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Abstract

Each day, approximately 0.5-0.9 | of water diffuses through (primarily) aquaporin-1 (AQP1)
channels in the human choroid plexus, into the cerebrospinal fluid of the brain ventricles and spinal
cord central canal, through the ependymal cell lining, and into the parenchyma of the CNS. Additional
water is also derived from metabolism of glucose within the CNS parenchyma. To maintain osmaotic
homeostasis, an equivalent amount of water exits the CNS parenchyma by diffusion into interstitial
capillaries and into the subarachnoid space that surrounds the brain and spinal cord. Most of that
efflux is through AQP4 water channels concentrated in astrocyte endfeet that surround capillaries
and form the glia limitans. This report extends the ultrastructural and immunocytochemical
characterizations of the crystalline aggregates of intramembrane proteins that comprise the AQP4
“square arrays” of astrocyte and ependymocyte plasma membranes. We elaborate on recent
demonstrations in Chinese hamster ovary cells of the effects on AQP4 array assembly resulting from
separate vs. combined expression of M1 and M23 AQP4, which are two alternatively spliced variants
of the AQP4 gene. Using improved shadowing methods, we demonstrate sub-molecular cross-
bridges that link the constituent intramembrane particles (IMPs) into regular square lattices of AQP4
arrays. We show that the AQP4 core particle is 4.5 nm in diameter, which appears to be too small to
accommodate four monomeric proteins in a tetrameric IMP. Several structural models are considered
that incorporate freeze-fracture data for submolecular “cross-bridges” linking IMPs into the classical
square lattices that characterize, in particular, naturally occurring AQP4.
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Precise control of water homeostasis is critical in the brain and spinal cord because even minor
changes in water metabolism may result in brain edema and rapid development of potentially
fatal compressive forces within the rigid encasement of the skull (King and Agre, 1996).
Moderate hyponatremia may result in failure of synaptic transmission or in altered neuronal
excitability (Kandel et al., 1992; Jefferys, 1995; Nielsen etal., 1997) and is a contributing factor
in the pathogenesis of epilepsy (Dudek et al., 1990; Roper et al., 1992), whereas severe
hyponatremia contributes to medical complications that arise from brain and spinal cord

*Correspondence to: J. E. Rash, Department of Biomedical Sciences, Colorado State University, Fort Collins, CO 80523-1617, USA.
Tel: + 1-970-491-5606. E-mail address: john.rash@colostate.edu (J. E. Rash)..
1present address: Department of Physiology, Southern Illinois University, Carbondale, IL, USA.

Available online 5 November 2004



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

RASH et al.

Page 2

trauma, brain tumors, neonatal hydrocephalus, acute water intoxication, and drowning
(Johnson and Loewy, 1990; King and Agre, 1996; Nielsen et al., 1997).

Rates of secretion vs. resorption of cerebrospinal fluid (CSF) is a major controlling factor in
osmoregulation of the CNS. The aqueous component of CSF passes primarily through
aquaporin-1 (AQP1) in the choroid plexus epithelium (Nielsen et al., 1993), with the remainder
arising from metabolism of glucose, from simple transmembrane diffusion through cell
membrane lipid bilayers [reviewed by Agre et al. (2002)], from facilitated transport via coupled
ion exchangers [reviewed by Amiry-Moghaddam and Ottersen (2003)], and possibly by
diffusion through as-yet-unidentified water channels. In turn, an equal volume of CSF is
transported across astrocyte endfeet and into CNS parenchymal capillaries and subarachnoid
space by molecular mechanisms that, until recently, were completely unknown.

Identification of AQP4 in “square arrays” of astrocytes and ependymocytes

Early freeze-fracture studies revealed abundant “square arrays” of intramembrane particles
(IMPs) in freeze-fractured plasma membranes of astrocyte endfeet (Landis and Reese, 1974;
Hatton and Ellisman, 1981, 1982; Landis, 1981) and in fast-twitch skeletal myofibers (Rash
and Ellisman, 1974; Ellismanetal., 1976, 1978; Hudson et al., 1982; Frigeri etal., 1995) [ These
distinctive IMP arrays were originally called “rectilinear arrays” (Kreutziger, 1968), but
subsequently have been called “assemblies” (Landis and Reese, 1974), “square arrays” (Rash
and Ellisman, 1974; Friend, 1987), “rectangular arrays” (Rash et al., 1974), “orthogonal
arrays” (Rash and Ellisman, 1974; Hatton and Ellisman, 1981, 1982), “orthogonal
assemblies” (Anders and Brightman, 1979), “orthogonally arranged particles” (or “OAPs”;
Verbavatz et al., 1994; Wolburg, 1995), “tetragonally arranged particles” (Zampighi et al.,
1989), and even “type 111 gap junctions” (Staehelin, 1972 [subsequently retracted (Rash et al.,
1974)]). Because “rectilinear” means “straight lines,” and “orthogonal,” “tetragonal,” and
“rectangular” are terms equally applicable to any rectangular lattice, regardless of relative
lengths of the orthogonal sides, we continue to use the geometric term denoting an array
composed of equilateral rectangles, i.e. “square arrays.”]. Following initial identification of
the class of proteins now called “aquaporins” (Agre et al., 1993, 2002; Crispeels and Agre,
1994), light and electron microscopic immunocytochemical studies (Verbavatz et al., 1994;
Frigeri et al., 1995) suggested that the “mercurial insensitive water channel” (later renamed
AQP4) closely paralleled the distribution of “OAPs” that were visualized in freeze-fracture
replicas of astrocytes and ependymal cells in the mammalian CNS, as well as in skeletal muscle
sarcolemmas and the basolateral plasma membranes of glandular epithelial cells. Nielsen et
al. (1997) developed a series of antibodies to AQP4, which they used to show that AQP4 has
a highly polarized distribution in the CNS, with greatest abundance in astrocyte endfeet that
surround parenchymal capillaries and that form the glia limitans. They suggested that this
polarized distribution of AQP4 provided a major pathway for equilibration of water in the CNS.
However, unambiguous correlation of AQP4 with square arrays was by no means certain
because those same membranes also contained abundant potassium “leak channels” [including
particularly Kir4.1 (Nagelhus et al., 1999; Higashi et al., 2001)], as well as numerous
unidentified 8 nm “tubular” IMPs in the same membranes (Rash et al., 1997). Conversely,
apparently identical square arrays (by whatever name) also have been found in several tissues
that either lacked AQP4 or that had not been shown to contain AQP4, including “tetragonally
arranged particles” in lens fibers (Zampighi et al., 1989), “orthogonal arrays” in tracheal
pneumocytes (Gordon, 1985; Bartels and Miragall, 1986) and gastric parietal cells (Bordi et
al., 1986), and continuous sheets of square lattices in the plasma membranes of cells that
comprise the filter chambers of sap-sucking and blood-sucking insects (Hubert et al., 1989;
Duchesne etal., 2003). Thus, it was essential to determine if AQP4 is localized to square lattices
of IMPs in astrocyte plasma membranes, to the tubular IMPs, or to an unrecognized class of
IMPs near the square arrays (Warth et al., 2004).
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The hypothesis that AQP4 is the primary component of square arrays is supported by:

1. expression of AQP4 cDNA in Chinese hamster ovary (CHO) cells, which resulted in
the de novo appearance of abundant and unusually large square lattices of IMPs (Yang
et al., 1996; Van Hoek et al., 1998);

2. freeze-fracture immunocytochemistry showing immunogold labeling of OAPs in
membrane vesicles from AQP4-expressing CHO cells (Yang et al., 1996);

3. mice with targeted deletion of the AQP4 gene (“AQP4 knockout mice”) lacked square
arrays in the plasma membranes of astrocyte endfeet, sarcolemmas of striated
myofibers, and proximal tubules and descending loops of Henle in the kidney
(Verbavatz et al., 1997), places which normally have abundant square arrays; and

4. freeze-fracture replica immunogold labeling (FRIL) of individual square arrays in
astrocyte endfeet and ependymocyte lateral plasma membranes (Rash et al., 1998;
Rash and Yasumura, 1999).

