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Abstract

Although macula densa (MD) cells are chief regulatory cells in the nephron with unique
microanatomical features, they have been difficult to study in full detail due to their inaccessibility
and limitations in earlier microscopy techniques. The present study used a new mouse model with
a comprehensive imaging approach to visualize so far unexplored microanatomical features of MD
cells, their regulation and functional relevance. MD-GFP mice with conditional and partial
induction of green fluorescent protein (GFP) expression, which specifically and intensely
illuminated only single MD cells were used with fluorescence microscopy of fixed tissue and live
MD cells in vitro and in vivo with complementary electron microscopy (EM) of rat, rabbit, and
human kidney. An elaborate network of major and minor cell processes here named maculapodia
were found at the cell base, projecting towards other MD cells and the glomerular vascular pole.
The extent of maculapodia showed up-regulation by low dietary salt intake and female gender.
Time-lapse imaging of maculapodia revealed highly dynamic features including rapid outgrowth
and an extensive vesicular transport system. EM of rat, rabbit, and human kidneys, and three-
dimensional (3D) volume reconstruction in optically cleared whole-mount MD-GFP mouse
kidneys further confirmed the presence and projections of maculapodia into the extraglomerular
mesangium and the afferent and efferent arterioles. The newly identified dynamic and secretory
features of MD cells suggest the presence of novel functional and molecular pathways of cell-to-
cell communication in the juxtaglomerular apparatus (JGA) between MD cells and between MD

and other target cells.
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Introduction

The macula densa (MD) is a plaque of 20-25 highly specialized and polarized renal
epithelial cells in each nephron at the distal end of the thick ascending limb, strategically localized
at the glomerular vascular pole as the tubular component of the juxtaglomerular apparatus (JGA).
Their basal cell surface is facing and is in direct contact with the vascular component of the JGA,
including vascular smooth muscle cells of the afferent (AA) and efferent (EA) arterioles, renin
producing juxtaglomerular (JG) and extraglomerular mesangial cells. The unique MD cell
microanatomy, including prominent primary cilia at the luminal membrane (7, 31, 36) apically
localized cell nuclei, and various organelles involved in the MD protein and autacoid synthetic
machinery packed in the basal part of the cell body has been long recognized, and linked to the
functional role of the MD in sensing the local tissue environment and signaling to the JGA (2, 6,
10, 24, 29). In fact, the special features of these organelles play important roles in the traditional
functions of the MD to sense alterations in tubular salt and other factors of the local tissue
environment and to translate that information to the synthesis and release of various chemical
mediators through their basal membrane for paracrine cell-to-cell crosstalk with other JGA cell
types (3, 6, 24, 29). On the whole cell and physiological level, via these features MD cells regulate
renal and glomerular hemodynamics via tubuloglomerular feedback, and the release of renin from
adjacent juxtaglomerular (JG) cells (6, 24, 29).

MD cells are thought to communicate with their neighbor JGA cells via humoral mediators
released extracellularly through their basolateral cell membrane and the very thin and fragmented
basement membrane, and in the absence of significant direct physical cell-to-cell contact such as

gap junctions (33, 37). Tiny processes of the MD cell basal membrane protruding towards the



mesangium have been described earlier based on electron microscopy of fixed kidney specimen
(3, 5, 10) including a recent report on human MD (7). However, the full extent and dynamic
features of these basal processes have been unknown due to the complex 3D structure of the JGA
and inherent limitations in past histology techniques. Recently, new fluorescence imaging
techniques and genetic mouse models have been developed that allow cell membrane targeting of
highly fluorescent marker proteins (14, 25, 27). These approaches have helped to label and
visualize fine details of cell membranes including podocyte foot processes (13) and in vivo
approaches (15) using optical microscopy.

The purpose of the present study was to visually characterize and analyze the
morphological and dynamic features of MD cell microanatomy using novel fluorescence imaging
tools, with particular emphasis on the critically important, but most inaccessible basal cell

Processes.



Materials and Methods

Animals and Kidney Tissues

All animal protocols were approved by the Institutional Animal Care and Use Committee
at the University of Southern California. Male and female, 6-8 weeks-old C57BL6/J mice
(Jackson Laboratory, Bar Harbor, ME) were used in all experiments. Tamoxifen-inducible,
conditional MD-GFP mice on C57BL6/J] background were generated by intercrossing
nNOS/CreERT2 and mTmG/fl mice as described previously (both from Jackson Laboratory)
(27). The mTmG reporter mice contain a myristoylated and palmitoylated 41 amino acid N-
terminal MARCKS membrane tag for efficient membrane targeting as described before (22).
Tamoxifen was administered 75 mg/kg by oral gavage only once for partial induction, and for a
total of three times (every other day) for full induction. Some mice received low-salt diet for 10
to 14 days (TD 90228, Harlan Teklad, Madison, WI) combined with ACE inhibitor treatment
using enalapril (150 mg/L via drinking water, purchased from Sigma, St. Louis, MO), or high
salt diet (4% NaCl, TD110078 from Harlan Teklad). For immunohistochemical analysis,
anonymized, human adult (32-87 years old) formalin-fixed paraffin-embedded renal cortical
tissues were obtained from unaffected regions of tumor nephrectomy specimens (HS-15-00298
and HS-16-00378 protocols approved by the Institutional Review Board, Keck School of
Medicine of the University of Southern California). Basic patient history data regarding the
presence of chronic kidney disease (CKD) and comorbidities, such as hypertension, diabetes,
were available. Only samples with no history of CKD and diabetes were included in this study.

For serial block face scanning electron microscopy, human kidney tissue was obtained with



appropriate consent and after review by UK research ethics committee (study approval

07/H0102/45) in accordance with UK legislation and the Helsinki Declaration.

