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Abstract

Kidneys can be divided into four components: glomeruli, tubules, interstitium and blood vessels.
The renal glomerulus consists of a network of capillaries covered with epithelial cells called
podocytes. The entire glomerular tuft is structurally supported by mesangial cells which are
contractile in nature and resemble vascular smooth muscle cells. Mesangial cells are secretory,
producing growth factors and matrix proteins which have a role in both normal glomerular
development and in pathologic states. They have also been shown to take the role of macrophages.
The importance of mesangial cell contraction to glomerular physiology remains debated. It is
postulated that mesangial cell contraction can attenuate the glomerular filtration rate by decreasing
the renal ultrafiltration coefficient through a decrease in capillary surface area and capillary
permeability. The physiology of mesangial cell contraction has been studied primarily utilizing
cultured cells. The physiological status of receptors and ion channels may be doubtful, however,
given the phenotypic changes cells are known to acquire in culture conditions. The contractility of
renal glomeruli has been less well studied. In this report, we review the available data regarding
the contractility of mesangial cell and of renal glomeruli. Moreover, we suggest newer techniques
that can be used with whole glomeruli, thereby improving upon the data collected using previous
techniques and cultured cells.
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1. INTRODUCTION

Morphologically, kidneys can be divided into four components: glomeruli, tubules,
interstitium and blood vessels. The glomeruli, which function as filtering units, are
concentrated in the cortical region of the kidneys. There are as many as a million glomeruli
in each of the kidneys [1]. Glomeruli are multicellular in nature, consisting primarily of a
network of capillaries that originate from a wider afferent arteriole while leaving via a
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narrower efferent arteriole. These capillary loops are wrapped in visceral epithelium, also
called podocytes, while parietal epithelium lines the inside of the Bowman’s capsule/urinary
space. The entire glomerular tuft is supported by mesangial cells (MC) which resemble
vascular smooth muscle cells in phenotype and responsiveness to different stimuli. The
major function of glomeruli is to filter plasma and solutes into the tubules, while retaining
macromolecules such as albumin [2]. The plasma ultrafiltrate movement, or the glomerular
filtration rate (GFR), is dependent on the permeability of the capillary membrane and on the
difference between the hydraulic (in glomerular capillaries, Pgc and Bowman’s space, Pbs)
and oncotic pressure (in plasma entering the glomerulus and Bowman’s space) gradients. In
addition to these factors, GFR is also influenced by the renal plasma flow (RPF) rate.
Glomerular capillary pressure (Pgc) is determined by the systemic pressure and by the
resistances at the afferent and efferent arterioles which interpose the glomerular capillaries.
GFR and RPF are both regulated simultaneously by tubuloglomerular feedback and
myogenic responsiveness (autoregulation). The former process involves flow-dependent
changes in salt concentration sensed at the macula densa and results in the altered tone of the
nearby afferent arteriole [3]. The myogenic response involves direct constriction and
relaxation of the resistance afferent arterioles [4]. This process, although not completely
understood, involves the constriction of afferent arterioles in response to a rise in systemic
blood pressure (BP), thus reducing the Pgc and GFR, while a situation with reduced BP
leads to dilation of the afferent arteriole and thus a resultant increase in Pgc and GFR.
Conversely, constriction of the efferent arteriole leads to increased Pgc and GFR while
dilation results in the opposite effect.

Years of research have still not been sufficient to definitively prove a (patho)physiologic role
for the contractility of MCs and glomeruli. The reasons for this include the multicellular
nature of the glomerulus, the difficulty in specifically targeting a particular cell type in the
glomerular structure [5,6] and the fact that most previous studies examining contractility
have been done using cultured cells. In this communication, we will review the literature
pertaining to glomerular and MC contraction and present some preliminary findings
collected in our lab using intact native glomerular preparations which demonstrate the
phenomenon of glomerular contractility and the contribution of [Ca2*]; to this process.

2. GLOMERULAR MCs AND FILTRATION

MCs are known to be secretory and to produce growth factors for normal cell turnover. They
are targets of numerous inflammatory mediators, produce matrix proteins for structural
support of capillaries, and sometimes take the role of macrophages [7]. It is also believed
that MCs play a role in glomerular contraction, modulating the ultrafiltration coefficient (Ks)
and filtration surface area, thus helping to regulate GFR [8,9]. Effective filtration surface
area is regulated by constriction of capillary loops that results in reduction of capillary
diameter or by segmental flow obstruction through glomerular microcirculation [10]. MC
contraction, as can be affected by release of vasoactive hormones, may lead to a decreased
capillary surface area and hence attenuation of Kt with a resultant decrease in GFR [11,12].
As there is no smooth muscle lining in the capillaries, MCs which connect to capillary loops
and glomerular basement membrane are believed to be the primary regulators of capillary
diameter and to enable overall glomerular contraction [13]. Conversely, MC stretch and
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distension may contribute to pathophysiology, provoking the release of cytokines,
particularly that of transforming growth factor-beta. This results in the accumulation of
extracellular matrix and leads to glomerulosclerosis and renal insufficiency [14,15]. Reduced
glomerular contractility, as has been seen in early diabetes, may also lead to significant
glomerular enlargement and hyperfiltration due to altered protein kinase C function,
dysregulation of the polyol pathway [16,17] and impaired Ca2* signalling, and all of these
likely contribute to loss of MC contractile responsiveness [18].

