ï�1 �[�ü�ï�1 ���‘�Ž�—�1
�����1 �Œ�Ž�•�•�œ�1 � �Ž�›�Ž�1 �Ž�¡�™�˜�œ�Ž�•�1 �•�˜�1 �Y�X�[ �–���œ�–�&�”�•�1 �û�’�•�Ž�—�•�’�Œ�Š�•�1
�•�˜�1�–�Ž�•�’�Š�1�˜�œ�–�˜�•�Š�•�’�•�¢�1�™�›�’�˜�›�1�•�˜�1�Ž�¡�™�˜�œ�ž�›�Ž�ü�1�—�˜�1�Œ�‘�Š�—�•�Ž�1�’�—�1
F1�&���V�1was observed in CTR, AQP1i, AQP4i or TRPV4i 
�•�›�Ž�Š�•�Ž�•�1�Œ�Ž�•�•�œ�ð�1�•�‘�Ž�›�Ž�•�˜�›�Ž�1�—�˜�1�
 �� ��1�&���V�1values could be 
�•�Ž�•�Ž�›�–�’�—�Ž�•�1�û�•�Š�•�Š�1�—�˜�•�1�œ�‘�˜� �—�ü�ï
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Change in NP cell volume in response to 
extracellular osmolality alterations
���‘�Ž�1 �˜�‹�œ�Ž�›�Ÿ�Ž�•�1 �’�—�Œ�›�Ž�Š�œ�Ž�1 �’�—�1 �Ÿ�˜�•�ž�–�Ž�1 �˜�•�1 �—�˜�,�’�—�‘�’�‹�’�•�’�˜�—�1
�Œ�˜�—�•�›�˜�•�1 �û�������ü�1 �����1 �Œ�Ž�•�•�œ�1 �Ž�¡�™�˜�œ�Ž�•�1 �•�˜�1 �X�X�[ �–���œ�–�&�”�•�1
� �Š�œ�1�œ�’�•�—�’���Œ�Š�—�•�•�¢�1�›�Ž�•�ž�Œ�Ž�•�1�’�—�1�‘�ž�–�Š�—�1�����1�Œ�Ž�•�•�œ�1�•�›�Ž�Š�•�Ž�•�1
with AQP1i (p  �À �V�ï�V�V�V�W�ü�ð�1 �������Z�’�1 �ûp  =  �V�ï�V�W�[�Z�ü�1 �Š�—�•�1
TRPV4i (p �À �V�ï�V�V�V�W�ü�ð�1 � �‘�Ž�—�1 �Ž�¡�™�˜�œ�Ž�•�1 �•�˜�1 �X�X�[ �–���œ�–�&
�”�•�1�û���’�•�ï�1�\a�ü�ï�1���‘�Ž�1�Ÿ�˜�•�ž�–�Ž�1�����1�Œ�Ž�•�•�œ�1� �‘�Ž�—�1�Ž�¡�™�˜�œ�Ž�•�1�•�˜�1
�Y�X�[ �–���œ�–�&�”�•�1 �û�œ�•�Š�›�•�’�—�•�1 �˜�œ�–�˜�•�Š�•�’�•�¢�1 �˜�•�1 �–�Ž�•�’�Š�ü�1 � �Š�œ�1
�ž�—�Š�•�•�Ž�›�Ž�•�1�Š�Œ�›�˜�œ�œ�1�Š�•�•�1�•�›�Ž�Š�•�–�Ž�—�•�1�•�›�˜�ž�™�œ�1�û���’�•�ï�1�\b�ü�ï�1���‘�Ž�1

volume of AQP1i (p �½ �V�ï�V�V�V�\�ü�ð�1�������Z�’�1�ûp = �V�ï�V�Y�Z�ü�1�Š�—�•�1
TRPV4i (p �½ �V�ï�V�V�V�[�ü�1�•�›�Ž�Š�•�Ž�•�1�‘�ž�–�Š�—�1�����1�Œ�Ž�•�•�œ�1�Ž�¡�™�˜�œ�Ž�•�1
�•�˜�1 �Z�X�[ �–���œ�–�&�”�•�1 � �Š�œ�1 �œ�’�•�—�’���Œ�Š�—�•�•�¢�1 �›�Ž�•�ž�Œ�Ž�•�ð�1 � �‘�Ž�—�1
�Œ�˜�–�™�Š�›�Ž�•�1 �•�˜�1 �—�˜�,�’�—�‘�’�‹�’�•�’�˜�—�1 �Œ�˜�—�•�›�˜�•�1 �û�������ü�1 �����1 �Œ�Ž�•�•�œ�1
�û���’�•�ï�1 �\c�ü�ï�1 ���—�•�¢�1 ���������Z�’�1 �œ�’�•�—�’���Œ�Š�—�•�•�¢�1 �•�Ž�Œ�›�Ž�Š�œ�Ž�•�1 �����1
�Œ�Ž�•�•�1�Ÿ�˜�•�ž�–�Ž�1�Š�•�1�[�X�[ �–���œ�–�&�”�•�1� �‘�Ž�—�1�Œ�˜�–�™�Š�›�Ž�•�1�•�˜�1�—�˜�,
�’�—�‘�’�‹�’�•�’�˜�—�1�Œ�˜�—�•�›�˜�•�1 �û�������ü�1 �ûp �½ �V�ï�V�V�\�_�ü�1�û���’�•�ï�1 �\d�ü�ï�1 ���Ž�•�•�1
�Ÿ�˜�•�ž�–�Ž�1�›�Ž�œ�ž�•�•�œ�1� �Ž�›�Ž�1�Œ�˜�—���›�–�Ž�•�1�ž�œ�’�—�•�1���˜� �1�Œ�¢�•�˜�–�Ž�•�›�¢�1
�•�˜�›� �Š�›�•�1�œ�Œ�Š�4�Ž�›�1�–�Ž�Š�œ�ž�›�Ž�–�Ž�—�•�œ�1�û�•�Š�•�Š�1�—�˜�•�1�œ�‘�˜� �—�ü�ï

Fig. 2. TRPV4 expression in native human NP tissue. (a�ü�1�›�Ž�•�Š�•�’�Ÿ�Ž�1���������Z�1�•�Ž�—�Ž�1�Ž�¡�™�›�Ž�œ�œ�’�˜�—�1�’�—�1�—�˜�—�,�•�Ž�•�Ž�—�Ž�›�Š�•�Ž�1
�û�•�›�Š�•�Ž�1 �V�,�Z�ü�ð�1 �–�˜�•�Ž�›�Š�•�Ž�•�¢�,�•�Ž�•�Ž�—�Ž�›�Š�•�Ž�1 �û�•�›�Š�•�Ž�1 �Z�ï�W�,�\�ï�_�ü�1 �Š�—�•�1 �œ�Ž�Ÿ�Ž�›�Ž�•�¢�,�•�Ž�•�Ž�—�Ž�›�Š�•�Ž�1 �û�•�›�Š�•�Ž�1 �]�,�W�X�ü�1 �—�Š�•�’�Ÿ�Ž�1 �‘�ž�–�Š�—�1
NP tissue. (b�ü�1���–�–�ž�—�˜�‘�’�œ�•�˜�Œ�‘�Ž�–�’�œ�•�›�¢�1�•�Ž�•�Ž�›�–�’�—�’�—�•�1�•�‘�Ž�1�™�Ž�›�Œ�Ž�—�•�Š�•�Ž�1�˜�•�1�—�Š�•�’�Ÿ�Ž�1�‘�ž�–�Š�—�1�����1�Œ�Ž�•�•�œ�1�•�‘�Š�•�1�Ž�¡�™�›�Ž�œ�œ�1
TRPV4 protein in (c�ü�1�—�˜�—�,�•�Ž�•�Ž�—�Ž�›�Š�•�Ž�1�û�•�›�Š�•�Ž�1�V�,�Z�ü�ð�1�ûd�ü�1�–�˜�•�Ž�›�Š�•�Ž�•�¢�,�•�Ž�•�Ž�—�Ž�›�Š�•�Ž�1�û�•�›�Š�•�Ž�1�Z�ï�W�,�1�\�ï�_�ü�1�Š�—�•�1�ûe�ü�1�œ�Ž�Ÿ�Ž�›�Ž�•�¢�,
�•�Ž�•�Ž�—�Ž�›�Š�•�Ž�1�û�•�›�Š�•�Ž�1�]�,�W�X�ü�1�—�Š�•�’�Ÿ�Ž�1�‘�ž�–�Š�—�1�����1�•�’�œ�œ�ž�Ž�ï�1���›�˜� �—�1�Œ�Ž�•�•�ž�•�Š�›�1�œ�•�Š�’�—�’�—�•�1�’�—�•�’�Œ�Š�•�Ž�œ�1�Œ�Ž�•�•�œ�1�Ž�¡�™�›�Ž�œ�œ�’�—�•�1���������Z�ï�1
(f�ü�1���•�	�1�Œ�˜�—�•�›�˜�•�1�’�–�Š�•�Ž�ï�1���Ž�•�•�œ�1�Œ�˜�ž�—�•�Ž�›�œ�•�Š�’�—�Ž�•�1� �’�•�‘�1���Š�¢�Ž�›���œ�1�‘�Š�Ž�–�Š�•�˜�¡�¢�•�’�—�1�û�‹�•�ž�Ž�ü�ï�1���Œ�Š�•�Ž�1�‹�Š�›�1�ûc�,e�ü�1�[�V µ�–�ï
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�����Ž�Œ�•�1�˜�•�1�������W�ð�1�������Z�1�Š�—�•�1���������Z�1�’�—�‘�’�‹�’�•�’�˜�—�1�˜�—�1
the water permeability of human NP cells
The normalised Pf�1�˜�•�1�‘�ž�–�Š�—�1�����1�Œ�Ž�•�•�œ�1� �Š�œ�1�œ�’�•�—�’���Œ�Š�—�•�•�¢�1
reduced with AQP4i ( p �½ �V�ï�V�V�W�Y�ü�1 �Š�—�•�1 ���������Z�’�1
(p �½ �V�ï�V�V�V�\�ü�1�Š�•�1�X�X�[ �–���œ�–�&�”�•�ð�1� �‘�Ž�—�1�Œ�˜�–�™�Š�›�Ž�•�1� �’�•�‘�1
�������1�Œ�Ž�•�•�œ�1�Š�•�1�X�X�[ �–���œ�–�&�”�•�1�û���’�•�ï�1�]a�ü�ï�1���•�1�Z�X�[ �–���œ�–�&
kg, AQP4i (p �½ �V�ï�V�V�V�^�ü�1 �Š�—�•�1 ���������Z�’�1 �ûp �½ �V�ï�V�V�W�W�ü�1
�œ�’�•�—�’���Œ�Š�—�•�•�¢�1 �›�Ž�•�ž�Œ�Ž�•�1 �•�‘�Ž�1 �—�˜�›�–�Š�•�’�œ�Ž�•�1 ��f of human 
NP cells when compared to CTR cells (Fig. 7b�ü�ï�1���•�1
�[�X�[ �–���œ�–�&�”�•�1�•�›�Ž�Š�•�–�Ž�—�•�ð�1�˜�—�•�¢�1���������Z�’�1�œ�’�•�—�’���Œ�Š�—�•�•�¢�1
(p �½ �V�ï�V�V�[�Y�ü�1�›�Ž�•�ž�Œ�Ž�•�1�•�‘�Ž�1�—�˜�›�–�Š�•�’�œ�Ž�•�1��f of human NP 
cells when compared to CTR cells (Fig. 7c�ü�ï�1�������W�’�1
�•�›�Ž�Š�•�–�Ž�—�•�1�‘�Š�•�1�—�˜�1�œ�’�•�—�’���Œ�Š�—�•�1�Ž���Ž�Œ�•�1�˜�—�1�›�Ž�•�Š�•�’�Ÿ�Ž�1� �Š�•�Ž�›�1
permeability at any osmolality but followed a similar 
trend to AQP4i treatment. Changes in extracellular 
�˜�œ�–�˜�•�Š�•�’�•�¢�1 �û�X�X�[�ð�1 �Z�X�[�1 �Š�—�•�1 �[�X�[ �–���œ�–�&�”�•�ü�1 �•�’�•�1 �—�˜�•�1
�œ�’�•�—�’���Œ�Š�—�•�•�¢�1�Š�•�•�Ž�›�1�•�‘�Ž�1��f of CTR NP cells (data not 
�œ�‘�˜� �—�ü�ï�1���˜�1�•�Ž�•�Ž�›�–�’�—�Ž�1��f�ð�1�Ÿ�Š�•�ž�Ž�œ�1�•�˜�›�1�‹�˜�•�‘�1�
 �� ��1�&���V�1and 
�Š�Œ�•�ž�Š�•�1�Œ�Ž�•�•�1�Ÿ�˜�•�ž�–�Ž�1�Š�›�Ž�1�›�Ž�š�ž�’�›�Ž�•�1�û���š�ž�Š�•�’�˜�—�1�Z�ü�ï�1���‘�Ž�—�1
�Œ�Ž�•�•�œ�1�û�������ð�1�������W�’�ð�1�������Z�’�1�˜�›�1���������Z�’�ü�1� �Ž�›�Ž�1�Ž�¡�™�˜�œ�Ž�•�1
�•�˜�1 �Y�X�[ �–���œ�–�&�”�•�1 �Œ�Ž�•�•�1 �Ÿ�˜�•�ž�–�Ž�1 � �Š�œ�1 �ž�—�Œ�‘�Š�—�•�Ž�•�1 �Š�—�•�1

