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ABSTRACT 

Arterioles are embedded in the extensive connective tissue matrix of the interstitium. 

MechanicaI interactions with the interstitium may affect the length-tension characteristics 

of arterioles, and thus affect their reactivity. However, no studies have adequately 

characterized the coupling between arterioles and the interstitium or investigated how the 

interstitium might change the physiological expression of arterioles. Therefore, the goal 

of this project was to directly characterize the physical connections between arterioles 

and the interstitium, both mechanically and morphologically, and then to predict the 

physiological consequences of these interactions for the arteriole. We measured in situ 

the mechanical coupling of arterioles to the interstitium, the mechanical properties of the 

interstitium, and the structure of the interstitium in the hamster cheek pouch. This 

allowed us to develop a comprehensive model of the mechanical interactions between 

arterioles and the surrounding connective tissue based on measurements made at the scale 

of a single arteriole. 

We demonstrated that there is mechanical coupling between arterioles and the 

interstitium that is mediated both through direct connections and through the movement 

of extracellular fluid through the connective tissue network. We also found that the 

stiffness of the interstitium increases near the arteriole, but does not depend on the 

direction of measurement. Finally, both the mechanical coupling of arterioles to the 

interstitium, and the mechanical properties of the interstitium, are explained by the 

structure of the connective tissue matrix. The arteriole is connected to adjacent 

fibroblasts and fibrocytes by collagen fibrils. These cells are in turn connected to the 
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fiber matrix of the interstitium. Furthermore, the presence of these cells may explain the 

heterogeneity in stiffness of the interstitium. 

We propose a model of interactions between arterioles and the interstitium in which 

the physiological role of the interstitium is to protect arterioles from stretching and 

deformation of the tissue while allowing arterioles to freely constrict. The interstitium 

may also decrease the apparent compliance of the arteriolar wall and limit slightly the 

constriction of the arteriole. Thus, the in vivo connective tissue environment of arterioles 

both alters and protects the ability of arterioles to respond to physiological stimuli. 
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INTRODUCTION AND BACKGROUND 

All microvessels are embedded in an extensive connective tissue matrix, commonly 

referred to as the interstitium. Yet most studies of vascular mechanics assume that 

arterioles have no significant mechanical interaction with the interstitium. For example, 

Wiederheilm found that collagen fibers surrounding the microvessels of the frog 

mesentery are oriented longitudinally to the vessels (Wiederheilm, 1960). With this 

orientation, he concluded, interstitial collagen cannot contribute significantly to the 

mechanical properties of the wall. However, there have been no direct tests of this 

hypothesis. It is not known if microvessels are directly connected to the surrounding 

connective tissue, or if the interstitium can affect the functional expression of 

microvessels during contraction and relaxation. The general goal of this project was to 

characterize the degree to which microvessels and the surrounding connective tissues 

interact mechanically, and to determine the structural origin of these interactions. 

Basment Membrane 

••• . ., • • • 
• • 

Interstitium • • 

, .• •f\ . ... 
·•. . ~ ' ' ·' ·\· . ·' ' 

~ ~·~,. ' ,. 
~ -. ' ' , .. . • .. '. . . 

• \· • • I 

·I''. •' . f .• • • ' ... -I •· 
~~ .. ,t ' . • . • • • ,._ . 

Figure 1 - Location of the interstitium and the basement membrane 
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The connective tissue surrounding a microvessel may be divided into two layers: the 

interstitium and the basement membrane (figure 1). The interstitium may be loosely 

defined as the connective tissue network that lies beyond the basement membrane. The 

basement membrane is a thin layer of connective tissue adjacent to the basal surface of 

the vessel wall. 

The interstitium is a coarse gel that consists of a matrix of fibers permeated by 

extracellular fluid. The fiber matrix of the interstitium, composed largely of collagen, 

"blends almost imperceptibly" with the basement membrane of the smooth muscle cells 

of the arteriolar wall (Fung, 1966). This observation suggests that there are direct 

attachments of the interstitium to the basement membrane of an arteriole. But is there a 

mechanical interaction? 

~~, • 
~' • '-, ••• -~ .• • . t. 

• . . ., . ., . . . ' 
• • 

I • ·' #' ... ~- ' •• 
• • • .. -·• •· 
' ' • • ~ • 

Figure 2 - Fibers of the interstitium stretching during constriction 

Imagine an arteriole fully surrounded by interstitial connective tissue (figures 2 and 

3). When the arteriole constricts, it may interact with the interstitium in either or both of 
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two ways. If the arteriole is physically connected to the fibers of the interstitium, then the 

fibers will be stretched during constriction, and the arteriole will be "tethered open," and 

its range of constriction will be limited (figure 2). If, on the other hand, there are no 

physical connections between the arteriole and the fibers of the interstitium, the space that 

is evacuated by the constriction of the arteriole must be filled. The fluid of the 

interstitium will be pulled through the fiber matrix to fill that space (figure 3). This will 

result in viscous drag that may affect the degree or rate of the constriction of the arteriole. 

Dilations of the arteriole will be similarly affected as the interstitium and the interstitial 

fluids are compressed. 

Figure 3 - Fluid moving through the interstitium during constriction 

In reality these situations may coexist and interact. If the fibers of the interstitium are 

stretched, fluid may be pulled into the matrix. If fluid is forced through the matrix, the 

fibers will be stretched. In any case, if the arteriole is fully surrounded by interstitium, 
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the steady-state or dynamic behaviors of the vessel ought to be affected. It has been our 

working hypothesis that there must be mechanical interactions between the interstitium 

and embedded microvessels. However, the nature and the functional consequences of 

these interactions have received little attention. 

Isolated experimental studies suggest that the connective tissue surrounding arterioles 

directly influences their mechanical properties and behavior. Baez varied tissue tension 

in the rat cremaster preparation, and observed effects on the diameter and norepinephrine 

responses of arterioles (Baez, 1971). He found that arterioles dilated or constricted by an 

average of 25% of their resting diameter, and that the reactivity was either increased or 

decreased in 70% of the vessels studied. This study demonstrates that changes in the 

mechanical tension in a tissue can alter the physiological behavior of arterioles. 

In an independent investigation, Gaehtgens (1971) found that the dimensions of 

microvessels and the arrangements of extravascular fibers were altered with changes in 

tissue tension in dog mesentery. He concluded that microvessels in the mesentery are 

tethered longitudinally by extravascular connective tissue fibers that act like "bridles" to 

prevent longitudinal relaxation at low pressures. He further stated that "the pressure

length characteristics of arterial microvessels ... may not be attributed oftband to vessel 

wall structures alone." 

Unfortunately, neither study adequately characterizes the coupling between arterioles 

and the interstitium. Therefore, the goal of this project is to directly characterize the 

physical connections between microvessels and the interstitium, both mechanically and 

morphologically, and then to predict the mechanical consequences of these interactions. 
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Physical Connections to the Interstitium 

We have stated two principal means by which arterioles may interact mechanically 

with the interstitium: physical connections to the fibers of the interstitium, and 

movement of fluid through the fiber matrix. Unfortunately, there are few morphological 

studies that demonstrate physical connections between arterioles and the interstitium. 

However, two types of connective tissue fibers have been reported to interact with 

smooth muscle in the walls of arterioles: oxytalan and collagen. 

Oxytalan and Elastin 

Korte and Manche (1991) refer to 10-12 nm diameter microfibrils that insert into the 

basement membrane of the smooth muscle cells of arterioles in the rabbit optic nerve. 

These fibers were identified by histochemical methods and electron microscopy as 

oxytalan fibers, or elastin-associated microfibrils, and were observed to connect the walls 

of arterioles to the surrounding "elastic network." 

Briefly, oxytalan fibers are glycoprotein fibers approximately 12-14nm in diameter 

upon which elastin is deposited in the formation of mature elastic fibers, hence the name 

"elastin-associated microfibrils." Oxytalan fibers with a partial accumulation of elastin 

are referred to as immature elastic fibers, or "elaunin" fibers. For further information on 

microfibrils the reader is referred to an excellent and exhaustive review by Cleary and 

Gibson (1983). 

Oxytalan fibers have also been observed to connect capillaries (Streeten and Licari, 

1983; Korte and Manche, 1991), venules (Korte and Manche, 1991) and lymphatics 

(Leak and Burke, 1968; Leak, 1970; Leak, 1987; Gerli et al., 1990, Gerli et al., 1991) to 

the elastic network of the interstitium. In lymphatics, oxytalan fibers have long been 



referred to as "anchoring fIlaments," reflecting a presumed function in "anchoring" the 

vessel open. In fact, it is widely thought that these filaments playa role in pulling open 

lymphatic capillaries during edema (Casley-Smith, 1980). 
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It has also been reported that oxytalan fibers connect to the basal laminae of 

endothelial cells (Sakai and Kobayashi, 1992) and smooth muscle cells (Davis, 1993) to 

the elastic laminae in large vessels. The points of contact of oxytalan fibers with the 

basal lamina are juxtaposed with "dense bodies" in endothelial and smooth muscle cells 

(Sakai and Kobayashi, 1992; Davis, 1993), that appear to be anchoring sites for the 

contractile apparatus of the cell (Rhodin, 1967). Thus, the contractile apparatus of these 

cells may be functionally linked to the elastic laminae of the vessel wall. 

In summary, oxytalan fibers appear to link the cell membranes of endothelial and 

smooth muscle cells to elastic lamellae or the elastic network of the interstitium. This 

protein may fonn an important mechanical link between vessels and the surrounding 

connective tissue. 

Collagen 

Morphological evidence for connections of collagen to microvessels is less well 

developed. Rhodin has described shallow "grooves" and "tunnel-like" structures 

enfolding collagen fibers on the adventitial face of smooth muscle cells in terminal 

arterioles (Rhodin, 1967). This suggests that collagen fibers in the interstitium may make 

direct contact with arterioles. In addition, collagen has been found to connect to the walls 

of capillaries in cardiac (Caulfield and Borg, 1979) and skeletal muscle (Borg and 

Caulfield, 1980). 
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Adhesion of Cells to the Connective Tissue Fibers 

If there are "physical connections" of microvessels to the interstitium, the cells of the 

vessel wall must in some manner adhere to the connective tissue fibers described above. 

However, the study of cell adhesion to extracellular matrices is a very large field, and 

constantly growing. Therefore, we will limit this discussion to how cells adhere to 

collagen, elastin and the basement membrane. 

There are many receptors on cells for the recognition and binding of extracellular 

matrix proteins. We will divide these into two classes: (a) the integrins, and (b) non

integrin receptors. 

Integrins 

Integrins are a family of heterodimeric glycoprotein complexes that span the cell 

membrane. The two subunits of each integrin are referred to as a. and ~, and integrins are 

named by the specific a. and ~ subunits involved. For example a.l~l is an integrin that 

adheres cells to collagen. Integrins can also adhere cells to one another, and to 

extracellular matrix proteins. 

Integrins not only adhere cells to the interstitium, but also playa role in signal 

transduction from the extracellular matrix. Integrins may control cytoskeletal 

organization and gene expression in response to extracellular matrix components (Juliano 

and Haskill,1993). For example, mammary epithelial cells have been shown to 

differentiate in the presence of basement membrane components (Lin and Bissell, 1993). 

The mechanism of signal transduction is unknown, but involves the ~1 integrin receptor 

subunit. 
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Integrin ad310 mentioned earlier as binding collagen, as been found on fibroblasts and 

in small quantities on smooth muscle cells (Hemler, 1988; Akiyama et al., 1990). Other 

integrins found on fibroblasts can adhere them to fibronectin, laminin, collagen and 

vitronectin. To our knowledge, the presence of these integrins has not been studied in 

vascular smooth muscle. No integrins have been identified that bind to oxytalan or 

elastin. 

Non.integrin Receptors 

There are other non-integrin receptors that adhere cells to specific extracellular matrix 

components. For example, there is evidence for a specific receptor on fibroblasts for 

tropoelastin (Wrenn et al., 1988). This receptor is thought to consist of four subunits. 

The 67 kD subunit plays a role in the assembly of mature elastic fibers, and is thought to 

bind either tropoelastin or elastin-associated microfibrils (Hinek et al., 1988). Without 

integrins for binding elastin or oxytalan, this receptor is an encouraging candidate for 

binding oxytalan to smooth muscle and endothelial cells. 

There is an abundance of non-integrin receptors specific for collagen (Akiyama et al., 

1990). The functions of these receptors, and their relationships with the integrin collagen 

receptors are poorly understood. 

With the diversity of receptors, it is clear that vascular cells can in principle adhere to 

the major constituents of the interstitium: collagen, elastin, glycosaminoglycans and 

proteoglycans. However, adhesion depends on the availability of receptors on the cell 

surface. There is no reason to suppose that the expression of cell-matrix receptors will be 

conserved between large vessels and microvessels. Furthermore, it is difficult to assess 

the ability of arteriolar smooth muscle cells to adhere to the interstitium with the paucity 



of studies of receptors expressed by vascular cells. However, fibroblasts, which can 

differentiate into smooth muscle (Jones, 1992), can bind collagen, elastin and other 

extracellular matrix components. Additional evidence that vascular cells adhere to the 

extracellular matrix stems from studies on mechanical transduction between vascular 

smooth muscle cells and connective tissue matrices. 

Mechanical Transduction from Cell to Fiber 
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Vascular cells not only adhere to extracellular matrices through specific receptors, but 

these adhesions also support stress generated by the cells during contraction. For 

example, fibroblasts and vascular smooth muscle cells can reduce the size of a collagen 

lattice in vitro by exerting traction on the matrix (Ehrlich et al., 1986). Furthermore, 

fibroblasts and endothelial cells grown in a three-dimensional collagen gel attached to a 

force transducer will pull on the collagen lattice and produce a measurable force 

(Kolodney and Wysolmerski, 1992). 

Not only may stress generated by vascular cells be transmitted to the interstitium, but 

vascular cells can reorganize the connective tissue matrix. Fibroblasts cultured on low

density collagen matrices exert traction on the collagen fibers. This traction gathers the 

collagen fibers into randomly aligned bundles (Vernon et al., 1992). Thus, connective 

tissue and vascular cells may playa role in orienting and remodeling the interstitium, and 

the interstitium may in turn support and modify the behavior of these cells. 

Interactions Between Fibers 

The interplay of extracellular matrix proteins is complex. For example, both 

fibronectin and laminin, proteins found predominantly in the basal lamina of cells, have 

separate binding sites for collagen, glycosaminoglycans (discussed below) and cell 
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membrane receptors. Thus, fibronectin and laminin serve dual purposes. First, these 

proteins cross-link the extracellular matrix to form a network (Yurchenco and Schittny, 

1990; Yamada, 1991). Second, fibronectin and laminin bind the cross-linked network to 

the surfaces of cells. Thus, they may playa role in mechano-transduction from cell to 

extracellular matrix, and may increase the stiffness of the fibrous matrix through 

crosslinking. 

There are no clear reports of interactions between oxytalan or elastin and other 

extracellular matrix components. It is not unreasonable to suppose that networks of 

elastic fibers may be linked to cells, but mechanically independent within the interstitium. 

Fluid Transport Through the Interstitium 

The fibrous matrix of the interstitium is impregnated with extracellular fluid. As 

discussed earlier, this fluid ought to move through the fibrous matrix in response to 

constriction or dilation of an arteriole. Thus, factors that determine the hydraulic 

conductivity of the interstitium ought to affect the movement of fluid, and therefore the 

dynamic behavior of embedded arterioles. We will, therefore, focus not on the 

extracellular fluid per se, but on the major contributors to the hydraulic conductivity of 

the interstitium. The two major contributors are thought to be (a) the fibrous matrix of 

the interstitium, and (b) the glycosaminoglycans (Levick, 1987). 

The Fibrous Matrix of the Interstitium 

In terms of fluid transport, the interstitium behaves as a heterogeneous medium with 

small scale structure. In fact, it is widely accepted that the interstitium consists of two 

generalized compartments: one of "gel spaces," and another of "free fluid spaces" (Bert 



and Pearce, 1984). The interstitial fluid in the free fluid spaces is thought to be less 

abundant, but more mobile than that in the gel spaces. This would certainly affect the 

movement of fluid through the interstitium. 
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Further evidence for free fluid and gel spaces near arterioles comes from a study of 

protein distribution in the interstitium of the rat mesentery. The spacial distribution of 

plasma proteins and collagen in the interstitium near microvessels was determined using 

fluorescence techniques (Barber and Nearing, 1990). "Tunnels" and "clusters" of plasma 

proteins were observed in the interstitium. Furthermore, plasma protein was excluded 

from collagen fibers. These data not only suggest a great deal of heterogeneity in fluid 

transport through the interstitium, but further suggest that the structure of the fibrous 

matrix adds to that heterogeneity. 

Glycosaminoglycans 

Glycosaminoglycans (GAGs) are large linear polymers of repeating disaccharides 

containing one amino sugar and a carboxylate and/or a sulfate ester (Wight et al., 1991). 

Hyaluronate is the simplest of the GAGs, and is ubiquitous in interstitia. The molecular 

weight of hyaluronate varies widely, but is about 3 x 105 daltons in human dermis (Bert 

and Pearce, 1984) which contains about half the hyaluronic acid of the body (Reed and 

Laurent, 1992). In solution it has the structure of a random coil, and its hydrated volume 

is 1000 times that of the molecule alone (Reed and Laurent, 1992). This enormous 

hydrated volume, together with mutual entanglement of hyaluronate molecules can 

dramatically decrease the hydraulic conductivity of the interstitium (Lai-Fook and 

Brown, 1991). In fact, there is an inverse relationship between the concentration of 

hyaluronate and the hydraulic conductivity of the tissue (Levick, 1987). 
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Proteoglycans (pGs) consist of a core protein and covalently bound GAG side-chains. 

Like GAGs, PGs are ubiquitous, but PGs are of seemingly infinite variety. PGs may 

contain side-chains of hyaluronate, chondroitin sulfate, dermatan sulfate, keratan sulfate 

and heparan sulfate. Only a few of the many core proteins have been fully sequenced. 

Because of their many GAG side chains, PGs have a very high hydrated volume, and 

when present will reduce the hydraulic conductivity of tissues (Levick, 1987). 

Furthermore, PGs have a high charge density, making them resistant to compression, and 

allowing them to act as a generalized "glue" in the interstitium (Ruoslahti et al., 1985). 

Some PGs are localized within particular tissues and may serve special purposes. For 

example, two PGs that are of special interest in the mechanics of the interstitium 

surrounding blood vessels are dec orin and versican. Decorin is a small PG that has been 

shown to localize to collagen fibers in femoral artery (Mar and Wight, 1988). It is 

thought to playa role in collagen fiber formation and organization (Wight et al., 1991). 

Versican, on the other hand, is localized to areas devoid of collagen and elastin (Mar and 

Wight, 1988). It is synthesized by fibroblasts and arterial smooth muscle cells, and is 

thought to resist compression in the vessel wall (Wight et al., 1991). Other proteoglycans 

are present in or near vessel walls, but are not discussed here as their roles in interstitial 

mechanics are doubtful. The reader is referred to the review of Templeton (1992). 

In summary, the fibrous network of collagen, the glycosaminoglycans and the 

proteoglycans ought to decrease the hydraulic conductivity of the interstitium and 

increase viscous coupling to arterioles. PGs may also affect the elastic properties of 

vessel walls by supporting compressive loads. 
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Physiological Consequences 

There has been much work on the effects of the interstitium on the behavior of 

vessels. However, nearly all of this work is related to the phenotypic expression of 

vascular cells, or their functional expression in non-mechanical terms. For example, 

fibronectin and type I collagen have been shown to modulate a change in cultured arterial 

smooth muscle cells from a contractile to a synthetic phenotype, whereas laminin and 

elastin maintain smooth muscle cells in the contractile phenotype (Yamamoto et al., 

1993). 

Studies of the mechanical effects of the interstitium on microvessels are scant. 

However, Fung and coworkers hypothesized that the apparent rigidity of blood capillaries 

can be explained by modeling the capillaries of the mesentery as a "tunnel in a gel" (Fung 

et al., 1966). 

Baez et al. suggested that capillaries are non-compliant after direct observations of 

capillaries showed no observable change in diameter over a wide range of perfusion 

pressures (1960). Fung reasoned that if the capillary wall, which consists entirely of a 

single endothelial cell thickness and a basement membrane, bears the force from luminal 

pressure, then the wall must have an elastic modulus equal to or greater than collagen. 

However, if it was assumed that the interstitial connective tissue was a homogeneous gel 

(a gel being a "liquid held in a fibrous network of polymers by the extremely large 

friction between the liquid and the fiber or polymer network," (Tanaka et al., 1973», then 

the non-compliant properties of capillaries may be explained without any significant 

mechanical contribution from the capillary wall, proper. It was further predicted from the 

model that as much as 50% of the rigidity of arterioles in mesentery may be determined 

by the surrounding tissue (Fung, 1966). 
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As intuitive as Fung's hypothesis seems, the fundamental assumption that the 

interstitium is mechanically homogenous has not been demonstrated. Furthermore, other 

investigators have pointed to the basement membrane to explain the rigidity of 

capillaries. Fung included the basement membrane as part of the extravascular gel, 

pointing out that morphologically the "basement membrane blends almost imperceptibly 

with the general tissue matrix" (Fung et al., 1966). In contrast, Murphy and Johnson 

suggested that the basement membrane may alone be responsible for the mechanical 

properties of capillaries (Murphy and Johnson, 1975). Further studies suggested that 

capillaries are not so rigid as fIrst indicated by Baez, and that the mechanical properties of 

their support structures may differ from the interstitium (Smaje et al., 1980; Swayne et 

al., 1989; Baldwin and Gore, 1989). 