However, such immunogold localizations have recently been challenged by Warth et al.
(2004) based on their unexpected detection of AQP4 immunoreactivity in plasma membranes
of parenchymal astrocytoma cells, where they assumed square arrays to be absent, and their
inability to detect immunofluorescence labeling for AQP4 above “background” in astrocyte
and astrocytoma plasma membranes that they presumed to contain square arrays. They
concluded that AQP4 is often “dissociated from the orthogonal arrays” and stated, “In our
opinion, there is only one possible interpretation of these conflicting observations: in
gliomatous membranes AQP4 must occur outside the OAPS.” In possibly related observations,
Kobayashi et al. (2001) reported reverse transcription-polymerase chain reaction (RT-PCR)
evidence for low but detectable levels of AQP4 messenger RNA (mMRNA) in endothelial cells,
and Amiry-Moghaddam et al. (2004) reported immunocytochemical evidence for weak AQP4
immunogold labeling of endothelial cell plasma membranes in cerebellum, a cell type in which
square arrays have not been detected. If confirmed, those data would constitute evidence that
AQP4 has an alternate state in which AQP4 protein is not assembled into square arrays.

In this report, we provide additional ultrastructural and immunocytochemical characterizations
confirming that AQP4 is the primary or sole intramembrane constituent of square arrays, both
in astrocyte and ependymocytes of normal adult rat CNS, as well as in CHO cells transfected
with two alternatively spliced variants of AQP4. In addition, we confirm that one variant of
AQP4 (M1), when expressed alone and in abundance, does not form stable square arrays
(Furman et al., 2003; Silberstein et al., 2004). Stereoscopic freeze-fracture images made with
improved methods reveal new ultra-structural details of normal AQP4 square arrays and of
arrays formed following single-expression of AQP4 variant M23 and double-expression of M1
plus M23. These arrays exhibited submolecular cross-bridges linking most or all AQP4 IMPs
and evidence for a centrally located water-filled channel or “vestibule” within each AQP4
particle. Substantial interstitial “node” material was demonstrated between each AQP4 particle
within the arrays, thereby reducing the cross-sectional area within each AQP4 IMP. Finally,
based on constraints imposed by the smaller size of AQP4 IMPs seen in replicas made with
thinner platinum films, additional ultrastructural models for AQP4 assembly are proposed and
compared.

EXPERIMENTAL PROCEDURES

Preparation of samples for freeze fracture and FRIL

Three adult male and one adult female Sprague—Dawley rats and one adult male Wistar rat
(104-550 g) were anesthetized with ketamine (90 mg/kg) and xylazine (8 mg/kg) administered
by i.p. injection. All experiments were approved by the Colorado State University Animal Care
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and Use Committee (ACUC) and were conducted according to the Principles of Laboratory
Animal Care (NIH publication No. 86-23, Rev. 1985). Experiments were designed and
conducted so as to minimize numbers of animals used and stress to animals. For conventional
ultrastructural analysis, rats were chemically fixed via transcardiac perfusion with 2.5%
glutaraldehyde in 0.15 M Sorensen’s phosphate buffer (pH 7.4; Hudson et al., 1981; Rash et
al., 1995, 1996). For FRIL, animals were chemically fixed by whole-body perfusion (10 min)
with 1% or 2% formaldehyde in phosphate buffer. [The irreversible cross-linking of proteins
in glutaraldehyde-fixed tissues prevents effective tissue solubilization by sodium dodecyl
sulfate (SDS) detergent, whereas formaldehyde fixation allows SDS washing, as is required in
FRIL (Fujimoto, 1995, 1997; Rash and Yasumura, 1999).] Immediately following perfusion
fixation, the animals were decapitated, consistent with recommendations of the Capital Panel
on Euthanasia of the American Veterinary Association. After laminectomy, the brains and
spinal cords were removed, and selected regions (suprachiasmatic, supraoptic nucleus,
cerebellum and cervical spinal cord) were cut into 100 pm-thick slices using a Lancer
Vibratome 3000 (Technical Products International, St. Louis, MO, USA) equipped with a
refrigerated stage operated at 4 °C.

Freeze fracture and freeze etch

FRIL

Tissue slices from rat CNS were either frozen without cryoprotection (for freeze etch) or
infiltrated with 30% glycerol (cryoprotectant for conventional freeze fracture and for FRIL),
mounted on aluminum “Slammer” supports (Heuser et al., 1981) and frozen by contact with a
—195 °C “metal mirror” (Heuser et al., 1981; Phillips and Boyne, 1984). CHO cell cultures
that had been transfected with AQP4 variants M1 and M23 cDNA [transfected cells provided
by Dan Gorelick and Peter Agre, as described (Furman et al., 2003)] were pipetted onto gold
specimen supports and frozen by plunging into a slurry of propane/ethane. For improved
resolution, samples were fractured at —170 °C to —180 °C in a JEOL/RMC RFD 9010c freeze-
fracture machine (RMC, Inc., Tucson, AZ, USA) and replicated by pre-coating with 0.5-1 nm
of vaporized carbon (Winkler et al., 2002) and 1-1.5 nm of platinum/carbon (i.e. six to nine
atom layers thick), followed by coating with 20-30 nm of carbon (Rash et al., 1997). For freeze-
etch experiments, non-cryoprotected samples were fractured at —100 °C, etched for 1 min at
—100 °C, cooled rapidly to —150 °C, and shadowed with 2-2.5 nm of platinum, and coated
with carbon as above. Replicated (but still frozen) samples were bonded to gold 200-mesh
“index” grids using a drop of 2-3% Lexan polycarbonate plastic dissolved in dichloroethane
(Rash etal., 1995, 1996). Replicated samples were thawed and photomapped with a Molecular
Dynamics Sarastro 2001 inverted laser scanning confocal microscope (Sunnyvale, CA, USA).

After photo-mapping, conventional (unlabeled) freeze-fracture and freeze-etch replicas were
cleaned with Clorox bleach, followed by chrome-sulfuric acid. FRIL samples were washed for
ca. 29 h at 35°-50 °C in 2.5% SDS detergent (pH 8.5) to remove bulk tissue components not
directly absorbed to the platinum/carbon replica (Fujimoto, 1995). Samples were rinsed in
blocking buffer (Dinchuk et al., 1987) and immunogold labeled (Fujimoto, 1995; Rash and
Yasumura, 1999; Furman et al., 2003) using affinity-purified antibodies to AQP4 [provided
by Sgren Nielsen, University of Aarhus, DK (Nielsen et al., 1997) or obtained from Chemicon
(Temecula, CA, USA)] and to connexin-26 (Cx26) and Cx30 [anti-Cx26 from Zymed
Laboratories Incorporated (South San Francisco, CA, USA; Cx30; courtesy of James Nagy,
University of Manitoba (Nagy et al., 2001)]. The anti-Cx26 antibody (catalogue no. 51-2800)
does not cross-react with Cx30 (Nagy et al., 2001). Secondary goat anti-rabbit IgG conjugated
to 10 nm gold beads (originally from Chemicon but no longer available from them) and goat
anti-rabbit 1gG conjugated to 12- and 18-nm gold beads (Jackson ImmunoResearch
Laboratories, Westgrove, PA, USA) were used for FRIL. Replicas serving as “controls” were
incubated with buffer containing no primary antibody to AQP4 but containing antibodies to
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other membrane proteins, including Cx30 and Cx26 (Rash and Yasumura, 1999; Rash et al.,
2001). To permit examination of labeled samples by TEM, the electron-opaque Lexan support
film was removed by immersion of replicas in dichloroethane for 2—4 h.

Electron microscopy

Replicas were examined at 100 kV in a JEOL 2000 EX-1I TEM. Selected areas were
photographed as stereoscopic pairs having an 8° included angle, and all images were analyzed
stereoscopically. TEM magnifications were calibrated using “Mag*i*Cal” (Electron
Microscopy Sciences, Fort Washington, PA, USA) and conventional diffraction grating
magnification calibration standards. (Some images were not used for measurements because
the square arrays were tilted with respect to the image plane, or because the z-axis compensation
was not properly adjusted.)

Locations of areas photographed by TEM were plotted on the original light microscopic
photomaps of the same slices (Rash et al., 1995, 1996, 1997). Data in this report are derived
from > 1000 electron micrographs containing > 10,000 AQP4 square arrays, including many
hundreds of immunogold-labeled square arrays. In labeled samples, “labeling

efficiency” [defined as the number of gold beads vs. the number of subunit particles in all
arrays in the quantified area (Rash and Yasumura, 1999)] was from approximately 1:100 in
early samples to approximately 1:3 in our more recent samples. (At 1:100, ca. 35% of arrays
are labeled, whereas at 1:3, >90% of arrays are labeled.) Electron microscope images were
captured using an ArtixScan 2000f digital scanning device (Microtek, Carson, CA, USA), and
prepared using Photoshop 7.01 (Adobe systems, San Jose, CA, USA).