Immunohistochemistry of fixed kidney tissue

Immunofluorescence detection of proteins was performed as described previously (27).
Briefly, kidneys were perfused and fixed in 4% PFA for 2 hours at room temperature, embedded
in paraffin, and sectioned 8 pum thick. For antibody stains, slides were washed in 1XPBS. For
antigen retrieval, heat-induced epitope retrieval was applied by boiling sections in Sodium Citrate
buffer (pH 6.0) or Tris-EDTA (pH 9.0) for ten minutes. To reduce non-specific binding, sections
were blocked with normal goat serum (1:20). Primary and secondary antibodies were applied
sequentially overnight at 4° C and 2 hours at room temperature. Primary antibodies and dilutions
were as follows: nNOS (Santa Cruz Biotechnology, Santa Cruz, CA, 1:100), alpha-Tubulin and
PAPPA2 (Thermo Fisher Scientific, Waltham, MA, 1:100), renin (AS-54371, AnaSpec Inc
1:100), GFP (ThermoFisher,1:200). Alexa Fluor 488, 594, and 647-conjugated secondary
antibodies and Alexa Fluor 680-Phalloidin were purchased from Thermo Fisher Scientific. In
some experiments the primary PAPPA2 antibody was preincubated with the immunizing
(blocking) peptide per manufacturer’s instructions (Thermo Fisher Scientific). Slides were
mounted by using DAPI-containing mounting media (VectaShield, Vector Laboratories Inc.,
Burlingame, CA). The immunohistochemistry images for Actin-associated proteins Rho
Guanine Nucleotide Exchange Factor 25 (ARHGEF25) and Actin Related Protein 2/3 Complex
Subunit 1A (ARPC1A), as well as the Cilia and Flagella Associated Protein 36 (CFAP36) and

Intraflagellar Transport (IFT) associated protein IFT43 were obtained from the Human Protein



Atlas (http://www.proteinatlas.org) that were obtained with antibodies that have not been fully
validated in the current studies (34).

For structural analysis of MD cell major processes, 20 um thick frozen sections and
endogenously expressed genetic reporter (GFP) imaging were used. Sections were washed in
PBS and mounted with DAPI-containing mounting media. High spatial resolution Z-stack
recordings and maximum intensity projection images (MIP) were used to measure the length of
basal cell processes. Only superficial cortical nephrons were selected, and the longest process per
individual MD cell was included in the blind morphometric analysis. The sections were identified
by animal number only rather than by experimental groups, which were unknown to the examiner.
Sections were examined with Leica TCS SP5 and SP8 DIVE (Leica Microsystems, Wetzlar,
Germany) confocal/multiphoton laser scanning microscope systems as described previously (27,

28, 30). Imaris 9.2 image analysis software was used for 3D reconstruction modeling.

Multiphoton microscopy (MPM) of live MD cells in vivo and in vitro

MD-GFP mice were anesthetized and intravital imaging of the intact living kidney was
performed using a Leica SP8 DIVE multiphoton microscope (MPM) (Leica Microsystems,
Wetzlar, Germany) powered by a Discovery laser system (Coherent Inc., Santa Clara, CA) as
described previously (15, 28, 30). For imaging live MD cells in vitro, MD-GFP mice were
perfused through the left ventricle with ice cold PBS, and the kidneys were harvested. Freshly
isolated and in vitro microperfused JGA preparations from superficial cortical nephrons with
attached glomeruli were used as before (23). For isolation of single live MD cells, kidney cortex
was isolated and digested using Hyaluronidase and Liberase TM enzyme combination

(concentration: 2mg/mL and 2.5mg/mL respectively, from Sigma). After digestion, MD and



control cells were isolated based on their genetic reporter expression (GFP or tdTomato) by using
FACS ARIAII cell sorter at 4°C, and excitation wavelengths 488 and 633nm in sterile conditions.
Subsequently, the freshly isolated single living MD cells were immediately transferred to a glass
coverslip-bottomed chamber and bathed in culture media (DMEM mixture F12, pH 7.4) at room
temperature and no-flow conditions. High temporal and spatial resolution fluorescence imaging
was performed to visualize the microanatomical features as described before (23, 27) using a
Leica TCS SP5 multiphoton confocal laser scanning microscope system (Leica Microsystems,
Wetzlar, Germany). Z-stack recordings and MIP images of single MD cells were used to identify
the number of minor cell processes per cell. Some coverslips with attached MD cells were
subsequently processed for PFA fixation (at room temperature for 10 minutes) and

immunofluorescence labeling as described above.

Tissue CLARITY

Three-dimensional imaging was performed as previously described (21) by carrying out
whole-mount immunofluorescence stains on slices of MD-GFP mouse kidneys. Slices were fixed
in 4% formaldehyde in 1x phosphate buffer saline (PBS) at room temperature for 45 min, washed
in 1XPBS, blocked in 1xPBS with 0.1% TritonX100 and 2% SEA Block (Thermo Fisher
Scientific) for 1 hour, and sequentially incubated in primary and secondary antibodies over 2
days. Primary and secondary antibodies were diluted in the blocking solution. To clear tissue
slices, the slices were dehydrated in methanol via increasing concentrations 50%, 75%, 100%,
diluted in PBS - each for 1hr - and subsequently submerged in a 50:50 benzyl benzoate/benzyl
alcohol (BABB): methanol solution, followed by 100% BABB. High resolution imaging of MD

plaques and the adjacent glomeruli was performed on a Leica SP8 multiphoton microscope using



a 63X glycerol immersion objective (NA 1.3). 3D reconstruction and surface rendering was
performed as described previously (11). Briefly, high temporal resolution Z-stack recording of
MD plaques (63X magnification, 0.2 um z-step size) was used and processed by Imaris 9 surface
rendering technology. To create a 3D surface defining the morphology of MD cells including the
fine details of basal processes, membrane-targeted GFP fluorescence of MD cells was used as the
source channel. Using surface rendering, fluorescence thresholding and masking, the accurate 3D
structure of individual MD plaques and cells was obtained including the number and orientation

of major and minor basal cell processes.