To the best of our knowledge, there are no other models to predict the contributions 

of the interstitium to the mechanical properties of microvessels. Furthermore, the effect 

of the viscous flow of interstitial fluid through the fIbrous matrix was not included in 

Fung's model (Fung et al., 1966). We are, therefore, forced to question the contribution 

of the interstitium to the physiological expression of microvessels at rest and during 

contraction. 



EXPERIMENTAL PLAN 

There are two obvious experimental approaches to testing the contribution of the 

interstitium to the mechanical expression of microvessels. The first is to measure the 

length-tension characteristics of the microvessel itself, both in vivo and in vitro 
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(dissected from the surrounding connective tissue). In vitro experiments are excellent for 

studying the length-tension characteristics of single arterioles (Davis and Gore, 1989). 

Unfortunately, comparable in vivo length-tension experiments are difficult. Furthermore, 

because nerves, fibroblasts and mast cells surrounding the microvessel might be damaged 

during isolation of the arteriole for in vitro study, alterations in the behavior of the 

microvessel could not be attributed offhand to the absence of mechanical interactions 

with the interstitium. In addition, this approach would not reveal a role of the interstitium 

in supporting the microvessel that does not directly affect its length-tension 

characteristics. 

We used a second experimental approach, that is to measure in situ the mechanical 

coupling of microvessels to the interstitium, the mechanical properties of the interstitium, 

and the structure of the interstitium. In this way the connective tissue and cells 

surrounding microvessels are left intact. The disadvantage of this approach is that the 

effects of the interstitium on the behavior of the microvessel are not measured directly, 

but are inferred. However, it allows us to develop a comprehensive model of the 

mechanical interactions between microvessels and the interstitium based on 

measurements made at the scale of a single arteriole. 
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First-order arcading arterioles in the cheek pouch of the Syrian hamster were used as 

the model for this study for three reasons. The cheek pouch is ideally suited to intravital 

microscopy of the microcirculation (Duling, 1973). Furthennore, the morphology and 

hydrostatic pressure profiles of arterioles in this tissue have been well documented in our 

laboratory (Davis et al., 86). Finally, the interstitial connective tissue surrounding 

arterioles in the cheek pouch is extensive and easily accessible for experimental 

manipulation. 

The cheek pouch is an invagination of the oral mucosa used by the hamster for 

moving and storing food. The pouch is composed of slightly-keratinized stratified 

squamous epithelium backed by dense connective tissue, skeletal muscle and loose 

areolar connective tissue (Fulton and Jackson, 1947). Except for the skeletal muscle, it 

has the general histology of skin. The arterioles in this organ are located in two regions: 

the dermis, and a layer of fibrous connective tissue between the skeletal muscle and the 

subcutaneous tissue (figure 4). The microvessels in the second layer are available for the 

mechanical experiments that are described in the following section. 

Hypotheses to be Tested 

The following four specific hypotheses were developed to defme and measure the 

mechanical interactions between arterioles and the interstitium in the hamster cheek 

pouch. 

(1) Arterioles are mechanically coupled to the interstitium. As discussed above, 

this coupling may be mediated through direct connections, fluid movement, or both. 
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(2) The interstitium surrounding arterioles is mechanically heterogeneous. We 

do not believe that the interstitium behaves as a mechanical continuum at the scale of a 

single arteriole. That is, the interstitium may have different mechanical properties 

depending on the location and direction of measurement. 

(3) The mechanical coupling of arterioles to the interstitium, and the mechanical 

properties of the interstitium, are explained by the structure of the connective tissue 

matrix. The nature and degree of mechanical coupling, and the mechanical properties of 

the interstitium must be consistent with the three-dimensional arrangement of the 

connective tissue fibers and their distribution relative to the arteriole. 

(4) The behavior of arterioles is altered by mechanical interactions with the 

interstitium. This is the final physiological expression of coupling between arterioles 

and the interstitium. 

Specific Aims 

The above stated hypotheses were tested as follows. 

Mechanical studies: We measured the magnitude of forces arising in the interstitium 

near constricting and dilating arterioles, and hence the effects of the microvessel on the 

interstitium. The arteriole was used as a "probe" or "actuator" to measure the mechanical 

coupling between arterioles and the interstitium. These data were used to test the 

hypothesis that arterioles are mechanically coupled to the interstitium. 

We also measured the elastic properties of the interstitium. We tested the hypothesis 

that the interstitium is mechanically heterogeneous by measuring these properties at 



Figure 4 - Section of cheek pouch stained with toluidine blue. Note the 

location of the arteriole (A) and venule (V) with respect to the 

subcutaneous tissue (sc) and the muscle cells (m). 433X 
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various distances from the walls of arterioles. Furthermore, we tested the hypothesis that 

the elastic properties of the interstitium vary with the direction of measurement by 

measuring the elastic properties along the longitudinal and radial axes of the arteriole. 

The nomenclature used to describe orientation is illustrated in figure 5. 

Radial 

Below (External) 

Figure 5 - Nomenclature describing the orientation of fibers, cells and 

measurements in the interstitium. The axis paralleling the arteriole is 

called "longitudinal," while the axis at right-angles to the arteriole is 

referred to as "perpendicular." The "radial" axis is a special case of the 

perpendicular axis that is directed out from the center of the vessel (e.g., 

all radial fibers are perpendicular, but not all perpendicular fibers are 

radial). "Circumferential" fibers wrap around the vessel, and are likewise 

considered special case of perpendicular fibers. In the Z axis, "external" 

and "internal" refer to the sides facing the epidermis and the subcutaneous 

tissue, respectively. The observed surface of the preparation is "above" 

the vessel, and hence the internal aspect. 
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Morphological studies: Morphological studies of the structure of the connective 

tissue surrounding arterioles were also conducted. The three-dimensional arrangement of 

the connective tissue fibers of the interstitium around arterioles was determined by serial 

section reconstruction and scanning electron microscopy of cryofractured tissue. The 

composition and detailed arrangements of connective tissue fibers and cells were 

determined by transmission electron microscopy. These results were combined with the 

results of the mechanical studies to test the hypotheses that the mechanical coupling and 

elastic properties of the interstitium are explained by the structure of the connective tissue 

matrix. 

Synthesis: Both the mechanical and morphological data were combined to develop a 

comprehensive model of the mechanical interactions between microvessels and the 

interstitium. The model predicts the likely physiological consequences of mechanical 

interactions. 
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MECHANICAL STUDIES 

We measured the elastic properties and force distributions in the connective tissue 

surrounding arterioles to study the mechanical interactions between microvessels and the 

interstitium. This required that we measure isometric forces in the range of nanonewtons 

(nN) to micronewtons (J..1N) beneath the surface of the tissue. 

Several methods are available for measuring force in this range. We attempted to use 

the methods of Yoneda (1960) and of Canaday and Fay (1976) to measure the forces 

generated in the interstitium by the constriction of a nearby arteriole. Both methods 

measure instantaneous force in proportion to the displacement of an elastic element. 

Therefore, the measured forces are, by definition, not isometric. Furthermore, these 

transducers are physically attached to the measurement site beneath the surface of the 

tissue. The intervening surface tissue, that is also in contact with the transducer, 

contributes to the measured force to an unknown degree. Laser traps (Block et al., 1990), 

that use the linear momentum of light to hold particles stationary in the plane of focus of 

the microscope, do not suffer this limitation. Unfortunately, these systems are extremely 

expensive to construct, and specimen heating from light absorption makes high power 

trapping for the measurement of nN forces impractical. 

The Magnetic Force Transducer 

To complete these studies, we developed a novel micro-force transducer that 

combines the remote-sensing capabilities of a laser trap with the range and cost

effectiveness of contemporary ultra-sensitive force transducers. The transducer 
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equipment is not directly attached to the transducing element in the interstitial connective 

tissue. Thus, intervening layers of tissue will not interfere with the measurement of force. 

Details of the construction and operation of the transducer are presented in appendices A 

through D. A brief description follows. 

The transducer is illustrated in figure 6. A magnetic microsphere is injected into the 

interstitium near an arteriole and is carefully centered between two electromagnets under 

a microscope (for simplicity, only one electromagnet is shown, and the interstitium is 

illustrated as a spring). Videomicroscopy and edge detection are used to monitor small 

movements of the microsphere as the interstitium exerts a force upon it. 

@ ® 
I 

QQQQQQQQ .~~ 
I 

Figure 6 - Basic function of the MFr. Fs is the force exerted on the 

microsphere by the specimen (the interstitium). Fm is the force exerted on 

the microsphere by the electromagnet. If Fm = Fs, the microsphere 

remains stationary. 

The heart of the transducer is a servo-control system that adjusts the current through 

the electromagnets to keep the microsphere stationary - hence the name "magnetic force 

transducer," or MFr. The force required to hold the microsphere stationary, Fm, is equal 

to the force exerted on the microsphere by the tissue, Fs. Thus, force is measured in 

terms of the current through the electromagnets. The transducer is isometric at steady

state to the limit that displacement of the microsphere can be resolved. 
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Relationship between Force and Current 

The force acting upon the microsphere is proportional to both the strength H and 

gradient V H of the surrounding magnetic field. It also depends on the volume V and 

magnetic susceptibility X of the microsphere. This is stated in equation 1. Susceptibility 

is a material property that describes the degree of magnetization attained per unit field 

strength. Both the susceptibility and the volume of the microsphere are constant and 

known. 

(1) 

The instrument we describe automatically adjusts the currents through two 

electromagnets to hold a microsphere stationary when an external force is applied. Thus, 

we measure the force acting on the microsphere in terms of the currents necessary to 

resist the motion that results from this force. Furthermore, we vary the current in such a 

way as to hold constant the strength of the magnetic field, H, while the gradient V H 

varies linearly with current I. Because the force is proportional to the product of H and 

V H (equation 1), by holding H constant, the force acting on the microsphere is made a 

linear function of electromagnet current I (equation 2). 

F=kI (2) 

Techniques for controlling current are discussed further in appendix A. k is a 

constant that is detennined by calibration before or after the experiment (see page 40). 
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Operation 

The outputs from the transducer include the electromagnet current, which is linearly 

related to force, and the microsphere displacement. The current through the 

electromagnets can be controlled in two ways. As we have already discussed, the current 

can be adjusted automatically by the:MFT. This allows us to measure the force exerted 

on the microsphere by the tissue while holding the microsphere stationary (isometric 

experiments). Alternatively, the current can be controlled manually from an external 

input. This allows us to measure the displacement of the microsphere in the tissue while 

holding the force constant (isotonic, or "creep" experiments). Isotonic experiments will 

allow us to measure the viscoelastic properties of the tissue. 

The edge detection circuit, which monitors small displacements of the microsphere, 

can be operated at two different speeds. At 30 Hz the :MFT compensates for variations in 

tissue illumination by ratioing the transmitted light at the edge of the microsphere to the 

transmitted light elsewhere in the preparation. For this reason we refer to 30 Hz 

operation as "ratio mode." Alternatively, the edge detection circuit can operate at 60 Hz 

for increased frequency response. However, this decreases the sensitivity of the 

transducer and does not compensate for variations in illumination. 

Performance 

Typical perfonnance parameters for the :MFT are given in table 1. These are shown 

in comparison to the "ultimate" parameters predicted from practical and theoretical 

considerations. The bandwidth of the transducer will ultimately be limited by the elastic 

properties of the tissue and the inertia of the microsphere. The ultimate bandwidth, and 



the methods for calculating it are presented in appendix D. The resolution of the 

transducer is ultimately limited by thermal motion of the microsphere. Theoretical 

predictions of noise from thermal motion have proven difficult, but some groups have 

reported experimental values for noise of less than 1 pN. The isometric behavior of the 

transducer is limited by our ability to resolve displacements of the microsphere, which 

the best available technology limits to angstroms (A) (Block, 1992). Clearly, the 

39 

capabilities of this transducer extend far beyond the measurement of connective tissue 

mechanics. In fact, the transducer has already been used to measure the production of 

force by single neutrophils and rnonocytes migrating in vivo and in vitro (Guilford et al., 

1993). 

Parameter Typical Ultimate 

Bandwidth 3 -9Hz 20kHz 

Resolution 1 nN <1pN 

Isometric Limit 40nm 1A 

Table 1 - Typical parameters for the MFI' during the experiments 

described here, and the ultimate parameters for these types of experiments 

based on theoretical and technological limitations. The bandwidth is 

defined as the frequency at which the closed-loop gain of the system drops 

to -3dB relative to DC. The resolution is the measured force that gives a 

signal-to-noise ratio of 1. The isometric limit is the mean displacement of 

the microsphere, or how isometric the transducer behaves. 
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Calibrating the MFT 

The calibration constant k (equation 2) for the MFT is determined through the 

following five step procedure. Example values and typical errors associated with each 

step are provided in table 2. This procedure may be carried out either before or after the 

experiment. 

(1) The MFT is calibrated against a flexible glass microneedle with a "Hy-Mu 80" 

(Carpenter Technology: Reading, PA) microsphere attached to its tip with epoxy 

glue. The filament is mounted in a piezo manipulator that displaces the entire glass 

filament laterally by a distance proportional to an applied voltage (figure 7a). The 

microsphere at the tip is positioned midway between the electromagnets. The MFT 

is turned on, so that the microsphere at the tip of the filament is held stationary by 

the transducer. Thus, the tip of the filament remains stationary while the body of 

the filament moves a known distance. The filament bends by the same distance. In 

this way, current through the electromagnets is calibrated in terms of the voltage 

driving the piezo element (IN, figure 7b). This procedure is performed under the 

same superfusate solution as used in the cheek pouch preparation. 

(2) The MFT is turned off, and we measure the lateral displacement of the filament 

caused by the piezo manipulator at different voltages (figure 8a). In this way, the 

bending of the filament is calibrated in terms of the voltage driving the piezo 

manipulator (J.LIn/V). 
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Figure 7 - Calibrating the:MFT. A: Schematic representation of the 

calibration instrumentation, showing the microsphere, glass filament, 

holder and piezo element. B: Typical calibration curve. 
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Figure 8 - Calibrating (a, left) the displacement of the piezo manipulator 

against the driving voltage, and (b, right) the displacement of the filament 

tip against the applied force. 
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(3) The bending constant of the glass filament is calibrated as follows. The tip of the 

filament is placed against the arm of a "force generator" described in appendix E. 

The arm of the force generator is the "pointer" of an analog current meter that is 

used to apply very small forces to the glass filament. The displacement of the tip of 

the filament is measured in response to a range of forces (figure 8b). Thus the 



bending of the filament is calibrated in terms of the arbitrary units read from the 

force generator (Jlm/a.u.). 
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(4) The force generator is calibrated for force against an analytical balance (Sartorius) 

as follows. The arm of the force generator is placed against the pan of the balance. 

The force applied to the balance is increased until the balance reads 2.00mg. The 

digital display of the force generator is adjusted to read 19.62 (i.e., 2.00mg = 

19.62JlN). Thus, the arbitrary units of the force generator are calibrated 1:1 to force 

(a.u./JlN). 

(5) The balance is calibrated against ASTM Class 1 mass standards (Troemner) 

according to the manufacturer's instructions. 

The calibration constant for the MFf relating current to force is determined from 

these five values. The numbers given above result in a typical calibration constant of 26 

NJlN, and a propagated RMS error of±3.4 (table 2). The largest sources of relative error 

are steps 1 and 3. 

Step 

1 

2 

3 

4 

5 

••• against ••• Typical Value RMSError 

MFf Piezo manipulator 1.8 AN 0.14 

Piezo Manipulator Voltage 1.6 Jlm/V 0.03 

Filament Force Generator 23.0 Jlm/arbitrary 2.0 

Force Generator Balance 9.81 arbitrary/mg 0.44 

Balance Force 9.81 J.1.N/mg 0.20 

MFT Force 26.0 A/J.LN 3.4 

Table 2 - Typical values for each step of the MFf calibration, and the final 

calibration constant with its propagated error. 
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Using the Transducer to Test Our Hypotheses 

To test the hypothesis that arterioles are physically connected to the connective tissue 

of the interstitium, magnetic microspheres were injected into the interstitium of the 

hamster cheek pouch near a first-order arteriole (Figure 9a). The arteriole was made to 

constrict with norepinephrine (Figure 9b) or to dilate with adenosine. If the arteriole is 

connected to the interstitium, as it constricts it will pull on the interstitium and the 

embedded microsphere with a measurable force (isometric experiment). Similarly, as the 

arteriole dilates, it will compress the interstitium with a measurable force. 

To measure the viscoelastic properties of the interstitium, a step in force was applied 

to the microsphere (figure 1 Oa), and the displacement of the microsphere was measured 

over time (isotonic experiment, figure lOb). To test the hypothesis that the interstitium is 

heterogeneous, these measurements of "creep" (relaxation at constant stress) were made 

longitudinal and radial to the arteriole, and at different distances from the vessel wall. 

(a) (b) 

Figure 9 - Measuring coupling of arterioles to the interstitium 



(a) (b) 

Figure 10- Measuring "creep" in the interstitium 

Cheek Pouch Preparation 

The frrst preparation of the hamster cheek pouch for observation of the 

microcirculation was described by Fulton and Jackson (1947). We used the "everted" 
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hamster cheek pouch preparation later described by Duling (1973), illustrated in figure 

11. Briefly, 14 male Syrian hamsters (100-150g, Charles-River) were anesthetized with 

Nembutol (70mg/kg) and placed on a heating coil at 37°C to maintain core temperature. 

The animal was intubated to insure a patent airway, and the left femoral vein cannulated 

to maintain anesthesia. All preparations were done under a Zeiss SV8 stereo-dissecting 

microscope. 

The right pouch was flushed with 30ml of saline and the animal was laid on its 

abdomen. The cheek pouch was grasped with forceps and pulled out through the mouth 

onto a heated stage. The pouch was cut open from tip to base through the retractor 

muscle and pinned open over an optical clad rod in the heated stage. The pouch was 

continuously superfused with a bicarbonate-buffered basic salt solution at 37°C, bubbled 

with 5%CO:z/95%N2 to maintain a pH of 7 .38. First-order arterioles were identified in an 
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area where the tissue tended to lie flat, and the thickest layers of connective tissue directly 

over the measurement sites were carefully removed Clearing does not damage the vessel 

wall, and light and scanning electron microscopy confmns that the arteriole remains 

enmeshed in fibrous material (figure 13). 

The preparation was transferred to a Zeiss ACM microscope and allowed to 

equilibrate for one hour. The microscope is equipped with xenon and tungsten light 

sources, a Leitz UO-55 water immersion objective (NA 0.80), a Dage-MTI 65 video 

camera, and a specially constructed platform to carry the animal stage. The condition of 

each arteriole was evaluated by its responses to lO4M adenosine (vasodilation), lO-7M 

norepinephrine (vasoconstriction), and superfusate equilibration with 

lO%02/5%COy85%N2 (vasoconstriction). 

Figure 11 - Everted cheek pouch preparation. The everted cheek 

pouch, a, is pinned open on a heated platform, c, and superfused 

from a dripper, d. The hamster rests on heating coils, e. All these 

components are on a specially designed stage, f, that mates them 

to the microscope. The electromagnets, b, are suspended above 

the cheek pouch. 



46 

Injecting Microspheres 

After the 1 hour equilibration period, micro spheres were injected into the interstitium 

near arterioles. This was one of the most difficult steps in these experiments. There are 

four reasons for this difficulty. 

a) The micro spheres need to be placed in a plane that passes approximately through the 

midline of the vessel, so that both the microsphere and the wall of the microvessel 

are in focus at all times. This also reduces the geometry of the system to two 

dimensions and simplifies analysis. 

b) To achieve the proper sensitivity from the transducer the micro spheres need to be in 

a certain range of sizes, from 7 to 11 J.lm. Unfortunately, the process we use to 

fabricate micro spheres results in a random distribution of sizes. 

c) The microspheres are delivered through large micropipettes (::::13J.lm). These pipettes 

are difficult to push through the connective tissue that surrounds and covers the 

arterioles. 

d) The micro spheres will not suspend in physiological solutions because of their high 

density (:::: 8 g/cm3). This makes them difficult to load into micropipettes. 

Furthermore, only one microsphere can be present at a given site. Thus, the 

microspheres have to be loaded into micropipettes and injected one at a time. 

We developed a reliable method for placing micro spheres in the interstitium with 

micropipettes. This method is presented below in detail. Briefly, 13J.lm micropipettes 

were loaded with a solution of com syrup and saline. The increased viscosity lent by the 

corn syrup helped load and inject the microspheres. A single microsphere was picked up 
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with the micropipette, and the micropipette was pushed through the superficial layers of 

connective tissue down to the midline of the vessel. The microsphere was expelled with 

a burst of pressurized gas, and the micropipette was withdrawn. 

Detailed technique for injecting microspheres 

(1) 1.2mm borosilicate glass tubing is pulled to a 5J.Lm tip in a Sachs-Flamming 

programmable pipette puller. The resulting pipette is triple beveled at 30° to fonn 

a 13Jlm mouth. 