�—�˜�1 �
 �� ��1�&���V�1values could be determined (data not 
�œ�‘�˜� �—�ü�ï�1���‘�Ž�›�Ž�•�˜�›�Ž�ð�1�•�‘�Ž�1� �Š�•�Ž�›�1�™�Ž�›�–�Ž�Š�‹�’�•�’�•�¢�1�˜�•�1�����1�Œ�Ž�•�•�œ�1
�Š�•�1�Y�X�[ �–���œ�–�&�”�•�1�Œ�˜�ž�•�•�1�—�˜�•�1�‹�Ž�1�•�Ž�•�Ž�›�–�’�—�Ž�•�ï

�
�ž�–�Š�—�1�����1�Œ�Ž�•�•�1�Œ�Š�•�Œ�’�ž�–�1�’�—���ž�¡�1�’�—�1�›�Ž�œ�™�˜�—�œ�Ž�1�•�˜�1
altered extracellular osmolality
The F1�&���V�1 �˜�•�1 �’�—�•�›�Š�Œ�Ž�•�•�ž�•�Š�›�1 ���•�ž�˜�,�Z�1 �•�’�›�Ž�Œ�•�ð�1 �›�Ž�•�Š�•�’�Ÿ�Ž�1 �•�˜�1
i[Ca2+�þ�ð�1� �Š�œ�1�Š�•�•�Ž�›�Ž�•�1�’�—�1�›�Ž�Š�•�,�•�’�–�Ž�ð�1� �‘�Ž�—�1�����1�Œ�Ž�•�•�œ�1� �Ž�›�Ž�1
�Ž�¡�™�˜�œ�Ž�•�1�•�˜�1�Š�•�•�Ž�›�Ž�•�1�Ž�¡�•�›�Š�Œ�Ž�•�•�ž�•�Š�›�1�˜�œ�–�˜�•�Š�•�’�•�¢�1�û�X�X�[�ð�1�Y�X�[�ð�1
�Z�X�[�1�Š�—�•�1�[�X�[ �–���œ�–�&�”�•�ü�ð�1�Š�•�•�Ž�›�1�[ �œ�1�‹�Š�œ�Ž�•�’�—�Ž�1�›�Ž�Š�•�’�—�•�œ�1
�’�—�1 �œ�•�Š�—�•�Š�›�•�1 �Œ�ž�•�•�ž�›�Ž�1 �–�Ž�•�’�Š�1 �û�Y�X�[ �–���œ�–�&�”�•�ü�1 �û���’�•�ï�1
�^a�ü�ï�1���‘�Ž�1�–�Š�¡�,�–�’�—�1��1�&���V�1�˜�•�1�’�—�•�›�Š�Œ�Ž�•�•�ž�•�Š�›�1���•�ž�˜�,�Z�1�•�’�›�Ž�Œ�•�1
� �Š�œ�1�œ�’�•�—�’���Œ�Š�—�•�•�¢�1�’�—�Œ�›�Ž�Š�œ�Ž�•�1�’�—�1�X�X�[ �–���œ�–�&�”�•�1�•�›�Ž�Š�•�Ž�•�1
NP cells, compared to all other osmotic treatments 
(p �½ �V�ï�V�V�X�ü�1�Š�—�•�1�œ�’�•�—�’���Œ�Š�—�•�•�¢�1�‘�’�•�‘�Ž�›�1�’�—�1�Y�X�[�1�ûp �½ �V�ï�V�Y�[�Z�ü�1
�Š�—�•�1�Z�X�[ �–���œ�–�&�”�•�1�ûp �½ �V�ï�V�Z�ü�1�•�›�Ž�Š�•�–�Ž�—�•�1�Œ�˜�–�™�Š�›�Ž�•�1�•�˜�1
�[�X�[ �–���œ�–�&�”�•�1�û���’�•�ï�1�^b�ü�ï�1���‘�Ž�1�•�’�–�Ž�1�•�Š�”�Ž�—�1�•�˜�1�›�Ž�Š�Œ�‘�1�–�Š�¡�1
F1�&���V�1�’�—�1 �‘�ž�–�Š�—�1 �����1 �Œ�Ž�•�•�œ�1 � �Š�œ�1 �œ�’�•�—�’���Œ�Š�—�•�•�¢�1 �œ�‘�˜�›�•�Ž�›�1
� �‘�Ž�—�1�Ž�¡�™�˜�œ�Ž�•�1�•�˜�1�X�X�[ �–���œ�–�&�”�•�1�–�Ž�•�’�Š�1�Œ�˜�–�™�Š�›�Ž�•�1�•�˜�1
all other treatments (p �½ �V�ï�V�V�X�[�ü�1�û���’�•�ï�1�^b�ü�ï

Fig. 3. Localisation of TRPV4, AQP4 and primary cilia in human NP cells. ( a�,c�ü�1���˜�,�•�˜�Œ�Š�•�’�œ�Š�•�’�˜�—�1�˜�•�1�ûa�ü�1���������Z�1
�û�•�›�Ž�Ž�—�ü�1�Š�—�•�1�ûb�ü�1�������Z�1�û�›�Ž�•�ü�ð�1�ûc�ü�1�œ�‘�˜� �œ�1�•�‘�Ž�1�–�Ž�›�•�Ž�•�1�Œ�˜�–�™�˜�œ�’�•�Ž�1�˜�•�1�’�–�Š�•�Ž�1a and b�1�œ�‘�˜� �’�—�•�1�Œ�˜�,�•�˜�Œ�Š�•�’�œ�Š�•�’�˜�—�1�û�¢�Ž�•�•�˜� �ü�ï�1
(d�,f�ü�1���˜�,�•�˜�Œ�Š�•�’�œ�Š�•�’�˜�—�1�˜�•�1�ûd�ü�1���������Z�1�û�•�›�Ž�Ž�—�ü�1�Š�—�•�1�ûe�ü�1�†�,�•�ž�‹�ž�•�’�—�1�û�›�Ž�•�ü�ð�1�ûf�ü�1�œ�‘�˜� �œ�1�•�‘�Ž�1�–�Ž�›�•�Ž�•�1�Œ�˜�–�™�˜�œ�’�•�Ž�1�˜�•�1�’�–�Š�•�Ž�1
�Š�1 �Š�—�•�1 �‹�1 �œ�‘�˜� �’�—�•�1 �Œ�˜�,�•�˜�Œ�Š�•�’�œ�Š�•�’�˜�—�1�û�¢�Ž�•�•�˜� �ü�ï�1 �ûg�,i�ü�1 ���˜�,�•�˜�Œ�Š�•�’�œ�Š�•�’�˜�—�1�˜�•�1 �™�›�’�–�Š�›�¢�1 �Œ�’�•�’�Š�1 �Š�—�•�1�������Z�ï�1 �ûg�ü�1 �Š�Œ�Ž�•�¢�•�Š�•�Ž�•�1
�•�ž�‹�ž�•�’�—�1�œ�•�Š�’�—�’�—�•�1�û�›�Ž�•�ü�1�’�—�•�’�Œ�Š�•�’�—�•�1�•�‘�Ž�1�•�˜�Œ�Š�•�’�œ�Š�•�’�˜�—�1�˜�•�1�™�›�’�–�Š�›�¢�1�Œ�’�•�’�Š�ï�1�ûh�ü�1�������Z�1�œ�•�Š�’�—�’�—�•�1�û�•�›�Ž�Ž�—�ü�ï�1�ûi�ü�1���Ž�›�•�Ž�•�1�’�–�Š�•�Ž�1
�’�•�Ž�—�•�’�•�¢�’�—�•�1�Œ�˜�,�•�˜�Œ�Š�•�’�œ�Š�•�’�˜�—�1�˜�•�1�Š�Œ�Ž�•�¢�•�Š�•�Ž�•�1�•�ž�‹�ž�•�’�—�1�Š�—�•�1�������Z�1�û�¢�Ž�•�•�˜� �ü�ï�1���—�œ�Ž�•�1�’�–�Š�•�Ž�œ�1�œ�‘�˜� �1�‘�’�•�‘�Ž�›�1�–�Š�•�—�’���Œ�Š�•�’�˜�—�1
�’�—�•�’�Œ�Š�•�’�—�•�1�•�˜�Œ�Š�•�’�œ�Š�•�’�˜�—�ï�1���•�•�1�‘�ž�–�Š�—�1�����1�Œ�Ž�•�•�œ�1�Œ�˜�ž�—�•�Ž�›�œ�•�Š�’�—�Ž�•�1� �’�•�‘�1���������1�û�‹�•�ž�Ž�ü�ï�1���–�Š�•�Ž�œ�1�Œ�Š�™�•�ž�›�Ž�•�1�˜�—�1�Š�—�1�������1
�^�V�V�1�Œ�˜�—�•�˜�Œ�Š�•�1�–�’�Œ�›�˜�œ�Œ�˜�™�Ž�1�û���Ž�’�œ�œ�ü�1�ž�œ�’�—�•�1���Ž�—�1�œ�˜�•�•� �Š�›�Ž�1�û���Ž�’�œ�œ�ü�ï�1���Œ�Š�•�Ž�1�‹�Š�›�œ�1�X�V µ�–�ï