Transmission electron microscopy (TEM)

Kidneys were fixed via total body perfusion as described previously (16). Without prior
flushing, the animals were directly perfused with 2% glutaraldehyde phosphate buffer solution
(GA-PBS) supplemented with 0.05% citric acid (pH 7.5, 485 mOsmol/L) at a constant pressure
of 100 mmHg for 3 minutes. Kidney slices were postfixed in 2% GA-PBS overnight, and in 1%
OsOy4 for 2 hours, and subsequently dehydrated and embedded into epon by standard procedures.
Ultrathin sections of selected areas were cut on ultracut microtome (Leica NuBlloch, Germany)
using a diamond knife and studied with transmission electron microscopy (TEM) as described

before (16).

Serial Block Face Scanning Electron Microscopy (SBF-SEM)
Human tissue blocks were prepared from unused transplant kidneys by perfusion fixation
combined with additional aqueous heavy metal steps as described previously (1). Briefly,

trimmed mounted block with the region of interest was attached to the chuck and the resin



embedded glomeruli with the adjacent MD were sectioned using a Gatan 3view ultramicrotome
within a FEI Quanta 250 scanning electron microscope (SBF-SEM). Once the surface was
imaged, an automatic routine advanced the specimen and sectioned the block face removing a

150nm thick resin section. The sequence of advance was repeated until all images were acquired.

Statistical methods

Data are expressed as average = SEM and were analyzed using Student’s t-tests (between
two groups), or ANOVA (for multiple groups) with post-hoc comparison by Bonferroni test.
P<0.05 was considered significant. Statistical analyses were performed using GraphPad Prism

7.0c (GraphPad Software, Inc.).
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Results
Histological features of the MD-GFP mouse model

Using the classic MD cell-specific marker nNOS in a Cre/lox-based genetic strategy, MD-
GFP mice were generated by intercrossing nNOS/CreERT2 and mTmG/fl mice as described
recently (27). These mice feature MD-specific, tamoxifen-inducible membrane-targeted enhanced
green fluorescent protein (eGFP) expression in the renal cortex, while other cell types remain red
by expressing the membrane-targeted red fluorescent protein tdTomato (Fig. 1A). To confirm the
MD cell-specific, nNOS-driven expression of membrane targeted eGFP (mG) in MD-GFP mice,
immunofluorescence double labeling of nNOS and eGFP was performed (Figure 1B). The overlay
in Figure 1B shows co-labeling of nNOS and eGFP only in MD cells, confirming the validity and
specificity of the applied genetic approach.

Next, tamoxifen dosing was adjusted to alter the level of Cre induction and hence the
density of GFP-labeled MD cells in the renal cortex. Fig. 1C shows labeling of the entire MD
plaque after full induction (75mg/kg tamoxifen via oral gavage given every other day for a total of
three times), while partial induction (75mg/kg tamoxifen via oral gavage only once) led to sporadic
MD cell labeling, only 1 to 3 MD cells/ plaque on average (Figs. 1D, 2-3). As a result of the
membrane-targeting genetic fluorescence labeling approach, it became possible to visualize the
fine morphological details of MD cell membrane structures, such as the primary cilia at the MD
cells’ apical membrane (Fig. 2C). Importantly, the combination of membrane-targeted
fluorescence reporter expression with the sporadic labeling of single MD cells enabled the
visualization of the microanatomical details of MD cells, and depicted an elaborate network of

major and minor processes at the cell base, projecting towards the glomerulus and other MD cells

11



(Fig. 1D). We named these structures maculapodia, based on their foot-like projections from the

MD cell body at their basal region.

Morphological analysis of MD cell major processes

To characterize the size of the cell processes network at the MD cell basal region,
morphological analysis was performed first on fixed kidney sections to measure the length of
major processes. Major processes were defined as a few primary (projecting directly from the cell
body, 1-3 on average) and thick (>0.5-1.0 um) cytoplasmic protrusions from the MD cell basal
region. Histological analysis confirmed that most MD cells under all conditions have visible major
cell protrusions at their base running in parallel with the tubular side of the basement membrane,
or crossing through the fragmented basement membrane towards other MD cells, the
extraglomerular mesangium, the AA and EA. In control, the length of major processes was
4.63+£0.21 um on average (n=8 mice), but were occasionally seen to extend up to 14 um (Figs. 2A-
G). Interestingly, we found that female mice had significantly longer major processes (5.68+0.32
um) as compared to male littermates (3.76+0.22 pm, p=0.001, n=4 each), as shown in Figs. 2A,
D, G, and Supplemental Video S1. Although only superficial cortical nephrons were included in
all morphometric analysis, MD cells in inner cortical (juxtamedullary) nephrons appeared to have
similar features (Fig. 2H).

Since tubular salt sensing and paracrine signaling to the JGA are well-known traditional
functions of MD cells, we next applied various dietary salt intake manipulations to address the
physiological regulation of MD cell microanatomy at the basal region. As shown in representative
images and morphological analysis in Figs. 2A-F and G, the stimulation of MD cell salt sensing

activity by combined low-salt diet and ACE inhibition resulted in the development of a more
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elaborate maculapodia network in male mice, with a significant increase in the length of major
processes (5.01£0.34 um, p=0.002; n=4) (Fig. 2B, G). In contrast, high dietary sodium intake led
to significant decrease in the length of these structures in both male and female mice (1.94+0.22
um in male, and 3.88+0.36 um in female mice, p=0.01; n=4-5) (Fig. 2C, G). Furthermore, we
found that the gender difference in the length of major processes was preserved in the condition of
high dietary salt intake, while the gender difference disappeared under combined low-salt diet and

ACE inhibition conditions due to significant changes in male but not in female mice (Fig. 2G).