(2) The micropipettes are loaded 24 hours before the experiment with a solution of 

50% corn syrup and 0.85% NaCl. The increased viscosity lent by the Karo syrup 

helps separate, pick up and inject the microspheres. 

(3) The smallest microspheres are collected from their glass container with slightly 

magnetized forceps. These are placed in an Eppindorf micro-centrifuge tube with 

Im1 of saline. The microspheres are forced to the bottom of the tube with a brief 

centrifugation, and sonicated to separate clumps. 

(4) The micro spheres are briefly resuspended and placed beneath the superfusate 

solution in an unused portion of the cheek pouch specimen stage. 

(5) A microsphere of appropriate size is selected under the microscope. The 

micropipette is carefully lowered so tllat its mouth is directly over the 

microsphere. With a slight "tap" on the micropipette holder, the microsphere is 

sucked up into the pipette a short distance (100-200Jlm). This is due to the flow 

of superfusate into the micropipet that results from osmosis and capillary surface 

tension. 



(6) The micropipette, and the selected microsphere, are moved to the pre-selected 

measurement site. 
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There is a specific technique for inserting the micropipette into the interstitium. It 

does not work to simply line up the micropipette on the site and plunge it into the 

interstitium. The subcutaneous tissue above the arteriole is very strong, and the 

micropipette does not penetrate easily. Each of the steps below is illustrated in figure 12. 

(7) The tip of the micropipette is carefully brought into contact with the overlying 

connective tissue a short distance lateral to the target site. 

(8) The micropipette is inserted down to the midline of the vessel. The overlying 

connective tissue is generally pulled down by the tip of the micropipette. 

(9) The micropipette is slowly lifted above the surface of the tissue. A "fold" of 

connective tissue is carried with it. 

(10) The micropipette is pushed forward, rapidly, to penetrate the fold of connective 

tissue. 

(11) The micropipette is pulled back so that the tip is within the fold of tissue. 

(12) The pipette is lowered to just above the vessel midline. 

(13) The micropipette is pushed slowly forward until the tip is at the target site at the 

midline of the vessel. The connective tissue at this level seems to be more 

easily penetrated than the subcutaneous tissue. The microsphere is injected with 

a pulse of nitrogen (WPI PicoPump). A pulse of 10-20 psi for 20-50 msec is 

sufficient to expel the microsphere. 



Figure 12 - Proper technique for injecting micro spheres into the interstitium. The 

"target site" near the arteriole is marked with a white x. The frames are numbered 

according to the steps listed in the text. 
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(14) The micropipette is withdrawn. Excess Karo syrup rapidly dissolves away in the 

superfusate. 

There was no measurable response of the arteriole to injection, unless the 

micropipette was directly against the vessel wall. Furthermore, there was no visible 

damage to the interstitium in the area of the microsphere. In some cases, the 

subcutaneous tissue will appear "bunched" where the micropipette penetrated. To further 

assess this artifact, a micropipette was loaded with a gluteraldehyde fixative, and was 

taken through the routine of injection, except that fixative was injected continuously for 5 

minutes. This locked the connective tissue at the site of injection into the conformation it 

had while the micropipette was in place. The micropipette was withdrawn, and the 

specimen was processed as usual (see page 93) and examined by scanning electron 

microscopy (figure 13). 

Data Recording and Display 

A video recording of each experiment was made with a Mitsubishi BVlOOO S-VHS 

recorder and the Dage-MTI 65 video camera. A continuous time-date stamp for the video 

was generated with a Oyyr 0-77 video timer. Horizontal and vertical scales were 

calibrated daily against a Zeiss calibration slide with 10Ilm gradations. Data from the 

MFr was sampled at a rate of 40 samples per second with a MacLab/4 AID converter, 

and recorded and displayed on a Macintosh SE/30 microcomputer (8MB RAM, 20MB 

hard drive) with a full-page external monitor (Xerox). 



Figure 13 - Damage resulting from injecting a microsphere. The injection 

site (asterisk) is seen near the arteriole (A). Notice also the perpendicular 

strands of collagen running over the arteriole. The dark objects on the 

surface of the tissue are artifactual. 231X 
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Coupling Experiments 

If a measurement was being made radial to an arteriole, the fIrst experiment was a 

coupling experiment That is, force was measured in the interstitium in response to an 

arteriole changing diameter. Coupling experiments were not performed longitudinal to 

the arteriole. The protocol for these experiments follows. 
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(1) The:MFT is operated in automatic (isometric) mode, meaning that the current 

through the electromagnets is servo-controlled to hold the microsphere stationary. 

Either ratio or 60Hz edge detection is used, depending on the quality of the image of 

the microsphere. 

(2) The gain of the transducer is adjusted to just below point of oscillation. 

(3) 25-100 J.1L of adenosine (lO-4M) or norepinephrine (1O-6M) are applied to the 

preparation to induce dilation or constriction of the arterioles, respectively. We 

record the change in force that occurs when the arteriole changes diameter. An 

example recording of displacement and force is shown in figure 14. 

(4) The data from each coupling experiment must meet three criteria to be accepted. 

(a) The microsphere must be attached securely to the interstitial connective tissue. It 

is obvious from the movement of the microsphere during the experiment if the 

microsphere is well attached. In general, a microsphere need only transiently 

contact connective tissue to fIrmly adhere. 
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(b) The movement of the microsphere in the interstitium must be constrained to the 

focal plane of the microscope. Displacement cannot be accurately measured by 

edge detection if the microsphere moves significantly in the Z axis. 

(c) The current record must not show oscillations. Oscillations indicate that the gain 

of the transducer is too high. 

Cheekpouch 5111/92 -t: 0.8 Q) 
E_ 0.4 
Q)E 0 0=1, C'O_ 

-0.4 a. 
U) 

-0.8 is 

1 
Q)-
~Z 0 ot: u..-

-1 

110 116 122 128 134 140 146 

Time (sec) 

Figure 14 - Typical recordings from a coupling experiment. The 

microsphere is held stationary (upper trace, J.lm) while force varies (lower 

trace, nN). 
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Creep Experiments 

A creep experiment was perfonned at every measurement site. That is, we measured 

the time course of displacement of the microsphere in response to a step change in force. 

The protocol for these experiments follows. 

(1) Current through the electromagnets is controlled externally (Manual mode). The 

edge detector is operated at 60Hz for maximum frequency response. Measurements 

are made both parallel and perpendicular to arterioles, but not with the same 

microsphere (due to geometric constraints of the electromagnets, microscope and 

animal stage). 

(2) The electromagnet current is controlled by a waveform generator (WaveTek) 

connected to the:MFr. Square waves are delivered at about O.IHz. In this manner 

the microsphere is cyclically displaced by the transducer. 

(3) The displacement of the microsphere is recorded by edge detection. 

(4) The voltage of the driving pulses is changed to give a clean signal while keeping the 

displacements within the linear range of edge detection. An example record of 

displacement and force is shown in figure 15. 

(5) The data from each creep experiment must meet three criteria to be accepted. 

(a) The microsphere must be attached securely to the interstitial connective tissue. 

(b) The movement of the microsphere in the interstitium must be constrained to the 

focal plane of the microscope. 



(c) We must obtain three consecutive "clean" displacements with no baseline drift. 
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Figure 15 - Typical recordings from a creep experiment. Displacement of 

the microsphere is measured (upper trace, J!m) in response to a step in 

force (lower trace, nN). 

The output of the edge detector (in volts) was later calibrated against the true 

displacement of the microsphere. The true displacement is established by analysis of 

images from the experiment using an image cross-correlation technique (Gelles, 1988) 

(see page 60). 

Several experiments were performed in each animal along different arterioles or at 

widely separated points (> lOOOJlm) along the same arteriole. At the end of the 

experiment the animal was sacrificed with a lethal dose of anesthetic, and the data were 

analyzed. 
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Analysis of Mechanical Data 

Adjusting the MFT Calibration 

The fIrst step of the data analysis is to adjust the calibration of the MFf for the 

experimental microsphere. It was impractical to use the same microsphere in the 

calibration and the experiments. Although the susceptibility of the microsphere and the 

gradient of the magnetic fIeld are the same between experiment and calibration, the 

volume of the micro spheres may be different, and this changes the relationship between 

force and current (equations 1 and 2). Therefore, we adjusted the slope of the calibration 

curve in a given experiment for the volume of the injected microsphere according to the 

equation 

Ix (A) IdA) Dc3 

Fx (J,lN) = Fc (J,lN) . Dx 3 
(3) 

where IIF is the slope of the calibration curve (current/force), D is the diameter of the 

microsphere, and the subscripts C and X denote the values for the calibration and the 

experimental microspheres, respectively. The diameters are cubed because there is a 

cubed relationship between the diameter of a microsphere and its volume. 

Coupling Experiments 

Changes in the force measured in the interstitium with changes in diameter of 

arterioles were analyzed by quantitative methods. First, we digitized 1 frame of video 

every half-second during the response of an arteriole to norepinephrine or adenosine 

using NIH Image 1.49 image analysis software and a video frame-grabber card (Scion 
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ImageCapture 1000) in a Macintosh nfx microcomputer (Apple). The completed image 

"stack" is displayed as a time-lapse movie at up to 60X the original speed to determine if 

motion of the interstitium follows changes in diameter of the arteriole. The diameter of 

the arteriole was measured in each captured frame and used in the analysis of coupling 

experiments. 

Next, the force record was smoothed at 0.5 second intervals by moving average (20 

points) centered on the time point (i.e., 0.25 seconds before the time point, to 0.25 

seconds after). Software was written specifically for this task. Diameters were obtained 

at 0.5 second intervals from image stacks, as described above. These data were examined. 

to determine if changes in force measured in the interstitium vary with the changes in 

diameter of the arteriole. 

Creep Experiments 

The creep experiments are divided into groups for analysis according to (a) the axis, 

radial or longitudinal axis, along which the measurements were made (figure 5), and (b) 

the distance of the measurement from the vessel wall. Distance from the vessel was 

measured from the center of the microsphere to the interior wall of the arteriole, and is 

expressed as the "normalized distance" - that is, normalized to the radius of the vessel 

from which the measurement was obtained. This was done because first-order vessels 

vary in diameter from =25 to 501lm, and larger vessels have thicker adventitial connective 

tissue coats. A normalized distance of zero (0) is not possible, but would indicate that the 

microsphere is on the inside wall of the arteriole, not the center of the vessel or the outer 

wall. 
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Because the displacements of the microsphere during creep experiments were very 

small (O.1-0.6J.1.m), we took great care in calibrating the edge-detection record against the 

true displacement. To do this, we identified the first of the three consecutive 

displacements to be analyzed. Images of the microsphere were digitized before and after 

this displacement (see figure 16). The true displacement of the microsphere was then 

determined by cross-correlation analysis of the two images. 

The cross-correlation algorithm of Gelles (Gelles et al., 1988) was incorporated into 

Nffi Image image analysis software (Wayne Rasband, National Institutes of Health). 

U sing this technique, we are able to obtain unbiased measurements of the displacement of 

a microsphere to fractions of a micron, together with estimates of error. The source code 

is presented in its entirety in appendix F. A brief description of this technique follows. 

An area of the image containing the microsphere was selected in images taken before 

and after the microsphere is displaced (figure 16, top). The microsphere was selected in 

each image. This resulted in two matrices, A and B, whose cells contain values from 0 to 

255, representing the brightness of each pixel in the selected area. The correlation matrix 

C between these two matrices has the same dimensions as the selected area (ex x 13), and 

is calculated as 

a/2 P/2 

C(x,y)= L LB(x+i,y+ j){A(i,j)-s} (4), 
i=-a/2 j=-/J/2 

where s is the mean value of matrix A. Values in the correlation matrix (figure 16, C) 

that are within 90% of the highest correlation value were used to determine the centroid, 

or "center of mass" of the correlation matrix. In figure 16 the center of mass of the 

correlation matrix moved to the right. This indicates that B is shifted right relative to A. 

Thus, the displacement of the microsphere is calculated from the shift of the centroid 



Before displacement After displacement 

c 
Figure 16 - Using cross-correlation to detennine displacements of a 

microsphere. The microsphere images are simulations. In B the 

microsphere has moved less than one pixel to the right. The peaks in the 

correlation matrix C have similarly moved to the right, indicating that the 

image in B has shifted right relative to image in A. Darker pixels in the 

correlation matrix have higher (better) correlations. 

away from the center of the matrix. Because this technique uses the entire image of the 

microsphere to detennine its displacement, it is extremely precise, and can effectively 

resolve displacements of less than one pixel (one pixel in these experiments was 
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.,.0. 3 J.lm). In the example given above, the microsphere moved 0.94 pixels, or 0.26 J.lm to 

the right. 



62 

With the edge detector trace calibrated against the true displacement of the 

microsphere, three consecutive creep responses were averaged. The records were aligned 

to one another for averaging by the upstroke of force trace. A Kelvin body (standard 

linear solid) was fit to the averaged creep data to obtain elastic constants. A Kelvin body 

is a viscoelastic model with a spring in parallel with a spring and dashpot in series (figure 

17). 

Figure 17 - Kelvin body 

The use of this model for our data is justified by simply comparing the actual 

response (figure 15) to the response expected of various viscoelastic models (Fung, 

1981). The response of a Kelvin body to a step load is given by 

~l{t) =1. (l-l.e"1ra) 
F{t) E 2 

(5) 

where M(t) and F(t) are the displacement and applied force at time t, E is the stiffness 

(stiffness should not be confused with elastic modulus) and to is the relaxation time at 

constant stress, that we will simply refer to as the time constant. Equation 5 assumes that 

the stiffnesses of the two spring elements in the model are equal. This assumption was 

justified by fitting the full equation for a Kelvin body to the data (Fung, 1981; pg. 43, 

equations 8 and 12), and finding that, on average, the stiffnesses are equal (analysis not 

shown). This equation was fit to the data, ~l(t)/F(t) by the Levenberg-Marquardt method 

of least squares (KaleidaGraph: Synergy Software). For a detailed description of the 

Levenberg-Marquardt algorithm, see Press et al. (1988). Errors were recorded as the 

standard errors of determining E and to at a single site. Statistical comparisons of the 
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results were made by t-tests and non-parametric Mann-Whitney U tests (StatView: 

Synergy Software). 

Mechanical Results 

The interstitium surrounding arterioles is divided into three regions on the basis of in 

vivo microscopy: connective tissue near the vessel wall, "bulk" interstitium further away 

from the wall, and occasional "bands" of connective tissue in the bulk interstitium. The 

connective tissue associated with the wall of the microvessel appears to be more densely 

packed than that of the bulk interstitium. Cells can be seen within this connective tissue 

sheath, and are presumed to be mast cells (Raud, 1989). 

The bulk interstitium appears less dense than that near the wall, and contains both 

longitudinally and radially oriented fibers. The radial fibers appear to be greater in 

number. The bulk interstitium also contains occasional bands of connective tissue, 

greater than lOJ.1.m in width, that are oriented longitudinally. These bands follow 

arterioles, never venules, through the interstitium, and arise and terminate seemingly at 

random in the general connective tissue matrix. 

The connective tissue surrounding arterioles moves radially with vessel constriction 

and dilation. Motion of the interstitium is observed in quite distant regions of the bulk 

interstitium (i.e., several vessel radii). In addition, changes in the diameter of arterioles 

lead to large Z-axis motions of the interstitium. When arterioles dilate the connective 

tissue slightly above the midline of the vessel appears to move up, while connective 

tissue below midline tends to move down - that is, the connective tissue is "parted" in the 

plane of the vessel. We cannot accurately track features in the interstitium during these 
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Z-axis motions, and therefore failed in all attempts to quantify radial motions of the 

interstitium. 

Tethering Results 

An exhaustive listing of the acceptable raw data from tethering experiments is 

included in appendix H. Typical results for dilations and constrictions are shown in 

figures 18a and 18b, respectively. There is a clear temporal correlation between changes 

in vessel diameter and changes in the force measured in the interstitium near the arteriole. 

These data support the hypothesis that arterioles are mechanically coupled to the 

interstitium. Peak measured forces are on the order of 3 nN. 

Elastic and Viscous Coupling 

Some stress relaxation is observed, suggesting a viscous component to the coupling of 

arterioles to the interstitium. To further study this phenomenon, we assumed that the 

interstitium between the arteriole and the microsphere behaves as a Kelvin body (fig. 17). 

The force F measured in the interstitium is then related to both the displacement of the 

vessel wall from its original position, Ilr, and the rate of change of that displacement, 

dllr/dt (from Fung, 1981: Equation 2.11.7). 

(3) 

If the mechanical coupling between the microvessel and the interstitium is purely 

elastic, then 'to = 0, and force is related only to the change in vessel radius and the 

stiffness E. 

F ex Ellr (4) 
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However, if the coupling is purely viscous, then F becomes a function of the rate of 

change in vessel diameter. 

F Of:. E1: dllr 
a dt 

(5) 

To help distinguish these two cases, we examined plots of force and the rate-of

change in diameter (dDldt) versus time (figure 19). 

Examine figures 18a and 19a. Notice that the force measured in the interstitium 

during dilation of the arteriole mirrors the diameter (15a). Furthermore, force in the 

interstitium is maintained, even when dDldt drops to zero (16a). This suggests that the 

arteriole is coupled elastically to the interstitium during dilation. 

Now examine figures 18b and 19b - the same arteriole during constriction. Notice 

that the force measured in the interstitium during constriction mirrors the change in 

diameter (18b). In fact, when dDldt drops to zero (19b), force also returns towards zero. 

This suggests that the arteriole is coupled to the interstitium through viscous effects 

during constriction. Therefore, we find evidence for both viscous and elastic coupling of 

arterioles to the interstitial connective tissue. Furthermore, both modes of coupling can 

be observed at a single site. 

The rise in force measured in the interstitium begins up to 1 second after or 0.5 

seconds before dilation of an arteriole begins. This is consistent with our model of the 

interstitium as a Kelvin body, and with errors introduced by the transducer and the 

moving-average smoothing of the force data. In contrast, during constriction of an 

arteriole, the rise in force measured in the interstitium consistently begins 0.5 to 1.5 

seconds before any change in diameter is detected (figure 20). This cannot be explained 

by a passive model of the interstitium, nor by errors in our measurement or analysis. 



Figure 18 - Force in the interstitium in response to vessel dilation, and 

constriction (a, top and b, bottom, respectively). 
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Figure 19 - Derivative of diameter and force. Force in the interstitium 

(open circles), and the derivative of diameter with respect to time (solid 

diamonds) in response to vessel dilation (a, top), and constriction (b, 

bottom). Same data as in figure 18. 
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Figure 20 - Temporal relationship between changes in diameter and force 

in the interstitium. Typical record of force in the interstitium (open 

circles), and the derivative of diameter with respect to time (solid 

diamonds) in response to vessel constriction. Notice that major changes in 

force precede major changes in diameter by as much as 1.5 seconds (3 data 

points). 
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We are therefore forced to conclude that something pulls on the interstitium at the onset 

of vessel constriction that does not cause a measurable change in the internal diameter of 

the arteriole. 
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Creep Results 

To reiterate, creep (isotonic) experiments were performed to determine values for 

"stiffness," E and time constant, 'tao As discussed earlier, these values were obtained by 

least-squares fit of equation 5 to the experimental data. An exhaustive listing of these 

data is included in appendix H. Creep data are divided into groups for statistical analysis 

according to (a) the axis along which the measurements were made (see figure 5), and (b) 

the location of the measurement. Distance from the vessel is normalized to the resting 

inside radius of the vessel from which the measurement was obtained. 

Stiffness 

When measured radial to the vessel, there is no significant correlation between the 

stiffness (E) of the interstitium and the normalized distance from the vessel (figure 21). 

However, E of the interstitium increases greatly within 0.4 radii of the vessel wall when 

measured along the longitudinal axis of the vessel (figure 22). The stiffness of the bulk 

interstitium averages 21.9 (± 5.3 s.e.m.) nN/J.1m radial to the vessel, and 8.1 (± 1.3) 

nN/J.1m longitudinal to the vessel. 

E averages 73.4 (± 25.9 s.e.m.) nN/J.1m within 0.4 radii of the wall. There are no 

radial measurements within 0.4 vessel radii due to geometric con.straints of the transducer 

and the animal stage. 

E within the longitudinal bands that accompany some vessels also increases greatly 

near the wall (figure 23). The mean stiffness of these bands is 154.3 (± 62.4 s.e.m.) 

nN/J.1m. The maximum value, measured 1.08 radii from the vessel wall, was 554nN/J.1m. 

These results are summarized in table 3. 
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Location n E 'to 

(nN/~m ± s.e.m) (sec ± s.e.m) 

Radial, Bulk 8 21.9 (5.3) 0.42 (0.11) 

Radial, Bands 1 108.7 0.38 

Longitudinal, Bulk 5 8.1 (1.3) 0.30 (0.09) 

Longitudinal, Wall 4 73.4 (25.9) 0.31 (0.15) 

Longitudinal, Bands 8 154.3 (62.4) 0.37 (0.11) 

Table 3 - Summary of values for E and 'to 

The choice of method for statistical comparison of data depends on (a) whether the 

variances of the populations being compared are equal, and (b) whether the data are 

normally distributed. Neither condition could be asserted a priori in this study. The 

variances of our samples vary widely (table 4). We will therefore make the conservative 

assumption that the variances of the populations are unequal. A form of t-test (Le., "two

sample" t-test) can still be used to compare samples from populations with unequal 

variances if the populations are assumed to be normally distributed. However, normally 

distributed data for E are likely only in the case of the bulk interstitium, where E appears 

to be independent of distance from the vessel. Therefore, we compared our samples of E 

using the Mann-Whitney U test - a non-parametric method that requires neither equal 

population variances nor normally distributed populations. The Mann-Whitney U tests 

the hypothesis that the distributions of two samples are the same, rather than testing 

central tendency. 