JW Snuggs et al.                                                                                        Role of AQP1, AQP4 and TRPV4 in the NP

131 www.ecmjournal.org

���’�•�ï�1�Z�ï�1���—�•�›�Š�Œ�Ž�•�•�ž�•�Š�›�1�Œ�Š�•�Œ�Ž�’�—�1���ž�˜�›�Ž�œ�Œ�Ž�—�Œ�Ž�1�Š�—�•�1�Œ�Ž�•�•�1�Ÿ�˜�•�ž�–�Ž�1�Œ�˜�›�›�Ž�•�Š�•�’�˜�—�1� �’�•�‘�1�Ž�¡�•�›�Š�Œ�Ž�•�•�ž�•�Š�›�1�˜�œ�–�˜�•�Š�•�’�•�¢�1�Š�—�•�1
channel inhibitor viability in human NP  cells. (a�ü�1���Ž�•�Š�•�’�Ÿ�Ž�1���ž�˜�›�Ž�œ�Œ�Ž�—�Œ�Ž�1�û��1�&���V�ü�1�˜�•�1�’�—�•�›�Š�Œ�Ž�•�•�ž�•�Š�›�1�Œ�Š�•�Œ�Ž�’�—�1�•�Ž�™�Ž�—�•�œ�1
linearly on extracellular osmolality. (b�ü�1�����,�Œ�Ž�•�•�1�Ÿ�˜�•�ž�–�Ž�1�’�œ�1�—�˜�•�1�•�’�—�Ž�Š�›�•�¢�1�Œ�˜�›�›�Ž�•�Š�•�Ž�•�1�•�˜�1�Ž�¡�•�›�Š�Œ�Ž�•�•�ž�•�Š�›�1�˜�œ�–�˜�•�Š�•�’�•�¢�ï�1
Average results for intracellular calcein F 1�&���V�1�Š�—�•�1�Œ�Ž�•�•�1�Ÿ�˜�•�ž�–�Ž�1�Š�›�Ž�1�™�•�˜�4�Ž�•�1� �’�•�‘�1�œ�•�Š�—�•�Š�›�•�1�•�Ž�Ÿ�’�Š�•�’�˜�—�ï�1���’�—�Ž�Š�›�1
�›�Ž�•�›�Ž�œ�œ�’�˜�—�1�Š�—�Š�•�¢�œ�’�œ�1�’�œ�1�™�•�˜�4�Ž�•�1�Š�œ�1�Š�1�•�Š�œ�‘�Ž�•�1�›�Ž�•�1�•�’�—�Ž�ï�1�ûc�ü�1�����1�Œ�Ž�•�•�1�–�Ž�•�Š�‹�˜�•�’�Œ�1�Š�Œ�•�’�Ÿ�’�•�¢�1�’�—�1�›�Ž�œ�™�˜�—�œ�Ž�1�•�˜�1���������1�Ÿ�Ž�‘�’�Œ�•�Ž�1
�Œ�˜�—�•�›�˜�•�1�û�™�ž�›�™�•�Ž�ü�ð�1�W�V�V �•�–�˜�•�&���1�������W�1�’�—�‘�’�‹�’�•�˜�›�1�û�������W�’�ð�1�•�’�•�‘�•�1�‹�•�ž�Ž�ü�1�û�����1�������W�1�W�ð�1���˜�Œ�›�’�œ�1���’�˜�œ�Œ�’�Ž�—�Œ�Ž�ü�ð�1�Y�V�V �•�–�˜�•�&���1
�������Z�1�’�—�‘�’�‹�’�•�˜�›�1�û�������Z�’�ð�1�•�Š�›�”�1�‹�•�ž�Ž�ü�1�û���	���1�V�X�V�ð�1���˜�Œ�›�’�œ�1���’�˜�œ�Œ�’�Ž�—�Œ�Ž�ü�1�˜�›�1�Z�ï�^ �•�–�˜�•�&���1���������Z�1�’�—�‘�’�‹�’�•�˜�›�1�û���������Z�’�ð�1
�›�Ž�•�ü�1�û�
���,�V�\�]�V�Z�]�ð�1���’�•�–�Š�,���•�•�›�’�Œ�‘�ü�1�•�›�Ž�Š�•�–�Ž�—�•�1�•�˜�›�1�W�,�Y �‘�ï�1���Ž�•�Š�‹�˜�•�’�Œ�1�Š�Œ�•�’�Ÿ�’�•�¢�1� �Š�œ�1�–�Ž�Š�œ�ž�›�Ž�•�1�ž�œ�’�—�•�1�•�‘�Ž�1�›�Ž�œ�Š�£�ž�›�’�—�1
reduction assay (n �½ �Y�1�™�Š�•�’�Ž�—�•�œ�1�’�—�1�•�›�’�™�•�’�Œ�Š�•�Ž�ü�ï�1���’�•�—�’���Œ�Š�—�Œ�Ž�1�•�Ž�•�Ž�›�–�’�—�Ž�•�1�‹�¢�1�
�›�ž�œ�”�Š�•�,���Š�•�•�’�œ�1�� p �Â �V�ï�V�[�ï

�����Ž�Œ�•�1�˜�•�1�������Z�1�Š�—�•�1���������Z�1�’�—�‘�’�‹�’�•�’�˜�—�1�˜�—�1�‘�¢�™�˜�,
osmotic Ca2+�1�’�—���ž�¡�1�’�—�1�‘�ž�–�Š�—�1�����1�Œ�Ž�•�•�œ
The F1�&���V�1 �˜�•�1 �’�—�•�›�Š�Œ�Ž�•�•�ž�•�Š�›�1 ���•�ž�˜�,�Z�1 �•�’�›�Ž�Œ�•�ð�1 �›�Ž�•�Š�•�’�Ÿ�Ž�1 �•�˜�1

i[Ca2+�þ�ð�1� �Š�œ�1�Š�•�•�Ž�›�Ž�•�1�’�—�1�›�Ž�Š�•�,�•�’�–�Ž�ð�1� �‘�Ž�—�1�����1�Œ�Ž�•�•�œ�1� �Ž�›�Ž�1
�Ž�¡�™�˜�œ�Ž�•�1 �•�˜�1 �X�X�[ �–���œ�–�&�”�•�1 �Ž�¡�•�›�Š�Œ�Ž�•�•�ž�•�Š�›�1 �˜�œ�–�˜�•�Š�•�’�•�¢�1
�Š�•�•�Ž�›�1 �������Z�’�ð�1 ���������Z�’�1 �˜�›�1 �������1 �•�›�Ž�Š�•�–�Ž�—�•�ð�1 �Š�—�•�1 �[ �œ�1
baseline readings in standard culture media 
�û�Y�X�[ �–���œ�–�&�”�•�ü�1 �û���’�•�ï�1 �^d�ü�ï�1 ���‘�Ž�1 �–�Š�¡�,�–�’�—�1 ��1�&���V of 
�’�—�•�›�Š�Œ�Ž�•�•�ž�•�Š�›�1���•�ž�˜�,�Z�1�•�’�›�Ž�Œ�•�1� �Š�œ�1�œ�’�•�—�’���Œ�Š�—�•�•�¢�1�’�—�Œ�›�Ž�Š�œ�Ž�•�1
�’�—�1�X�X�[ �–���œ�–�&�”�•�1�Œ�˜�—�•�›�˜�•�1�����1�Œ�Ž�•�•�œ�ð�1�Œ�˜�–�™�Š�›�Ž�•�1�•�˜�1�������Z�’�1
(p �½ �V�ï�V�V�X�Z�ü�1�Š�—�•�1���������Z�’�1�ûp �½ �V�ï�V�V�X�Y�ü�1�•�›�Ž�Š�•�Ž�•�1�����1�Œ�Ž�•�•�œ�1
�û�Š�•�1�X�X�[ �–���œ�–�&�”�•�ü�ò�1�‹�˜�•�‘�1�•�›�Ž�Š�•�–�Ž�—�•�œ�1�›�Ž�•�ž�Œ�Ž�•�1�–�Š�¡�,�–�’�—�1
F1�&���V�1�Ÿ�Š�•�ž�Ž�œ�1�•�˜�1�Š�1�•�Ž�Ÿ�Ž�•�1�Œ�˜�–�™�Š�›�Š�‹�•�Ž�1� �’�•�‘�1�Y�X�[ �–���œ�–�&�”�•�1