Intravital imaging of maculapodia

To confirm the presence of MD cell major and minor processes in the intact living kidney
tissue, low-salt diet and ACE inhibitor treated MD-GFP mice were used due to the presence of a
more elaborate maculapodia network in this condition. We first performed multiphoton
microscopy (MPM) of intact MD-GFP kidneys in vivo. Although motion artifacts due to vital
functions made the visualization of minor processes difficult, several major MD cell processes
were clearly observed projecting from the MD base into the extraglomerular mesangium and
towards glomerular arterioles (Fig. 3A). In another approach of imaging intact living tissue, we
next used the freshly dissected and in vitro microperfused JGA preparation from MD-GFP mice
after partial tamoxifen induction. In contrast to the in vivo model, this was a perfectly steady
preparation. Accordingly, both major (0.5-1.0 um thick and up to 34 um long) and much thinner,
hair-like minor MD cell basal processes were clearly observed forming a dense maculapodia
network between individual MD cells and between MD and other JGA cells (Fig. 3B, and

Supplemental Video S1, https://doi.org/10.6084/m9.figshare.11983791.v1). Minor processes were

seen originating from either the cell body or major processes (Fig. 3B).
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Quantitative visualization of structural and dynamic features of MD cell minor processes
Minor processes were defined as long, very thin (<0.5um) hairlike cell processes projecting
from either the cell body or major processes. To further elucidate their specificity, scale and
dynamic features, living MD cells were freshly isolated from kidney tissue of MD-GFP mice on
control and low-salt diet using FACS, and visualized by using high temporal and spatial resolution
MPM imaging. As observed in fresh living tissues and histology sections (Figs. 1-3), high
resolution MPM imaging of single living MD cells depicted a dense network of long, thin, hairlike
minor processes (Fig. 4A). No major processes were seen in freshly isolated MD cells. The minor
processes were preserved at the cells’ basal region, and specific for MD cells based on the absence
of such processes in control cells that were adjacent to the MD (Fig. 4B, and Supplemental Video

S2, https://doi.org/10.6084/m9.figshare.11983791.v1. In control condition, MD cells from female

mice had a higher number of minor processes (10.3+1.4 per single MD cell) as compared to male
littermates (4.8%1.4 per single MD cell, p<0.05; n=8-15 MD cells from n=3 mice in each group)
as shown in Fig. 4A, further strengthening the case that female mice have a more detailed
maculapodia network. Physiological stimulation of MD cell salt sensing by combined low-salt diet
with ACE inhibition resulted in significantly increased number of MD cell minor processes
(14.5£1.3 per single MD cell, n=47 MD cells from n=7 mice) as compared to control (8.4+1.1 per
single MD cell, n=23 MD cells from n=6 mice) (Fig. 4A). This increase was more pronounced in
males (12.8+1.5 per single MD cell, n=29 MD cells from n=4 mice) as compared to females
(17.2£2.1 per single MD cell, n=18 MD cells from n=3 mice).

Since actin and actin-associated proteins are common molecular building blocks of such

cell processes, immunofluorescence labeling of freshly isolated, attached, and fixed MD cells was
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performed which identified the presence of F-actin but not tubulin within the minor processes (Fig.
4C). In addition, immunoperoxidase labeling of human kidney sections (based on data obtained
from the Human Protein Atlas) identified the high level and MD cell-specific basolateral
expression of actin-associated proteins Rho Guanine Nucleotide Exchange Factor 25
(ARHGEF25) and Actin Related Protein 2/3 Complex Subunit 1A (ARPC1A), as well as well-
known cilia and flagella associated proteins such as Cilia and Flagella Associated Protein 36
(CFAP36) and Intraflagellar Transport (IFT) associated proteins (e.g. IFT43). Besides the high
level of expression of these actin-associated and microtubule proteins at the apical region that
correlates with the previously characterized prominent primary cilia in MD cells (7, 31, 32, 36)
and therefore serves as a positive control, a distinct basolateral expression was also detected
suggesting their role in the structure and vesicular transport system of the MD cell basal processes
network (Fig. 4C).

The expression of membrane-targeted eGFP in MD-GFP mice, and the MPM imaging
approach enabled the high temporal and spatial resolution imaging of both plasma and intracellular
membranes. Time-lapse imaging of single MD cells and their minor processes revealed the highly
dynamic features of these long cell processes (Fig. 4D), such as their outgrowth or shortening in a
few seconds (Fig. 4D, and Supplemental Video S3,

https://doi.org/10.6084/m9.figshare.11983791.v1). In addition, multiple cytoplasmic vesicles

were visible within minor processes and appeared rapidly moving in both directions between the
cell body and their tip, suggesting their role in MD cell endocytosis and secretory functions (Fig.

4D, and Supplemental Video S4, https://doi.org/10.6084/m9.figshare.11983791.v1). To identify

the potential cargo of such vesicles, immunostaining of Pregnancy-Associated Plasma Protein A2

(PAPPA?2), a known secreted protease that has been used recently as a specific MD-distal tubule
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marker (8, 20), was performed on human kidney sections and freshly isolated, attached and fixed
MD cells from MD-GFP mice. Fig. 4D shows the high level of expression of PAPPA2 in MD cells
in a vesicular pattern within the cell body as well as at basal cell regions in the human kidney and
within the cell processes of mouse MD cells (Fig. 4D). To confirm antibody specificity, the
PAPPA2 immunolabeling was lost after the primary antibody was pre-incubated with the

immunizing (blocking) peptide (Fig. 4D).