Figure 21 - Values for E measured radial to arterioles. 

Figure 22 - Values of E measured longitudinal to arterioles. The line is an 

arbitrary exponential fit to the data to illustrate the trend toward higher 

values of stiffness near the vessel wall. 
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Figure 23 - Values for E measured in longitudinal bands. The line is an 

arbitrary exponential fit to the data to illustrate the trend toward higher 

values of stiffness near the vessel wall. 

Bulk Band Wall 

Radial 318.3 

Longitudinal 9.1 31,172 2686 

Table 4 - Sample variances for E. 
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We classified samples according to whether they were measured longitudinal or radial 

to an arteriole. These were further classified as belonging to the "bulk" interstitium, to 

the interstitium within 0.4 radii of the wall, or to the longitudinal bands of connective 

tissue. These samples were compared to test the hypotheses that the interstitium is 

anisotropic (E is different in the longitudinal and radial directions) and heterogeneous (E 

is different in the bulk interstitium, near the wall and in the bands). The null hypotheses 

are that E is the same in both directions, and homogeneous (E is the same in the bulk 

interstitium, near the wall and in the bands). P < 0.05 is considered significant. 

The results of the statistical comparisons of stiffness are summarized in table 5. 

There is no significant difference in the stiffness of the bulk interstitium in the 

longitudinal and radial directions. Statistical comparisons of the wall and bands in the 

radial direction are not shown for lack of data in the radial direction. 

The stiffness of the interstitium near the wall of the arteriole is significantly higher 

than that in the bulk interstitium. Furthermore, the stiffness of the longitudinal bands of 

connective tissue is significantly higher than the stiffness of the bulk interstitium 

measured in either direction. These results support the hypothesis that the interstitium is 

mechanically heterogeneous in relation to arterioles. 



E Longitudinal Radial 

Bulk Band Wall Bulk 

Bulk 0.003* 0.014* 0.126 

Longitudinal Band 0.308 0.003* 

Wall 0.090 

Radial I Bulk 

Table 5 - P values from Mann-Whitney U non-parametric test comparing 

Es. *=p<0.05 

Time Constant 
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A summary of results for time constants is given in table 3. There is no significant 

correlation between 'to and distance from the vessel (figure 24). Values for 'to averaged 

0.35 (± 0.05 s.e.m.) sec. 

A histogram of all values for 'to has the general form of a skewed normal distribution 

(Figure 25). Furthermore, the sample variances are similar (table 6). Therefore, based on 

our previous discussion of choice of statistical tests, the time constant samples were 

compared by unpaired t-tests. These results are summarized in table 7. There are no 

significant differences between time constants measured in either direction, or in any 

location relative to the vessel. To be consistent with our analysis of stiffness, 

comparisons were also made using the Mann-Whitney test. No significant differences 

were found. 
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Longitudinal 

Radial 

St2 

Radial I 
Longitudinal 

Bulk 

0.10 

0.04 

Band Wall 

0.10 0.09 

Table 6 - Sample variances for the time constant, 'to" 

Longitudinal 

Bulk Band Wall 

Bulk 0.653 0.914 

Band 0.777 

Wall 

I Bulk 

Table 7 - P values from unpaired t-test comparing 'to's. *=p<0.05 
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Radial 

Bulk 

0.595 

0.989 

0.734 
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Figure 24 - Values for 'tcr from all sites 

Figure 25 - Histogram of values for 'tcr from all sites 
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Discussion of Mechanical Data 

The Origin of Mechanical Interactions 

Measurable forces are generated in the interstitium near single arterioles when they 

constrict or dilate (figures 18). These data support our hypothesis that arterioles are 

mechanically coupled to the interstitium. The force measured in the interstitium during 

dilation or constriction of an arteriole mirrors both the diameter (18a) and the rate of 

change in diameter (19b). Therefore, we find evidence for both viscous and elastic 

coupling of arterioles to the interstitial connective tissue. Furthermore, both modes of 

coupling can be observed at a single site. 

These results suggest a model of the interstitium in which the fibrous connective 

tissue is directly adhered to the walls of arterioles. When the arteriole constricts or 

dilates, the fibers of the interstitium are stretched or compressed, respectively. 

Furthermore, interstitial fluid moves through the fibrous matrix when the arteriole 

changes diameter. 
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Strong direct evidence for the bulk movement of fluid through the interstitium is 

scant. In fact, the very short time constants measured in the creep experiments (0.35 sec) 

may represent the time constant of the fibrous connective tissue of the interstitium, rather 

than equilibration of fluid around the displaced microsphere. Although some longer (== 1 

sec) time constants were measured, this is not a resilient demonstration of bulk fluid 

movement following deformation of the fibrous connective tissue network. 
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We have obtained a fortuitous indirect measurement of bulk fluid movement through 

the interstitium of the hamster cheek pouch. A neutrophil was observed in the 

interstitium near an arteriole. We recorded the position of the neutrophil along the x-axis 

of the image while the arteriole was made to dilate with adenosine (figure 26). The 

neutrophil remained nearly stationary in the interstitium during the dilation, but appeared 

"flattened" against connective tissue, as though it were being pushed against a barrier. As 

the arteriole constricted back to and below its original diameter, the neutrophil appeared 

to be rapidly drawn toward the arteriole through the interstitium. Movement of the 

neutrophil ceased when the arteriole returned to its resting diameter. We believe that the 

neutrophil was drawn toward the vessel by the bulk movement of interstitial fluid through 

the interstitium in response to constriction of the arteriole. 
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Figure 26 - Movement of a neutrophil resulting from constriction of an arteriole. 
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Heterogeneity 

The evidence for the movement of fluid through the interstitium also suggests that the 

interstitium is not a simple gel, but has mechanically significant small-scale structure. 

Data from creep experiments support our hypothesis that the interstitium surrounding 

arterioles is mechanically heterogeneous. The stiffness of the interstitium is significantly 

higher near the walls of arterioles than it is in the more distant "bulk" interstitium. 

Specifically, the stiffness of the interstitium increases dramatically within 0.4 vessel radii 

of the inner wall of the arteriole. Bands of connective tissue parallel arterioles, and these 

also have a higher stiffness than the bulk interstitium. 

Arteriole 

Figure 27 - Stiffness in the interstitium 
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There are three possible origins for these variations in stiffness: (a) differences in 

composition, (b) differences in the volume fraction of fibers, and (c) differences in 

"tautness." To understand differences in composition, imagine that the interstitium near 

the wall of the arteriole is composed primarily of collagen, and the bulk interstitium 



composed primarily of elastin. Because collagen has a higher elastic modulus than 

elastin (2 orders of magnitude), the stiffness near the wall will be higher than the bulk 

interstitium, all other factors being the same. Thus, heterogeneity in composition can 

lead to heterogeneity in mechanical properties. 
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The second possibility is that the interstitium near the wall of the arteriole has a 

higher volume fraction of fibers than the bulk interstitium. Volume fraction refers to the 

fraction of the total volume of interstitium occupied by fibers. If, compared to the bulk 

interstitium, a greater fraction of the interstitium near the wall is composed of fibers, the 

wall will have a greater stiffness. 

Finally, the fibers of the interstitium near the wall of the arteriole may simply be more 

"taut" than those of the bulk interstitium. By "taut" we mean that they are under greater 

initial strain. As biological tissues are stretched they become more stiff (Fung, 1981). 

Therefore, if the fibers of the interstitium near the vessel wall are under greater strain than 

those of the bulk interstitium, then the interstitium near the wall will be more stiff. 

Electron microscopy was used to determine which of these three possibilities can 

explain the mechanical heterogeneity we observed. We examined the composition and 

density of fibers in the interstitium near the vessel wall and in the bulk interstitium, thus 

testing the first two possibilities. Furthermore, the "tautness" of the fibers can be inferred 

from how straight they are - that is, connective tissue fibers, especially collagen, tend to 

be wavy when unloaded, and straighten when pulled. 

The mechanical heterogeneity of the interstitium surrounding arterioles is significant 

in two respects. First, it suggests that the presence of an arteriole modifies either the 

structure or the composition of the surrounding interstitium, or that the microvessel 

mechanically loads the surrounding interstitium. Indeed, we earlier referred to studies 
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that suggest that vascular smooth muscle cells can exert traction on collagen gels in vitro 

(Ehrlich et al., 1986), and that fibroblasts grown in collagen gels can reorganize the 

collagen into bundles (Vernon et al., 1992). 

Second, the observed heterogeneity in mechanical properties implies that the 

interstitium near the arteriole is more influential to the mechanics of the vessel than is the 

bulk interstitium. This is not just because of its vicinity to the vessel wall, but because its 

stiffness is higher than that of the bulk interstitium. 

The conclusion, then, is that the presence of an arteriole in some way modifies the 

surrounding connective tissue, creating an environment that is more influential to the 

vessel mechanically than would be the bulk interstitium. These observations underline 

the importance of vascular cells in determining the mechanical properties of the 

interstitium 

How Well Coupled to the Interstitium are Arterioles? 

Neither the mode of mechanical coupling (i.e., elastic or viscous) nor the stiffness of 

the interstitium is of consequence to the arteriole unless the vessel is well coupled to the 

surrounding tissue. We asked, is the force measured in the interstitium explained by the 

local elastic properties and the degree of constriction or dilation of the arteriole? 

To answer this question, we modeled an arteriole in the interstitium as a tube with 

internal radius r o' When the arteriole is constricted with norepinephrine, its radius 

decreases by a small amount, dr o. If the vessel is of constant unit length, the volume of 

tissue displaced is given by equation 6. 

(6) 
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Furthennore, if we assume that the interstitium is incompressible and that mass is 

conserved, then a similar volume of tissue must be displaced at some distance, D. Thus, 

(7). 

Rearranging and simplifying gives the movement of the tissue at D toward or away 

from the arteriole during constriction or dilation, respectively (equation 8). 

dD= rodro 
D 

(8) 

If r is the minimum or maximum radius reached by the arteriole during constriction or 

dilation, respectively, then 

(9). 

Assume that a microsphere is injected at distance D, and that it is held stationary by 

the MFT (as in a tethering experiment). Then the tissue near the microsphere will move 

relative to the microsphere by !J.D. If the stiffness measured at the same site (in a creep 

experiment) is E, then we would predict a maximum force,jmax, of 

(10). 

/ max was evaluated for each tethering experiment that was accepted according to 

standard experimental protocols. These results are shown in table 8, together with the 

actual/max. We make two general observations. First, the actual/max is always equal to 

(approximately) or less than the predicted/max. Second, by paired t-test, the actual and 

predicted/max are significantly different during constriction (NE treatment), but not 

during dilation (ADO treatment). 
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Expt. Agonist ro Do E r Fmax(nN) Fmax(nN) 

(J.1m) (J.1m) (nN/J.1m) (J.1m) actual predicted 

3/9/92 NE 26.0 29.3 45.0 24.6 38.6 55.9 

3/11/92 NE 19.9 76.0 10.6 7.2 7.6 35.2 

3/24/92 NE 20.1 71.7 10.7 16.8 5.5 9.9 

5/11/92 NE 19.6 17.8 1.1 14.7 0.8 5.9 

6/11/92 NE 13.1 63.5 12.8 3.9 6.1 24.3 

5/11/92 ADO 22.4 17.8 1.1 27.1 -4.3 -6.5 

6/8/92 ADO 18.5 29.2 1.6 20.8 -2.8 -2.3 

6/8/92 ADO 17.0 29.2 8.8 19.7 -2.6 -13.8 

Table 8 - Predicted and actual peak forces in the interstitium 

There are two likely explanations for these observations. The fIrst explanation is that 

the interstitium is arranged in such a manner that most fIbers are pulled taut during 

dilation, and are relaxed during constriction. This would, in effect, make the arteriole and 

the interstitium appear better coupled during dilation. For fIbers to be pulled taut during 

dilation requires that they be arranged circumferential or perpendicular (but not radial) to 

the arteriole. This would make the interstitium mechanically anisotropic - that is, the 

interstitium would be more stiff along the perpendicular than the longitudinal axis. We 

found evidence that more fIbers are oriented perpendicular to the arteriole than are 

oriented longitudinal. However, we have not demonstrated mechanical anisotropy. 

The second possibility is that the interstitium behaves as an incompressible medium 

during dilation of the arteriole (as assumed in the equations, above), but behaves as a 
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compressible medium during constriction. This is easily envisioned as closely spaced 

fibers being compressed during dilation, with little fluid being forced from between them. 

During constriction, however, the fibers are pulled apart, and interstitial fluid flows in to 

fill the space. This would explain why the predicted/max is consistent with experiments 

during dilation, but not during constriction. We earlier presented evidence that interstitial 

fluid does indeed move through the interstitium during constriction of an arteriole, 

lending further support to this hypothesis. Electron microscopy was used to observe the 

structure of the interstitium to better test this hypothesis. 

Limited Model 

In summary, we have divided the interstitium surrounding arterioles into three distinct 

regions on the basis of in vivo microscopy and mechanical properties: the bulk 

interstitium, the interstitium near the vessel wall, and longitudinal bands of connective 

tissue. There is a gradient in stiffness within the interstitium, increasing rapidly within 

0.4 vessel radii of the inner wall (figure 27). Stiffness is highest within the bands of 

connective tissue. The cause of this heterogeneity in stiffness has not been determined. 

The data supports a model wherein arterioles are mechanically coupled to the 

interstitium in two different but interacting ways: (a) by direct, elastic connections of the 

connective tissue fibers to the vessel, and (b) by viscous movement of fluid through the 

fibrous network. The evidence suggests that arterioles are better coupled to the 

interstitium during dilation than during constriction. However, more data are necessary 

to test this hypothesis. These observations support a general model of the interstitium 

surrounding arterioles in which the vessels are surrounded by a tightly packed network of 

fibrous connective tissue (figure 28a). As the basal tone of the smooth muscle is 

released, the arteriole passively dilates due to transmural pressure. The fibers 
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surrounding the arteriole are compressed, but there is little fluid to be pushed from 

between them (figure 28b). Thus the interstitium behaves as an incompressible medium 

during dilation of the arteriole. During active constriction, the arteriole pulls on the 

fibers, and expands the network (figure 28c). Interstitial fluid moves through the network 

to fill the space, resulting in viscous drag. Thus the interstitium behaves as a 

compressible medium during constriction of the arteriole. We have shown evidence that 

there is indeed bulk movement of fluid through the interstitium during the constriction of 

arterioles. 

A final observation is that force production in the interstitium during constriction of 

an arteriole begins before any measurable change in diameter. The effect is small, and its 

origin is unknown. This may be a result of how the contractile apparatus of the smooth 

muscle is attached to the extracellular matrix. Alternatively, extravascular cells may pull 

on the interstitium and respond to the agonist before the vascular smooth muscle 

responds. 



Figure 28 - Limited model of how arterioles interact with the interstitium. 

(a) an arteriole at rest in the interstitium; (b) during dilation the 

interstitium is compressed, and small amount of fluid is forced from the 

fibrous matrix; (c) during constriction, the matrix is pulled open, and fluid 

flows into the matrix. 
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MORPHOLOGICAL STUDIES 

For elastic coupling to occur the interstitial connective tissue must pervade or 

encroach on the vessel wall. Furthermore, the heterogeneous mechanical properties of 

the interstitium may result from heterogeneous distribution or organization of the 

interstitial connective tissue. We studied the morphology of the interstitium surrounding 

arterioles in the hamster cheek pouch to further refme our model of mechanical 

interactions between microvessels and the interstitium. We sought to identify the 

connective tissue structures responsible for mechanical coupling, and to characterize the 

distribution of cells and connective tissue around arterioles. 

We used four microscopic techniques in this study. Transmission electron 

microscopy (TEM) of arterioles allowed us to identify connective tissue fibers 

surrounding arterioles, and to evaluate how vascular cells interact with these fibers. Light 

microscopy (LM) of epoxy sections stained with orcein-picrofuschin was used to identify 

mature elastin in specimens prepared for TEM. Scanning electron microscopy (SEM) 

allowed us to determine the three-dimensional arrangement of the connective tissue of the 

interstitium. We also performed serial section reconstruction on LM specimens stained 

with toluidine blue to further characterize the gross three-dimensional structure of the 

interstitium. 
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Methods for Morphological Studies 

Arcading arterioles, 2S-S0Jlm in diameter, identified according to the nomenclature of 

Davis and Gore (1986), were obtained from the cheek pouch of the anesthetized Syrian 

Hamster (70mg/kg Nembutol). Using a topologically identical vessel for each sample in 

this study would have been laborious (network identification in excised pouches was 

technically difficult), and would require an impractical number of animals to acquire 

enough specimens. Furthermore, we only examined the general connective tissue 

structure, so sampling an identical vessel each time was of dubious importance. Rather, 

several first-order vessels were taken from each animal. 

Perfusion Fixation 

Rhodin reported that perfusion fixation of microvessels with gluteraldehyde appears 

to give better results than immersion fixation, and that perfusion fixation does not lead to 

a significant change in the diameter of arterioles in rat mesentery (Rhodin, 1986). 

Therefore, we used whole-animal perfusion fixation with gluteraldehyde, though with a 

less complicated system for perfusion. 

The jugular veins of 6 animals were exposed, and a 10cm segment of PE90 tubing 

inserted as a perfusate drain. The ipsilateral carotid artery was exposed, and the 

heparinized cannula inserted retrograde. The animal was perfused from a container of 

fixative that was raised to a desired pressure slightly above mean arterial. The fixative 

consisted ofO.2M gluteraldehyde in O.lSM cacodylate buffer and 2.SmM Ca++ with 

5mM Lissamine Green added to aid visibility (PH 7.38, 347mOsm). The mean perfusion 

pressure P was found by equation 11, where Rw is the resistance of the cannula to water, 

'T1.r and 11 w the viscosities of the fixative and water, respectively, Pfis the density of the 
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fixative, AWl is the change in weight of the chamber containing the fixative, At is the 

perfusion time and PI is the pressure of the chamber. The viscosity of the fixative was 

determined with an Ostwald viscometer (VWR) and its density with a specific gravity 

bulb (VWR). The resistance of the cannula to water was determined by measuring the 

volume of water expelled through the cannula in one minute under a pressure of 100 

mmHg. The mean perfusion pressure calculated by this method was shown in previous 

experiments not to differ from the true mean arterial pressure measured during perfusion 

fixation. Mean perfusion pressure in these experiments averaged 128 mmHg. 

(11) 

The pouch contralateral to the cannulae was removed through an incision in the 

animal's cheek, and immersed overnight in the same fixative (without Lissamine green). 

Selected arterioles were removed with a full-thickness strip of cheek pouch with 1-2 mm 

of tissue remaining to either side of the vessel to avoid disturbing connective tissue 

directly around the arteriole. Dissection was carried out in cold O.ISM cacodylate buffer, 

pH 7.38. Up to this point, the treatment of all specimens was identical. 

Scanning Electron Microscopy - Cryofracture 

Cryofracture is the process of quick-freezing and fracturing a piece of fixed tissue to 

expose internal surfaces without the damage that prevails when tissue is cut. We use 

cryofracture to achieve clean, exposed cross-sections of arteriolar walls and interstitium. 

The gluteraldehyde-fIxed samples were post-fixed in 1 % osmium tetroxide for 1 hour, 

which cross-links phospholipids in cell membranes, and makes the sample more resilient 

during the fracture process. Samples were washed twice with O.ISM cacodylate buffer. 
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The specimens were submerged with forceps in liquid N2 (LN2), and fractured with a pre

cooled #11 scalpel. The specimens were rapidly thawed in buffer, dehydrated in a graded 

series of ethanol, and critical point dried in C02. Specimens were mounted on SEM 

stubs with colloidal carbon paste (Ted Pella), with the fractured surface pointing up, and 

sputter coated with 1O-30nm gold-palladium. They were observed in either an Etec 

Autoscan SEM with secondary-electron detection or a Phillips Model 12 STEM with 

backscatter detection. Images were recorded on Polaroid type 55 film. 

Transmission Electron Microscopy 

Specimens were embedded in Epon epoxy resin, thin sectioned and mounted on 

copper grids. Sections were stained with uranyl acetate/lead citrate, and observed on a 

Phillips Model 12 STEM in normal transmission mode. 

Light Microscopy - Serial-Section Reconstruction 

Epon-embedded specimens (above) were thick sectioned to IJlm. Elastin and 

collagen were differentially stained with orcein - picrofuschin (see Appendix G), and 

toluidine blue was used as a general stain for serial-section reconstruction. The 

specimens were observed through a Leitz Ortholux microscope with a Leitz Fluotar 

objective (16X, 0.45 NA) and a Koyo CCO video camera. The images were digitized 

directly into a Macintosh IIfx microcomputer with a Scion ImageCapture 1000 board. 