Replica interpretation

By convention, most low magnification freeze-fracture images of tissue are printed with “white
shadows” oriented up, generating the impression that non-shadowed “white” areas constitute
the essential elements of the image. However, in high magnification images of replicated
transmembrane proteins, “white shadows” generate the false presumption that the IMPs
correspond to the bright, uncoated “shadow cap” rather than to the dark, platinum-coated
particles that cast the white shadows. Viewing white-shadow images is equivalent to viewing
photographic “negatives,” which are notoriously difficult to interpret. This can be particularly
misleading when, for example, the local shadowing angle is low, which results in long white
shadows that may be misinterpreted as elongate or “string-like” particles. (See comparison of
“black” vs. “white shadow” images in Results.) Consequently, for proper interpretation of
molecular detail, selected high magnification images are also presented with black shadows
(i.e. platinum is white), according to the original convention of Steere (1957) and Steere et al.
(1980), which yields replicated IMPs as if illuminated with white light and, therefore, having
“lifelike” black shadows. Thus, in these unidirectionally shadowed images, the white platinum
coat delineates (and possibly enlarges by up to 1 nm) the true outline of the molecule or
molecular subunit.

To facilitate more accurate image interpretation, many of the images are presented as
stereoscopic pairs, which allows three-dimensional details to be discriminated from phase
contrast artifacts of near-focus in electron micrographs (Sjostrand, 1967; Steere et al., 1980;
Rash and Yasumura, 1992), as well as to confirm that the gold labels are on the tissue-side of
the replica, thereby representing specific labeling or “signal.” Gold labels on the carbon-coated
side (none shown) necessarily represent non-specific labeling or “noise.” To facilitate
interpretation and description, “colorization” of selected images was done by using the
“MagicWand” (“tolerance”= 35) and “PaintBucket” functions in Photoshop to identify and to
color areas of the replica having similar gray scale values (i.e. extent of colorized areas
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determined by Photoshop program, rather than by investigator bias and direct micro-area
selection).

Image enhancement by rotary reinforcement

Selected examples of AQP4 P-face IMPs and E-face pits were enlarged to 1,850,000% and
printed with four-fold “Markham rotational reinforcement” (Markham et al., 1963) using
Photoshop. To “average out” and thereby reduce random photographic and replica “noise,”
four identical images were successively superimposed and rotated 0°, 90°, 180°, and 270°. For
summation, successive transparency values were 100%, 50%, 33% and 25%; the final image
was merged; and image quality was adjusted using “levels” and “brightness/contrast.” Separate
images were rotated around the central “dimple” found in P-face IMPs, the “pegs” in E-face
pits, and the “nodes” separating E-face pits. [This report uses the internationally recognized
nomenclature (Branton et al., 1975) for designating the two fracture “faces” created when
membranes are split: “P-face” designates the “protoplasmic” leaflet (i.e. the replicated
membrane leaflet remaining in contact with cyto-plasm, nucleoplasm, or mitochondrial plasm);
whereas “E-face” designates the extraplasmic leaflet (i.e. the leaflet remaining in contact with
the extracellular space, extranuclear space, or extra-mitochondrial space)]. To demonstrate
relative complementarity of P-face IMPs and E-face pits, E- and P-face images from each of
these reinforcement techniques were compared using reversed photographic contrast.
Rotational reinforcement at three-fold, five-fold and six-fold rotation resulted in almost
complete loss of image detail outside the central pixels (blurred images not shown). We chose
not to use either computer software image averaging programs or fast Fourier transform
analysis because the steps in those methods are not transparent to the viewer. Rather, the
classical “Markham rotational reinforcement” method (Markham et al., 1963) was used
because all image details are retained and the final image is directly comparable to the initial
image.

RESULTS

FRIL of AQP4 in astrocyte endfeet

In our initial FRIL experiments to identify the one or more classes of IMP corresponding to
AQP4 (Rash et al., 1998), analysis of astrocyte endfoot plasma membranes revealed abundant
“square arrays” of P-face IMPs in regular square lattices having periodicities of 6.5-6.8 nm.
Immunogold beads were present almost exclusively near square arrays in plasma membranes
of astrocytes [Fig. 1A, modified from Rash et al. (1998)] and ependymocytes (Fig. 1B). Gold
labels were not detected above the low nonspecific “background” on plasma membranes of
any other cell type, including neurons, oligodendrocytes, or vascular endothelial cells. Less
than 5% (i.e. the practical limit of detectability) of immunogold labels were dispersed
elsewhere within the astrocyte plasma membranes, suggesting that > 95% of AQP4 protein
was present in square arrays. (An alternative explanation for low labeling in areas devoid of
square arrays may be that monomers and small arrays of AQP4 are more readily solubilized
by SDS washing than the larger arrays, and hence, are not retained for FRIL labeling.) Where
the arrays were small and densely packed (Fig. 1A), antibodies to AQP4 directly labeled ca.
35% of square arrays. However, in areas of high array density, it was not possible by FRIL to
assign immunogold labels to individual IMPs or to nearby arrays because of the “radius of
uncertainty” of immunogold labeling (Dinchuk et al., 1987).

Immunogold beads were often within the perimeter of the lattices (Fig. 1A, left center), but
many were at the margins of the arrays (Figs. 1C, D) or within 20-40 nm. [Displacement of
membrane proteins and their labels by up to 50 nm has been traced to the formation of lipid/
protein “blebs” during SDS solubilization (Rash and Yasumura, 1999).] Similar concentrations
of immunogold labels also were seen at the edges of gap junctions that had been labeled for
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connexins (Fig. 1G; also see Rash and Yasumura, 1999;Rash et al., 2000), and this “edge
effect” (whatever its cause) may account for similar peripheral distributions near isolated
square arrays.

AQP4 labeling of isolated square arrays in ependymocyte plasma membranes

To address the issues of reported lack of AQP4 immunofluorescence labeling in non-endfoot
regions of astrocytes (Warth et al., 2004), we employed three independent approaches: 1) FRIL
examination of ependymocyte plasma membranes, which have a lower density but larger size
of square arrays (Fig. 1B-F); 2) analysis of astrocyte processes in areas not containing endfeet,
including astrocyte processes in regions adjacent to myelin, nerve cell bodies, and nerve
terminals (Fig. 1G); and 3) freeze-fracture and FRIL examination of CHO cells in which
expression of one of the two alternatively-spliced variants of AQP4 (M23) results in the
formation of unusually large aggregates of square arrays (composite “rafts”) of AQP4 protein
(see Fig. 2, below).

In ependymocyte plasma membranes, where AQP4 immunofluorescence was low or absent,
and where square arrays were few or absent (Hatton and Ellisman, 1981, 1982; Wolburg,
1995), immunogold labeling was essential for finding the isolated square arrays (Rash et al.,
1997). In those areas, the square arrays frequently were larger than in astrocyte endfeet, and
by FRIL, immunogold labels were found almost exclusively in close association with those
large arrays (Fig. 1B—F). In black-shadow versions of the same images, the square arrays were
resolved as assemblies of 4.5 nm IMPs linked by 1 x 2 nm “cross-bridges” (Fig. 1E, F), thereby
forming the classical 6.5-6.8 nm square lattice spacing. The central IMP core and the cross-
bridges represent those portions of AQP4 molecules projecting above/through the central plane
(i.e. fracture plane) of the lipid bilayer. Occasionally, isolated 4.5 nm IMPs with one or two
short lateral extensions, possibly representing unattached cross-bridges, were seen near but not
incorporated into square arrays (Fig. 1F, arrowhead). Thus, FRIL allowed detection of AQP4-
labeled square arrays in areas of ependymocyte membranes that light microscopic
immunofluorescence and conventional freeze-fracture imaging had suggested were devoid of
AQP4 or square arrays.

On a particle-by-particle basis, AQP4 arrays were labeled with approximately the same
labeling efficiency as glial gap junctions labeled for connexins (Rash and Yasumura, 1999).
However, exact quantification of labeling efficiency was not possible because preservation of
square arrays was not optimal in formaldehyde-fixed samples, wherein some P-face arrays
were so distorted as to be difficult to recognize and, hence, were unquantifiable (see Fig. 1A,
upper right corner; Fig. 2B, right side). This “plastic distortion” (Steere et al., 1980) of IMPs
within P-face arrays was confirmed to be excessive in some samples (and sometimes in adjacent
areas of the same cell) based on comparison of P-face arrays to corresponding E-face imprints
in the same replicas. In all cases, E-face imprints retained their distinctive square lattice
morphology. Thus, the number of square arrays remained indirectly quantifiable based on
examination of nearby E-faces (Fig. 1G). (For further details regarding plastic deformation of
P-face IMPs but not E-face imprints, see section entitled “Complementarity of E-face
impressions of AQP4 arrays”, below.)