Ultrastructural analysis of the MD cell basal region by TEM in multiple species
Transmission electron microscopy was performed to re-evaluate the ultrastructure of the
MD basal anatomical region in the rabbit, rat, and human kidney. Besides the well-known unique
features of MD cells, such as apically localized nuclei, and organelles involved in protein synthetic
machinery packed in the basal part of the cell body, these experiments visualized and further
confirmed that MD cells have prominent basal cell major and minor processes extending into the
extraglomerular mesangium. The basal cell protrusions displayed fine ramifications, which
seemed to interdigitate (Fig. SA-D). Adjacent MD cells were seen interconnected by minor
processes both at the basal and lateral membranes (Fig. 5C). The interface between the MD and
the extraglomerular mesangium (EGM) in all species studied consisted of areas with many major
and minor processes originating from MD cells that were intertwined with each other, partially
separated by the fragmented and thin basement membrane material, and seemed to protrude into
the EGM (Fig. 5A-E). Serial block-face scanning electron microscopy of human MD plaque and
the adjacent glomerulus (Fig. SE) confirmed the presence of a dense network of MD cell processes

projecting into the EGM in close proximity to the efferent arteriole (Fig. SE).
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3D reconstruction of the MD cell basal processes (maculapodia) network

To visualize the three-dimensional structural features of mouse MD cells’s basal region,
MPM optical slicing was performed on immunofluorescence labeled whole kidney tissues of MD-
GFP mice that were optically cleared using BABB CLARITY. Specifically, our focus was the
features of the basal cell region and orientation, relative to the adjacent glomerulus,
extraglomerular mesangium, the AA and EA. High-resolution optical slices clearly depicted the
intercellular network of MD cell basal major and minor processes as shown in Fig. 6A-C. The
reconstruction of MD cell basal cell membrane features in 3D confirmed the presence of cell-to-
cell contacts between individual MD cells via major and minor processes within the same MD
plaque (Fig. 6A, C). In addition, MD cell major and minor processes were detected projecting into
the extraglomerular mesangium at the glomerular vascular pole, and closely wrapping around
individual cells of the AA and EA (Fig. 6A,C, and Supplemental Video S5,

https://doi.org/10.6084/m9.figshare.11983791.v1). To study the 3D spatial relation of MD cell

processes and renin cells in the JGA, double labeling of MD cells and JG renin cells was performed
on thick frozen sections of MD-GFP mouse kidney tissue. High spatial resolution Z-stack
projection images were generated by using 3D surface rendering model. The results shown in Fig.
6C further confirmed the presence of a dense network of MD cell minor processes extending up
to 30 um long (Fig. 6C) towards the individual cells of the AA, EA and the surrounding EGM.
Target cells that MD cells were making contact with via the major and minor processes included,
but were not limited to, JG renin cells of the AA and EA (Fig. 6C, and Supplemental Video S6,

https://doi.org/10.6084/m9.figshare.11983791.v1).
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Discussion

The present study provided an unprecedented detailed view and comprehensive
morphological analysis of the microanatomical features of the unique specialized renal epithelium
of the macula densa, by taking advantage of recent developments in imaging, transgenic mouse,
tissue processing and clearing technologies. Genetic labeling of single MD cells in MD-GFP
mouse kidneys, and their high resolution MPM imaging in vivo, in vitro, in fixed thick sections,
and after the fresh isolation of living MD cells uniformly found an elaborate network of major and
minor processes at the cell base, projecting towards the glomerulus and other MD cells. Here we
named these structures maculapodia, based on their foot-like appearance and projections from the
base of the MD cell body. The extent of these basal cell processes showed regulation by dietary
salt intake and gender specificity. Time-lapse imaging of MD minor processes revealed their
highly dynamic features including rapid outgrowth and an extensive, including secretory vesicular
transport system within these processes. Electron microscopy analysis in multiple species (rat,
rabbit, human), and 3D image reconstruction of the JGA volume in optically cleared whole mount
MD-GFP mouse kidneys further confirmed the presence of MD cell major and minor basal
processes projecting into the extraglomerular mesangium at the glomerular vascular pole and the
AA and EA. The highly elaborate network and physiological regulation of maculapodia, that
contain various vesicles with secretory cargo (including PAPPA2) are all novel findings in this
study, that uncovered new anatomical and functional pathways of JGA intercellular
communication.

Our results confirmed the well-known microanatomical details of MD cells that have been
shown before with TEM and conventional histology approaches. Previous studies revealed the

polarized nature of MD epithelium with specific features including the presence of long, apical
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primary cilium (Fig. 2C) (7, 31, 32, 36) dilated intercellular spaces (Fig. 5) (16, 17) and unique
basal protrusions containing vesicles (Figs. 1-5)(2, 4, 7, 16). Although the presence of MD cell
basal processes has been described in these earlier reports, in light of the present findings it appears
that the highly extensive nature of these structures has been previously unrecognized or
understated. This was likely due to the lack of techniques to study living MD cells, and the inherent
technical limitations of TEM to accurately identify the cellular origin and complex 3D structure of
these long, interdigitating major and minor processes within the densely packed tissue of the JGA.
Of note it is well established that MD cells do not form gap junctions with other cells of the JGA
(23, 37) although the importance of intercellular communications in this region is well known.
Therefore, the dense network of MD cell processes and vesicle-containing long (up to 30-50um,
Figs. 3B, 4A-D and 6C) maculapodia that the present studies visualized projecting towards other
MD cells and the glomerular vascular pole in close contact with cells of the mesangium, AA and
EA (Fig. 6A-C) may be key ultrastructural elements of MD-to-JGA cell communications.