Serial section reconstruction was accomplished with NIH Image 1.49 public-domain 

image processing software (Wayne Rasband: NIH). Selected sections were photographed 

with a Leitz Model II microscope camera on Kodak 64Tor T-max 35mm film. 
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Morphological Results 

General Morphology 

Our findings on the general morphology of the cheek pouch agree with previous 

histological studies (Fulton and Jackson, 1947; Priddy and Brodie, 1948). The cheek 

pouch is divided into four conspicuous layers: stratified squamous epithelium, dense 

connective tissue, skeletal muscle and loose areolar connective tissue (figures 30 and 31). 

The epithelial layer is devoid of mucous glands, and the epithelial cells are keratinized 

and joined by desmosomes in a histology reminiscent of epidermis. The layer of dense 

connective tissue, with large bundles of collagen and scattered fibroblasts, is similarly 

reminiscent of dermis, except that there are no papillae in the cheek pouch (Priddy and 

Brodie, 1948; Ryan, 1986). In fact, these layers of the cheek pouch have been referred to 

as the epidermis and dermis in a previous study (Ryan, 1986). They will be similarly 

referred to in this text. 

A layer of skeletal muscle cells lies internal to the dermis of the cheek pouch (figures 

30 and 31). We will refer to this layer as the stratum muscularis. The stratum muscularis 

consists of the retractor muscle and extended portions of the buccinatorius (Priddy and 

Brodie,1948). These are thought to aid in emptying the pouch. 

Internal to the skeletal muscle is the areolar connective tissue (subcutaneous tissue) 

(figures 30 and 31). This consists of widely spaced bundles of collagen fibers, occasional 

thin fibroblasts and scattered elaunin fibers. The fibroblasts are long, thin (as thin as S4 

nm), branched, and occasionally enfold collagen fibrils (Figure 32). Microfibrils Ilnm in 
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diameter are also common. Longitudinal banding of the microfibrils is not always 

evident, but when present has a periodicity of around 17nm. By these criteria alone, we 

would identify the microfibrils as oxytalan fibers (Cleary and Gibson, 1983). However, 

collagenous microfibrils (Morse and Low, 1973) and fibronectin fibrils (Dzamba and 

Peters, 1991) have a similar appearance under the electron microscope. Therefore, we 

will refer to these fibrils simply as "microfibrils" unless they are clearly associated with 

elastic fibers, in which case we will refer to them as oxytalan fibers. 

The Vasculature of the Cheek Pouch 

Between the statum muscularis and the subcutaneous tissue is a thin layer of 

relatively densely packed collagen (figure 30). The arterioles lie within this layer, and it 

is within this layer that the mechanical experiments were performed. Therefore, further 

discussions of the interstitium will be restricted to this layer of tissue. This layer will be 

referred to as the stratum vascularis (meaning "vascular layer") to aid in this discussion. 

This is not the only layer of the cheek pouch that is vascularized. The dermis also has 

an abundant vascular supply. However, the vasculature of the dermis arises from the 

saccular arteries that enter the pouch through the internal layers of connective tissue (i.e., 

the subcutaneous tissue, and then into the proposed stratum vascularis). These vessels 

give rise to arterioles that pass through the layer of skeletal muscle to feed the dermis. In 

addition, capillaries that feed the skeletal muscle arise in part from the arterioles of the 

stratum vascularis. The capillaries of the cheek pouch drain into venules and collecting 

veins that also lie in the stratum vascularis. 
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The Walls of Arterioles 

The walls of arterioles in the cheek pouch display a typical morphology (Rhodin, 

1967), and so will not be described at length. A typical arteriole from the cheek pouch is 

shown in figure 33. Cells were identified according to the morphology given by Rhodin 

(1967, 1968). Briefly, the endothelial cells average 0.3 to 0.5 J.1m in thickness, and 

display large numbers of "stress fibers" in the basal half of their cytoplasm that are 

directed radially. A basal lamina is sometimes evident. The smooth muscle cells display 

frequent dense bodies along the cell membrane, and many circumferencially arranged 

microfilaments. They are surrounded by a distinct basement membrane, and possess 

abundant pinocytotic vesicles. 

An internal elastic lamina (IEL), consisting in varying degrees of mature elastic fibers 

and oxytalan fibers, lies between the endothelial and smooth muscle cells. The IEL is 

connected to the smooth muscle and endothelial cells by oxytalan fibers that make 

contact with the cell membranes at dense bodies. Mature elastic fibers in the cheek pouch 

are largely restricted to the IEL of arterioles, as determined by orcein staining (Figure 

34). 

The Bulk Interstitium 

The bulk interstitium of the stratum vascularis consists largely of densely packed 

bundles of collagen fibers, as mentioned earlier. In general, these bundles are randomly 

oriented within the plane of the stratum (figure 35). Microfibrils are common, and are 

usually along linear tracks, suggesting bundles (Figure 35). Elaunin and mature elastic 

fibers are present, but sparse. Fibroblasts and mast cells are scattered throughout the 

matrix. 
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It is not clear if the bundles of collagen fibers are interconnected. We did not observe 

any crossing of collagen fibers between bands. Fibroblasts, proteoglycans or microfibrils 

fibers may mediate inter-band links. Alternatively, the bands of collagen may be tightly 

interwoven, and not bound to one another at all. 

The Interstitium Near the Wall of the Arteriole 

It is difficult to make general statements about the arrangement of cells and 

connective tissue around arterioles in the cheek pouch. The arrangements are highly 

variable between arterioles. However, arterioles most often lie toward the external 

margin of the stratum vascularis. That is, more connective tissue separates arterioles 

from the subcutaneous tissue than from the skeletal muscle. 

Collagen fibers pass "over" and "under" the arteriole (i.e., internal and external, 

respectively) and appear to be oriented either perpendicular or longitudinal to the vessel, 

but few are oblique (refer also to figure 13). Thus, the collagen near an arteriole is not 

randomly oriented, but appears to form a roughly orthogonal network that extends into 

the interstitium. 

Arterioles are completely enveloped by one or more thin processes of fibroblasts and 

fibrocytes (figure 33 and 37). These are also known as "veil cells" (Majno, 1965). Veil 

cells seem to demarcate layers of collagen bundles near the arteriole. This collection of 

veil cells and collagen that envelops the arteriole will be referred to as the "capsule." 

The cell bodies of the veil cells tend to lie on either side of the arteriole in the plane of 

the stratum vascularis. Mast cells collect in this region also, external to the cell bodies of 

the fibroblasts and fibrocytes (figure 37). The long processes of veil cells also extend 

into this region from the capsule, and enclose the mast cells and cell bodies of fibrocytes. 
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The orthogonal network of collagen accompanies the veil cell processes (figure 37). This 

collection of cells and connective tissue gives the impression of a "spine" running down 

the length of the vessel on either side (figure 36). In some arterioles, one or more spines 

also extend into the interstitium of the stratum muscularis. 

Summary 

To summarize the general morphology, the arterioles we studied in the cheek pouch 

are found in a specialized layer of connective tissue, the stratum vascularis, that lies 

between the skeletal muscle and the subcutaneous tissue. The connective tissue in this 

layer consists largely of collagen bundles, with scattered microfibrils and elaunin fibers, 

fibroblasts and mast cells. The collagen bundles lie parallel to the plane of the stratum 

vascularis. They are randomly oriented in the bulk interstitium, but form a roughly 

orthogonal network near arterioles. The network of collagen divides and extends over 

and under arterioles, and these branches are bounded by thin extensions of fibroblasts and 

fibrocytes called "veil cells." The veil cells form continuous, overlapping layers around 

the arteriole. The cell bodies of veil cells, together with mast cells, congregate on either 

side of the arteriole, between the layers of collagen going over and under the vessel. This 

gives the impression of "spines" running down either side of the arteriole. In the 

following section, we detail the arrangements of the cells and connective tissue within the 

capsule and the spines. 

Detailed Arrangements of the Interface 

Fibroblasts and Fibrocytes Envelop the Arteriole - ("Veil Cells") 

"Veil cells" always surround the arterioles in the stratum vascularis of the hamster 

cheek pouch, as earlier mentioned. They are arranged in multiple, overlapping layers 
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around the arterioles to fonn the capsule, and their cell bodies are generally found in the 

spines. 

Veil cells have previously been identified as fibroblasts (Rhodin, 1967). However, 

the veil cells in the hamster cheek pouch may be either fibroblasts or fibrocytes. 

Fibrocytes are quiescent fibroblasts, the major morphological difference being the loss of 

much of the rough endoplasmic reticulum normally associated with fibroblasts. In 

addition, fibrocytes have more pinocytotic vesicles than fibroblasts, particularly at points 

apposition with other cells. When fibroblasts and fibrocytes surround the same arteriole, 

the fibrocytes tend to lie closest to the vessel (figure 37). 

The Arteriole is Connected to the Veil Cells 

The innennost layer of veil cells is separated from the smooth muscle of the arteriole 

by a space averaging l.3J.1m. Single collagen fibrils cross this space and appear to bind 

the basement membrane of the arteriole (figure 38) to the veil cells (figure 39). The 

orientation of these collagen fibrils is highly variable, but they tend to be directed 

radially, across the space. The collagen in this space rarely forms bundles. Microfibrils 

are occasionally present in this space, but are associated primarily with the veil cell, not 

the smooth muscle cell (Figure 39). 

Veil Cells are Interconnected 

The distance between layers of veil cells is highly variable. Collagen fibers and 

sheets are found in these spaces (figure 40). The orientations of these bundles are highly 

variable, but in general fonn an orthogonal network, with some bundles oriented 

longitudinally, and others oriented perpendicularly. 
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Microfibrils are also present in these spaces, and often appear to "ensnare" the 

collagen bundles near the surfaces of veil cells (figure 40). Veil cells in approximately 

the same layer are directly connected to one another by microfibrils that appear to span 

the full distance between the two apposed cell membranes (Figure 40). Collagen fibrils 

and bundles also appear to arise directly from the cell membrane of veil cells, and are 

occasionally observed within invaginations of the veil cell membrane. 

Mast Cells 

One or more mast cells are found in each spine (figures 36 and 37). The mast cells 

are always separated from the smooth muscle of the arteriole by one or more veil cells, 

and are often in intimate contact with the veil cells (figure 41). This is in general 

agreement with the results of Greenberg and Burnstock (1983), who reported that mast 

cells form specialized contacts with fibroblasts in vivo and in vitro. It was also reported 

that mast cells and fibroblasts undergo "transgranulation," or the transfer of mast cell 

granules to the fibroblast at points of membrane apposition. We found no evidence of 

trans granulation between mast cells and veil cells in these preparations. 

Fibroblasts are Connected to Mast Cells 

The mast cells appear to have a punctate, thin basal lamina, with most regions being 

devoid of such (figure 42). Where a basal lamina is present, bundles of collagen and 

discrete collagen fibrils may insert onto the surface of the cell (figure 42). Microfibrils 

are present at many areas along the surface of a mast cell, in areas having or lacking a 

basal lamina. Microfibrils appear to be relatively abundant near mast cells, as compared 

to quantities observed near veil cells. The microfibrils appear to entangle collagen 

bundles, and to directly bind mast cells to neighboring veil cells (figure 42). Elaunin 

fibers are occasionally observed near mast cells. 
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Connections to the Bulk Interstitium 

CoHagen bundles arise from the outermost layer of veil cells and mast cells and 

extend into the bulk interstitium of the stratum vasularis. Collagen fibrils are arranged in 

flat bands along the surfaces of veil cells. They appear to "curl" upon themselves to form 

collagen fibers that extend into the interstitium (figure 43). The thick and apparently 

orthogonal network of collagen bundles becomes thinner and less organized as distance 

from the arteriole increases. Spines are sometimes found along the external of the 

arteriole (i.e., facing the stratum muscularis), but not along the subcutaneous aspect. 

Sympathetic Nerves 

Sympathetic nerves accompany most arterioles in these preparations. Their 

connective tissue and cellular coats are intimately associated with the connective tissue 

and cells of the arteriole, and are described here for their possible mechanical roles. 

The sympathetic nerve axons parallel arterioles, and are wrapped in Schwann cells 

with abundant mitochondria and a basal lamina (figure 44). The Schwann cells are 

surrounded by bundles of collagen that run parallel to the axons (longitudinal to the 

vessel). These bundles come into intimate contact with the basal laminae of the Schwann 

cells. 

The entire construct ofaxons, Schwann cells and collagen bundles is typically 

surrounded by a layer of thin, poorly staining mesenchymal cells that form a tubular 

sheath (figures 44 and 45). These cells average 75 nm thick, with occasional cytoplasmic 

processes extending in, toward the nerve, and out, toward the interstitium. There are 

hints of dense bodies and microfilaments in the cytoplasm, though they are difficult to 

discern. These cells are highly vacuolated, with abundant pinocytotic vesicles on both 



surfaces of the cell. A thin basal lamina is also apparent on both surfaces of the cell. 

Based on these data, we believe these cells to be specialized mesenchymal cells or 

myofibroblasts (an intermediate form between a fibroblast and a contractile smooth 

muscle cell). 
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Collagen fibers insert into the basal lamina on the outer surface of these cells, 

apparently connecting them to the interstitial connective tissue. Collagen also inserts into 

the basal lamina on the inner surface of these cells, as does a prominent network of 

microfibrils (figure 45). The microfibrils appear to be localized to the interface between 

the collagen bundles and the basal lamina, and not to the "core" of the bundles or the 

basal lamina of the Schwann cell. 

Another interesting aspect of the sympathetic nerve bundles and their and connective 

tissue coat is that they are most often found in intimate association with the mast cells in 

the spines (figure 44). The sympathetic nerve bundle generally lies outside the coat of 

veil cells and mast cells, and the putative myofibroblast surrounding the nerve may come 

into direct contact with the mast cell. This arrangement is reminiscent of associations 

between veil cells and mast cells described above, and lends additional support to the idea 

that the cell surrounding a sympathetic nerve is indeed a type of fibroblast. 
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Discussion of Morphological Results 

We propose a general model of the arrangement of the interstitial connective tissue 

and cells surrounding arterioles in the hamster cheek pouch, as illustrated in figure 29. 

The stratum vascularis increases in thickness near an arteriole and envelops the vessel. 

This gives the appearance of a spine running down either side of the vessel. The spines 

are formed from lateral extensions of the veil cells and collagen that encapsulate the 

vessel. Also within the spines are found mast cells, sympathetic nerves, an orthogonal 

network of collagen fibers and the cell bodies of fibroblasts and fibrocytes. The bulk 

interstitium, on the other hand, consists primarily of bundles of randomly oriented 

collagen fibers and sparse fibroblasts. 

The interactions between the various components of the connective tissue in this 

system are complex. The smooth muscle cells in the wall of the arteriole are connected to 

the innermost layer of veil cells by single collagen fibrils embedded in an amorphous 

"ground substance." This first layer of veil cells typically consists of fibrocytes, while 

the outer layers tend to consist of fibroblasts. The veil cells form multiple, overlapping 

layers separated by sheets of collagen fibrils. 

The collagen fibers are found in close apposition to veil cells, and are presumed to be 

attached. The collagen fibers are slightly wavy. They eventually leave the arteriole 

through or along the spines, and join the matrix of the bulk interstitium. A few collagen 

fibers leave the stratum vascularis and enter the adjacent subcutaneous tissue and stratum 

muscularis. 
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Mast cells are separated from the arteriole by veil cells. The mast cells fonn junctions 

with veil cells, and appear to be bound into the matrix of collagen fibers by microfibrils. 

Small non-myelinated nerves, presumably sympathetics, accompany almost all arterioles. 

The nerves are surrounded by a dense bundle of collagen and a mesenchymal cell, and are 

usually associated with the mast cells. 

Heterogeneity 

When we measure the elastic properties of the interstitium near the wall of an 

arteriole, we are actually measuring them in the region of the spines. The spines are 

thicker than the bulk interstitium, and are filled with mast and veil cells. The mechanical 

properties of mast cells and fibroblasts are unknown, but these cells, which are composed 

mostly of water, will behave as a relatively incompressible medium between the collagen 

fibers. These data support the hypothesis that heterogeneity in composition leads to the 

heterogeneity in the elastic properties of the interstitium. 

The thickness of the cheek pouch stratum vascularis increases near arterioles (figure 

29). In a similar arrangement, the thickness of the interstitium in the mesentery increases 

where it envelops arterioles (Barber et al., 1987). This may also help explain the 

heterogeneity in elastic properties. Microspheres that are injected near the arteriole may 

be more completely enveloped in the stratum vascularis than those injected into the bulk 

interstitium. One would expect the measured stiffness to be higher where the 

microsphere is better enmeshed. 



Figure 29 - Schematic diagram of the interstitium surrounding arterioles. 

On the left is a rendering of the true appearance of the interstitium. On the 

right is a schematic diagram illustrating the typical arrangements and 

relationships among the components. 
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The composition of the stiff longitudinal bands of connective tissue is unclear. It is 

possible, yet unlikely, that these bands are actually nerve bundles with especially thick 

coats of collagen (figure 44). Unlike nerves, the bands appear to originate and terminate 

in the general connective tissue matrix of the cheek pouch. Furthennore, nerves 

accompany almost all arterioles in the cheek pouch, while bands accompanied only a 

fraction of vessels studied. 

The Origin of Mechanical Interactions 

There are no direct connections of the connective tissue matrix of the interstitium to 

the walls of arterioles. Rather, the interstitial connective tissue arises from fibroblasts 

and fibrocytes that surround arterioles (veil cells). Therefore, the origin and degree of 

mechanical coupling between arterioles and the interstitium depend on three factors: (a) 

how well the arteriole is coupled to the veil cells, (b) how well the veil cells are coupled 

to the interstitium, and (c) the behavior of the interstitium during dilation and 

constriction. 

It is difficult to judge how well coupled the arteriole is to the veil cells. Single 

collagen fibrils cross the space between the veil cell and the basement membrane of the 

smooth muscle cell. An amorphous ground substance is also present, which may consist 

of glycosaminoglycans and/or proteoglycans. We may not immediately discount the 

mechanical significance of the ground substance. For example, heparan and chondroitin 

sulfate may playa role in stabilizing interactions between fibronectin and collagen 

(Hedman et al., 1982; Ruoslahti et al., 1985). Versican, a compression-resistant 
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proteoglycan is synthesized by smooth muscle cells and fibroblasts, and is localized to 

regions devoid of collagen fibers. Indeed, the interactions between the components of the 

extracellular matrix may make the coupling between the arteriole and the veil cells very 

significant. Alternatively, the space between the arteriole and the veil cells might be 

easily expanded during constriction. 

The collagen fibers of the bulk interstitium appear to be well attached to the veil cells 

surrounding arterioles. Collagen fibrils leave the surface of veil cells to form the collagen 

fibers of the interstitium. The collagen fibrils are in intimate contact with the veil cells, 

and it seems reasonable to assume that the veil cells (as fibroblasts) actively synthesize 

the collagen that forms the fibers. Indeed, the outermost layers of veil cells tend to be 

synthetic fibroblasts, rather than fibrocytes. 

The collagen fibers appear wavy once they leave the veil cells. This suggests that the 

collagen fibers are not under tension, and will not support significant stress. It follows 

that whereas the interstitium is well connected to the veil cells, it may not be well 

coupled. Furthermore, the collagen fibers near arterioles appear to form a roughly 

orthogonal network. It follows that the interstitium surrounding arterioles will provide 

longitudinal and lateral support to the arterioles, but only when stretched, not at rest. 

The collagen fibers in the bulk interstitium of the stratum vascularis are densely 

packed. The space available for the fibers to be pressed together is comparatively small. 

This observation supports the hypothesis that the interstitium behaves as an 

incompressible medium during dilation of an arteriole. On the other hand, we did not 

observe any links between the collagen fibers. If the fibers are not bound together, it is 

likely that the network would be easily expanded during constriction of an arteriole. 

Interstitial fluid would move through the matrix to fill the space. Alternatively, fluid may 



move into the space between the arteriole and the flrst layer of veil cells. Both 

possibilities support the hypothesis that the interstitium behaves as a compressible 

medium during constriction. 

Other Observations 

Implications for Maintenance, Repair and Disease 
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The types of cells present in the interstitium around arterioles, and their 

interrelationships, support the concept that they are involved in maintenance of the 

interstitium and repair of the vessel. As indicated above, the collagen flbers of the 

interstitium near arterioles appear to be synthesized by veil cells. The veil cells are 

arranged with the flbroblasts exterior to the flbrocytes, when both are present. Mast cells 

are exterior to both of these cells, and mast cells are known to stimulate fibroblasts with 

heparin to synthesize collagen (Claman, 1990). Therefore it is not surprising that the veil 

cells nearest the mast cells would tend to be synthetic flbroblasts rather than quiescent 

flbrocytes. It is also thought that when mast cells transfer granules to fibroblasts 

(Greenburg and Burnstock, 1983), that the flbroblasts can secrete an active collagenase 

(Miyoshi et ai, 1990). We therefore suggest that an interplay between the mast cells and 

the veil cells is responsible for the formation and maintenance of the interstitium 

surrounding arterioles. 

Besides being regulated by mast cells, flbroblasts may also auto-regulate their 

collagen synthesis according to the mechanical state of the tissue. For example, cardiac 

flbroblasts will increase the proportion of collagen type III to collagen type I that they 

synthesize in response to cyclical stretching in vitro (Carver et ai., 1991). It is reasonable 



to suggest that veil cells might similarly alter their synthesis of collagen in response to 

stretching by the arteriole, or the cheek pouch itself being stretched as it is filled or 

emptied of food. 