3. STUDIES ON GLOMERULAR CONTRACTION

Studies of glomeruli contraction have been limited, examining ex vivo or in situ glomerular
contraction, glomerular volume changes, changes in the glomerular filtration surface area
and ultrafiltration coefficient as well as capillary blood flow. However, a wide variety of
techniques are used and data are conflicting. Micropuncture studies are not ideal for
assessing glomerular contraction as the agonists used can also constrict the arterioles. In
fact, it is difficult to remove the effects of arterioles on RPF in studying only MC
contraction. There have been direct morphological studies (e.g., time-lapse cinematography)
reporting the effect of vasoconstrictors on the glomerular capillaries [19]. Bernic [20] and
Hornych et al. [21] reported the contractile behaviour of isolated human glomeruli and
glomerular capillaries respectively in response to angiotensin-11 (Ang-11). When fluorescein-
tagged erythrocytes were used in rats to determine glomerular capillary blood flow, Ang-11
reduced the fluid flow and velocity without any change in the capillary diameter [22] while
light and scanning electron microscopy [23] have also shown a similar inhibitory effect of
Ang-I1 on glomerular volume and capillary diameter respectively. Some research groups in
Europe have recently successfully used isolated intact glomeruli to study the effects on
contractility of different nephrotoxic agents such as gentamicin, cisplatin, cadmium and
cyclosporine [9,24,25]. This approach helps to quantitatively analyze the extent of
glomerular contraction by assessing the change in glomerular cross-sectional area before and
after exposing the glomeruli to the toxins. The effect of various stimuli has also been
successfully assessed based on changes in GFR measured by [3H]inulin. Here, the quantity
of [®H]inulin retained by the glomeruli is reflective of their intracapillary volume
(glomerular inulin space) [26,27]. With such a technique, ATP [28] has been reported to
have a dose-dependent contractile effect on glomeruli.

There is still much controversy regarding the putative contractile nature of the glomerulus.
While some have been able to show contractility in response to agonists such as Ang-11
[9,24,25] others have not [22,29]. If at all a definitive conclusion is drawn regarding this
function of glomeruli, another concern is the identification of which resident glomerular cell
type is responsible for overall contractility. Some of the studies reporting isotonic
contractions in response to Ang-Il in isolated glomeruli stand inconclusive as they did not
show the influence of MC on these contractions rather other mechanisms were cited to be
involved for such an effect [13,30]. Many recent studies as well fail to show the impact of
MC on contractions induced with different agonists in isolated glomeruli [9,24,25]. Apart
from MCs, podocytes are also one of the main components of the glomerular filtration
barrier and are considered to be the most differentiated cell type within the glomerulus [31].
Podocytes are not only involved mechanically in stabilizing the glomerular basement
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membrane, but it has been reported that the contractile foot of podocytes, known to be
responsive to endogenous vasoactive mediators such as Ang-I11, is also involved in regulation
of GFR through its effects on the filtration surface area and Kt [31,32].

4. IN VITRO STUDIES ON MC CONTRACTION

It has been almost three decades since the first in vitro report of MC contraction [33-35].
Since then, several agonists have been reported to constrict glomerular mesangium,
including Ang-I1, arginine vasopressin, endothelin-1, bradykinin, histamine, adenosine,
serotonin and thrombin [6,12,36]. A number of ion channels have also been identified as
being necessary for MC contraction, including Ca2*-activated K* channels and store
operated Ca2* channels [6,12,36,37]. However, the physiological status of receptors and ion
channels may be doubtful in cultured MC [38] as it is in cultured smooth muscle cells
[39,40]. Ouardani et al. [5] have documented the phenotypic modulations in MC as they
were cultured and passaged under various conditions. In another study, the medium used for
growing MCs contained 30 mM glucose, thus mimicking a diabetic environment rather than
a normal physiological milieu [6], and likely resulting in altered expression and function of
various signalling molecules. The validity of extrapolating results obtained with cultured
cells is thus questionable.

The ability of MC to contract was conjectured following electron microscopy studies of
native MC which identified bundles of microfilaments similar to those seen in vascular
smooth muscle cells [41,42]. Subsequently, different contractile proteins have been
identified in cultured MC including myosin, tropomyosin, actin, a-actinin [43] and
dystropin [5]. It was later reported, however, that smooth muscle actin, present in high
amounts in cultured MC, is absent in native (i.e., non-cultured) cells [12,44]. Likewise,
Johnson et al.[45] failed to find filamentous actin and desmin in glomerular cells in vivo.
The myosin isoform found in MC is also different from that found in smooth muscle cells
[46,47]. Furthermore, these contractile filaments in MC have been shown to change
phenotypically under different culture conditions [48,49]. In response to many of the initial
studies done on cultured cells, Kriz et al. [50] undertook a biomechanical interpretation of
the structure of glomerular mesangium and suggested that the mesangium has more of a
static than a dynamic function based on the geometric composition of its contractile
machinery. The authors also suggested that if MCs were truly contractile, the overall impact
of their contraction on glomerular capillary diameter and filtration area would be minimal.