�Œ�˜�—�•�›�˜�•�1�•�›�Ž�Š�•�–�Ž�—�•�1�û���’�•�ï�1�^e�ü�ï�1���‘�Ž�1�•�’�–�Ž�1�•�Š�”�Ž�—�1�•�˜�1�›�Ž�Š�Œ�‘�1
maximum F 1�&���V�1�˜�•�1�’�—�•�›�Š�Œ�Ž�•�•�ž�•�Š�›�1���•�ž�˜�,�Z�1�•�’�›�Ž�Œ�•�1�’�—�1�������Z�’�1
�•�›�Ž�Š�•�Ž�•�1�����1�Œ�Ž�•�•�œ�1�û�Š�•�1�X�X�[ �–���œ�–�&�”�•�ü�1� �Š�œ�1�œ�’�•�—�’���Œ�Š�—�•�•�¢�1
�’�—�Œ�›�Ž�Š�œ�Ž�•�1� �‘�Ž�—�1�Œ�˜�–�™�Š�›�Ž�•�1�•�˜�1�X�X�[ �–���œ�–�&�”�•�1�Œ�˜�—�•�›�˜�•�1
and TRPV4i treated NP cells (p �Â �V�ï�V�V�Y�ü�1�û���’�•�ï�1�^f�ü�ï�1���—�•�¢�1
inhibition of AQP4 and TRPV4 was investigated 
�‘�Ž�›�Ž�1 �‹�Ž�Œ�Š�ž�œ�Ž�1 �‹�˜�•�‘�1 �Œ�‘�Š�—�—�Ž�•�œ�1 �Š�™�™�Ž�Š�›�1 �•�˜�1 �Œ�˜�,�•�˜�Œ�Š�•�’�œ�Ž�1
in human NP cells, suggesting combined function, 
whereas AQP1 does not (Snuggs et al.�ð�1�X�V�W�_�ü�ï�1���•�œ�˜�ð�1
�������Z�1�Š�—�•�1���������Z�1�‘�Š�Ÿ�Ž�1�‹�Ž�Ž�—�1�œ�‘�˜� �—�1�•�˜�1�Œ�˜�,�•�˜�Œ�Š�•�’�œ�Ž�1�Š�—�•�1
perform combined functions within other cell types 
previously (Benfenati et al.�ð�1�X�V�W�W�ò�1���˜�•�Š�1et al.�ð�1�X�V�W�\�ü�ð�1
therefore, this was investigated here.
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Fig. 5. The rate of human NP cell swelling and shrinkage in response to extracellular osmolality changes. 
(a�ü�1���‘�Ž�1�›�Ž�Š�•�,�•�’�–�Ž�1�›�Š�•�Ž�1�˜�•�1�Œ�‘�Š�—�•�Ž�1�’�—�1�•�‘�Ž�1�›�Ž�•�Š�•�’�Ÿ�Ž�1���ž�˜�›�Ž�œ�Œ�Ž�—�Œ�Ž�1�û��1�&���V�ü�1�˜�•�1�’�—�•�›�Š�Œ�Ž�•�•�ž�•�Š�›�1�Œ�Š�•�Œ�Ž�’�—�1� �‘�Ž�—�1�����1�Œ�Ž�•�•�œ�1�Š�›�Ž�1
�Ž�¡�™�˜�œ�Ž�•�1�•�˜�1�™�‘�¢�œ�’�˜�•�˜�•�’�Œ�Š�•�1�Š�•�•�Ž�›�Š�•�’�˜�—�œ�1�’�—�1�Ž�¡�•�›�Š�Œ�Ž�•�•�ž�•�Š�›�1�˜�œ�–�˜�•�Š�•�’�•�¢�1�û�X�X�[�,�[�X�[ �–���œ�–�&�”�•�ü�ï�1���Š�œ�Ž�•�’�—�Ž�1���ž�˜�›�Ž�œ�Œ�Ž�—�Œ�Ž�1�˜�•�1
�Œ�Š�•�Œ�Ž�’�—�,�•�˜�Š�•�Ž�•�1�����1�Œ�Ž�•�•�œ�1� �Š�œ�1�›�Ž�Œ�˜�›�•�Ž�•�1�•�˜�›�1�[ �œ�1�û�º �[�,�V �œ�ü�1�‹�Ž�•�˜�›�Ž�1�’�—�“�Ž�Œ�•�’�˜�—�1�˜�•�1�Š�•�•�Ž�›�Ž�•�1�˜�œ�–�˜�•�Š�•�’�•�¢�1�–�Ž�•�’�Š�1�Š�—�•�1�Œ�‘�Š�—�•�Ž�1
�’�—�1�Œ�Š�•�Œ�Ž�’�—�1���ž�˜�›�Ž�œ�Œ�Ž�—�Œ�Ž�1�›�Ž�Œ�˜�›�•�Ž�•�1�•�˜�›�1�Š�1�•�ž�›�•�‘�Ž�›�1�Z�[ �œ�1�û�V�,�Z�[ �œ�ü�ï�1���‘�Ž�1�›�Ž�Š�•�,�•�’�–�Ž�1�Œ�‘�Š�—�•�Ž�1�’�—�1�’�—�•�›�Š�Œ�Ž�•�•�ž�•�Š�›�1�Œ�Š�•�Œ�Ž�’�—�1��1�&���V 
in NP cells when treated with (b�ü�1�X�X�[ �–���œ�–�&�”�•�ð�1�ûd�ü�1�Z�X�[ �–���œ�–�&�”�•�1�Š�—�•�1�ûf�ü�1�[�X�[ �–���œ�–�&�”�•�1�–�Ž�•�’�Š�ï�1���‘�Ž�1�›�Š�•�Ž�1�˜�•�1
change in intracellular calcein F1�&���V�1�û�
�1���1���W�&F�V�ü�1�’�—�1�����1�Œ�Ž�•�•�œ�1� �‘�Ž�—�1�•�›�Ž�Š�•�Ž�•�1� �’�•�‘�1�ûc�ü�1�X�X�[ �–���œ�–�&�”�•�ð�1�ûe�ü�1�Z�X�[ �–���œ�–�&
kg and (g�ü�1�[�X�[ �–���œ�–�&�”�•�1�–�Ž�•�’�Š�ï�1���‘�Ž�1�›�Ž�Š�•�,�•�’�–�Ž�1�Œ�‘�Š�—�•�Ž�1�’�—�1�’�—�•�›�Š�Œ�Ž�•�•�ž�•�Š�›�1�Œ�Š�•�Œ�Ž�’�—�1��1�&���V in NP cells when treated 
� �’�•�‘�1�X�X�[ �–���œ�–�&�”�•�1�–�Ž�•�’�Š�ï�1���‘�Š�—�•�Ž�1�’�—�1��1�&���V�1� �Š�œ�1�›�Ž�Œ�˜�›�•�Ž�•�1�’�—�1���������1�Ÿ�Ž�‘�’�Œ�•�Ž�1�Œ�˜�—�•�›�˜�•�1�û�������ð�1�™�ž�›�™�•�Ž�1�•�›�Š�Œ�Ž�ü�1�Œ�Ž�•�•�œ�1
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Discussion

The hyperosmotic environment of the IVD is 
constantly changing due to diurnal loading, 
where water is imbibed and then dissipated as 
the mechanical loading of the spine changes. 
���—�1 �™�‘�¢�œ�’�˜�•�˜�•�’�Œ�Š�•�•�¢�,�–�Š�•�Œ�‘�Ž�•�1 �˜�œ�–�˜�•�Š�•�’�•�¢�ð�1 �–�Š�•�›�’�¡�1
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indicating NP cells have adapted their function 
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within the IVD. Therefore, mechanisms must be in 
place to protect NP cells, and enable their adaptation 
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osmolality. However, the mechanisms that control 
the initial response to altered extracellular osmolality, 
�œ�ž�Œ�‘�1 �Š�œ�1 �•�‘�Ž�1 �›�Š�™�’�•�1 ���ž�¡�1 �˜�•�1 � �Š�•�Ž�›�ð�1 �’�˜�—�œ�ð�1 �Š�—�•�1 �Œ�‘�Š�—�•�Ž�œ�1
in cell volume, are not completely understood in 
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observed during IVD degeneration, may impact on 
these fundamental cellular processes and the overall 
function of the IVD.
	 This study identified that NP cells rapidly 
modulate their cell volume and the rate at which 
volume is changed in response to extracellular 
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permeability responses to extracellular osmolality 
alterations in NP cells was reliant upon the function 
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degeneration, when osmolality and AQP4 expression 
is decreased (Snuggs et al�ï�ð�1 �X�V�W�_�ü�ð�1 �����1 �Œ�Ž�•�•�œ�1 �Œ�Š�—�1 �—�˜�1
longer adapt to their environment. AQP1i showed 
similar trends in decreasing the water permeability of 
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the same magnitude as AQP4i. This suggests AQP1 
may still play an important role in RVD, but to a lesser 
extent than AQP4.
	 The expression of TRPV4 in human NP tissue was 
not sensitive to IVD degeneration and its function 
was required to maintain water permeability across 
all osmotic treatments, indicating TRPV4 enables 
fundamental cellular processes, such as volume 
regulation, regardless of IVD degeneration. Both 
TRPV4i and AQP4i decreased the water permeability 

Fig. 6. NP cell volume changes in response to altered extracellular osmolality. �����Ž�Œ�•�1�˜�•�1�������W�1�’�—�‘�’�‹�’�•�’�˜�—�ð�1
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Fig. 7. Water permeability of human NP cells in response to extracellular osmolality alterations and the 
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extracellular osmolality, and applied to the equation developed by Fenton et al�ï�1�û�X�V�W�V�ü�ï�1���•�•�1���•�1�Ÿ�Š�•�ž�Ž�œ�1� �Ž�›�Ž�1
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normalised Pf of AQP1 inhibition, AQP4 inhibition and TRPV4 inhibition was compared to CTR at (a�ü�1�X�X�[�ð�1
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Fig. 8. Ca2+�1�’�—���ž�¡�1�’�—�1�‘�ž�–�Š�—�1�����1�Œ�Ž�•�•�œ�1� �‘�Ž�—�1�Ž�¡�™�˜�œ�Ž�•�1�•�˜�1�Š�•�•�Ž�›�Ž�•�1�Ž�¡�•�›�Š�Œ�Ž�•�•�ž�•�Š�›�1�˜�œ�–�˜�•�Š�•�’�•�¢�ï�1(a�ü�1���•�ž�˜�,�Z�1�•�’�›�Ž�Œ�•�1
�Š�œ�œ�Š�¢�1�û���—�Ÿ�’�•�›�˜�•�Ž�—�ü�1� �Š�œ�1�ž�œ�Ž�•�1�•�˜�1�–�Ž�Š�œ�ž�›�Ž�1�•�‘�Ž�1�›�Š�•�Ž�1�˜�•�1���Š2+�1�’�—���ž�¡�1�’�—�•�˜�1�‘�ž�–�Š�—�1�����1�Œ�Ž�•�•�œ�ï�1���Š�œ�Ž�•�’�—�Ž�1���ž�˜�›�Ž�œ�Œ�Ž�—�Œ�Ž�1
�˜�•�1�Œ�Š�•�Œ�Ž�’�—�,�•�˜�Š�•�Ž�•�1�����1�Œ�Ž�•�•�œ�1� �Š�œ�1�›�Ž�Œ�˜�›�•�Ž�•�1�•�˜�›�1�[ �œ�1�û�º �[�,�V �œ�ü�ð�1�‹�Ž�•�˜�›�Ž�1�’�—�“�Ž�Œ�•�’�˜�—�1�˜�•�1�Š�•�•�Ž�›�Ž�•�1�˜�œ�–�˜�•�Š�•�’�•�¢�1�–�Ž�•�’�Š�1�Š�—�•�1
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each treatment osmolality. (d�ü�1���‘�Ž�1�›�Š�•�Ž�1�˜�•�1���Š2+�1�’�—���ž�¡�1�’�—�•�˜�1�‘�ž�–�Š�—�1�����1�Œ�Ž�•�•�œ�1� �‘�Ž�—�1�•�›�Ž�Š�•�Ž�•�1� �’�•�‘�1�X�X�[ �–���œ�–�&�”�•�1
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inhibitors compared to osmotic DMSO vehicle controls. (f�ü�1���’�–�Ž�1�û�œ�ü�1�•�Š�”�Ž�—�1�•�˜�›�1�–�Š�¡�1��1�&���V (Ca2+�1�’�—���ž�¡�ü�1�•�˜�1�‹�Ž�1
reached in human NP cells when treated with channel inhibitors compared to osmotic controls. Averaged 
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JW Snuggs et al.                                                                                        Role of AQP1, AQP4 and TRPV4 in the NP