The extravascular cells may also be involved in the repair of wounded arterioles. 
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Macrophages recruited to a wounded area secrete a family of molecules called fibroblast 

activating factors (FAPs) and fibroblast growth factors (FGFs) that stimulate the 

proliferation of fibroblasts and endothelial cells (Wong and Wahl, 1990) and also secrete 

interleukins 3 and 4 that induce degranulation in mast cells (Claman, 1990). Mast cells 

(Marks et al., 1986) and myofibroblasts (Sato et al., 1987) also stimulate the migration 

and proliferation of microvascular endothelial cells. Mast cells also stimulate fibroblasts 

to deposit new extracellular matrix (see above), which is a necessary step in wound repair 

(Wong and Wahl, 1990). If the smooth muscle of the arteriole is damaged, fibroblasts 

can be recruited from the interstitium and eventually differentiate into myofibroblasts and 

smooth muscle (Jones, 1992). Thus all the necessary players are present near arterioles 

for wound repair. 

The close association between these extravascular cells and arterioles may also 

explain some pathologic conditions, in particular vascular abnormalities associated with 

scleroderma. The basic feature of scleroderma is the overproduction of collagen, but 

vascular abnormalities, such as Raynaud's phenomenon, intimal fibrosis and abnormal 

capillary loops, are also present. It is thought that this disease may be the result of over

stimulation of fibroblasts by mast cells (Claman, 1990). If this is true, the close 

association of mast cells with the fibroblastic veil cells may help explain the vascular 

abnormalities associated with this disease. 
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Mast Cells and Nerves 

Another interesting observation is the close association between mast cells and non

myelinated, presumably sympathetic nerves near arterioles. The association of mast cells 

near sympathetic nerves is not a new observation. Olsson (1971) reported mast cells 

associated with the autonomic nervous system at all levels of organization. In addition, 

mast cells are chemotactic for, and form contacts with sympathetic neurons in vitro 

(Blennerhassett et al., 1991). 

The observation of mast cells, sympathetic nerves and arterioles in such proximity 

raises the question of how mast cells might modify the response of arterioles to 

neurotransmitters. In a recent study, Doyle and Duling (1993) demonstrated that 

adenosine, normally a potent vasodilator, can induce constriction of arterioles from the 

hamster cheek pouch at low doses. This effect is thought to be mediated by the mast cells 

surrounding these arterioles (Doyle and Duling, 1993) - the same mast cells found in the 

spines in this study. Indeed, the release of histamine from peritoneal mast cells is 

stimulated by a number of neurotransmitters (Shanahan et al., 1985). It is reasonable to 

suppose that mast cells, and perhaps even veil cells, playa role in modifying or mediating 

the microvascular response to sympathetic stimulation. 



Micrographs 

All magnifications are listed as the final magnifications on the page. 

Figure 30 - Orcein-stained section of the hamster cheek pouch. The 

stratum vascularis (sv) is located between the subcutaneous tissue (sc) and 

the stratum muscularis (sm). The arteriole is 52j.lm in diameter. A, 

arteriole; E, epidennis; D, dennis; V, venule. 430X 
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Figure 31 w Scanning electron micrograph of a cryofractured check pouch 

specimen showing the stratum vascularis and an arteriole (a) situated 

between the areolar subcutaneous tissue (C) and the skeletal muscle (M). 

510X 
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Figure 32 ~ Branched fibroblast, collagen and microfibrils in the 

subcutaneous tissue. The fibroblast occasionally enfolds collagen fibrils 

(asterisks). Ilnm microfibrils are also present, and occasionally show a 

banding of 17nm periodicity (arrow). C: collagen fiber. 93,OOOX. 
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Figure 33 - Cross-section of the wall of an arteriole from the hamster 

cheek pouch. The endothelial cells and smooth muscle cells display an 

abundance of stress fibers (asterisks). Dense bodies and a prominent basal 

lamina are seen along the external and lateral membranes of the smooth 

muscle cell (arrows). Just outside the smooth muscle is a layer of collagen 

fibrils (cO and a thin fibroblast (F) known as a "veil cell." Lu, lumen; Nu, 

nuclei of the endothelial and smooth muscle cells, E, endothelium; SM, 

smooth muscle; IEL, internal elastic lamina. 26,500X. 
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Figure 34 - Orcein stained section of the cheek pouch contrast enhanced 

with Ilford filters to highlight elastin. The only clear presence of elastin is 

in the internal elastic lamina of the arteriole (arrows). Same section as in 

figure 30. 430X 
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Figure 35 - The bulk interstitium of the stratum vascularis. C, collagen 

fibers; F and arrows, fibroblast; mf, microfibrils. 16,500X 
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Figure 36 - TEM showing a small arteriole (A) and its two spines 

(asterisk). sc, subcutaneous tissue; m, muscle cell. 2700X 
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Figure 37 - TEM of the spine of an arteriole. Lu, lumen; fc, fibrocyte; fb, 

fibroblast; M, mast cell; N, nerve; SM, smooth muscle; arrows, veil cell 

processes. IO,OOOX 
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Figure 38 - Grazing section of a smooth muscle cell. Note the prominent 

basal lamina (bl) and pinocytotic vesicles (pc). Collagen fibrils insert into 

the basement membrane (arrows). asterisk, ground substance. 74,OOOX 
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Figure 39 - Collagen fibrils in the space between the smooth muscle and 

the first layer of veil cells. Arrows, collagen fibrils; SM, smooth muscle; 

V, veil cell; mf, microfibrils. 58,OOOX 
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Figure 40 - Veil cells joined by microfibrils. Bands of collagen fibrils (C) 

can be seen on either side of this layer of veil cells. Microfibrils (arrows) 

appear to join adjacent cells. 74,OOOX 
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Figure 41 - Contact between a mast cell and veil cell. The membranes of a 

mast cell and veil cell come into close apposition (arrows). G, mast cell 

granules; Nu, veil cell nucleus; M, mast cell mitochondrion. 93,OOOX 
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Figure 42 - Mast cell with microfibrils and basal lamina. Microfibrils (mf) 

are found between a mast cell (M) and a veil cell (V). In some areas the 

mast cell appears to have a basal lamina (arrows). 58,OOOX 
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Figure 43 - Sheet of collagen fibrils on a veil cell. Notice that the collagen 

fibrils begin as a wavy "sheet" (S) which then curls into a collagen fiber 

(F) as it leaves the veil cell. 20,000X 
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Figure 44 - Cross section of non-myelinated nerve. The axons (a) are 

surrounded by a Schwann cell (s) and a large bundle of collagen fibrils 

(C). The assemblage is wrapped by a mesenchymal cell (me). Notice the 

close association with a mast cell (M). 26,500X 
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Figure 45 - Grazing section of non-myelinated nerve. The collagen bundle 

(C) is frequently separated from the mesenchymal cell (mc) by 

microfibrils (mf). Notice the basal lamina on the mesenchymal cell 

(arrows). 16,500X 
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SYNTHESIS 

From our mechanical and morphological observations we may infer the final 

physiological expression of mechanical coupling between arterioles and the interstitium. 

The most significant of these observations, and their implications for the mechanics of 

the arteriole, are summarized in table 9. The objective of this chapter is to consider how 

the physiological behavior of arterioles might be modified within the environment of the 

interstitium considering these observations. 

The Interstitium and the Length-Tension 
Relationship 

The first major implication listed in table 9 is that the physical connections between 

arterioles and the interstitium may lead to changes in the effective wall stress of the 

vessel. In other words, if an arteriole constricts, the interstitium will be stretched and will 

tend to hold the vessel open. Conversely, if the arteriole dilates, the interstitium will be 

compressed and tend to hold the vessel closed. We can examine these interactions in 

greater detail by considering their effects on the length-tension relationship of an 

arteriole. 

The length-tension relationship describes the mechanical tension or stress in the 

vessel wall over a range of vascular smooth muscle lengths (or diameters). This 

relationship is generally described as consisting of three parts: a passive tension curve, a 

total tension curve and a derived active tension curve (figure 46). 



Observations 

Arterioles pull on the interstitium with a 
measurable force during constriction, and push 
on the interstitium during dilation. 

The forces measured in the interstitium are 
partially maintained during a sustained change 
in the diameter of an arteriole. 

Arterioles are connected via collagen fibrils to 
surrounding fibroblasts that are in turn 
connected to the collagen fibers of the 
interstitium 

The forces measured in the interstitium 
partially decay during a sustained change in the 
diameter of the an arteriole. 

Extracellular fluid moves through the 
interstitium in response to arterioles changing 
diameter. 

Arterioles appear better coupled to the 
interstitium during dilation than during 
constriction. 

The connective tissue surrounding arterioles is 
densely packed, but not well interconnected. 

The interstitium near the wall of an arteriole is 
more mechanically stiff than that further away. 

The interstitium near the wall of an arteriole 
has an abundance of connective tissue cells 
surrounded by collagen fibrils and fibers. 

The collagen fibers of the interstitium do not 
appear to be under stress. 

The collagen fibers near arterioles appear to 
form a roughly orthogonal network. 
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Implication 

Interstitial connective tissue is 
physically connected to arterioles 
and may modify the effective wall 
stress. 

The interstitium behaves as a 
relatively incompressible 
medium when arterioles dilate, 
and as a compressible medium 
when arterioles constrict. 

The connective tissue near the 
arteriole is specialized to the 
mechanical needs of the vessel. 

The interstitium surrounding 
arterioles will provide 
longitudinal and lateral support 
to the vessels only when 
stretched. 

Table 9 - The major observations of this study, and their implications. 
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The passive curve describes the relationship between the wall tension and the 

circumferential length of the arteriole when the smooth muscle is completely relaxed, and 

the arteriole is behaving as a passive elastic tube. The active curve describes the 

relationship between the maximum isometric tension that can be actively generated by 

the smooth muscle in the wall at each given length when maximally activated. The active 

curve is experimentally determined by subtracting the measured passive curve from the 

measured total tension curve. Lo is the length at which the arteriole can generate the most 

isometric active tension. Li is the in situ length that is thought to lie well below Lo in this 

tissue (Davis and Gore, 1989). 

I 
L· 1 

Total 

Figure 46 - The length-tension relationship for an arteriole (conceptual). 

Li is the resting, in situ length (diameter) of the arteriole. Lo is the length 

at which the arteriole develops maximum isometric tension. 
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The arteriole forms a "tunnel" through the interstitium. Therefore, we can draw a 

length-tension curve (passive) for the interstitium alone, as shown in figure 47. Assume 

that the interstitium is unstressed at the in situ resting length of the vessel, Li. As the 

length increases, corresponding to a dilation of the arteriole, tension in the interstitium 

increases. As the length decreases, corresponding to a constriction of the arteriole, 

tension in the interstitium increases negatively (indicated by the curve dropping below 

baseline). Negative tension will tend to pull the arteriole open, while positive tension 

will force the arteriole closed. In other words, the interstitium provides "restoring forces" 

to return the arteriole toward its resting diameter. 

Figure 47 - The length-tension relationship for the interstitium 

(conceptual). We assume the stress to be zero at Li. Tension increases in 

the interstitium to oppose dilation and constriction. 



When an arteriole is in its total connective tissue environment, the length-tension 

curve of the interstitium will be superimposed upon the length-tension curve of the 

arteriole. This will change the apparent length-tension relationship of the arteriole as 

indicated in figure 48. Two features are evident. First, the overall length-tension 

relationship for the total system is steeper, meaning that the arteriole in vivo should 
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appear less compliant. Second, the curve crosses baseline where the restoring force in the 

interstitium is balanced against the active tension of the smooth muscle. This point is the 

I 
L· 1 

Figure 48 - The effect of the interstitium on the apparent length-tension 

relationship of an arteriole (conceptual). The arteriole can constrict no 

smaller than the point where the active tension developed by the arteriole 

is balanced by tension in the interstitium (arrowhead). The overall 

relationship is steeper. 
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smallest length (diameter) that can be attained by constriction of the arteriole. Below this 

length, the restoring force in the interstitium is greater than the contractile force of the 

smooth muscle, and the arteriole will be pulled open until the two are equal. 

Isolated 

L· 1 

Figure 49 - Comparison of the apparent length-tension relationships of 

arterioles in situ in interstitium, and arterioles isolated from the 

interstitium (conceptual). 

To make this analysis more accurate, it is important to consider the second major 

implica~on listed in table 9 - that the interstitium is a relatively incompressible medium 

when arterioles dilate, and a fairly compressible medium when arterioles constrict. Thus, 

arterioles behave as though they are better coupled to the interstitium during dilation than 
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during constriction. It follows that the effect on the apparent length-tension curve will be 

less during constriction than during dilation. This will result in the length-tension curve 

in figure 49, shown in comparison to the curve for the arteriole alone. Note that the 

smallest length that can be attained by constriction of the arteriole is only slightly 

different from that of the isolated arteriole, while the overall compliance of the vessel is 

reduced, particularly at lengths above Li. 

Physiological Implications 

What physiological purpose could these restoring forces serve that are caused by the 

interstitium? Three possibilities are apparent. First, the interstitium may aid the arteriole 

in closing or opening after dilation or constriction, respectively. However, the arteriole 

has its own restoring forces to accomplish this. The passive elasticity of the wall and the 

active contraction of smooth muscle can constrict the vessel after dilation. Intraluminal 

pressure, intimal folds (Green smith and Duling, 1984) and "internal loads" in the smooth 

muscle cells (Warshaw et ai., 1989) will all help the arteriole to dilate after constriction. 

Second, the interstitium may help prevent the "overshortening" in arterioles in vitro 

described by Davis and Gore (1989). The term "overshortening" was used to describe the 

observation that "many vessels completely constricted during the activation procedure so 

that extremely high internal pressures (>400cmH20) were subsequently required to open 

them." (Davis and Gore, 1989). These arterioles were dissected from the hamster cheek 

pouch, and most of the interstitial connective tissue was removed. If the interstitium 

provides a sufficient restoring force to limit the constriction of arterioles (as in figure 48), 

then this may prevent overshortening. Furthermore, it has been shown that the position 

of an arteriole on its length tension curve will help determine its reactivity to an agonist 



(Gore, 1972). However, arterioles are not well coupled to the interstitium during 

constriction. Thus its role in preventing overshortening is doubtful. 

Finally, the interstitium may provide the wall of the arteriole with added strength. 
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The apparent compliance of the arteriole above its in situ diameter will be reduced, and 

its apparent tensile strength increased. This is in general agreement with the results of 

Fung (1966), who predicted that as much as 50% of the rigidity of arterioles in mesentery 

may be determined by the surrounding tissue, and of Gaehtgens (1971) who suggested 

"that the shape of the distensibility curves is strongly influenced by an interaction 

between the elements of the vessel wall and the extravascular fibrous structures whose 

influence should be larger the smaller the vessel under study." However, this seems 

physiologically unnecessary, as arterioles in the cheek pouch appear to operate on the 

ascending limb of their active curve, sometimes at as little as 10% of their maximal active 

tension (Davis and Gore, 1989). Thus the arteriole can actively and passively support 

stresses far above "normal" without the aid of the interstitium 

Therefore, only one of these three explanations appears to f'lll a physiological niche, 

and none of them are in good agreement with both the available literature and our data. 

An alternative explanation for the existence of these restoring forces is that they are a 

non-physiological consequence of the interstitium fulfIlling another purpose. Namely, 

the interstitium may protect arterioles during extension and deformation of the tissue by 

external forces. 
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Protecting Arterioles from Tissue Deformation 

The final two implications listed in table 9 suggest that the interstitium may playa 

role apart from the creation of restoring forces. Not only is the connective tissue near the 

arteriole specialized, but it will apparently provide longitudinal and lateral support to the 

vessel only when stretched. This conclusion was drawn from two observations: that the 

collagen fibers near the arteriole form a roughly orthogonal network, and that these fibers 

are wavy, suggesting that they are unloaded at unstressed lengths in situ. These fibers, 

though tightly packed, would support longitudinal or perpendicular stress only when 

pulled taut This suggests that the collagen fibers may protect the arteriole from 

longitudinal and perpendicular stretching of the tissue, perhaps as the pouch is fJlled or 

emptied of food. 

This hypothesis is further supported by the observation that the arteriole is not well 

coupled to the interstitium during constriction. The constriction of an arteriole in the 

interstitium is mechanically similar to stretching and expanding the interstitium around 

the arteriole. It follows that because the arteriole is not well coupled to the interstitium 

during constriction, it will be somewhat mechanically independent of the interstitium 

when the tissue is stretched. Therefore, the perpendicular fibers of the interstitium can 

stretch, be pulled taut and support the stress from deformation of the cheek pouch while 

the arteriole is free to constrict and regulate blood flow. 

The longitudinal fibers of the interstitium may protect the arteriole from 

overextension along its length. For example, capillaries in the rat extensor digitorum 

longus muscle will stretch longitudinally as the muscle is extended (Ellis et al., 1990). It 

is not known if arterioles in muscle or other tissues will similarly stretch along their 



longitudinal axes as the tissue is extended. However, the presence of densely packed, 

longitudinally oriented collagen fibers in the interstitium near arterioles in the cheek 

pouch suggests that these vessels are designed to stretch only to a limited degree - a 

degree determined by the "waviness" of the collagen fibers in the interstitium. 
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The bands of connective tissue observed in this study may also play an important role 

in longitudinal support. It is not known whether these bands are large connective tissue 

coats of nerves or an independent structure. However, their mechanical stiffness is quite 

high, and their potential role in the mechanics of the interstitium cannot be dismissed. 

A Model of Mechanical Interactions Between 
Arterioles and the Interstitium 

In summary, we hypothesize that the interstitium surrounding arterioles in the 

hamster cheek pouch forms a support system that protects the vessels from gross 

deformation of the tissue while allowing them to constrict independent of the mechanical 

state of the pouch. While the interstitium may decrease the apparent compliance of the 

arteriolar wall and limit slightly the constriction of the arteriole, we believe that these are 

secondary (though perhaps useful) effects of a physiological role of the interstitium in 

protecting these vessels from tissue deformation. There are two essential components in 

this model system. 

(1) A dense, expandable network of unstressed collagen fibers oriented 

longitudinal and perpendicular to the arteriole within the plane of the 

stratum vascularis. 
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(2) Easily extensible connections between the arteriole and the surrounding 

network of collagen fibers. 

Note that we have not specified the location or nature of the compliant connections 

between the arteriole and the interstitium. Evidence from this study suggests that the 

poor coupling results from either (a) a highly compressible interstitium that is not directly 

attached to the arteriole, (b) an easily deformed space between the arteriole and the veil 

cells, or (c) both. This model makes several predictions that can be experimentally tested 

in vivo and in vitro. 

Experimentally Testable Predictions of the Model 

Effects on the Interstitium In Vivo 

(1) The collagen fibers of the interstitium will straighten as the cheek pouch is 

stretched over a physiological range. 

(2) The stiffness of the interstitium will increase as the cheek pouch is stretched and 

the collagen fibers straighten. This measurement can be accomplished 

experimentally by performing creep experiments in the interstitium under 

stretched and unstretched conditions. 

(3) The volume fraction of collagen in the interstitium near arterioles will 

decrease as the cheek pouch is stretched, and increase when the arteriole is 

dilated. 



(4) If the extensible connections between the arteriole and the interstitium are 

located in the space between the vessel wall and the veil cells, this space will 

greatly increase as the arteriole constricts. 

Effects on the Arteriole In Vivo 
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(5) Stretching the cheek pouch will have little or no effect on the diameter of the 

arteriole. The minimum diameter attained during constriction may be slightly 

increased. 

(6) The apparent compliance of the arteriole above its resting diameter will 

increase as the cheek pouch is stretched. 

(7) Breaking the connections between the arteriole and the interstitium will have 

little or no effect on the diameter, response or length-tension relationship of 

the arteriole. This might be accomplished experimentally by limited in situ 

collagenase digestion or the application of blockers or competitors for 

extracellular matrix receptors on smooth muscle. 

Comparative Behavior of the Arteriole In Vivo and In Vitro 

(8) There may be a small difference between in vivo and in vitro in the minimum 

diameter attained by the arteriole during constriction (in the absence of 

overconstriction). 

(9) The in vitro compliance of the arteriole at diameters above resting will be 

increased relative to the vessel in vivo. 
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Lessons for Future Experimentation 

The model presented above provides direction for future experiments on mechanical 

interactions between arterioles and the interstitium. However, through the course of this 

"ground-breaking" investigation, we have stumbled into numerous experimental pitfalls 

that can be avoided in future studies. Some we have already mentioned: difficulties in 

injecting microspheres, Z-axis motion of the interstitium, and others. Two problems earn 

particular attention - the question of the exact location of the microsphere, and the 

technique for calibrating the MFT. 

In this investigation the mechanics studies were conducted separately from the 

morphological studies. In future investigations the preparation should be fixed for 

electron microscopy after each mechanical experiment. In this way, paired results will be 

obtained for the mechanics and morphological studies, and the exact location of each 

microsphere, can be determined. This is particularly important given the extreme 

heterogeneity in the structure and composition of the interstitium near arterioles. 

