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Abstract 
Orthogonal  arrays  or  assemblies  of  intramembranous  particles  (OAPs)  are 
structures in the membrane of diverse cells which were initially discovered by 
means  of  the  freeze-fracturing  technique.  This  technique,  developed  in  the 
1960s,  was  important  for  the  acceptance  of  the  fluid  mosaic  model  of  the 
biological  membrane.  OAPs  were  first  described  in  liver  cells,  and  then  in 
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parietal  cells  of  the  stomach,  and  most  importantly,  in  the  astrocytes  of  the 
brain.  Since  the  discovery  of  the  structure  of  OAPs  and  the  identification  of 
OAPs as the morphological equivalent of the water channel protein aquaporin-4 
(AQP4) in the 1990s, a plethora of morphological work on OAPs in different cells 
was published. Now, we feel a need to balance new and old data on OAPs and 
AQP4 to elucidate the interrelationship of both structures and molecules. In this 
review, the identity of OAPs as AQP4-based structures in a diversity of cells will 
be described. At the same time, arguments are offered that under pathological 
or experimental circumstances, AQP4 can also be expressed in a non-OAP form. 
Thus, we attempt to project classical work on OAPs onto the molecular biology 
of AQP4. In particular, astrocytes and glioma cells will play the major part in this 
review, not only due to our own work but also due to the fact that most studies 
on structure and function of AQP4 were done in the nervous system. 
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1.  Introduction 
 
 

The  scientific  histories  of  the  so-called  orthogonal  (square)  arrays 
(assemblies)  of  intramembranous  particles  (OAPs)  on  the  one  hand,  and 
that of the aquaporins on the other hand, have different roots: the OAPs 
were  first  described  in  liver  cells  (Kreutziger,  1968).  Staehelin  (1972) 
described OAPs as a third type of gap junctions in intestinal epithelial cells. 
This characterization was refuted by Rash et al. (1974) by recognizing OAPs 
as a structure by its own. The following years were marked by exclusively 
descriptive morphological work on OAPs in different tissues without any 
knowledge about the molecular identity. These tissues included muscle cells, 
epithelial cells in the kidney, stomach, intestine, and in particular, in the 
nervous system, the macroglial cells such as astrocytes, retinal Mü ller glial 
cells, ependymal cells, and tanycytes. In 1986 and 1988, the independent 
groups  of  Gheorghe  Benga  and  Peter  Agre,  respectively,  discovered  the 
water channel proteins which later were called aquaporins. It became not 
immediately clear that the family member aquaporin-4 (AQP4) is being the 
main constituent of the OAPs. This recognition grew gradually and was still 
not included in the comprehensive review of the literature on OAPs by 
Wolburg (1995). Since then, however, we have observed an explosion of 
data on OAPs and AQP4. In particular, the astrocytes were predominantly 
addressed as AQP4 and OAP expressing cells. More than 15 years later, we 
take a second look on the growing literature on OAPs and AQP4. 

The detection of water-specific membrane channels in red blood cells 
belongs to the fundamental discoveries in biology of the twentieth century 
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(Benga  et  al.,  1986a,b;  Denker  et  al.,  1988;  Preston  et  al.,  1992).  The 
aquaporins mediate water movements between the intracellular, interstitial, 
vascular, and ventricular compartments which are under the strict control of 
osmotic and hydrostatic pressure gradients and can be regulated indepen- 
dently of solute transport (Nase et al., 2008; Pasantes-Morales and Cruz- 
Rangel, 2010). This function is conserved in animals, plants, and bacteria. 
At  least  13  isoforms  of  aquaporins  have  been  identified  in  mammals, 
designated AQP0 through AQP12 (Zelenina, 2010). Although most aqua- 
porins, including AQP4, are selectively permeable to water, AQP3, AQP7, 
and AQP9 (aquaglyceroporins) are also permeable to urea and glycerol (Ma 
et al., 1997b). In mammals, aquaporins are involved in renal water absorp- 
tion, generation of pulmonary secretions, lacrimation, secretion, and reab- 
sorption  of  cerebrospinal  fluid  and  aqueous  humor,  and  development  of 
edema (King et al., 2004). At the time of discovery, water channel proteins 
were named, such as CHIP28 (channel-forming integral membrane protein 
of 28 kDa; Hasegawa et al., 1994; Nielsen et al., 1993) for AQP1, GLIP 
(glycerol  intrinsic  protein;  Frigeri  et  al.,  1995)  for  AQP3,  or  MIWC 
(mercurial  insensitive  water  channel;  Yang  et  al.,  1996)  for  AQP4.  The 
major  intrinsic  protein  (MIP)  of  the  lens  forms  giant  lattices  in  freeze- 
fracture  replicas  (Kistler  and  Bullivant,  1989).  It  has  been  identified  as  a 
water channel protein as well, now called AQP0 (King et al., 2004), and 
constitutes about 50% of the proteins in the fiber cells of the lens. Therefore, 
AQP0 and AQP4 are the only aquaporins to be visualized directly in the 
electron microscope. It has been pointed out that AQP0 performs not only 
water transport but also, probably more important, cell-to-cell adhesion in 
order to mediate lens transparency (Kumari and Varadaraj, 2009). 

In  the  following  sections,  we  will  describe  OAPs  and  AQP4  in  cells 
outside  and  inside  the  nervous  system,  but  it  will  be  impossible  to 
completely cover the literature due to the overwhelming plethora of data. 
In particular, many recent studies about AQP4 do not take into consider- 
ation or are not aware of the morphological aspect of this water channel as 
OAPs.  Those  studies  will  not  be  compiled  preferentially  in  this  chapter. 
Due to space limitation, only some selected original papers or prominent 
reviews  will  be  cited  considering  cells  of  the  muscle,  urinary,  intestinal, 
pulmonary, and auditory systems, before focusing on astrocytes and glioma 
cells in the CNS. 

 
 
 

2.  General Properties of OAPs and AQP4 
 

It is now generally accepted that AQP4 constitutes the OAPs. This 
was shown by several lines of evidence, the absence of OAPs in astrocytes of 
AQP4-deficient mice (Verbavatz et al., 1997), the formation of OAPs in 
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