�Š�—�•�1 �‘�¢�™�˜�,�˜�œ�–�˜�•�’�Œ�1 ���Š2+ influx in NP cells. Both 
�Œ�‘�Š�—�—�Ž�•�œ�1 �Š�•�œ�˜�1 �Œ�˜�,�•�˜�Œ�Š�•�’�œ�Ž�•�1 � �’�•�‘�1 �Ž�Š�Œ�‘�1 �˜�•�‘�Ž�›�1 �Š�—�•�1
potentially with primary cilia. This suggests that 
the function of both channels is linked and may play 
�“�˜�’�—�•�1�›�˜�•�Ž�œ�1�•�ž�›�’�—�•�1�����,�Œ�Ž�•�•�1�Š�•�Š�™�•�Š�•�’�˜�—�1�•�˜�1�’�•�œ�1�˜�œ�–�˜�•�’�Œ�1
microenvironment, in which the primary cilia may 
also perform an important role (Choi et al�ï�ð�1 �X�V�W�_�ò�1
Corrigan et al�ï�ð�1�X�V�W�^�ò�1���’�1et al�ï�ð�1�X�V�X�V�ü�ï

NP cell volume change in response to 
extracellular osmolality and the role of AQP1, 4 
and TRPV4
Human NP cells increased cell volume under 
�‘�¢�™�˜�,�˜�œ�–�˜�•�’�Œ�1 �Š�—�•�1 �•�Ž�Œ�›�Ž�Š�œ�Ž�•�1 �ž�—�•�Ž�›�1 �‘�¢�™�Ž�›�˜�œ�–�˜�•�’�Œ�1
conditions, similar to that seen in other cells 
(Corasanti et al�ï�ð�1�W�_�_�V�ò�1���Š�—�•�1et al.�ð�1�W�_�_�^�ü�ï�1���˜�Ÿ�’�—�Ž�1�����1
cells show a similar trend when exposed to low 
osmolality (Maidhof et al.�ð�1�X�V�W�Z�ü�1�Š�—�•�1�›�Š�‹�‹�’�•�1�����1�Œ�Ž�•�•�1
�œ�’�£�Ž�1 � �Š�œ�1 �Š�•�œ�˜�1 �’�—�Œ�›�Ž�Š�œ�Ž�•�1 �Š�•�•�Ž�›�1 �Š�—�1 �Š�—�—�ž�•�ž�œ�1 ���‹�›�˜�œ�ž�œ�1
puncture model of degeneration (He et al.�ð�1 �X�V�W�Y�ü�ï�1
This indicates that during IVD degeneration, when 
osmolality is decreased, cell size may increase and NP 
cell size could be used to indicate the degenerative 
state of the IVD.
	 ���‘�Ž�—�1 �Ž�¡�™�˜�œ�Ž�•�1 �•�˜�1 �•�Ž�Œ�›�Ž�Š�œ�Ž�•�1 �Ž�¡�•�›�Š�Œ�Ž�•�•�ž�•�Š�›�1
�˜�œ�–�˜�•�Š�•�’�•�¢�1 �û�X�X�[ �–���œ�–�&�”�•�ü�ð�1 �����1 �Œ�Ž�•�•�1 �Ÿ�˜�•�ž�–�Ž�1 � �Š�œ�1
�’�—�Œ�›�Ž�Š�œ�Ž�•�1�Œ�˜�–�™�Š�›�Ž�•�1�•�˜�1�˜�œ�–�˜�•�’�Œ�1�Œ�˜�—�•�›�˜�•�œ�1�û�Y�X�[ �–���œ�–�&
�”�•�ü�ï�1 ���—�1 �•�‘�Ž�1 �™�›�Ž�œ�Ž�—�Œ�Ž�1 �˜�•�1 �Ž�’�•�‘�Ž�›�1 �������W�’�ð�1 �������Z�’�1 �˜�›�1
���������Z�’�ð�1 �•�‘�Ž�1 �‘�¢�™�˜�,�˜�œ�–�˜�•�’�Œ�1 �’�—�Œ�›�Ž�Š�œ�Ž�1 �’�—�1 �����,�Œ�Ž�•�•�1 �œ�’�£�Ž�1
was not observed. Highlighting the inhibition of 
these channels prevents the size of NP cells increasing 
� �‘�Ž�—�1 �Ž�¡�™�˜�œ�Ž�•�1 �•�˜�1 �Š�1 �‘�¢�™�˜�,�˜�œ�–�˜�•�’�Œ�1 �œ�•�’�–�ž�•�ž�œ�ï�1 ���‘�Ž�œ�Ž�1
results indicate that the function of both AQP1, 4 
and TRPV4 is required for NP cells to respond in the 
correct manner to decreased osmolality, by increasing 
volume. This potentially indicates that these channels 
work synergistically, enabling NP cells to correctly 
regulate their volume and trigger downstream 
�–�Ž�Œ�‘�Š�—�’�œ�–�œ�1�û�œ�ž�Œ�‘�1�Š�œ�1�������ü�ð�1�’�—�1�˜�›�•�Ž�›�1�•�˜�1�Š�•�Š�™�•�1�•�˜�1�•�‘�Ž�’�›�1
environment. Such synergistic functions of AQP1, 
4 and TRPV4 has been observed in astrocytes and 
�•�‘�Ž�1�›�Ž�•�ž�•�Š�•�’�˜�—�1�˜�•�1�•�‘�Ž�1�‹�•�˜�˜�•�,�‹�›�Š�’�—�,�‹�Š�›�›�’�Ž�›�1�™�›�Ž�Ÿ�’�˜�ž�œ�•�¢�1
(Jo et al�ï�ð�1�X�V�W�[�ò�1�
�’�•�Œ�‘�Ž�—�1et al�ï�ð�1�X�V�W�[�ò�1���˜�•�Š�1et al�ï�ð�1�X�V�W�\�ò�1
Solenov et al�ï�ð�1�X�V�V�Z�ü�ï�1���ž�›�•�‘�Ž�›�–�˜�›�Ž�ð�1�Œ�‘�Š�—�—�Ž�•�1�’�—�‘�’�‹�’�•�’�˜�—�1
�˜�•�1 �������W�ð�1 �Z�1 �Š�—�•�1 ���������Z�1 �œ�’�•�—�’���Œ�Š�—�•�•�¢�1 �›�Ž�•�ž�Œ�Ž�•�1 �•�‘�Ž�1
�Ÿ�˜�•�ž�–�Ž�1�˜�•�1�����1�Œ�Ž�•�•�œ�1�Ž�¡�™�˜�œ�Ž�•�1�•�˜�1�Z�X�[ �–���œ�–�&�”�•�1�–�Ž�•�’�Š�1
� �‘�Ž�—�1�Œ�˜�–�™�Š�›�Ž�•�1�•�˜�1�—�˜�,�’�—�‘�’�‹�’�•�’�˜�—�1�Œ�˜�—�•�›�˜�•�œ�ð�1�’�—�•�’�Œ�Š�•�’�—�•�1
�•�‘�Š�•�1�•�‘�Ž�1�•�ž�—�Œ�•�’�˜�—�1�˜�•�1�Š�•�•�1�Y�1�Œ�‘�Š�—�—�Ž�•�œ�1�’�œ�1�Š�•�œ�˜�1�›�Ž�š�ž�’�›�Ž�•�1�•�˜�›�1
�����1�Œ�Ž�•�•�œ�1�•�˜�1�Š�•�•�Ž�›�1�•�‘�Ž�’�›�1�Ÿ�˜�•�ž�–�Ž�1�Œ�˜�›�›�Ž�Œ�•�•�¢�1�•�˜�1�Š�1�‘�¢�™�Ž�›�,
�˜�œ�–�˜�•�’�Œ�1�Ž�—�Ÿ�’�›�˜�—�–�Ž�—�•�1�û�–�’�–�’�Œ�”�’�—�•�1�•�‘�Ž�1�‘�Ž�Š�•�•�‘�¢�1�������ü�ï�1
���•�1�[�X�[ �–���œ�–�&�”�•�1�û�Š�•�œ�˜�1�–�’�–�’�Œ�”�’�—�•�1�•�‘�Ž�1�‘�Ž�Š�•�•�‘�¢�1�������ü�1
�˜�—�•�¢�1 ���������Z�’�1 �œ�’�•�—�’���Œ�Š�—�•�•�¢�1 �Š�•�•�Ž�›�Ž�•�1 �����,�Œ�Ž�•�•�1 �Ÿ�˜�•�ž�–�Ž�1
�Œ�˜�–�™�Š�›�Ž�•�1�•�˜�1�—�˜�,�’�—�‘�’�‹�’�•�’�˜�—�1�Œ�˜�—�•�›�˜�•�œ�ï�1���•�˜�—�•�1� �’�•�‘�1�•�‘�Ž�1
native expression of TRPV4 being insensitive to IVD 
degeneration, this indicates that TRPV4 function may 
be important for fundamental volume regulation 
�™�›�˜�Œ�Ž�œ�œ�Ž�œ�ð�1 �›�Ž�•�Š�›�•�•�Ž�œ�œ�1 �˜�•�1 �������1 �‘�Ž�Š�•�•�‘�ï�1 ���‘�Ž�›�Ž�Š�œ�1 �•�‘�Ž�1
�•�ž�—�Œ�•�’�˜�—�1�˜�•�1�‹�˜�•�‘�1�������W�1�Š�—�•�1�Z�1�Š�™�™�Ž�Š�›�œ�1�•�˜�1�‹�Ž�1�œ�’�•�—�’���Œ�Š�—�•�1
within a smaller osmotic range; possibly due to 
changes in membrane tension (caused by altered 
�˜�œ�–�˜�•�Š�•�’�•�¢�ü�1�–�˜�•�ž�•�Š�•�’�—�•�1� �Š�•�Ž�›�1���˜� �1�û���£�ž�1et al�ï�ð�1�X�V�W�^�ü�ï