The final calibration factor for each experimental microsphere was adjusted for the 

volume of the microsphere (see page 58). Ideally, the experimental microspheres would 

be calibrated directly. It may be possible to remove the microsphere from the interstitium 

at the end of the experiment by microdissection and chemical digestion. The microsphere 

could then be adhered to a micropipette and calibrated, as usual (see page 40). We have 

not attempted this technique, and it is certain to be difficult and frequently unsuccessful. 

Furthermore, the increase in accuracy gained by this technique may not be experimentally 

significant. 
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CONCLUSIONS 

We directly tested three hypotheses of mechanical interactions between arterioles and 

the interstitium. First, our data support the hypothesis that arterioles are mechanically 

coupled to the interstitium. The coupling appears to be mediated through both direct 

connections and the viscous drag of fluid moving through the fibrous network of the 

interstitium. The arteriole appears to be better coupled to the interstitium during dilation 

than during constriction. 

Our data also support the hypothesis that the interstitium surrounding arterioles is 

mechanically heterogeneous. The interstitium does not behave as a mechanical 

continuum at the scale of a single arteriole. Rather, the stiffness of the interstitium varies 

depending on the distance from the arteriole and other structures. The stiffness of the 

interstitium does not vary significantly with the direction of measurement. 

Finally, our data support the hypothesis that the mechanical coupling of arterioles 

to the interstitium, and the mechanical properties of the interstitium, are explained 

by the structure of the connective tissue matrix. The smooth muscle in the wall of the 

arteriole is connected via collagen fibrils to adjacent veil cells (fibroblasts and 

fibrocytes), which are in turn connected to the collagen fibers of the interstitium. 

Furthermore, the presence of fibroblasts, fibrocytes and mast cells near arterioles may be 

sufficient to explain the increase in stiffness of the interstitium near the vessel wall. The 

mesh of collagen fibers is packed tightly, so that the network may be difficult to 

compress during vessel dilation, but may be easily expanded during constriction. These 
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data may explain the difference in the coupling of the arteriole to the interstitium between 

dilation and constriction. 

The final hypothesis put forth at the beginning of this study was that the behavior of 

arterioles is altered by mechanical interactions with the interstitium. We did not directly 

test this hypothesis, but we have put forth a model that suggests that the interstitium may 

decrease the apparent compliance of the arteriolar wall and limit slightly the constriction 

of the arteriole. However, we believe that these are secondary effects of a physiological 

role of the interstitium in protecting arterioles from gross deformation of the tissue and 

allowing the vessels to function independent of the mechanical state of the pouch. This 

model makes a number of experimentally testable predictions that will allow future 

studies to answer the question, "How is the physiological behavior of the arteriole altered 

by the presence of the interstitium?" 
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APPENDIX A 

THE MAGNETIC FORCE TRANSDUCER (MFn 

In this appendix we detail the theory, construction and capabilities of the micro-force 

transducer used in these studies. The basic function of the transducer was illustrated in 

figure 6, shown here again as figure AI. A magnetic microsphere is attached to the 

specimen being studied and is carefully centered between two electromagnets (for 

simplicity, only one electromagnet is shown in figure AI). Microscopy and edge 

detection are used to monitor small movements of the microsphere as the specimen exerts 

a force upon it (figure AlA). An automatic control system adjusts the current through the 

electromagnets to keep the microsphere stationary (figure AlB). The force required to 

hold the microsphere stationary is equal to the force exerted on the microsphere by the 

tissue. Thus, force is measured in terms of the current through the electromagnets. 

Furthermore, the transducer is isometric at steady-state to the limit that displacement of 

the microsphere can be resolved. 

CURRENT AND FORCE 

A magnetic particle in a magnetic field experiences a directional force. Specifically, 

the particle is induced to become magnetic in proportion to the strength of the 

surrounding magnetic field, and then migrates in the direction of increasing magnetic 
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field strength. The force acting upon the particle is thus proportional to both the strength 

and the gradient of the surrounding magnetic field. 

® 

Figure AI: lllustration of the function of the transducer. The specimen, 

shown as a spring, exerts a force, Fs, upon the microsphere. The resulting 

motion of the microsphere is detected using light microscopy and edge 

detection (A). The current through an electromagnet is adjusted to exert 

an equal and opposite force, Fm, to the microsphere to hold it stationary 

(B). Force is measured in terms of the current through the electromagnet. 

Explicitly, the force exerted on a particle of volume V and magnetic susceptibility X 

by a magnetic field of strength H and gradient VH is given by 

Fm=VHXVH (AI). 

Susceptibilit'j is a material property that describes the degree of magnetization 

attained per unit field strength. Susceptibility is dependent upon the composition of the 

microsphere. Thus, it is possible to determine the force acting on a magnetic microsphere 

if the size and composition of the microsphere, and the characteristics of the surrounding 

magnetic field are known. This relationship has been exploited previously to make in 



vivo measurements of cytoplasmic yield stress and apparent viscosity in Physarum 

po/ycepha/um protoplasm (Sato et aI., 1983). 
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The instrument we describe automatically adjusts the currents through two 

electromagnets to hold a microsphere stationary when an external force is applied to the 

microsphere. Thus, we measure the force acting on the microsphere in terms of the 

magnetic field and gradient necessary to resist the motion that results from this force. 

The strength and gradient of the magnetic field are both linearly proportional to the 

current through the electromagnet coils. Because the force is proportional to the product 

offield strength and field gradient (Eq. AI), there is a quadratic relationship between 

electromagnet current and force. Thus, the interaction between the electromagnets and 

the microsphere is a non-linear gain element which, when placed in the feedback loop of 

the control system, will cause oscillations. Furthermore, non-linear calibration curves are 

inconvenient for the analysis of most data. 

To circumvent these problems, the currents through both electromagnets are varied 

(figure A2a) to hold the magnetic field strength at the microsphere constant, while the 

gradient varies (figure A2b). In this way, the force acting on the microsphere is made to 

be a linear function of electromagnet current. 

DESIGN CONSIDERATIONS 

Figure A3 shows the overall design of the transducer system, and its relationship to 

the microscope and external components. The transducer shown here utilizes two 

electromagnets, and can therefore only make measurements of force along the axis of the 

pole faces. 



Figure 2: Control of electromagnet coil current to achieve "constant field" 

operation. (a, top) Current through the two electromagnets is adjusted by 

a control voltage, which is proportional to applied force. At zero force 

(control voltage = 0) the currents through the electromagnets are equal. 

As force is varied (control voltage <>0), the current through one 

electromagnet is increased linearly as the current through the opposed 

electromagnet is decreased. By adjusting the current this way, the strength 

of the magnetic field midway between the pole faces is held constant, 

while the gradient of the magnetic field varies. H·VH, and therefore force, 

becomes a linear function of net current (b, bottom). 

164 



165 

Control Voltage (V) 

2000 

1500 -en 
~ 1000 c: 
::J 

~ 500 
~ ..-:c 0 
~ 

ctS - -500 
:r: 
l> 

-1000 • :r: 
-1500 

-2000 
-1000 -500 a 500 1000 

Net Current (A) 



VIDEO 
CAMERA 

c 
o 
M 
P 
o 
S 
I 

~""--
V 
I 
o 
E 
o 

VERTICAL 
SYNC 

STRIPPER 

INTEGRATOR 

SAMPLE 
& 

HOLD 

RATIO 
AMPLIFIER 

GAIN 
CONTROL 

166 

RATE 
COMPENSATOR 

Figure A3: Block diagram showing the components of the transducer and 

their relationship to the microscope and video equipment. 
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Microspheres 

Microspheres are used as the transducing element in this system for several reasons. 

A small transducing element will enable focal measurements of force, and the temporal 

resolution of the system increases as the mass of the transducing element is decreased. 

Microspheres may be inserted, attached or manipUlated in specimens with micropipettes. 

Finally, latex microspheres can be easily coated with proteins and immunoglobulins to 

attach the transducer to cells and cell components. 

Ferromagnetic and paramagnetic microspheres ranging from O.01J.Lm to several 

microns in diameter are available from a number of manufacturers (Polysciences, 

Johnson-Matthey, and others). These are adequate for force measurements up to the 

range of nN. For measurements of force in the nN and J.LN range, micro spheres can be 

produced from high susceptibility magnetic alloys. All measurements described here 

were made with "Mu metal" microspheres. Alloy rods ("Hy-Mu '80'," Carpenter 

Technology, Reading, PA) were vaporized with an electric arc welder at 400 amperes (A) 

in a He-Ar atmosphere. Microspheres are formed by surface tension as the arc "splatter" 

cools in the inert gas. The smallest microspheres produced in this manner are 

approximately lOJ.Lm in diameter. We select our microspheres individually under the 

microscope, and unsymmetric spheres are not used. In general, microspheres produced 

by this method are spherical. We have examined commercially microspheres that are 

neither spherical, nor of the manufacturer's stated size. Ideally, the micro spheres which 

one uses should be examined both under the light and scanning electron microscopes to 

confIrm their size and geometry. 
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Electromagnets 

The physical properties of the microspheres being used determine the field 

requirements of the electromagnets. The magnetic field that acts on a microsphere must 

be capable of matching the maximum force output of the cell or tissue being studied. The 

volume and magnetic susceptibility of microspheres will limit this upper range of force 

measurement. Thus, to obtain high force measurements, the strength and gradient of the 

magnetic field must be maximized. Magnetic field strength decreases as the third power, 

and the field gradient decreases as the fourth power of distance. Furthermore, the size of 

the electromagnets is limited by the necessity that they fit under the nose piece and 

objectives of a microscope. Therefore, to keep the physical dimensions and current 

requirements of the electromagnets within reasonable limits, the pole faces must be 

positioned as close to the microsphere as possible. It follows that, as pole face separation 

is defined by the force required, this transducer is limited to use in tissues no thicker than 

the pole face separation. 

The electromagnet coils consist of 900 turns of 30 gauge copper magnet wire on a 

brass spool, and are water jacketed to dissipate heat. These electromagnets produce 

approximately 100 gauss (0.01'1') at lA at the sharpened pole face tips, and run 

continuously at lA without variation in field strength. The electromagnets are mounted 

in adjustable holders that position the sharpened tips of the pole faces opposite one 

another with 100-3001lm separation. The pole faces themselves are machined from 5mm 

rod of "Hy-Mu 80" high permeability alloy (Carpenter Technology, Reading, PA) to a 

fine tip of 15°, extending approximately 3cm from the electromagnet coils. Mechanical 

drawings for the electromagnets are included in appendix C. 
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Detection of Displacement 

This transducer is an automatic control system, and the position of the microsphere is 

the controlled variable. If the microsphere is acted upon by some outside force, it will 

deviate from its initial or balanced position. We have used edge detection to find these 

displacements. 

Edge detection refers to sampling the intensity of light shining past the edge of an 

opaque object. If the object moves toward the sampling point, the intensity of light at 

that point decreases. Conversely, if the object moves away from that point, the intensity 

decreases. Thus, edge detection not only determines if the object has moved from its 

original position along a given axis, but also determines the direction of that movement. 

An important aspect of edge detection in microscopy is the choice of detector for 

sampling the light intensity. In the prototype transducer system shown (figure 3), a CCD 

camera (Koyo) was used to image the microsphere in the tissue. This arrangement makes 

the transducer particularly easy to use with any microscope equipped for video 

microscopy. A modified Colorado Video, Inc. 321 video analyzer was employed to 

measure the intensity of incident light at a point at the edge of the microsphere image. 

Alternatively, light guides may be positioned to redirect light from the infinity focused 

section of the microscope's optical train onto a photomultiplier tube or photodiode. 

Whichever method is used, edge detection is a particularly simple and sensitive way of 

determining the direction and displacement of an opaque object under the microscope. In 

fact, edge detection has been used together with the method of Yoneda (1960) to make 

the most sensitive measurements to date of actin-myosin force transients (lshijima et al., 

1991). 
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DESCRIPTION OF CIRCUIT 

We designed the automatic control circuit for minimum steady-state error and 

optimum bandwidth without oscillation. Achieving a bandwidth useful for physiological 

studies was of particular concern since the sampling rate of our edge detection system is 

limited to video frame rate. Complete schematics for the prototype MFT are included in 

appendix B. 

The video analyzer places two crosshairs on the video image. The light intensity is 

sampled in alternating video fields at the intersection of each crosshair. The analyzer 

output voltages are proportional to the intensities at these two points. The voltages are 

alternately presented on a single output line. The first stage of the control system is a pair 

of sample-and-hold circuits that are clocked to the vertical sync of the video signal. This 

circuit extracts the two output voltages from the video analyzer. 

In practice, one crosshair is positioned on the edge of the image of the microsphere, 

which is dark on a bright, transilluminated background (figure 3, monitor image). The 

second crosshair is positioned in a remote region of the image, sampling incident light as 

a reference value. If the optical density of the tissue does not change, the ratio of these 

two values is invariant with changes in the incident light intensity. Thus, a change in this 

ratio represents only motion of the microsphere into or out of the crosshair, and not noise 

from the light source. The ratio of these two voltages is taken with a monolithic analog 

multiplier (Motorola MC1494) in the feedback loop of an op-amp. Control of closed

loop gain is also achieved with an analog multiplier. The gain is adjusted by the user for 

best temporal response without oscillation. 
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The ratio is manually balanced by the user to zero volts when the specimen exerts no 

net force. Any non-zero value indicates that the microsphere has been displaced from its 

balanced position, and in what direction. To damp oscillations and extend the effective 

bandwidth, the differential of this error signal is subtracted from the error signal itself in a 

"rate compensator" arrangement (figure A4). Finally, the compensated error signal is 

integrated to minimize closed loop error at DC. 

15k 

10k 1% 

Figure A4: Circuit diagram of the "rate compensator," with a gain of 

0.0015. 

The output of the integrator modulates voltage-controlled current sources. As shown 

in figure 2, at zero volts, both electromagnets have some baseline current. As the control 

voltage moves from zero, the current through one of the electromagnets increases, while 

the current through the other decreases. Varying the currents in this manner makes the 

strength of the magnetic field midway between the pole faces constant at all times. As 

explained under "Theory of Operation," the force acting on the microsphere is then 

linearly proportional to the net current - the difference between the currents in the two 

electromagnets. Net current is feedback controlled to match the control voltage to the 

current source (figure AS). 
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CALIBRATION 

172 

There are two methods for calibrating the transducer. The choice of method depends 

upon the range of force to be calibrated. If large, ferromagnetic microspheres are used, 

then there is a fast, simple means of calibration based on the Y oneda method described 

earlier in the text (page 40). A microsphere is attached to the tip of a fine glass filament 

with epoxy glue. The tip of the glass filament is placed against a "force generator" 

(Minns, 1971 ), and subjected to known forces to determine its bending constant. The 

force generator is calibrated against a Sartorius analytical balance that is in turn calibrated 
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with ASTM Class 1 mass standards (Troemner). The filament is mounted on a piezo 

manipulator that displaces the entire glass mament laterally by a known distance for a 

given applied voltage. The microsphere at the tip is positioned midway between the 

electromagnets. The control system is turned on, so that the microsphere at the tip of the 

filament is held stationary by the transducer. Thus, as the tip of the mament remains 

stationary while the body of the filament is moved a known distance by the piezo 

manipulator, the filament will bend by that distance. Force is determined from the 

filament bending constant and the known displacement. 

If paramagnetic or very small ferromagnetic microspheres are used, there is an 

alternate calibration method. Microspheres are suspended in a fluid of known viscosity. 

Current is passed through the electromagnets, and the velocity of microspheres is 

recorded as they cross the midline between the magnet pole faces. Stokes law is used to 

calculate the force acting on the micro spheres at that current: 

F = 3nD1]v (A2), 

where D is the diameter of the microspheres, 1] is the viscosity of the surrounding fluid, 

and v the terminal velocity. The microspheres reach terminal velocity almost instantly 

upon application of the magnetic field. If the velocity is measured over a very short 

distance (e.g., one video frame in sufficiently high viscosity fluid), changes in the 

magnetic field experienced by the microsphere may be ignored. 

In practice, microspheres which are used experimentally are not always exactly the 

same diameter as those used for calibration, and we have developed no satisfactory 

method for using the same microsphere for both calibration and measurement, though this 

would be ideal. It has been our experience that similar size microspheres display similar 

slopes of calibration. Based on this experience, we calibrate the transducer with a 
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microsphere of the same composition and approximately the same diameter as those we 

will be using. The slope of calibration is adjusted according to the mass of the 

microsphere by the following equation. 

Ie(A) . De
3 

Fe (JlN) Dx3 
(A3) 

where IIF is the slope of the calibration curve (current/force), D is the diameter of the 

microsphere, and the subscripts C and X denote the measured values of slope and 

diameter for the calibration and the experimental microspheres, respectively. The 

diameters are cubed because the volume, and hence the mass, of a sphere is dependent 

upon the cube of diameter. 

Experiments will most often be carried out below the surface of a solution that covers 

the tissue or specimen of interest. The field strength will be reduced below the surface of 

this solution, as the magnetic permeability of water and salt solutions is less that of air. 

This difference in permeability alters the slope of the calibration curve by about 25%. 

Thus, the transducer must be calibrated directly in the experimental solution. 

CHARACTERISTICS 

The transducer was tested using a method similar to the first procedure for calibration. 

Briefly, "Mu-metal" microspheres were adhered to glass filaments of determined bending 

constant, and attached to a piezo element (figure A6a). Forcing functions were applied to 

the piezo element with a voltage function generator (Wavetek), causing the filament to 

displace by known distances. The net current, error signal and piezo voltage were 

recorded with a MacLab 4 (World Precision Instruments) on a Macintosh SE30 

microcomputer. An example of the response of the transducer is shown in figure A 7. 
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Figure A 7: Transducer function with the automatic control system off 

(left) and on (right). Displacement of the microsphere is monitored by 

videomicroscopy and edge detection (top trace) that occur when the tissue 

generates force. Edge detection gives a linear reading of displacement 

only over a short range of movement. Therefore, the scale is incomplete, 

and should be taken as approximate values. The automatic control system 

automatically adjusts the current through the electromagnets (bottom trace, 

right) to keep the microsphere stationary (top trace, right). 

Sensitivity 
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10 

The sensitivity of a force transducer is traditionally defined as the change in measured 

quantity (e.g., resistance or voltage) per unit applied force. Because electromagnet 

current is the measured quantity in this transducer, sensitivity is here defined as the slope 
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of the current vs. force calibration curve. That is, the more current necessary to hold the 

microsphere stationary at a given force, the higher the sensitivity. It follows from 

equation 1 that sensitivity is purely a function of (a) the composition and size of the 

microspheres, and (b) the characteristics of the magnetic field surrounding the 

microsphere. The sensitivity is completely independent of the optical train and the 

method used to detect microsphere displacement. 

. The magnetic field strength and field gradient near the microsphere will be primarily 

determined by the distance from the pole faces. Thus, sensitivity increases with 

increasing pole face separation. In contrast, sensitivity decreases linearly with increasing . 

micrcsphere volume (or as the cube of diameter, figure AS). Sensitivity also decreases 

linearly as the magnetic susceptibility of the microsphere material increases. These 

relationships are counter-intuitive, given the common usage of the word "sensitivity," in 

which increasing sensitivity would indicate that smaller rather than larger forces can be 

resolved. 

Pole face separation, microsphere diameter and microsphere composition may all be 

adjusted to change the useful range of force measurement. As shown in table AI, the 

composition of the microsphere can be used to adjust the range of measurable force from 

J.lN down to fN, a difference of 9 orders of magnitude. 

Bandwidth 

The bandwidth of a control system is defined as that frequency at which the c1osed

loop gain of the system drops to -3dB from DC. Gain was measured in terms of current 

using sine forcing functions. The bandwidth of this transducer is primarily limited by the 

sampling frequency of the video system - 30 Hz. The measured bandwidth of the 

transducer is 3.9Hz (figure A9), which is in good agreement with maximum 
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Figure A8: Variation in sensitivity (slope of the calibration curve) with 
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Microsphere Material 

Ferromagnetic Mu-Metal 

Ferromagnetic Fe, Ni 

Paramagnetic Latex 

x 

10° 

10-2 

10-9 

Useful Range 

nN - JlN 

highpN - nN 

fN -pN 

Table Al - Approximate range of force measurement for microspheres of 

different composition and susceptibility, X. 
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bandwidth predicted from the Laplace transfer function of the control system (appendix 

D). In some cases, ratio-edge detection can be abandoned, and the effective sampling 

rate increased to video field rate - 60Hz. This increases the measured bandwidth to 9.2Hz 

(figure 9). The bandwidth may be dramatically improved by using photodiode or photo

multiplier tube (PMT) edge detectors. The transducer is less isometric at higher 

frequencies. This is due to initially increasing, and then decreasing gain. 
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Figure A9: Experimentally determined closed-loop gain of the transducer 

system at 30Hz (open squares) and 60Hz (solid squares) sampling. 
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Resolution 

The threshold offorce resolution is that measured force (current) which gives a 

signal-to-noise ratio of 1. In the common use of the word, higher resolution implies a 

lower threshold of resolution, and that smaller forces may be observed. The principal 

determinants of the force resolution of the transducer at steady-state are: (a) the 

sensitivity (increasing sensitivity decreases the threshold of resolution), (b) the ambient 

mechanical noise, (c) the gain of the control system, and (d) the limit to which 

displacements of the microsphere may be resolved, described herein as the noise

equivalent displacement (NED). 