In studies of more than 1000 replicas from 10 regions of brain and spinal cord, square arrays
were relatively abundant in many of the fine tubular processes linking adjacent astrocytes (Fig.
1G, arrows; image obtained by Michio Morita in our laboratory), as well as in astrocyte somatic
plasma membranes (see Fig. 6 in Rash et al., 1997). These processes were confirmed to be
astrocytic based on: a) the presence of E-face imprints of square arrays, b) gap junctions that
were immunogold labeled for Cx30 (18 nm gold beads) and Cx26 (12 nm gold beads), and c)
glial fibrillary acidic protein filaments in the cytoplasm (not shown). These definitive
immunocytochemical and structural markers for astrocytes are not present in any other cell
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type in CNS parenchyma (Rash et al., 1997;Nagy et al., 2001,2003). Although a moderate level
of square arrays was detected in many astrocyte processes in gray matter areas of brain and
spinal cord, some areas of some astrocyte processes were devoid of arrays. Despite this large
variability in density of square arrays, the relative amount and location of immunogold labeling
of astrocyte plasma membranes correlated almost exactly with presence or absence of and
relative local abundance of the arrays.

FRIL labeling of IMP “rafts” in CHO cells expressing the M23 variant of AQP4

As an independent method for investigating the possibility that AQP4 corresponds to IMPs
other than those in square arrays, we recently analyzed AQP4 expression in CHO cells, which
do not normally form square arrays (Fig. 3A, described below). Using the M23 variant of
AQP4, we showed that transfection of CHO cells with M23 AQP4 resulted in the de novo
formation of abundant and extremely large conglomerate square lattices of IMPs (Fig. 2A,;
modified from Furman et al., 2003). Others have shown similar images from CHO cells
transfected with “the” gene for AQP4 (Yang et al., 1996;Van Hoek et al., 1998), but at that
time, the M1 AQP4 variant had not been isolated. Because only cells with large arrays were
seen in those replicas (Yang et al., 1996;Van Hoek et al., 1998), the M1 variant presumably
was not expressed in those cells. Using antibodies against the carboxy terminus of AQP4, these
large arrays were labeled by multiple gold beads within the perimeter of individual rafts (Fig.
2B-D), with virtually no gold beads on membrane areas that were devoid of rafts. Thus,
restriction of immunogold beads to rafts demonstrated that AQP4 is the primary or sole trans-
membrane constituent of the newly-created rafts.

One form of AQP4 (M1) does not form “rafts” or stable square arrays

In non-transfected “control” CHO cells, plasma membrane E-faces (Fig. 3A) and P-faces (not
shown) have a low level of 4-6 nm-diameter P-face IMPs and E-face pits. It is upon this
“baseline” that changes in relative numbers of particles and pits were measured after expression
of AQP4 M1. Additional larger (6—8 nm) IMPs/pits are also present in P-and E-faces. In low-
magnification images, some of the 6-8 nm IMPs were difficult to discriminate from the isolated
4.5 nm particles/pits; consequently, all images are shown at high magnification (i.e. >
200,000x ).

Normal astrocytes express M1 and M23 at a ratio of 1:4 (Neely et al., 1999). Thus, it was
appropriate to examine CHO cells expressing M1 and M23 separately and together. However,
technical limitations of the CHO cell expression system permitted co-expression of M1 and
M23 only at a near 1:1 ratio. Transfection of CHO cells with the full-length M1 variant of
AQP4 resulted in a large increase in the number of irregularly shaped, small-diameter (< 6 nm)
P-face IMPs (Fig. 3B, arrow) and E-face pits (Fig. 3D-G, arrowheads). Most of the 4.5 nm E-
face pits had a central “peg” (Fig. 3D-G, arrowheads), and many E-face pits had 1 x 2 nm
lateral “furrows” that usually extended in orthogonal directions (Fig. 3D-F, black arrowheads).
The relevance of E-face pits with orthogonal furrows is described below.

Most of the small P-face IMPs and E-face pits were randomly distributed in the plasma
membrane. Occasionally, however, the small P-face IMPs and E-face pits formed “incipient
arrays” having irregularly spaced IMPs/pits in approximate square lattice (Fig. 3B, arrow). In
E-faces, some pits possibly were linked by indistinct furrows (Fig. 3E, below the arrowhead).
The few incipient arrays contained two to 12 IMPs/pits, with most having six or fewer subunits.
Overall, therefore, > 85% of 4.5 nm IMPs/pits in M1 samples were singlets (Fig. 3C-G), and
<15% of 4.5 nm IMPs/pits were present within incipient arrays. This is to be contrasted with
both M23-expressing CHO cells (Fig. 2), wherein > 98% of 4.5 nm IMPs/pits were in rafts,
and with normal astrocytes, which had > 95% of 4.5 nm IMP/pits in square arrays (Furman et
al., 2003).
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Co-expression: M1 down-regulates square array assembly by M23

Simultaneous co-expression of M1+M23 in CHO cells did not result in the combination of
large rafts (as with M23-expressing cells) intermixed with dispersed IMPs/pits and incipient
arrays (as with M1-expressing cells). Rather, co-expression resulted in the formation of
abundant but small square arrays (Fig. 4A, B; modified from Furman et al., 2003). However,
these arrays were less than half the size of square arrays in normal astrocyte endfeet (average
<12 IMPs/array in double-expressing CHO cells vs. > 25 IMPs/array in astrocytes). Thus, the
smaller square arrays in CHO cells co-expressing M1+M23, like the square arrays in normal
astrocyte plasma membranes, represent assemblages formed in the presence of and presumably
containing variable mixtures of both M23 and M1 AQP4. In the five cases investigated (normal
astrocytes, normal CHO cells, CHO cells expressing M1, CHO cells expressing M23, and CHO
cells expressing both M1 and M23), square array size was inversely related to the ratio of
M23:M1, with higher ratios of M1 associated with progressively down-regulated array size.
(For additional details regarding relative ratios of M1:M23 in each of these cell types, see
Discussion.) Further tests of the hypothesis that M1 down-regulates square array size will
require analysis of cells expressing a wider range of ratios of M1 to M23, from 10:1 to 1:10.

Improved freeze fracture replicas revealed substructure in AQP4 P-face particles: cross-
bridges and “dimples”

In our early freeze fracture electron micrographs prepared with “conventional” (i.e. 1.5-2.5
nm-thick) platinum films (Fig. 5A), as well as in virtually all previously published images by
other laboratories, square arrays appeared to consist of 6.5 nm globular P-face IMPs in regular
6.5 nm square lattice, with little or no apparent separation of particles. Those artifactually
enlarged particles provided an apparent ultrastructural basis to accommodate the known
molecular weights and proposed polymeric assembly of AQP4. However, improvements in
high vacuum technology and shadow coating methods (Rash et al., 1990;Rash and Yasumura,
1992) resulted in reduced or absent water vapor contamination on IMPs, reduced thickness of
platinum coating layers, and (usually) virtually grainless platinum films, allowing finer details
to be resolved in the structural components within square arrays. By analogy, a deep snowfall
may obscure entire automobiles, but a thin layer of snow may coat and clearly delineate even
small structures, such as the handlebars on a bicycle.

Improved replicas revealed that each astrocytic square array consisted of IMPs in conventional
6.8 nm square lattices, but the constituent IMP cores were 4.5 nm in diameter (Fig. 5B, lower
arrow) and more clearly delineated than in previous replicas. Likewise, E-face pits were larger
and also more clearly delineated (Fig. 5C; also see Fig. 1B—F), with E-face pits often identical
in diameter to their corresponding P-face IMPs, suggesting that IMPs were not detectably
enlarged by the platinum coat and likewise, that E-face pits were not partially filled up by the
platinum. Interestingly, IMPs/pits at the edge of square arrays often had cross-bridges/furrows
extending to where an additional particle might be expected to attach (Fig. 5C, arrowhead). At
high magnification, a few of the component IMPs resembled “Maltese crosses,” with each 4.0-
4.5 nm diameter central core linked to its nearest neighbors by 1 nm x 2 nm cross-bridges (Fig.
5B, lower arrow; Fig. 6A; also see Fig. 2D). Approximately 25-50% of IMPs exhibited a 0.3
nm-0.7 nm diameter central depression (Fig. 5B, lower arrow). However, up to 75% of the
other constituent IMPs were clearly altered by “plastic deformation” (stretching and inelastic
rebound; Steere et al., 1980) during the fracturing event (Fig. 5B, upper arrow; Fig. 6A), making
those deformed IMPs of little value for ultrastructural analysis.