The exceptional detailed view of the MD microanatomical structure shown in the present
study was made possible by the use of a recently established MD-GFP inducible fluorescent
reporter mouse model (27) in which MD cells were specifically labeled by high level of membrane-
targeted GFP expression. Partial tamoxifen induction in MD-GFP mice enabled the visualization
of single MD cells within the multi-cell MD plaque, revealing the fine details of MD cell
basolateral features, especially the major and minor cell processes running between individual MD
cells (Figs. 1-4). This detailed view is lost when all MD cells within the MD plaque are highly
fluorescent (Fig. 1C-D), which necessitated the presently used single cell labeling approach
similarly to that in a recent podocyte study (13). Additional technical novelties in the present

studies were the high spatial and temporal resolution MPM imaging of intact living MD-GFP
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mouse kidney tissues in vivo and in vitro (Fig. 3A-B), in freshly isolated live single MD cells (Fig.
4), and the use of 3D reconstruction models (Fig. 6). These approaches confirmed that all MD cells
under all conditions have major and minor processes, however these structures were not always
clearly visible in thin tissue sections due to their intertwined, complex 3D morphology (Fig. 6A).
Therefore, due to this inherent limitation of conventional thin tissue sections, the length rather than
the number (density) of the longest major processes were clearly visualized and analyzed (Fig.
2G).

Since most MD cell minor processes are tightly packed in the tiny extracellular space at
the base of MD cells (Fig. 5D), they were best viewed in isolated single cells (Fig. 4). The
membrane labeling in MD cells by targeted GFP expression enabled the visualization of both the
plasma (cell processes) and intracellular membranes (vesicles). An additional benefit of this
approach combined with live cell imaging was to gain new knowledge of the dynamics of MD
processes, such as rapid outgrowth and profound vesicular transport, suggesting their role in MD
cell secretory functions in JGA cell-to-cell communications (Fig. 4D, Supplemental Videos S3-4).
Despite these advantages of using freshly isolated MD cells, it should be noted that the observed
features of MD cell minor processes may not be representative of the in vivo behavior of MD cells
and may, at least in part, result from the cells’ adaptation to in vitro culture conditions. In contrast
to MD cells in the intact tissue (Fig. 1), no major processes were seen in freshly isolated MD cells
(Fig. 4) likely due to remodeling of the actin cytoskeleton. In addition, while MD cell major
processes showed no further expansion by dietary salt in female mice (Fig. 2D-G), the number of
MD cell minor processes from female mice increased in response to low salt condition (Fig. 4A).
Nevertheless, the presence of minor processes was confirmed in intact living MD cells (Figs. 2-3)

suggesting that these structures are not artifacts due to in vitro culturing. If their ability of rapid
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outgrowth as demonstrated here (Fig. 4D, Supplemental Video S3) is preserved in situ (which
needs to be confirmed in future work), this would suggest that MD cells can quickly form new
connections with other JGA cells.

As suggested in a recent report (7) and present TEM studies (Fig. 5B, D), the dense-core
vesicles described in the MD basal processes are likely secretory in nature and may contain a
diverse cargo. To identify at least one element of the cargo, we performed immunolabeling for
PAPPA2, a known secreted protein and local regulator of insulin-line growth factor (IGF)
bioavailability, that was localized to the cortical thick ascending limb-distal tubule region in recent
reports (8, 20). The expression of PAPPA2 in MD cells including within cell processes in a
vesicular pattern (Fig. 4D) is further strengthening the secretory role of MD cells in cell-to-cell
communication. The role and target JGA cell type of PAPPA2 needs further investigation.
Similarly, the molecular building blocks of maculapodia, including the presence of actin (Fig. 4C),
actin-associated and microtubule proteins, beyond ARHGEF25, ARPC1A, CFAP36, ITF43 that
were localized to MD cells based on data from the Human Protein Atlas (not validated in the
current work) (Fig. 4C), need to be identified in future studies.

Since the maculapodia network is very likely involved in the MD-to-JGA effector cell
communication, the presently observed up-regulation of the length and density of these structures
by low dietary salt intake (Figs. 2, 4) may be a structural component of the well-known
physiological adaptations in the classic function of MD, namely higher sensitivity of tubulo-
glomerular feedback control of renal and glomerular hemodynamics, and increased renin secretion
under low-salt diet conditions (9, 18, 24, 26). Interestingly, the female gender was another
stimulatory factor of both major and minor MD cell processes (Figs. 2G and 4A). While the density

of minor processes was up-regulated by both female gender and low-salt diet and ACE inhibitor

21



treatment (additive effect, Fig. 4A), the length of major processes in control female mice increased
to the level of low-salt stimulated condition and did not further increase with low-salt diet and
ACE inhibition (Fig. 2G). These results may suggest that the low salt and female regulatory
mechanisms likely utilize similar signaling pathways for the control of major but not the minor
processes. The gender difference in the length of major processes was preserved in the condition
of high dietary salt intake, which had a significant negative effect in both males and females (Fig.
2@G). Gender differences identified in these studies further support the notion that in addition to
several other kidney functions and mechanisms (19) JGA function is regulated by male and female
sex hormones as suggested by previous reports (12, 35). Considering the strategically central
localization of MD cells at the glomerular entrance, and the key role these cells play in sensing
alterations in the tubular environment and transducing signals to regulate glomerular filtration rate
and the activity of the renin-angiotensin system in both health and disease, it is intriguing to
speculate that the presently described MD microanatomical features may play a role in gender
disparities in kidney disease prevalence and progression (19). The functional relevance of
maculapodia in controlling glomerular hemodynamics, vasoactivity, including the functions of
PAPPA2 and other secreted MD factors on AA and EA renin producing cells and other, yet to be
identified renin-negative JGA target cells (Fig. 6C) needs further study.