The rate of NP cell volume change in response 
to altered osmolality and the role of AQP1, 4 and 
TRPV4
���‘�’�œ�1 �’�œ�1 �•�‘�Ž�1 �•�’�›�œ�•�1 �•�’�–�Ž�1 �•�‘�Ž�1 �›�Š�•�Ž�1 �˜�•�1 �����,�Œ�Ž�•�•�1 �Ÿ�˜�•�ž�–�Ž�1
change in response to altered osmolality, and the 
�Ž���Ž�Œ�•�œ�1�˜�•�1�������W�ð�1�Z�1�Š�—�•�1���������Z�1�’�—�‘�’�‹�’�•�’�˜�—�ð�1�‘�Š�œ�1�‹�Ž�Ž�—�1
�’�—�Ÿ�Ž�œ�•�’�•�Š�•�Ž�•�ï�1 ���‘�Ž�1 �›�Š�•�Ž�1 �˜�•�1 �����,�Œ�Ž�•�•�1 �œ� �Ž�•�•�’�—�•�1 �Š�—�•�1
�œ�‘�›�’�—�”�Š�•�Ž�1� �Š�œ�1�•�Ž�•�Ž�›�–�’�—�Ž�•�1�ž�œ�’�—�•�1�Œ�Š�•�Œ�Ž�’�—�,�����1�•�˜�Š�•�Ž�•�1
�Œ�Ž�•�•�œ�ï�1 ���Š�•�Œ�Ž�’�—�,�����1 �‘�Š�œ�1 �‹�Ž�Ž�—�1 �ž�œ�Ž�•�1 �’�—�1 �Ž�¡�™�Ž�›�’�–�Ž�—�•�Š�•�1
systems to determine rapid changes in volume and 
�������1�•�ž�—�Œ�•�’�˜�—�1�û���‘�Ž�—�1�Š�—�•�1�
�—�ž�•�œ�˜�—�ð�1�W�_�^�^�ò�1�
�Š�–�Š�—�—�1et 
al.�ð�1�X�V�V�X�ò�1���˜�•�Ž�—�˜�Ÿ�1et al.�ð�1�X�V�V�Z�ò�1���Ž�’�•�Ž�•�1et al.�ð�1�W�_�_�X�ü�ï�1���‘�Ž�œ�Ž�1
�–�Ž�Š�œ�ž�›�Ž�–�Ž�—�•�œ�1 �Š�›�Ž�1 �Š�Œ�‘�’�Ž�Ÿ�Ž�•�1 �‹�¢�1 �•�‘�Ž�1 �œ�Ž�•�•�,�š�ž�Ž�—�Œ�‘�’�—�•�1
properties of calcein at higher concentrations (Chen 
�Š�—�•�1�
�—�ž�•�œ�˜�—�ð�1�W�_�^�^�ü�1�Š�—�•�1�’�—�œ�Ž�—�œ�’�•�’�Ÿ�’�•�¢�1�•�˜�1�™�
�ð�1���Š2+ or 
NaCl concentration (Solenov et al.�ð�1�X�V�V�Z�ò�1���Ž�‘�—�Ž�›�1et 
al.�ð�1�W�_�_�[�ü�ï�1���Š�•�Œ�Ž�’�—�1���ž�˜�›�Ž�œ�Œ�Ž�—�Œ�Ž�1�•�Ž�™�Ž�—�•�œ�1�•�’�—�Ž�Š�›�•�¢�1�˜�—�1
�Ž�¡�•�›�Š�Œ�Ž�•�•�ž�•�Š�›�1�˜�œ�–�˜�•�Š�•�’�•�¢�1�’�—�1�����
���1�Œ�Ž�•�•�œ�1�û���Ž�—�•�˜�—�1et al., 
�X�V�W�V�ü�ð�1� �‘�’�Œ�‘�1�‘�Š�œ�1�Š�•�œ�˜�1�‹�Ž�Ž�—�1�œ�‘�˜� �—�1�•�˜�›�1�‘�ž�–�Š�—�1�����1�Œ�Ž�•�•�œ�1
in this study. Thus, demonstrating these methods can 
be used to accurately investigate the fundamental 
functions of NP cells, regarding how they respond 
�•�˜�1�•�‘�Ž�’�›�1�˜�œ�–�˜�•�’�Œ�Š�•�•�¢�1���ž�¡�’�—�•�1�Ž�—�Ÿ�’�›�˜�—�–�Ž�—�•�ð�1�Š�—�•�1� �‘�Š�•�1
�–�˜�•�Ž�Œ�ž�•�Ž�œ�&�™�›�˜�•�Ž�’�—�œ�&�™�Š�•�‘� �Š�¢�œ�1 �Œ�˜�—�•�›�’�‹�ž�•�Ž�1 �•�˜�1 �•�‘�Ž�’�›�1
adaptation. One caveat to this technique is that it is 
�™�Ž�›�•�˜�›�–�Ž�•�1�˜�—�1�X���,�Œ�ž�•�•�ž�›�Ž�•�1�Œ�Ž�•�•�œ�ð�1�•�‘�Ž�›�Ž�•�˜�›�Ž�1�Œ�Ž�•�•�1�Ÿ�˜�•�ž�–�Ž�1
and the rate at which it changes may not represent 
how NP cells respond in their in vivo environment.
	 AQP4 function was required for NP cells to swell 
�Š�•�1�•�‘�Ž�1�—�˜�›�–�Š�•�1�›�Š�•�Ž�1�ž�—�•�Ž�›�1�X�X�[ �–���œ�–�&�”�•�1�•�›�Ž�Š�•�–�Ž�—�•�œ�1
�Š�—�•�1 �œ�‘�›�’�—�”�1 �Š�•�1 �•�‘�Ž�1 �—�˜�›�–�Š�•�1 �›�Š�•�Ž�1 �ž�—�•�Ž�›�1 �Z�X�[ �–���œ�–�&
kg treatment. TRPV4 function was required for NP 
cells to alter their volume at the correct rate across 
�Š�•�•�1�˜�œ�–�˜�•�’�Œ�1�•�›�Ž�Š�•�–�Ž�—�•�œ�1�û�X�X�[�ð�1�Z�X�[�1�Š�—�•�1�[�X�[ �–���œ�–�&�”�•�ü�ï�1
This highlighted that AQP4 and TRPV4 not only 
�Œ�˜�—�•�›�’�‹�ž�•�Ž�1�•�˜�1�˜�Ÿ�Ž�›�Š�•�•�1�����,�Œ�Ž�•�•�1�Ÿ�˜�•�ž�–�Ž�ð�1�‹�ž�•�1�Š�•�œ�˜�1�•�’�Œ�•�Š�•�Ž�1
the rate at which the desired volume is reached, 
further implicating both channels in the control of 
�����,�Œ�Ž�•�•�1�›�Ž�œ�™�˜�—�œ�Ž�œ�1�•�˜�1�•�‘�Ž�1�˜�œ�–�˜�•�’�Œ�1�Ž�—�Ÿ�’�›�˜�—�–�Ž�—�•�ï�1���‘�Ž�1
function of AQP1 is yet to be fully elucidated as 
�’�—�‘�’�‹�’�•�’�˜�—�1 �•�’�•�1 �—�˜�•�1 �œ�’�•�—�’���Œ�Š�—�•�•�¢�1 �Œ�‘�Š�—�•�Ž�1 �•�‘�Ž�1 �›�Š�•�Ž�1 �˜�•�1
�����,�Œ�Ž�•�•�1�Ÿ�˜�•�ž�–�Ž�1�Œ�‘�Š�—�•�Ž�ï