Complementarity of E-face impressions of AQP4 arrays; “furrows” and “pegs”

An independent way of verifying molecular structure for AQP4 particles was to compare the
relative “complementarity of fit” (Steere and Moseley, 1969; Challcroft and Bullivant, 1970;
Rash and Yasumura, 1992) of P-face particles and their corresponding E-face pits. Because
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the E-face pits are not altered by the shearing forces that distort the proteins as they are removed
from the pits (Steere etal., 1980), the shapes and sizes of pits more reliably preserve the original
shapes of extracted protein molecules (Rash and Yasumura, 1992). Stated differently, plastic
deformation of IMPs occurs as an artifact of tensile fracture (IMP stretching) rather than brittle
fracture (Steere et al., 1980), whereas the E-face pits are not subject to plastic deformation.

In high-magnification, near-focus stereoscopic images (Fig. 5C; replica made with <1 nm Pt,
but at conventional, non-optimum 45° local shadow angle), the 6.8 nm lattice spacings of the
arrays were clearly discerned. As above, however, each E-face pit (i.e. AQP4 imprint) within
the lattice was 3.8 nm to 4.5 nm in diameter, and each pit was linked to its nearest neighbors
by 1 x 2 nm “furrows” (Figs. 5C, D, 6B-D). The precise complementarity of the E-face furrows
with at least some P-face cross-bridges suggests that the furrows represent the impressions
remaining where protein cross-bridges had been extracted by fracturing.

In areas shadowed at >50° angle, most E-face pits contained a 0.3-0.7 nm central “peg” (Figs.
5D, 6C, arrows) that was complementary to the “dimple” seen in many of the P-face IMPs
(Figs. 5B, 6A), suggesting that the E-face pegs represent material removed from the dimples
in the P-face particles. Pegs were clearly discerned within most pits in E-face images of square
arrays from normal astrocytes (Fig. 5D, arrow; Fig. 6C, arrow), in M23 arrays (Fig. 6D), and
in both incipient arrays and isolated E-face pits in M1 samples (Fig. 3D-G, arrowheads).
Because pegs were not replicated where the local shadow angle was <45° (Rash and Yasumura,
1999), but were usually visible when shadowed at a higher angle, trigonometric considerations
imply that the E-face pegs extend ca. 1-1.5 nm above the bottom of each pit, or one-third to
halfway through the plasma membrane, from the extracellular surface into each IMP.
Moreover, when gap junctions and AQP4 arrays were in close proximity (Fig. 7A), the pegs
in their respective E-face pits were resolved to have two different diameters: ca. 1.0-1.4 nm
in connexon imprints (Fig. 7B) vs. 0.3-0.7 nm in AQP4 imprints (Fig. 7C), thereby
documenting a reproducible two-fold difference in the sizes of the pegs in connexon vs. AQP4
imprints. Slight variability in the sizes of the AQP4 pegs may be due to slight differences in
the height of the fracture plane within the material that makes up the pegs, as well as to random
differences in the small number of replicating platinum atoms at these near atomic dimensions.

E-face “pegs” removed by freeze etching

In images from ultrarapidly frozen, non-glycerinated samples, brief freeze etching (60 s at —
100 °C) resulted in lowering of the frozen water (ice) table in the cytoplasm and extracellular
space by 20-30 nm. In the narrow range of conditions in which the delicate, unsupported plasma
membrane E-faces were not perforated by excess etching (Dinchuk et al., 1987), square array
E-face pegs disappeared (Fig. 7D, arrowheads), as did the pegs in gap junction E-faces (not
shown). The presence of pegs in almost 100% of E-face pits in non-etched specimens (Figs.
5D, 6C, D), and their disappearance after gentle etching (Fig. 7D) suggests that the pegs
represent a component that sublimes away under conditions of vacuum and temperature in
which only frozen water (i.e. ice) is volatile (Bohler, 1979). Thus, we conclude that each peg
represents the frozen water core extracted from within each AQP4 IMP. Moreover, the dimple
in each etched P-face IMP was deeper and more distinct after etching (not shown), suggesting
that the ice pegs originally extended deeper into each AQP4 IMP but were sheared off part
way into the IMP, perhaps at a narrow constriction.

Comparison of bridges and furrows

The cross-bridges linking many P-face particles (Figs. 1E, F, 2B-D, 5B, 6A) are
complementary to the furrows linking most E-face pits (Figs. 5C, D, 6B-D). In “black-shadow”
images, furrows are black and pegs are white. However, for clear delineation of the several
types of structural components having sharp reversals of molecular contour, the same images
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are also printed with reversed photographic contrast (i.e. with white shadows), thereby allowing
the furrows to be delineated in “false color.” Computer-determined areas of colorization
emphasize the precise correspondence of the P-face cross-bridges (Fig. 6A, dark blue) and E-
face furrows (Fig. 6B, light blue).

The presence of furrows linking essentially 100% of E-face pits in M23 arrays (Fig. 6D) and
of cross-bridges linking 100% of P-face particles in M23 arrays (Fig. 2B-D) confirmed that
cross-bridges were never separated from P-face particles in arrays composed solely of M23,
suggesting that the cross-bridges represent lateral covalent extensions of the AQP4 molecules.
Likewise, the furrows linking almost all E-face pits (Fig. 6D) revealed that the P-face cross-
bridges were present within and removed from within the entire 1.5 nm thickness of the external
membrane leaflet. Thus, the cross-bridges are parallel to and at the interface of the external
leaflet membrane lipid with the aqueous extracellular surface.

In notable contrast to the extremely regular and complete lattices that characterize M23 arrays
(Fig. 2D, Fig. 6D), P-face cross-bridges linked only about 70 — 80% of IMPs in astrocyte square
arrays (Figs. 5B, 6A, also see Fig. 1E, F); and in E-faces, furrows linked ca. 70 — 80% of E-
face pits (Figs. 5C, D, 6B, C). Thus, in astrocytes and ependymocytes, we estimated that ca.
20 —30% of P-face cross-bridges and E-face furrows were missing. With M1 constituting ca.
20% of the AQP4 molecules in astrocyte endfeet (Neely et al., 1999), it appears that the number
of M1 variant molecules in an array prevents formation of a comparable number of cross-
bridges. Similar partial blocking of cross-bridge formation may also occur in both normal
astrocyte square arrays (Fig. 5B, C), as well as in square arrays formed in CHO cells doubly
expressing M1+M23 (Fig. 4B). Moreover, single expression of M1 precluded stable cross-
bridge formation between 4.5 nm IMPs in M1-expressing CHO cells and resulted in almost
complete absence of furrows in E-faces (Fig. 3C-G) and failure to form stable arrays. Thus,
in normal astrocytes and in M1+M23 co-expressing cells, the presence of IMPs in regular
lattices that are, nonetheless, missing cross-bridges between some P-face IMPs may provide a
clue regarding mechanisms of AQP4 lattice assembly (see Discussion).

P-face IMPs separated by 4.5-5 nm E-face “nodes”

In P-face images of square arrays, the IMPs were somewhat variable in shape and size, ranging
from 4.0-4.5 nm in diameter. In corresponding E-face images of astrocyte and ependymocyte
square arrays, and more abundantly in M23 rafts, the complementary E-face pits were 3.8
nm-4.0 nm in diameter. However, each pit was uniformly separated from each adjacent pit by
a 4.5-5 nm-diameter “node” (Fig. 6D, light green). In replicas shadowed at a higher angle and
with slightly more platinum, smaller diameter (3.8 nm) pits were observed, surrounded by 5-
6 nm nodes, indicating that even these very thin platinum layers partially obscure fine details.
Thus, the smaller pits may have been reduced in diameter by up to 1 nm and the nodes increased
in diameter by up to 1 nm based on the thickness of the Pt/C “cap.” If so, the P-face IMPs and
E-face nodes are approximately equal in cross-sectional area.