In summary, the present study illuminated a physiologically regulated dense network of
basal cell major and minor processes (maculapodia) in MD cells that were understated in previous
work. The newly identified dynamic and secretory features of these microanatomical structures
suggest the presence of novel functional and molecular pathways of cell-to-cell communication in

the JGA between the MD and other target cells that need to be further explored in future studies.
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Detailed characterization of the function and further molecular details of MD cell intercellular

communications and their role in physiology and disease warrant further studies.
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Figure legends

Figure 1. Histological features of the MD-GFP mouse model. A: Overview of a MD-GFP

mouse kidney section with membrane-targeted eGFP expression in MD cells (green, arrowheads),

and membrane-targeted tdTomato expression in all other kidney cell types (red). Nuclei are labeled

with DAPI (blue). Note that all green cells are localized directly adjacent to intensely red labeled
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glomeruli (G). B: Immunofluorescence double labeling of the MD cell marker nNOS (red) and the
nNOS-driven eGFP reporter (green). The overlay image shows co-localization (yellow)
confirming MD-specific expression of eGFP. C-D: Fluorescence images of MD-GFP mouse
kidney sections showing longitudinal, horizontal, and cross sectional view of the MD cell plaque
after full (C) or partial (D) induction of eGFP expression by tamoxifen. Some images show tissue
autofluorescence (C, blue) for additional morphological detail. Note the fine morphological details
of single MD cells that are visible only with partial tamoxifen induction, that include major
(arrowhead) and minor cell processes (arrows) at the cell base, projecting towards the glomerulus
and other MD cells (D). Dashed circle represents the border of the MD plaque. G: glomerulus,

MD: macula densa, TA: interlobular arteriole, AA: afferent arteriole. Bars are 20 um.

Figure 2. Representative images and morphological analysis of MD cell major processes. A-
E: Native fluorescence images of MD plaques from MD-GFP kidney frozen sections with single,
eGFP-labeled MD cells and the adjacent glomerulus. Note the increased length of major cell
processes (arrowheads) compared to control (A) in conditions of low-salt diet with ACE inhibition
(B), but the much shorter length of these structures in high-salt diet (C). Occasionally, the primary
cilium of MD cells was visible at the apical membrane (C, arrow). Compared to kidney tissue from
male mice (A-C), MD cell major processes were more elaborate in female mice (D-F). F: High
magnification maximum projection image of a z-stack series of optical sections showing a
maculapodia network consisting of major (arrowhead) and minor processes (arrows) in a single
MD cell (same area magnified as shown in panel E). G: Statistical summary showing the
alterations in the length of MD cell major processes based on gender and in response to various

dietary salt intake conditions (33-100 total data points in each group, n=4 in all groups except n=5
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in female low-salt diet with ACE inhibition). **: P<0.01, ns=not significant compared to control
in same gender group. Comparisons between male and female genders of same salt diet groups are
shown by bars. ****: P<(0.0001. G: glomerulus, MD: macula densa, CTRL: control, LS+ACE:i:
low-salt diet with ACE inhibition, HS: high-salt diet. H: Representative image of eGFP-labeled
MD cells from a deep juxtamedullary (JM) nephron. Note the presence of major cell processes

(arrowheads) similarly to MD cells from superficial cortical nephrons (A-F). Bars are 20 um.

Figure 3. MPM imaging of maculapodia in intact living kidney tissues.

A-B: Representative MPM z-stack (Supplemental Video S1) projection images of a low-salt diet
and ACE inhibitor treated MD-GFP mouse kidney in vivo (A) and in the freshly isolated and in
vitro microperfused JGA preparation (B). Note the MD cell-specific eGFP expression (green) and
tdTomato expression in all other kidney cell types (red). Plasma was labeled by Albumin-Alexa
Fluor 680 (grey) in panel A. Nuclei are labeled with DAPI (blue) in panel B. The MD areas are
magnified in both panels as indicated with labeling of MD cell major (arrowheads) and minor
processes (arrows). Dashed circle represents the border of MD plaque. G: glomerulus, MD: macula
densa, cTAL: cortical thick ascending limb, EA: efferent arteriole, AA: afferent arteriole. Bars are

20 pm.

Figure 4. Representative images of the regulation (A), and structural and dynamic features
(B-D) of MD cell minor processes. A: Representative images and statistical summary of the long,
thin, hairlike minor cell processes of living, eGFP-labeled MD cells freshly isolated from male
and female animals in control condition (n=3 male and female each) or after combined low-salt

diet with ACE inhibition (n=4 male and n=3 female) as labeled (A). Note the high density of very
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long MD cell processes in female LS+ACEi panel (arrow)(also in Supplemental Video S2).
Variability in cell body appearance (presence/absence of dark nuclear region) is due to different
z-planes of optical sections. B: Comparison of MD cell (eGFP, green) and control cell (tdTomato,
red) membrane structures in freshly isolated single cells or cell groups. Note the presence of
numerous long, minor processes in MD cells (green) in a group of 3 cells that remained attached
to each other, but not in control (red) cells. Minor processes (arrows) were seen only at basal cell
regions, identified based on anatomical considerations and the typical apical location of MD cell
nuclei. C: Immunofluorescence labeling of alpha-tubulin (green) and F-actin (red) in freshly
isolated and attached MD cells (note the presence of F-actin but not tubulin in minor processes
(arrows)) and immunoperoxidase labeling of actin associated proteins Rho Guanine Nucleotide
Exchange Factor 25 (ARHGEF25) and Actin Related Protein 2/3 Complex Subunit 1A
(ARPC1A), Cilia Flagella Associated Protein 36 (CFAP36) and Intraflagellar Transport Protein
43 (IFT43) showing high level and MD cell-specific expression in human kidney tissue. Magnified
insets show labeling at the MD apical (arrowheads) and basal membranes (arrows).