Control of NP-cell water permeability
The water permeability of NP cells was determined by 
combining actual cell volume changes and the rates of 
change in volume, as cell volume cannot be directly 
�•�Ž�•�Ž�›�–�’�—�Ž�•�1�•�›�˜�–�1�Œ�Š�•�Œ�Ž�’�—�1���ž�˜�›�Ž�œ�Œ�Ž�—�Œ�Ž�1�’�—�1�������
�1�Œ�Ž�•�•�œ�1
(Fenton et al.�ð�1�X�V�W�V�ü�1�˜�›�1�’�—�1�����1�Œ�Ž�•�•�œ�ð�1�Š�œ�1�œ�‘�˜� �—�1�’�—�1�•�‘�’�œ�1
study. AQP4i decreased the water permeability of 
�����1 �Œ�Ž�•�•�œ�1 � �‘�Ž�—�1 �Ž�¡�™�˜�œ�Ž�•�1 �•�˜�1 �‘�Ž�Š�•�•�‘�¢�1 �û�Z�X�[ �–���œ�–�&�”�•�ü�1
�Š�—�•�1�•�Ž�•�Ž�—�Ž�›�Š�•�Ž�1�û�X�X�[ �–���œ�–�&�”�•�ü�1�˜�œ�–�˜�•�Š�•�’�•�’�Ž�œ�ð�1�‹�ž�•�1�—�˜�•�1
when NP cells were exposed to higher osmolality 
�û�[�X�[ �–���œ�–�&�”�•�ü�ï�1�������W�’�1�•�›�Ž�Š�•�–�Ž�—�•�1�•�˜�•�•�˜� �Ž�•�1�Š�1�œ�’�–�’�•�Š�›�1
�•�›�Ž�—�•�1 �•�˜�1�������Z�’�1 �‹�ž�•�1 � �Š�œ�1 �—�˜�•�1 �œ�’�•�—�’���Œ�Š�—�•�ï�1 ���‘�’�œ�1 �–�Š�¢�1
indicate that AQP4 (and potentially AQP1 to a 
�•�Ž�œ�œ�Ž�›�1�Ž�¡�•�Ž�—�•�ü�1�˜�—�•�¢�1�Œ�˜�—�•�›�˜�•�œ�1�����,�Œ�Ž�•�•�1�›�Ž�œ�™�˜�—�œ�Ž�œ�1�ž�—�•�Ž�›�1
�œ�™�Ž�Œ�’���Œ�1 �Œ�˜�—�•�’�•�’�˜�—�œ�1 � �’�•�‘�’�—�1 �•�‘�Ž�1 �–�’�Œ�›�˜�Ž�—�Ÿ�’�›�˜�—�–�Ž�—�•�1
of the IVD. AQP4 has a higher water permeability 
�•�‘�Š�—�1�������W�1�û�
�’�•�Œ�‘�Ž�—�1et a�•�ï�ð�1�X�V�W�[�ò�1���Š�—�•�1�Š�—�•�1���Ž�›�”�–�Š�—�ð�1
�W�_�_�]�ü�ð�1 �œ�˜�1 �•�‘�Ž�›�Ž�•�˜�›�Ž�1 �–�Š�¢�1 �‘�Š�Ÿ�Ž�1 �Š�1 �•�Š�›�•�Ž�›�1 �Œ�˜�—�•�›�’�‹�ž�•�’�˜�—�1
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towards NP cell control when compared to AQP1. 
It has previously been shown that AQP4 driven 
water permeability may depend on cell membrane 
compression and tension (Ozu et al.�ð�1 �X�V�W�^�ò�1 ���˜�—�•�1et 
al.�ð�1�X�V�W�X�ü�ð�1� �‘�’�Œ�‘�1�Œ�‘�Š�—�•�Ž�œ�1�Š�œ�1�Œ�Ž�•�•�œ�1�›�Ž�œ�™�˜�—�•�1�•�˜�1�Š�•�•�Ž�›�Ž�•�1
�˜�œ�–�˜�•�Š�•�’�•�¢�ï�1���‘�ž�œ�ð�1�������Z�1�–�Š�¢�1�Ž�¡�Ž�›�•�1�Š�1�•�›�Ž�Š�•�Ž�›�1�Ž���Ž�Œ�•�1�˜�—�1
NP cells within a certain osmotic range, and multiple 
other AQPs expressed by NP cells may contribute 
outside this range (Snuggs et al.�ð�1�X�V�W�_�ü�ï
	 ���������Z�1�•�ž�—�Œ�•�’�˜�—�1�˜�—�1�•�‘�Ž�1�˜�•�‘�Ž�›�1�‘�Š�—�•�ð�1�œ�’�•�—�’���Œ�Š�—�•�•�¢�1
impacted on the water permeability of NP cells 
across all osmolalities and was expressed by the vast 
majority of NP cells regardless of degenerative state. 
���‘�’�œ�1�’�—�•�’�Œ�Š�•�Ž�œ�1�Š�1�™�˜�•�Ž�—�•�’�Š�•�1�˜�Ÿ�Ž�›�Š�›�Œ�‘�’�—�•�1�›�˜�•�Ž�1�•�ž�›�’�—�•�1�����,
cell physiology and adaptation to the hyperosmotic 
environment of the IVD. TRPV4 is known to enable 
chondrocyte mechanotransduction and matrix 
synthesis (O’Conor et al.�ð�1�X�V�W�Z�ü�1�Š�—�•�1�•�Š�Œ�”�1�˜�•�1 ���������Z�1
expression can induce osteoarthritis in animal models 
(Clark et al.�ð�1�X�V�W�V�ò�1���Š�–�Š�—�•�·�1et al.�ð�1�X�V�W�W�ü�ð�1�Š�—�•�1�•�‘�Ž�›�Ž�•�˜�›�Ž�1
may contribute to similar functions in the IVD. TRPV4 
contributes to NP cell water permeability, yet it is not 
a water channel itself. Therefore, TRPV4 function 
must somehow be linked to the function of AQPs 
�Š�—�•�1�Œ�Ž�•�•�,�Ÿ�˜�•�ž�–�Ž�1�›�Ž�•�ž�•�Š�•�’�˜�—�ï�1���������Z�1�‘�Š�œ�1�‹�Ž�Ž�—�1�œ�‘�˜� �—�1
to have physical and functional links with AQPs to 
enable cells to sense extracellular osmolality changes 
�Š�—�•�1�’�—�’�•�’�Š�•�Ž�1�Œ�Ž�•�•�,�Ÿ�˜�•�ž�–�Ž�1�›�Ž�œ�™�˜�—�œ�Ž�œ�1�û���Ž�—�•�Ž�—�Š�•�’�1et al., 
�X�V�W�W�ò�1�	�Š�•�’�£�’�Š�1et al.�ð�1�X�V�W�X�ò�1���˜�1et al.�ð�1�X�V�W�[�ò�1���’�ž�1et al.�ð�1�X�V�V�\�ò�1
Mola et al.�ð�1�X�V�W�\�ü�ï�1���������Z�1� �Š�œ�1�Š�•�œ�˜�1�•�˜�ž�—�•�1�•�˜�1�Œ�˜�,�•�˜�Œ�Š�•�’�œ�Ž�1
with AQP4 in human NP cells suggesting related 
functions and interaction between both channels. 
The localisation of both AQP4 and TPRV4 within 
NP cells also appeared to match the morphological 
�Š�™�™�Ž�Š�›�Š�—�Œ�Ž�1�˜�•�1�™�›�’�–�Š�›�¢�1�Œ�’�•�’�Š�ð�1�’�—�•�’�Œ�Š�•�’�—�•�1�•�˜�›�1�•�‘�Ž�1���›�œ�•�1
�•�’�–�Ž�1�•�‘�Š�•�1�������Z�1�Œ�˜�,�•�˜�Œ�Š�•�’�œ�Ž�œ�1� �’�•�‘�1�™�›�’�–�Š�›�¢�1�Œ�’�•�’�Š�1�’�—�1�����1
�Œ�Ž�•�•�œ�ï�1���‘�’�œ�1�œ�ž�•�•�Ž�œ�•�œ�1�•�‘�Ž�1�˜�œ�–�˜�,�1�Š�—�•�1�–�Ž�Œ�‘�Š�—�˜�,�œ�Ž�—�œ�’�—�•�1
roles of primary cilia may be modulated by the 
function of AQP4 in NP cells.
	 ���—�Œ�›�Ž�Š�œ�Ž�•�1 �˜�œ�–�˜�•�Š�•�’�•�¢�1 �•�›�Ž�Š�•�–�Ž�—�•�œ�1 �û�Z�X�[�1 �Š�—�•�1
�[�X�[ �–���œ�–�&�”�•�ü�1 �ž�œ�Ž�•�1 �’�—�1 �•�‘�Ž�œ�Ž�1 �Ž�¡�™�Ž�›�’�–�Ž�—�•�œ�1 � �Ž�›�Ž�1
produced using sucrose as the key osmolyte. 
This ensured that the actual water permeability 
of NP cells could be determined. NP cells contain 
transmembrane channel proteins that readily 
transport osmolytes such as Na+ and Cl, urea and 
mannitol. Therefore, if any of these were used to alter 
osmotic treatments, cell volume may have reached 
�Ž�š�ž�’�•�’�‹�›�’�ž�–�1 �Š�•�1 �Š�1 �•�’���Ž�›�Ž�—�•�1 �›�Š�•�Ž�ð�1 �Š�œ�1 �����1 �Œ�Ž�•�•�œ�1 �Œ�˜�ž�•�•�1
utilise the movement of osmolytes used to regulate 
volume changes, rather than employing the actual 
mechanisms used to regulate cell volume. However, 
as the IVD matrix is negatively charged, one of the 
main ions imbibed into the tissue is Na +�1�û���›�‹�Š�—�ð�1�X�V�V�X�ü�ï�1
So repeating experiments using NaCl will enable the 
comparison between methods of changing medium 
osmolality (determining if results are an osmotic or 
�œ�ž�‹�œ�•�›�Š�•�Ž�1�Ž���Ž�Œ�•�ü�1�Š�—�•�1�–�Š�¢�1�‹�Ž�1�–�˜�›�Ž�1�™�‘�¢�œ�’�˜�•�˜�•�’�Œ�Š�•�1�•�˜�1
the in vivo environment of the IVD.