The “node” material was not removed by etching (Fig. 7D). Therefore, the nodes represent
etch-resistant, relatively stable E-leaflet molecules (lipid or protein) that surrounded and
separated the P-face IMPs prior to fracture. In non-etched specimens, the relative height of the
nodes vs. surrounding E-leaflet lipid molecules was assessed by stereoscopic viewing of
conventional and “intaglio” (reversed) stereoscopic images (Fig. 8A). In intaglio views (right
pair of images), the nodes consistently extended ca. 1 nm above the relief of the surrounding
replicated E-face lipids. This relative difference in elevation of hodes vs. the lipids of the
surrounding E-faces was also reflected in the increased width of the black shadows (arrowhead)
in the direction of the shadowing source, as well as in an increased platinum thickness at the
edge of the array (arrow) opposite the shadowing source. By comparing intaglio (right pair)
vs. conventional stereoscopic images (left pair), the nodes were ca. 1 nm shorter than the
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surrounding lipid, i.e. extended from the extracellular surface to less than halfway through the
membrane bilayer (for interpretive drawing, see Fig. 9 in Discussion). Thus, the nodes represent
a substantial intramembrane volume not occupied by the AQP4 IMP, and this volume must be
taken into account in any model of AQP4 structure and assembly in intact biological
membranes. (See Discussion.)

Rotational reinforcement

Selected P-face IMPs, E-face nodes, and E-face pits were enlarged to 1,850,000x and
photographically printed (using Photoshop) by four-fold Markham rotary reinforcement
superposition (Markham et al., 1963). This procedure enhances substructures having four-fold
symmetry and reduces the contribution of random “noise” that arises from platinum
granularity, photographic noise, and artifacts of defocus in the electron microscope. In
enhanced white-shadow images of IMPs that had minimal plastic deformation, the core of each
IMP within an array was 4.5 nm in diameter (Fig. 8C) and had four 1 nmx2 nm lateral
projections (i.e. cross-bridges). Selected IMPs with obvious x-shaped dimples (unshadowed
central depressions) prior to four-fold rotary reinforcement (Fig. 8B, arrow) were enhanced
especially well by rotary reinforcement (Fig. 8C). Because of differences in height of various
substructures, shadowing at an oblique angle resulted in apparent slight lateral displacements
of different array components having different topographic relief. Consequently, separate
rotational reinforcement was conducted on nodes rotated around pegs (Fig. 8D, E) and pegs
rotated around nodes (Fig. 8F). (Fig. 8D and E are white-shadow and black-shadow versions
of the same image.) Apparent substructure in nodes was enhanced, but the surrounding pegs
were somewhat diminished in their relative intensity due to incomplete rotational
reinforcement of asymmetrically shadowed structures having different topographic elevations.
Regardless of image processing method, however, IMP cores were consistently 4-4.5 nm in
diameter (including thickness of platinum cap); cross-bridges were 1 x 2 nm; pegs from images
shadowed at > 45°angle were 0.3 nm-0.7 nm (3-7A) in diameter; and IMP dimples were 1—
1.5 nm in width.

DISCUSSION

FRIL of AQP4 in normal astrocyte square arrays and multiple labeling of individual AQP4
“rafts” formed in the in vitro CHO cell expression system provided compelling evidence that
AQP4 is the primary transmembrane protein of square arrays in these naturally occurring
biological membranes. More important, freeze-fracture replicas made with improved
replication methods revealed new details of the molecular substructure of square arrays,
including:

a. InP-faces, each constituent protein particle is significantly smaller than in “old-style”
replicas made with excess platinum. The central IMP core is 4.0-4.5 nm in diameter,
and most of these core IMPs are linked to their closest neighbors by 1x2 nm cross-
bridges, thereby creating the classical 6.5-6.8 nm lattice spacing (Fig. 9 is an
interpretive drawing; core IMPs are indicated as blue barrels).

b. In E-faces, square arrays are resolved as 3.8 nm—4.5 nm diameter pits linked by 1x2
nm-1x3 nm furrows (Fig. 9C). The complementarity of P-face cross-bridges and E-
face furrows demonstrates that the cross-bridges and furrows represent different ways
of demonstrating the same structural component.

c. The furrows in E-faces indicate that the P-face cross-bridges extend laterally within
the plane of the external lipid layer, at or close to the interface between membrane
lipid and extracellular aqueous matrix (Fig. 9B, blue arms extending from barrels),
consistent with a simple amphipathic a-helix at the lipid-aqueous interfaces (Hristova
etal., 1999).
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d. Inastrocytes and ependymocytes, most images of square arrays lacked one or more
cross-bridges between IMPs, leaving only the central 4.5 nm IMP core. It is the
diameter of this core IMP that must accommodate all trans-membrane a-helices.

e. In CHO cells expressing M1, cross-bridges are not detectable (or were rarely
detected), suggesting that the additional 23 amino acid sequence in the N terminus
interferes with the formation of cross-bridges (for conceptual representation of bridge
blocking, see Fig. 9J; yellow segment).

f.  Adjacent IMPs were either linked by a complete cross-bridge, or the cross-bridge was
missing entirely (i.e. no half-length bridges were detected), suggesting that a complete
cross-bridge is contributed by only one of the two adjacent IMPs.

We propose that cross-bridges provide a molecular cross-linking mechanism for assembling
and imparting structural stability to the arrays.

The large arrays established by the M23 variant of AQP4 were constructed from IMPs that
presumably had four orthogonal binding sites available for lateral attachment and lattice
growth. However, when M1 was present in an array, the additional cytoplasmic segment
appeared to interfere with close approach by other AQP4 IMPs or to prevent cross-bridge
formation, thereby effectively interfering with lattice assembly. At a ratio for M1:M23 of 1:1
(asin CHO cells), arrays were small (ave.= 12 IMPs/pits); at 1:4 (as in astrocytes), arrays were
larger (ave.= 25 IMPs/pits); and at 0:1 (as in M23-expressing CHO cells), areas were larger
still (ave.= 75; with up to 600 IMPs/pits per array). Accordingly, a few M1 monomers appear
to be capable of interfering with AQP4 lattice formation by M23. However, the hypothesis that
M1 down-regulates M23 AQP4 lattice formation has yet to be tested by freeze-fracture analysis
of cells expressing more extreme ratios of M1:M23. [Note: After submission of this manuscript,
Silbersteinetal. (2004) reported that M23-expressing LLC-PK1 (pig kidney) cells had an eight-
fold higher water permeability [Pf] than M1-expressing cells, even though the M1-expressing
cells had a five-fold greater content of AQP4 protein. Although contradictory to a previous
report (Neely et al., 1999), the data from Silberstein and coworkers provides evidence that
assembly into arrays may be essential for opening water channels.]

Functionally, cross-bridges may allow for either “assembly-based osmoregulation” or “stretch-
sensitive” gating of the AQP4 channel in intact biological membranes. If osmoregulation
occurs by assembly or by stretch-sensitive gating (neither has been demonstrated), AQP4 might
be more easily regulated (activated or inactivated) when arrayed into complex lattices of IMPs.
If either hypothetical regulatory mechanism occurs, the number of functional channels would
increase geometrically with the size of the square lattices (Fig. 6). For example, if only those
IMPs having all four cross-bridges occupied were functional, the minimum functional array
would be five IMPs arrayed as a “+,” with only the central IMP functional. Linear assembly
would allow concentration of AQP4 molecules within an area while retaining low water
permeability, whereas rearrangement into square lattices would result in rapid increase in
permeability. Rapid regulation of water flux might also occur by disrupting cross-bridges
between adjacent IMPs within an array (see for example Fig. 5C), by removing a few
constituent particles from an array, or by disassembling square arrays. Experiments involving
extreme hyponatremia and hypernatremia are underway to test those conjectures.

Structural location of the water channel

In square arrays, a central 0.7 nm “dimple” was present in some P-face particles. A

corresponding 0.3-0.7 nm ice “peg” occurred in almost all E-face pits. The removal of E-face
pegs by brief etching at —100 °C suggests that the pegs represent the water/ice core removed
from each IMP-whether a peg represents a single channel per functional aquaporin molecule
(Gonen et al., 2004) or the “vestibule” formed by four composite water channels within each
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core particle (Jung et al., 1994). The “x-shaped” dimples seen in some P-face IMPs (Fig. 8B,
arrow; rotational reinforcement in Fig. 8C) may constitute freeze-fracture evidence for four
channels per IMP. However, at the current state of the art, freeze-fracture imaging is not capable
of clearly resolving one vs. four 0.3-0.7 nm channels within a single 4.5 nm-diameter IMP.

Structure, possible composition, and potential significance of the “nodes”

E-face nodes represent unidentified “spacer” material between the AQP4 IMP cores. The low
relief of the E-face nodes as compared with surrounding E-face lipid (Fig. 8A) requires that
nodes represent either: a) a cluster of shorter membrane lipids, such as tightly packed
cholesterol (illustrated diagrammatically in Fig. 9 A, green), or b) an un-identified class of
membrane proteins that penetrates only about one-third the way through the bilayer, and less
than the surrounding lipids. Based on the AQP1 and AQPO0 assembly models of Engle, Walz
and coworkers (Walz etal., 1997;Gonen et al., 2004), the nodes may represent additional AQP4
molecules oriented with opposite polarity in the membrane (i.e. the “interdigitating protein
model”). At this time, however, the composition and function of the nodes are unknown.