Immunoperoxidase images are from the Human Protein Atlas, and available for ARHGEF25

(https://images.proteinatlas.org/52016/120419_A 8 5.jpg), ARPC1A
(https://images.proteinatlas.org/4334/13143 A 8 5.jpg), CFAP36
(https://images.proteinatlas.org/8994/24077 A _7 5.jpg), and IFT43

(https://images.proteinatlas.org/3438/10487 A 8 5.jpg).

D: Structural and dynamic features of MD cell minor processes including multiple vesicles visible
within the processes (arrows, high GFP intensity) in a freshly isolated eGFP-expressing single MD
cell (also in Supplemental Video S4); immunofluorescence image of Pregnancy-Associated

Plasma Protein A2 (PAPPA2) expression in the human kidney showing high level of labeling in
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MD cells (red) in a vesicular pattern including at basal cell regions (red arrows) (autofluorescence
is shown in green, cell nuclei are labeled blue with DAPI) with inset demonstrating the lack of
PAPPA2 immunolabeling after blocking with the immunizing peptide; PAPPA2
immunofluorescence labeling (red) in fixed freshly isolated attached MD cells showing vesicular
pattern within cell processes (magnified inset, arrows); time-lapse imaging of a freshly isolated
eGFP-expressing single MD cell showing rapid outgrowth of minor processes (arrow) within 2
minutes (also in Supplemental Video S3). G: Glomerulus, MD: Macula Densa, CTRL: control

condition, LS+ACEi: low-salt diet with ACE inhibition. Bars are 10 um.

Figure 5. Transmission electron microscopy (A-D) and serial block-face scanning electron
microscopy (E) images of the MD cell basal region ultrastructure in the rabbit (A-B), rat (C-
D), and human Kkidney (E). A: Overview of a rabbit MD plaque. The profile of eight MD cells
can be distinguished based on the presence of apical tight junctions (5 of these cells have visible
cell nuclei). The lateral intercellular spaces are expanded. The interface to the extraglomerular
mesangium (EGM) displays processes from MD cells that appear to protrude into the area. One of
the MD cells with a prominent basal major process is highlighted in yellow. Other basal major and
minor processes that seem to interdigitate with each other and cannot be clearly assigned to a
certain cell are marked by red arrows. B: The cell with its prominent major process shown in panel
A (yellow) is enlarged showing that from the trunk of the major process many fine ramifications
(minor processes) emerge. Such processes may contain dark staining vesicles (red arrow). C:
Slightly tangential section through the MD and the EGM of a rat kidney. The lateral intercellular
spaces are expanded. MD cells are interconnected by minor processes (arrows, magnified in inset).

The interface between the MD and EGM consists of an area with many cell processes of MD cells

32



that are intertwined with each other (partially separated by basement membrane material) and seem
to protrude into the EGM. D: Cross-section of a MD plaque in rat kidney shows the extensive MD
basal cell major and minor processes network. The MD basal processes are crossing the
fragmented basement membrane (black arrows) and protruding into the EGM. The magnified inset
shows the tangential and cross sections of minor processes that contain several vesicles of variable
density (red arrows). E: Overview of a MD and adjacent EGM region in human kidney. Several
MD cells can be distinguished. The lateral intercellular spaces are expanded. MD cells appear to
have a high density of basal cell processes (arrows) running towards the EGM as well as to the
branching EA. MD: Macula Densa, EGM: Extraglomerular mesangium, EA: Efferent Arteriole.

Bars are 10 um.

Figure 6. Visualization of MD cell basal major and minor processes in 3D in the MD-GFP
mouse kidney. Reconstruction of a MD plaque and the adjacent glomerulus, afferent (AA), and
efferent (EA) arterioles in 3D from a female MD-GFP mouse receiving low salt diet and ACE
inhibition. A: Whole-mount immunofluorescence labeling of optically cleared mouse kidney
tissue using CLARITY. MD cells were identified with GFP labeling (green), and the basement
membrane was labeled with collagen IV immunostaining (magenta). Cell nuclei were labeled with
DAPI (blue). 3D surface rendering revealed the network of MD cell basal major and minor
processes running towards the EGM, the AA and the EA (arrows). B-C: Immunofluorescence
labeling and optical sectioning of 20pum thick frozen sections of MD-GFP mouse kidney. Three
MD cells (MD1-3) were labeled by the endogenous, membrane targeted eGFP (green), and
juxtaglomerular renin cells were visualized by renin immunolabeling (magenta). Z-stack

maximum intensity projection image of the vascular pole of a glomerulus including the AA and
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EA, and in-between the MD (B). C: 3D reconstruction with surface rendering analysis of the same
xyz image as shown in panel B. The smooth eGFP+ areas are the 3 MD cells’ apical surfaces
(arrows). Surface rendering model enabled the visualization of the fine details of the dense MD
cell basal processes network and the anatomical orientation of the basal cell major and minor
processes of MD cells (arrowheads) relative to the EGM, AA and EA. Note the dense network of
MD cell minor processes and their long extensions (up to 30um) projecting towards renin-labeled
(magenta) individual cells of the AA and EA, as well as towards renin-negative cells of the EGM.

Bar is 10 pm for all panels.
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