Ca2+�1�’�—���ž�¡�1�’�—�1�›�Ž�œ�™�˜�—�œ�Ž�1�•�˜�1�Ž�¡�•�›�Š�Œ�Ž�•�•�ž�•�Š�›�1�˜�œ�–�˜�•�’�Œ�1
shifts
An important cellular response to osmotic shifts 
in their extracellular environment is to modulate 
�Œ�Š�•�Œ�’�ž�–�1 ���ž�¡�1 �•�˜�1 �•�›�’�•�•�Ž�›�1 �•�˜� �—�œ�•�›�Ž�Š�–�1 �™�Š�•�‘� �Š�¢�œ�1 �•�˜�1
enable adaptation to altering the environment in 
which TRPV4 has an established role (Arniges et al., 
�X�V�V�Z�ò�1���Š�•�Ž�›�’�—�Š�1et al.�ð�1�W�_�_�]�ò�1���Ÿ�Ž�›�Š�Ž�›�•�œ�1et al�ï�ð�1�X�V�W�V�ò�1���’�Ž�•�•�”�Ž�1
�Š�—�•�1���›�’�Ž�•�–�Š�—�ð�1�X�V�V�Y�ò�1���˜�•�•�,���Ž�›�•�Ž�•�œ�Ž�—�1et al�ï�ð�1�X�V�W�^�ü�ï�1�����1
cells showed they also increase Ca2+�1 �’�—���ž�¡�1 �ž�—�•�Ž�›�1
�‘�¢�™�˜�,�˜�œ�–�˜�•�’�Œ�1�Œ�˜�—�•�’�•�’�˜�—�œ�ð�1�Œ�˜�–�™�Š�›�Ž�•�1�•�˜�1�‘�¢�™�Ž�›�,�˜�œ�–�˜�•�’�Œ�1
conditions, suggesting they may employ similar 
pathways to adapt to their diurnal environment. 
Previous research has also shown that NP cells do not 
�’�—�Œ�›�Ž�Š�œ�Ž�1�Œ�Š�•�Œ�’�ž�–�1�’�—���ž�¡�1�ž�—�•�Ž�›�1�œ�’�–�’�•�Š�›�1�‘�¢�™�Ž�›�˜�œ�–�˜�•�’�Œ�1
conditions (Pritchard et al.�ð�1 �X�V�V�X�ü�ï�1 ���›�’�•�Œ�‘�Š�›�•�1et al. 
�û�X�V�V�X�ü�1�Š�•�œ�˜�1�’�•�Ž�—�•�’���Ž�•�1�•�‘�Š�•�1���Š2+ �’�—���ž�¡�1�Š�—�•�1�Œ�Ž�•�•�1�Ÿ�˜�•�ž�–�Ž�1
�–�Š�¢�1�‹�Ž�1�Œ�˜�—�•�›�˜�•�•�Ž�•�1�‹�¢�1�Š�—�1�Š�Œ�•�’�—�1�Œ�¢�•�˜�œ�”�Ž�•�Ž�•�Š�•�,�•�Ž�™�Ž�—�•�Ž�—�•�1
�–�Ž�Œ�‘�Š�—�’�œ�–�ï�1 ���‘�’�Œ�‘�ð�1 �’�—�1 �•�ž�›�—�ð�1 �Œ�˜�ž�•�•�1 �™�˜�•�Ž�—�•�’�Š�•�•�¢�1 �‹�Ž�1
regulated by AQP4. In astrocytes, AQP4 knockdown 
leads to actin cytoskeleton rearrangement and 
reduced water permeability (Nicchia et al.�ð�1 �X�V�V�[�ü�ï�1
Cytoskeletal rearrangement under alterations in 
osmolality have also been observed in bovine NP cells 
(Maidhof et al.�ð�1�X�V�W�Z�ü�ï�1�
�˜� �Ž�Ÿ�Ž�›�ð�1� �‘�Ž�—�1�����1�Œ�Ž�•�•�œ�1� �Ž�›�Ž�1
�’�—�“�Ž�Œ�•�Ž�•�1 � �’�•�‘�1 �Œ�˜�—�•�›�˜�•�1 �–�Ž�•�’�Š�1 �û�Y�X�[ �–���œ�–�&�”�•�ð�1 �œ�Š�–�Ž�1
�Š�œ�1 �™�›�Ž�,�’�—�“�Ž�Œ�•�’�˜�—�1 �–�Ž�•�’�Š�ü�1 �Š�1 ���Š2+ �’�—���ž�¡�1 �›�Ž�œ�™�˜�—�œ�Ž�1 � �Š�œ�1
still observed. This highlights that Ca 2+�1�’�—���ž�¡�1 �–�Š�¢�1
also be due to mechanical pressure applied onto NP 
cells from the injection system of the plate reader, as 
TRPV4 and other Ca2+ channels are also known to be 
mechanotransducive (Samanta et al.�ð�1�X�V�W�^�ü�ï�1���‘�’�œ�1�–�Š�¢�1
indicate that the Ca2+ �’�—���ž�¡�1�˜�‹�œ�Ž�›�Ÿ�Ž�•�1� �Š�œ�1�—�˜�•�1�œ�˜�•�Ž�•�¢�1
�Š�4�›�’�‹�ž�•�Š�‹�•�Ž�1�•�˜�1�•�‘�Ž�1�Ž�¡�•�›�Š�Œ�Ž�•�•�ž�•�Š�›�1�˜�œ�–�˜�•�Š�•�’�•�¢�ò�1�‘�˜� �Ž�Ÿ�Ž�›�ð�1
�‘�¢�™�˜�,�˜�œ�–�˜�•�’�Œ�1�’�—�Œ�›�Ž�Š�œ�Ž�•�1���Š2+ �’�—���ž�¡�1�•�˜�1�Š�1�•�›�Ž�Š�•�Ž�›�1�Ž�¡�•�Ž�—�•�1
�•�‘�Š�—�1�•�‘�Ž�1�Y�X�[ �–���œ�–�&�”�•�1�Œ�˜�—�•�›�˜�•�1�’�—�“�Ž�Œ�•�’�˜�—�ï
	 ���������Z�’�1�œ�’�•�—�’���Œ�Š�—�•�•�¢�1�›�Ž�•�ž�Œ�Ž�•�1�‘�¢�™�˜�,�˜�œ�–�˜�•�’�Œ�1���Š2+ 
�’�—���ž�¡�ð�1 �œ�ž�•�•�Ž�œ�•�’�—�•�1 �’�–�™�˜�›�•�Š�—�•�1 �����,�Œ�Ž�•�•�1 �›�Ž�œ�™�˜�—�œ�Ž�œ�1 �•�˜�1
�‘�¢�™�˜�,�˜�œ�–�˜�•�’�Œ�1�œ�•�’�–�ž�•�’�1�Š�—�•�1�•�‘�Ž�1�™�˜�•�Ž�—�•�’�Š�•�1�Š�Œ�•�’�Ÿ�Š�•�’�˜�—�1�˜�•�1
RVD. However, Ca2+�1�’�—���ž�¡�1� �Š�œ�1�—�˜�•�1�•�˜�•�Š�•�•�¢�1�—�ž�•�•�’���Ž�•�ò�1
therefore, other channels may also be involved in 
�•�‘�Ž�œ�Ž�1�™�›�˜�Œ�Ž�œ�œ�Ž�œ�ï�1���•�œ�˜�ð�1���������Z�,�’�—�•�ž�Œ�Ž�•�1���Š2+�1�’�—���ž�¡�1�’�œ�1
only the start of RVD mechanisms. This is followed 
by activation of Ca2+�,�•�Ž�™�Ž�—�•�Ž�—�•�1�
+ channels (Arniges 
et al�ï�ð�1�X�V�V�Z�ü�1�•�˜�1�›�Ž�œ�•�˜�›�Ž�1�’�—�•�›�Š�,�1�Š�—�•�1�Ž�¡�•�›�Š�Œ�Ž�•�•�ž�•�Š�›�1�˜�œ�–�˜�•�’�Œ�1
�™�›�Ž�œ�œ�ž�›�Ž�ï�1 ���Ž�•�ð�1 �Š�•�1 �™�›�Ž�œ�Ž�—�•�ð�1 �’�•�1 �’�œ�1 �ž�—�”�—�˜� �—�1 � �‘�Š�•�1 �
+ 

channels contribute or how this is achieved in IVD 
cells.
	 �������Z�’�1 �œ�’�•�—�’���Œ�Š�—�•�•�¢�1 �›�Ž�•�ž�Œ�Ž�•�1 �•�‘�Ž�1 �•�’�–�Ž�1 �•�Š�”�Ž�—�1 �•�˜�›�1
maximum Ca 2+�1�’�—���ž�¡�1�Š�—�•�1�•�‘�Ž�1�–�Š�¡�’�–�ž�–�1���Š2+ �’�—���ž�¡�ð�1
despite its sole function as a water channel. AQP4 
and TRPV4 function is linked to osmosensing of 
astrocytes (Benfenati et al.�ð�1 �X�V�W�W�ò�1 ���‘�–�Ž�•�˜�Ÿ�Š�1et al., 
�X�V�W�_�ò�1 ���˜�1et al.�ð�1 �X�V�W�[�ò�1 ���˜�•�Š�1et al.�ð�1 �X�V�W�\�ü�ð�1 �Š�—�•�1 �›�Ž�œ�ž�•�•�œ�1
described here indicate that there may be similar 
mechanisms employed by NP cells. Such mechanisms 
�–�Š�¢�1�‹�Ž�1�Œ�˜�˜�›�•�’�—�Š�•�Ž�•�1�‹�¢�1�™�›�’�–�Š�›�¢�,�Œ�’�•�’�Š�1�œ�’�•�—�Š�•�•�’�—�•�1�Š�—�•�1
�•�Š�Œ�’�•�’�•�Š�•�Ž�•�1�‹�¢�1�������Z�1�Œ�˜�,�•�˜�Œ�Š�•�’�œ�Š�•�’�˜�—�ï�1���›�’�–�Š�›�¢�1�Œ�’�•�’�Š�1�Š�›�Ž�1
�”�—�˜� �—�1�•�˜�1�Œ�˜�—�•�›�’�‹�ž�•�Ž�1�•�˜� �Š�›�•�œ�1�˜�œ�–�˜�,�1�Š�—�•�1�–�Ž�Œ�‘�Š�—�˜�,



�W�Y�^ www.ecmjournal.org

JW Snuggs et al.                                                                                        Role of AQP1, AQP4 and TRPV4 in the NP

sensing pathways (McGlashan et al.�ð�1�X�V�W�V�ò�1���Š�›�’�•�Š�1et al., 
�X�V�W�V�ò�1���’�›�˜�”�¢�1et al.�ð�1�X�V�W�]�ü�ð�1�¢�Ž�•�1�•�‘�Ž�’�›�1�›�˜�•�Ž�œ�1�›�Ž�•�Š�›�•�’�—�•�1�Œ�Ž�•�•�1
function within the IVD have only recently emerged 
(Choi et al.�ð�1�X�V�W�_�ò�1���’�1et al.�ð�1�X�V�X�V�ü�1�Š�—�•�1�›�Ž�–�Š�’�—�1�•�˜�1�‹�Ž�1�•�ž�•�•�¢�1
elucidated.

Conclusion

AQP1, 4 and TRPV4 function may be linked to the 
ability of NP cells to control the rate of cell volume 
regulation, water permeability and Ca 2+ influx, 
triggering downstream mechanisms enabling the 
adaptation of NP cells to their osmotically challenging 
environment. During IVD degeneration AQP1 and 
AQP4 expression are decreased (Johnson et al.�ð�1�X�V�W�[�ò�1
Snuggs et al.�ð�1�X�V�W�_�ü�ò�1�Š�œ�1�Š�1�›�Ž�œ�ž�•�•�ð�1�����1�Œ�Ž�•�•�œ�1� �’�•�•�1�—�˜�•�1�‹�Ž�1
�Š�‹�•�Ž�1 �•�˜�1 �›�Ž�œ�™�˜�—�•�1 �•�˜�1 �•�‘�Ž�1 �‘�¢�™�˜�,�˜�œ�–�˜�•�’�Œ�1 �Ž�—�Ÿ�’�›�˜�—�–�Ž�—�•�1
due to impaired cell volume regulation, water 
permeability and Ca 2+ �’�—���ž�¡�ï�1���ž�Ž�1�•�˜�1�•�‘�Ž�1�•�Š�Œ�”�1�˜�•�1�Š�—�1
osmotic response, downstream mechanisms may not 
be employed by NP cells to ensure their survival and 
function in the increasingly degenerate environment. 
Further study is warranted to determine what impact 
AQP1, 4 and TRPV4 expression and function have 
on potential downstream mechanisms such as RVD, 
cell survival and matrix synthesis in NP cells, and 
how these mechanisms contribute to IVD health and 
degeneration.
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