Models of AQP4 square array assembly

Available sequence data suggest a common molecular configuration for aquaporin proteins
that form square arrays, either in vivo [e.g. AQP4, AQPO (Zampighi et al., 1989), AQPcic
(Hubert et al., 1989), and AeaAQP (Duchesne et al., 2003)] or under artificial crystallization
conditions [e.g. AQP1 (Walz et al., 1997)]. Although the 6.8 nm lattice spacing in freeze-
fracture replicas is the same as that in artificial crystals of AQP1 (which are crystallized in
artificial lipid films composed of only one or two kinds of lipid molecules), it has not been
established that the square lattices of purified AQP1 occur in the same configuration and
spacing as the square arrays in naturally occurring biological membranes. Also not clear is the
relationship of the E-face “node” material to the intervening IMPs in each square array. This
additional node material within an array occupies approximately 50% of the cross-sectional
area of each lattice spacing, thereby in our estimation, leaving insufficient area to accommodate
an IMP corresponding to a 24-pass (or 28-pass) AQP4 tetramer (Fig. 9G).

By way of comparison, gap junctions consist of individual 8.5 nm IMPs/8.5 nm E-face pits
(Rash and Yasumura, 1992). Each connexon is composed of six connexin molecules, which
are “four-pass” polypeptides strands (Makowski et al., 1977; Unwin and Zampighi, 1980).
Thus, a connexon consists of 24 transmembrane a-helices that form a replicated 8.5 nm IMP
having a cross-sectional area of 56 nm2. With the same (or fewer) transmembrane a-helices
than a tetramer of AQP4, each 24-pass connexon is approximately twice the diameter and four
times the cross-sectional area of the AQP4 core IMP, as described in this report. Moreover,
each of the 24 replicated a-helices in a connexon is calculated to have an average cross-
sectional area of ca. 2.5 nm? and a diameter of 1.6 nm.

If the same values for cross-sectional area and diameter of a replicated a-helix are applied to
a tetrameric “hourglass” model for AQP4 (Jung et al., 1994), and assuming that all a-helices
in AQP4 span the bilayer, a tetramer consisting of 24 transmembrane spanning domains plus
eight half membrane-spanning a-helices (i.e. the “B” and “E” loops; Jung et al., 1994; Ren et
al., 2000) would have a cross-sectional area of 70 nm? and create an IMP 9 nm in diameter.
However, AQP4 particles have a 4.5 nm central IMP core (Fig. 8B, C and Figs. 9B, D, F; blue
barrels), or one-fourth the required area. Using the upper and lower limits for the size of a
replicated a-helix (also see Eskandari et al., 1998) and size constraints imposed by IMP
measurements (this report), we compared the tetrameric IMP model (Fig. 9G) with a “dimeric
IMP” model (Fig. 9H), and a “monomeric IMP” model (Fig. 91, J). Although all three models
are derived from freeze-fracture images, they are based on the “hourglass” model for aqua-
porin monomers (Jung et al., 1994).
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The 24-pass (or 28-pass) tetrameric IMP model (Fig. 9G; diagram modified from Jung et al.,
1994) appears to be incompatible with the 4.5 nm IMPs seen in freeze-fracture replicas because
the central core of each AQP4 IMP is too small to accommodate more than eight to 12
transmembrane a-helices. Consequently, in the 12-pass (or 14-pass) “dimeric” AQP4 IMP
model (Fig. 9H), the central IMP is envisioned to contain a maximum of eight transmembrane
a-helices, plus two B-loops and two E-loops. Moreover, the two structural cross-bridges are
envisioned as being formed from two a-helices per monomer (Fig. 9H, labeled “+”). Two
additional cross-bridge attachment sites (labeled “—) provide for orthogonal bonding of
additional cross-bridges from adjacent dimers. If two oppositely oriented dimers form an
“interdigitating” tetramer, the dimeric IMP/node model could create the observed 6.8 nm lattice
spacing. At present, however, there are no data from diffraction studies to support either of the
dimeric IMP models over the tetrameric IMP model.

From freeze-fracture data, the “monomeric IMP” model (Fig. 9l, J) is preferred because it
allows sufficient room for six transmembrane domains per IMP (or seven, with Band E-loops
corresponding to a single a-helix). Each of the four circles in the diagram corresponds to a 1.4—
1.7 nm-diameter a-helix, according to size estimates from other replicated transmembrane
proteins (also see Eskandari et al., 1998). The additional 23 amino acid residues forming the
M1 translated segment is indicated diagrammatically (Fig. 9J, yellow segment). The
“monomeric IMP” model is consistent with the “hourglass” model by having one functional
channel per monomer (Vidossich et al., 2004). If AQP4 is present as monomeric IMPs, the six
a-helices may have been resolved in the freeze-fracture replicas described in this report. Four
apparent structural subunits were detected surrounding the central “dimple” (Fig. 8C; the four
bright spots in cloverleaf configuration; one indicated by circle in Fig. 9E). The two remaining
a-helices (S1 and perhaps S4) would correspond to two of the four cross-bridges per monomeric
IMP (Figs. 8C and 9l). Assembly of monomeric IMPs into square arrays would occur by
orthogonal attachment of “+” ends of amphipathic intramembrane a-helices (Hristova et al.,
1999) to “~" sites on adjacent monomers (Fig. 91), and one or both of these “~" sites would be
blocked by the additional segment on M1 (Fig. 9J).

The monomeric IMP model (Fig. 91, J) appears to be inconsistent with current diffraction data
because the lattice spacing of square arrays is twice that of monomers in artificial AQP1 crystals
formed in pure lipid films. Moreover, limited evidence suggests that M1 is functional only
when assembled into a tetramer (Neely et al., 1999), whereas functional M1 IMPs do not
assemble into stable square arrays (Furman et al., 2003). Taken at face value, these two
observations imply that M1 tetramers correspond to individual IMPs. However, a recent report
suggests that AQP1 may be functional as an isolated monomer (Vidossich et al., 2004). If so,
perhaps AQP4 may also be functional as a monomer, but this possibility has been questioned
by Silberstein and coworkers (2004) based on measurements of high water permeability only
when AQP4 is assembled into square arrays and rafts. We anticipate that diffraction data from
AQP4 crystals formed in lipid films formed from naturally occurring complex lipids will
provide compelling evidence for one or the other models.

CONCLUSIONS

There is compelling evidence from electron diffraction studies that AQP1 assembles as
tetramers in artificial protein crystals in simple lipid bilayers, that the crystals have a 6.9 nm
lattice spacing, and that the protein molecules completely fill the lattices, with no intervening
voids. Moreover, in those crystals, 1x2 nm structural cross-bridges have not been identified.
In contrast, freeze-fracture images of AQP4 arrays in biological membranes reveal 4.5 nm
transmembrane particles, linked by 1x2 nm cross-bridges, and separated by 4.0-4.5 nm nodes,
the latter of which at least superficially resembles the “interdigitating,” oppositely directed
AQP1 and AQPO tetramers in artificial crystals formed in pure lipid films. However, assembly
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of artificial crystals of AQP1 is not constrained by enzymatically regulated insertion of
transmembrane proteins, as occurs during protein synthesis in vivo. Thus, the freeze-fracture
images from intact biological membranes seem incompatible with the data from electron
diffraction from artificial membranes. The significance of these structural differences is not
established. To resolve these discrepancies, we suggest that artificial crystals of various
aquaporins be examined in high-resolution freeze-fracture replicas to determine if the same
morphology, size and lattice spacing of IMPs is observed as in naturally occurring AQP4
arrays. We also suggest electron diffraction studies be conducted on aquaporin crystals formed
in the presence of complex lipids, including cholesterol, to determine the contributions of
complex lipids to organization of AQP4 arrays. Clearly, it is essential to reconcile the data
from these two distinct methodologies.
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Abbreviations

AQP1

aquaporin-1
AQP4

aquaporin-4
CHO

Chinese hamster ovary
CNS

central nervous system
CSF

cerebrospinal fluid
Cx26

connexin-26
Cx30

connexin-30
FRIL

freeze-fracture replica immunogold labeling
IMP

intramembrane particle
OAP

orthogonally arranged particle
SDS

sodium dodecyl sulfate
TEM

transmission electron microscopy
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Fig. 1.
Square arrays in astrocyte endfeet of the glia limitans adjacent to the optic chiasm (A), in

ependymocytes of the third ventricle near the suprachiasmatic nucleus (B-F), and in astrocyte
processes in neuropil of adult rat spinal cord (G). (A) Stereoscopic image of area in which
square arrays were in high density. Approximately 35% of arrays were immunogold labeled
(10 nm gold beads). (B) Larger square arrays found in ependymocytes were most often labeled
within the array perimeters, but occasionally, labels were 20-30 nm outside arrays (B, right
side). (C-F) Higher magnification stereoscopic images of individual immunogold-labeled
square arrays. The constituent IMPs within the 6.5 nm square lattices were 4.5 nm in diameter,
with 1 x 2 nm cross-bridges linking adjacent IMPs. Many P-face IMPs had distinctive 1 nm
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central depressions or “dimples” (E, F, arrows). (G) Small-diameter astrocyte processes deep
within neuropil in spinal cord of adult rat typically had multiple AQP4 square arrays.
Immunogold beads labeled Cx30 (18 nm gold) and Cx26 (12 nm gold) in three gap junctions
(middle gap junction is not visible at this tilt angle). In all images, unlabeled scale bars= 0.1
um; labeled scale bars= 10 nm.
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Fig. 2.