5. STRATERGIES FOR THE FUTURE

Despite decades of research on glomeruli and their constituent cells and structures, many
questions still remain, some of them very fundamental in nature. This is in part because of
the complicated multicellular structure of the glomerulus, which complicates the designing
of conclusive and decisive experiments. Despite the many reductionist morphological,
microscopical, glomerular blood flow-based and culture-based studies done on renal
glomeruli, there is still a need to study intact kidney tissues to look at the cellular
interactions at the organ level. MC and other glomerular cells might be observed to contract
in culture, where they possibly lack their typical functional and morphological features, but
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it stills needs to be determined whether they can contract in vivo or influence the overall
renal capillary surface area and thus impact GFR. Approaches otherwise used for studies at
the cellular or even molecular levels must be adapted for use at these macroscopic levels. For
example, Pavenstadt[51] adapted a patch clamp method in which they sealed their electrode
onto the vascular pole of an isolated glomerulus and measured the membrane voltage and
conductance of the podocytes: although the procedure was quite difficult to carry out (the
author reported a success rate of only 3%), it surely gives impetus to more in situ studies on
intact glomerular structures.

Recently, in a method which we have adapted and modified from our work with lung tissue
cross-sections, we have begun to apply confocal fluorescence microscopy to the study of
isolated rat renal glomerular contractility. The merit of using isolated intact glomeruli lies in
the preservation of their anatomy and cell-cell contacts while being free of vascular, nervous
and humoral connections from other regions of the kidney. For the purpose of obtaining
intact glomeruli, a graded sieving method[24] was modified and used to produce a relatively
pure glomerular suspension. The acquired glomeruli were then resuspended in Hanks’
balanced salt solution (HBSS), loaded with the fluorescent dye fluo-4, placed on the
microscope platform and perfused with HBSS. Different contractile agonists such as Ang-11
and endothelin-1 were administered. Figure 1 shows a typical response of an isolated
glomerulus to endothelin-1 (100 nM). Administration of the agonist evoked a generalized
increase in fluorescence as well as distinct bright spots in many parts of the glomerulus,
signifying changes in cytosolic [Ca2*]; concentration (FIG. 1). An intensity profile of a slice
through the glomerulus shows two distinct peaks (FIG. 1D) which were absent in the control
(FIG. 1C). Figure 2 shows a typical tracing for the change in [Ca2*]; in glomerular cells
represented in Fig. 1.

Unfortunately, there are some limitations of this method: the processing involved for
isolation of glomeruli may lead to hypoxia, hypothermia and ischemia, and definitive
identification of which resident glomerular cell type is showing these calcium changes is
challenging. Further work needs to be done to address the latter. In attempts to overcome the
former limitation, as well as to enable studies of glomerular contractility in situ, we have
recently developed a microscopical method to study intact cortical slices from mouse
kidneys (preliminary findings have already been presented) [52,53]. This extends the work
of earlier reports of the use of confocal laser scanning microscopy to analyse glomerular
hemodynamics in vivo in rats [54]. This method would enable us to examine the glomerular
apparatus in situ, with all the cellular structures and intercellular communications intact.

6. CONCLUSION

While a great deal of work has been done in an attempt to understand the role and
importance of MC and glomerular contraction in renal physiology and pathophysiology,
much of the knowledge gained thus far has been from in vitro studies of cultured cells.
These are limited by the phenotypic changes known to take place. In comparison, studies
using ex vivo and in vivo models are more challenging. Fortunately, however, novel methods
are emerging to overcome these concerns. In addition to confocal fluorescence microscopy,
we suggest using other advanced techniques such as two-photon excitation fluorescence
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imaging which can provide detailed information on glomerular structure and function [55].
These applications may be applied in conjunction with genetically modified animals to assist
in determining the physiological significance of many of the receptors and ion channels
believed to be of importance in MC contraction. In this way, many of the unsolved questions
may be answered while older concepts can simultaneously be reevaluated.
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FIGURE 1.
Confocal fluorimetric image of an isolated rat glomerulus loaded with fluo-4 before [A] and

after [B] administering endothelin-1 (100 nM). Arrows in B indicate cells which have
responded to the applied agonist. Corresponding plots of pixel intensities along a slice
through the glomerulus are given in C and D.
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FIGURE 2.

Typical tracing showing change in [CaZ*]; concentrations as increase in average fluorescence
intensity in response to endothelin-1 (ET-1) in the glomerular cells. Fluorescence intensities
were saved and plotted againsttime. An increase in fluorescence was interpreted as an
increase in [Ca2*];.
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