AQP4-M23 arrays in CHO cells. (A) Glutaraldehyde-fixed CHO cells expressing M23. Rafts
represent large lattices of 4.5 nm-diameter IMPs, with many containing > 100 IMPs. (B-D)
Formaldehyde-fixed CHO cell membranes that were immunogold labeled for AQP4. (B) Three
“rafts” are labeled by four, three, and six 10 nm gold beads. (C, D) Stereoscopic images showing
cross-bridges linking IMPs into a grid-like pattern. (D) Black shadow image more clearly
reveals cross-bridges; IMPs are at intersections. Finer details are resolvable only at higher
magnification (see Figs. 5-7, below).
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Fig. 3.
Black shadow images of E-face of control CHO cells (A) and P- and E-face images of CHO

cells expressing M1 variant of AQP4 (B-G). (A) E-face image of control CHO cell has
“baseline” number of large particles but very few 4.5 nm diameter pits. (B) P-face image of
M1 expressing cell has abundant 4-6 nm diameter IMPs, and in this area, only one square array
(arrow). (C) E-face of CHO cell expressing M1. A large increase in 4.5-5 nm pits is observed
above “control” value. Selected areas are shown stereoscopically at higher magnification (D-
G). (D-G) Pegs are seen in most pits (white arrowheads). Many pits exhibit 1x2 nm “furrows,”
frequently oriented at right angles (D, F; black arrowheads).

Neuroscience. Author manuscript; available in PMC 2007 March 8.



RASH et al.

Fig. 4.
P- and E-face views of CHO cells co-expressing M1+M23. (A) P-face images reveal abundant

but small square arrays. (B) E-face images of square array imprints. Pegs are visible in almost
all pits. Many pits are linked by furrows, but up to 50% of furrows are missing. Inset shows
array of seven pits linked by about four cross-bridges, but excessive granularity of this replica
prevented more detailed analysis.
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Fig. 5.

Stereoscopic images comparing “conventional” (A) and higher-resolution replicas of AQP4
square arrays (B-D). (A) In “old-style” replicas, IMPs are enlarged by excess platinum and by
water vapor “contamination.” (B) In replicas made with ca. 1 nm of platinum, P-face images
of AQP4 square arrays reveal 4.5 nm diameter IMPs linked by indistinct cross-bridges (at lower
arrow). Some IMPs have indistinct “dimples” (arrows). (C) In E-face images, imprints of
square arrays consist of 4.0-4.5 nm membrane “pits,” with most pits containing a central 0.7
nm central “peg” (faintly resolved). Each pit is linked to its nearest neighbors by 1x2 nm
grooves or “furrows” (arrow). Some furrows at the edge of arrays (arrowhead) extend outward
for possible attachment of additional IMPs/pits. Stereoscopic imaging reveals that the
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replicated P-face cross-bridges and E-face furrows are co-planar with the platinum replica and
thus do not represent artifacts of underfocus or overfocus, which otherwise appear as a
superimposed three-dimensional “fog.” (D) E-face imprints of square arrays in astrocyte
endfoot in adult rat spinal cord. Pegs (arrows) are present in most E-face pits, and most pits
are linked by 1x2 nm furrows.
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Fig. 6.

High magnification stereoscopic images of AQP4 IMPs (A) and E-face pits (B-D), with
corresponding drawings (right column). Color is used to delineate structures with similar
electron opacities. (A) Black-shadow image of P-face AQP4 square array IMPs (dark blue)
linked by 1x2 nm cross-bridges. (B, C) White-shadow (B) and black-shadow images (C) of
square array E-face imprints (light blue in B) showing furrows linking membrane pits. Most
pits contain a 0.3-0.7 nm “peg” (C; arrow; blue dots in diagram). (D) E-face image of M23
raft in CHO cell. Pits are linked by furrows and are separated by 4.5-5.0 nm “nodes” (arrow;
green shading).
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Fig. 7.

Comparison of two-fold difference in diameter of pegs in E-face pits of gap junctions and
AQP4 arrays; and evidence for disappearance of pegs following shallow “etching.” (A)
Stereoscopic image of gap junction and several square arrays in ependymocyte of third
ventricle in adult rat suprachiasmatic nucleus. Boxed areas are enlarged in B and C. (B) Pegs
in gap junction E-face pits (arrow) are 1.0-1.5 nm in diameter. (C) Pegs in square array E-face
pits (arrow) are 0.3-0.7 nm in diameter, or about half the size of pegs in adjacent connexon
imprints. (D) E-face image of square arrays after brief freeze etching. Etching is evident in
extracellular space (asterisk). Where E-face pits are wider and deeper, pegs are missing
(arrowheads), but nodes are intact.
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Fig. 8.

(A) Stereoscopic (left pair) and reverse stereoscopic images (right pair) of square arrays in E-
face showing that the “nodes” are fractured at a lower level than the surrounding membrane
E-face. In “intaglio” images (right pair), this relative elevation is reversed so that the “nodes”
artificially appear as raised “waffles.” (B) High-magnification stereoscopic image of one AQP4
square array. Several IMPs have central depressions or “dimples” (arrow). (C) Rotational
reinforcement image of the IMP indicated in “B.” The central depression appears asan “X.” (D,
E) Rotational reinforcement images of E-face pits printed with black shadows (D) and white
shadows (E). In the black-shadow image (D), the peg (bright spot) is smaller than the dimple
in the adjacent P-face IMP (C). In the white shadow image (E), the (now white) pit appears
almost identical to the IMP in the black shadow image (C). Four nodes around the central peg
(D, E) are approximately the same diameter as P-face IMPs, indicating that both nodes and
IMPs each occupy approximately 50% of the cross-sectional area within a square array. (F)
Rotational reinforcement of “node” showing reinforcement of four surrounding “pegs” (bright
spots within darker E-face pits).
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Tetramer Dimer Monomers

Fig. 9.

Interpretive drawings of components of naturally occurring square arrays and their constituent
IMPs. (A, B) Fracture plane through an individual IMP, with the resulting formation of E-face
(C) and P-face (D) images of a square array. Dark blue indicates an individual AQP4 IMP (B
and D), with “X-shaped dimple.” (E, F) Approximate comparison of rotationally reinforced
image on one IMP (E) with stylized AQP4 protein (F). Superimposed circles in remaining
drawings are the approximate diameter of an a-helix, 1.6 nm, prior to platinum coating. A
single a-helix is almost half the diameter of an AQP4 particle. (G-J) Comparison of tetrameric
(G), dimeric (H), and monomeric (1) models of AQP4 IMP. The IMP seen by freeze fracture
(blue in E) is much smaller than the 24 transmembrane a-helices required of a tetrameric IMP.

Neuroscience. Author manuscript; available in PMC 2007 March 8.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

RASH et al.

Page 32

(H) The dimeric model of AQP4 has conflicting positions for several a-helices. (1, J)
Monomeric models for M23 (I) and M1 (J) AQP4. Two cross-bridges (*“+”) are envisioned to
arise from amphipathic a-helices (S1 and perhaps S4), while two additional cross-bridge
binding sites (“—") are envisioned as part of the core IMP, thereby providing for up to four
cross-bridge binding sites per IMP. The additional 23 amino acid sequence on M1 (J) is
proposed to interfere with close approach of M1 monomers to other monomers, and perhaps
also to block additional cross-bridge binding sites.
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