The NED is defined as the displacement of an object that gives a signal-to-noise ratio 

(SNR) of 1.0 by edge detection. NED varies with magnification and type of detector. 

The NED is not equivalent to the resolution of the microscope as defined by the Rayleigh 

criterion, but is simply the limit of one's ability to detect movement through the optical 

train. The lower the NED, the more isometric the transducer will be. In fact, the NED 

defines the ultimate limit to which the transducer can be isometric at steady state. 

There is no analytical approach for determining the exact limits to which an edge

detection system can resolve displacements of a microsphere. We have measured the 

NED for our edge detection system with three objectives commonly used in our lab. A 

10J.1m microsphere was attached to a glass filament and mounted in the piezo manipulator 

described earlier. The piezo element was driven with square waves at a frequency of 

0.2Hz. The amplitude of the waveform was decreased incrementally while the Colorado 

Video, Inc. 321 video analyzer was used to monitor the intensity of light at the edge of 

the microsphere image. Waveform amplitude was decreased until there was no 
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discernible signal from the video analyzer. The piezo voltage and the voltage output 

from the video analyzer were recorded on a MacLab 4. The signal-to-RMS noise ratio 

for the edge detection was detennined at each piezo driving voltage. SNR versus 

displacement is a power function, so the SNR in decibels (dB) was fitted to a logarithmic 

function of displacement by the method of least squares (figure Al 0). The displacement 

at which the SNR dropped to 0 dB was detennined from this function. It defines the 

isometric limit of the system for a given optical configuration. 
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Figure AlO: Signal-to-noise ratio (SNR) in decibels of edge detection for 

various microsphere displacements and microscope objectives. The noise

equivalent displacement is the displacement that gives a SNR of OdB. 
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The experimentally determined values for NED (the isometric limit) of our Zeiss 

ACM microscope with Leitz UMlO, and Zeiss UD20 and UD40 objectives and a Koyo 

CCD camera were 86.1, 50.2 and 18.9nm, respectively. No displacement smaller than 

these values can be detected with this system and the given objectives. The NED, and 

hence the force resolution and isometric properties, improves with (a) higher 

magnification objectives, (b) better mechanical isolation of the microscope, (c) increased 

image contrast, and (d) decreased detector noise. We use a charge-coupled device (CCD) 

camera in our experiments to minimize image noise and geometric distortion and to 

maximize dynamic range and contrast. Ambient mechanical noise is reduced by isolating 

the microscope on pneumatic anti-vibration mounts (Barry Control). The transducer is 

much less sensitive to ambient noise and vibration than contemporary transducers. 

Ultimately, the resolution of the transducer will be limited by noise from the Brownian 

motion of the microsphere. 

The gain of the control system is determined in part by the optical error signal caused 

per unit current when the microsphere is moved by the electromagnets. Because the 

viscoelastic properties of the material being studied will affect this component of gain, 

these properties will also affect the resolution. For example, in a material with a very 

high elastic modulus, a barely resolvable displacement of the microsphere may result in a 

measured force much higher than the expected force resolution. High viscosity materials 

will limit the resolution of the transducer by limiting the velocity of the microsphere 

when it is acted upon by the magnetic field. 



182 

Applications 

The electromagnets dissipate a certain amount of heat, most of which is carried away 

by the water jackets. Some small amount of this heat will be conducted through the pole 

faces to the specimen. In stagnant water, the temperature increase in the immediate 

vicinity of the specimen has been measured to be less than O.3°C. In applications such as 

that described above, where the tissue of interest is placed on a temperature controlled 

stage and is constantly suffused with solution, these small temperature variations will be 

greatly reduced or eliminated. 

All conventional force transducers measure force in only one dimension. When acted 

upon by some randomly directed force they register only that component of the force that 

lies along the axis of measurement. In contrast, in the transducer described here, when 

the force acting on the specimen is not constrained to the axis of the electromagnets, a 

disproportionately large force is registered. This is because the control system attempts 

to correct a deviation in one direction with electromagnets oriented in a different 

direction. This is not a problem in specimens where forces are constrained to one 

dimension, such as our studies of the interstitium. In systems where forces can act in any 

direction, the system can be expanded to three or four electromagnets arranged in a 

triangle or tetrahedron so that corrections of microsphere displacement can be made in 

two or three dimensions, respectively. The ability to measure force in multiple 

dimensions (i.e., vectorial force) with a single transducing element represents a very 

significant advance over presently available force transducers. 

The transducer has many applications in the biological sciences, particularly in the 

fields of cell and molecular biology. The so-called "molecular motors" - kinesin, dynein 
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and actin-myosin - have isometric force outputs of about IpN per protein molecule 

(1,3,8,9). Single cells, such as vascular smooth muscle cells, have maximum force 

outputs in the range of several J.1N (4). Studies of all these phenomena are possible with 

this transducer by using micro spheres of different size and composition to adjust 

sensitivity. 

For example, the transducer has been used in this lab to study the forces produced by 

single neutrophils in vivo and macrophages in vitro as they migrate (Guilford et al., 

1993). Microspheres =9J.1m in diameter are occasionally phagocytosed by hamster 

neutrophils, while mouse and rat macrophages regularly phagocytose microspheres of =5 

J.1m. These cells exert a measurable force on the internalized microsphere as they attempt 

to migrate. This force can be measured with the MFT. In fact, we have demonstrated 

that changes in the production of force by these cells are temporally correlated with the 

extension and retraction of lamellopodia and pseudopodia (figure lIA). 

The capability for vectorial force measurement, coupled with the isometric and 

remote-sensing properties and extreme sensitivity of this instrument, make possible an 

array of micro-mechanics studies in the biological and physical sciences. The unique, 

low-cost design of this instrument makes these capabilities accessible to most 

investigators. 
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Figure All - Production of force by a neutrophil migrating through the 

interstitium of the hamster cheek pouch. 



APPENDIX B 

WIRING DIAGRAM FOR THE MFT 

We present here the complete wiring diagram for the prototype magnetic force 

transducer. The order of diagrams is as follows. 

(1) Power supplies 

(2) Precision voltage reference 

(3) Video sync stripper 

(4) Tinting circuits 

(5) Sample-and-Hold, 60Hz/Ratio control 

(6) Ratio amplifier, Integrator, Balance 

(7) Gain control, Rate compensator 

(8) Current Sources, Output buffers 

(9) Electromagnet coil drives 

(10) Digital display 
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APPENDIX C 

ELECTROMAGNET DESIGNS FOR THE MFT 

The pole faces of the electromagnets were machined from "Hy-Mu 80" alloy 

(Carpenter Technology: Reading, PA), supplied as 0.217" diameter rod. All other 

electromagnet components were machined from brass or aluminum. Tolerances are to 

0.01" on all dimensions. 

Plastic spacers are glued to the spindles to electrically isolate the coils from the 

electromagnet case in case of an insulation failure. Using an appropriate magnet wire 

(Poly-Thennaleze®: Beldon Wire and Cable) helps prevent such a failure. 900 - 1000 

turns of 30 gauge wire will fit on a spindle, giving a coil impedance of around 13 n. 
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For safety and proper performance, the electromagnet water jacket should be tied to 

ground when in operation. When properly constructed, these electromagnets may be run 

continuously at 1.5A of current, producing fields in excess of 200 gauss at the sharpened 

tips. 

Figure Cl - Mechanical drawings for the electromagnet coil spindle, water 

jacket retaining nut, and 10° and 15° beveled electromagnet pole faces. 
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Spacers 

Spindle III Brass 

D Plastic 

II Hy-Mu 80 

Figure C2 - Assembly cross-section of an electromagnet (coils not shown). 

Plastic spacers are glued onto the brass spindle to electrically isolate the 

coils from the pole face in case of a coil insulation failure. The spacers 

also allow water to circulate both over and under the coils for more 

efficient cooling. 
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APPENDIX D 

LIMITATIONS ON THE BANDWIDTH OF THE MFT 

When it was fIrst constructed, the magnetic force transducer was ill-behaved. It was 

prone to oscillations and the frequency response was poor. Therefore, the MFT was 

modeled by the method of Laplace transform transfer functions to fully understand the 

limits on the bandwidth of the system. We designed improvements to the circuit based 

on these results, and tested these improvements in the model before hard-wiring (e.g., the 

rate compensator). We also calculated the "ultimate" bandwidth of the transducer. These 

calculations follow. 

Improving the Bandwidth of the Prototype 

The predicted performance of the system was analyzed according to three values, the 

gain crossover frequency, the phase margin and the bandwidth. The gain crossover 

frequency is that frequency where the gain of the open-loop system crosses zero dB. It is 

the cutoff frequency for amplification. That is, frequencies above the gain crossover 

frequency will be attenuated, whereas those below the gain crossover frequency will be 

amplifIed. 

When the phase shift of an open-loop feedback circuit reaches 180°, it goes into free 

oscillation. The phase margin is the difference between this 180° limit and the phase 

shift at the gain crossover frequency. If the phase margin is <20°, the system oscillates. 

If the phase margin is >400
, the system is sluggish. 



Finally, the perfonnance of the circuit is ultimately measured in tenns of the 

bandwidth, or the frequency where the closed-loop gain drops to -3dB (70.8%) of De. 

The higher the bandwidth, the higher the frequency response. 
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Transfer functions describe the relationship between the input and the output of a 

system in tenns of phase shifts and gains at different frequencies. The technique for 

transfer functions and Laplace transfonns are beyond the scope of this text. The reader is 

referred to (Deroy, 1966) for an excellent discussion of their applications to problems in 

automatic control systems. 

The derivation of the transfer function for the MFT follows. 

(a) Assume that all elements in the system have linear gain at a set frequency. 

(b) Further assume that the electromagnets, video system and sample-and-hold circuits 

have a user-set overall gain of k. 

(c) The Laplace transfer function of the integrator is 

!&'{Jln} =_1 
RjCjs 

(D1). 

where S is iro, ro being the frequency in rad/sec. This gives a constant phase shift of 

-1C/2. 

(d) The video system and the sample-and-hold circuits introduce a delay of a, that 

corresponds to the frame or field rate, depending which is being used. This is the 

function 

t~a 

t<a 
(D2), 
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the transform of which is 

(D3), 

By Euler's formula, this may be expanded to 

cos (-am) + i sin (-am) (D4). 

(e) The transform of interference from the video system and sample-and-hold circuit 

was determined empirically as 

a ( m ) . 2 4m 2 4m V(m)- + - sm -cos -
- a2 + (m/150)2 150 a a 

(D5), 

where 2 a 2 is the transform of a sine wave of frequency a. This has a phase shift of 
a + m 

0, and a gain that depends on the "sampling frequency," a. It has a peak in gain at 15 Hz, 

which conforms to experiment. To develop this equation, a Koyo CCO camera was 

aimed at an LEO flashing with a sine wave at a frequency of a. The output of the 

sample-and-hold circuit was recorded, and the gain calculated at various frequencies. 

Equation 03 gives the phase shift of the sample-and-hold, while equation 04 gives 

the gain. The product of these is an empirically derived transform of the video system 

and sample-and-hold circuit. 

(f) A "rate compensator" was added to the circuit to shift the 1800 phase shift to a 

higher frequency. The differentiated signal was subtracted from the original signal with a 

gain of kc• The transfer function of this circuit is 

!e{comp} = l-skc (D6). 



(g) The open-loop transfer function of the entire circuit is the product of these 

individual transfer functions: 

{ (out)} ke-as ( ) !&' open-loop -.- = ( ) 1-s kc 
In S R;C; V c:o 

(D7). 

The expanded form is 

f£{open_Ioop(Out)} = YmR;C; V(c:o) (D8). 
in sine ac:o) - c:o kc cos( ac:o) - i (cos( ac:o) - c:o kc sine ac:o») 

The closed-loop transfer function is 

f£ {closed -loop} = 

k 
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k +c:oR;C; V(m ) (sin(am ) - c:okc cos(am) - i( cos(ac:o) -mkc sin(ac:o»)) 

(D9). 

These equations were analyzed in Microsoft Excel® on a Macintosh IIfx 

microcomputer. These equations depend on knowledge of the gain constant, k, that 

varies between experiments, and other aspects of the system, such as the delay introduced 

by the video system. 

Most of the limitation on bandwidth is found in two sections: (1) the integrator, and 

(2) the video system. The integrator introduces a constant phase shift of 90° - half that 

needed to bring the transducer into oscillation. However, integration is necessary to 

make the transducer truly isometric. 

The video system limits the bandwidth by sampling the position of microsphere only 

30 times a second. Continuous sampling of the position of the microsphere by 
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photodiodes would greatly increase the bandwidth of the transducer (see Ultimate Limit 

on Bandwidth, below). 

Table D 1 demonstrates the advantages of rate compensation. When the gain is 

adjusted to give equal, stable values of phase margin Gust over 20°), inserting a rate 

compensator increases the bandwidth by 50%. This improvement was sufficient to make 

the transducer useful for our application, and other applications in cellular and systemic 

physiology . 

Gain Crossover (Hz) 

Phase Margin (Deg) 

Bandwidth 

Ultimate Limit on Bandwidth 

Uncompensated 

5.75 

21.7° 

3.0 

Table D1 

Compensated 

8.00 

21.7° 

4.5 

The bandwidth of the system will ultimately be limited by the elastic properties of the 

specimen. If the microsphere is embedded in a viscoelastic specimen, then we may 

model its behavior in the MFT as a forced harmonic oscillator. A forced harmonic 

oscillator has a 90° phase shift at its natural frequency (in rad/sec), that is given by 

(DID), 
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where E is the spring constant or "stiffness" of the specimen, and m is the mass of the 

microsphere (Kibble, 1973). Assume that the only phase shift in the electronics occurs in 

the integrator, and is constant at 90°. Together, the integrator and the specimen and 

microsphere will bring the MFT into oscillation at the frequency given by equation D 10. 

Therefore, D 10 determines the upper limit for the bandwidth of the MFr. Assuming a 

typical spring constant of 64 nN/llm and a mass of 4.2 ng, the bandwidth may be made as 

high as 19.6 kHz in these experiments. 
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APPENDIX E 

FORCE CALIBRATOR FOR THE MFT 

The force generator described here is identical in principle to one described 

previously (Minns, 1973). Briefly, a small milli-ammeter movement is driven by a 

voltage-controlled current source. The torque generated by the movement is linearly 

proportional to the current through the meter if the meter movement is held stationary. 

The movement thus equipped makes an excellent isometric force generator for calibrating 

small force transducers. 

We modified the original design of the force generator for versatility, and greater 

precision and ease of use. We added a digital display to the system, rather than relying 

on a ruled dial to set the force. A 7117 AID converter/LED display driver is used to 

register the voltage applied to the current source. The meter is calibrated in desired units 

by adjusting the voltage reference to the 7117 from the front panel. A range switch is 

included to quickly change from 20.00IlN to 2.0001lN scales. An optical switch inside 

the meter movement housing triggers an LED on the front panel when the movement is 

brought to center with a position dial. Finally, a zeroing switch allows the operator to 

quickly check the zero reading of the transducer. Schematics are provided in figure E1. 

In practice, the apparatus is allowed to equilibrate for at least 30min. The meter 

housing is placed inside a Sartorius 2400 analytical balance (readable to 1OIlg), and the 

meter arm brought to center on a wire suspended from the balance pan. The meter 

reading is calibrated to read 19.62 when the balance measures a force of 2.00mg (i.e., 
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1.00mg = 9.81J.1N). Zero and calibration are checked repeatedly to minimize calibration 

errors. The Sartorius is calibrated frequently against ASTM class 1 mass standards. 

To calibrate force calibration microfllaments, the tip of the microfilament bearing a 

microsphere is brought into contact with the tip of the meter movement (that is extended 

with a short piece of nickel-chromium wire). The movement should read "centered." 

The bending modulus of the pipettes is determined by measuring tip displacements with a 

force series in the 0-2.000J.1N range. 
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APPENDIX F 

PASCAL SOURCE CODE FOR THE 

IMAGE CROSS-CORRELATION ALGORITHM 
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The image cross-correlation algorithm was coded into a collection of functions and 

procedures called "NanoTracker." NanoTracker was written in Think's Lightspeed 

Pascal and integrated into a user-modifiable unit in NIH Image (Rasband, NIH). The 

complete source code is included in this appendix. 

The code is divided into two sections. First is the decompiled resources used by 

Nanotracker. These are listed in hexadecimal, and can be compiled into resources using 

SARez, supplied with Think Pascal. These resources are then added to those already 

found in NIH Image. The second section is the Pascal source code for the NanoTracker 

functions and procedures, dialog boxes, and other supporting routines. 

In practice, the user selects an area in an image to which displacement is to be 

referred (e.g., an image of an undisplaced microsphere). The "Select Reference" menu 

selection is made. Then a similar area is selected in a second image, and the 

"NanoTracker" menu selection is made. The X and Y axis results are displayed in the 

Results window. 

The "Threshold Value" is the percentile rank of the lowest correlation values to be 

used in the center-of-mass calculation. This is specified as a real value ranging from 0.0 
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to 1.0 (figure FI). The default value is 0.95 (or the highest 5% of the correlation values 

are used in the centroid calculation). 

Threshold fraction? 

10 .90 

1,,-( iiiiiiiiiiiiiiiO Kiiiiiiii~)1 ( Can c e I ) 

Figure FI - The Threshold Fraction dialog box 

Two other options are provided in the "NanoTracker Options" dialog box (figure F2). 

First, the user may toggle the display of "statistics" along with the displacement results. 

The statistics are the standard deviations of detennining the centroid, assuming that the 

correlation matrix has a two-dimensional Gaussian profile (which it generally does not). 

NanoTracker Options 

D Show Correlogram 

181 Show Statistics 
~ 

( Cancel) n OK Jl 

Figure F2 - The NanoTracker Options dialog box 
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The second option is to toggle the display of the "correlogram" - a gray scale 

representation of the values in the correlation matrix. The default value is "off." When 

on, the correlogram will be displayed in a picture window that can be saved, measured or 

modified like any Image window. 



Nanotracker Resources 

data 'OLOG' (258, ~NanoTracker options") { 
$"0032 OOOA 0002 0105 0001 0000 0000 0000" 
$"0102 0102 134E 616E 6F54 7261 636B 6572" 
$"204F 7074 696F 6E73" 

} ; 

data 'OITL' (258, ~NanoTracker Options") { 
$"0003 0000 0000 0070 0081 0091 OOBO 0402" 
$"4F4B 0000 0000 0070 0031 0091 0060 0406" 
$"4361 6E63 656C 0000 0000 0041 003B 0050" 
$"OOCC 0510 5368 6F77 2043 6F72 7265 6C6F" 
$"6772 6160 0000 0000 005A 003B 0069 00B8" 
$"0510 5368 6F77 2053 7461 7469 7374 6963" 
$"7320" 

} ; 

data 'ICON' (259) { 

} ; 

$"0000 0000 0000 0000 0000 0000 0000 FOOO" 
$"0003 FCOO 0007 FEOO 0007 lEOO 0006 OFOO" 
$"0000 OFOO 0000 OFOO OFCO OEOO OC20 1EOO" 
$"OA10 3COO 09F8 7800 0908 FOOO 0909 EOOO" 
$"0509 COOO 0309 COOO 01F9 EOOO 0000 EOOO" 
$"0000 4000 0000 0000 0000 0000 0000 4000" 
$"0000 EOOO 0000 EOOO 0000 4000 0000 0000" 
$"0000 0000 0000 0000 0000 0000 0000 0000" 

data 'ICON' (258) { 

} ; 

$"0084 F800 00C4 2000 00A4 2000 00A4 2000" 
$"0094 2000 0094 2000 008C 2000 008C 2000" 
$"0000 0000 0000 0000 0000 0000 0000 0000" 
$"FC16 BFCO C200 OC20 A100 OA10 9F82 EFF8" 
$"9080 0908 9097 7908 5080 0508 3080 0308" 
$"lF82 OFF8 0000 0000 0000 0000 0000 0000" 
$"0000 0000 0000 0000 0000 0000 0000 0000" 
$"0000 0000 0000 0000 0000 0000 0000 0000" 

data 'CURS' (124, ~Time 1") { 

} ; 

$"0000 0000 0000 0000 0000 0000 0000 FFEO" 
$"C010 A008 9004 4802 27FF 1401 OC01 07FF" 
$"0000 0000 0000 0000 0000 0000 0000 FFEO" 
$"FFFO FFF8 FFFC 7FFE 3FFF 1FFF OFFF 07FF" 
$"0007 0000" 

da t a ' CURS' ( 12 5, ~ Time 2") { 
$"0000 0000 0000 0000 FFEO COlO A008 9004" 
$"C802 A7FF 9401 4C01 27FF 1401 OC01 07FF" 
$"0000 0000 0000 0000 FFEO FFFO FFF8 FFFC" 
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/* .2 ... " .......... */ 
/* ..... NanoTracker */ 
/* Options */ 

/* ....... } .A.e.n .. */ 
/* OK •••.. }.l.e.m .. */ 
/* Cancel ..... A.;.P */ 
/* .A .. Show Correlo */ 
/* gram ..... Z.;.i.II */ 
/* .. Show Statistic */ 
/* s */ 

/* ................ * / 
/* ................ * / 
/* ........ ·i··· .. */ 
/* .. <.a.x.a ... M .. */ 
/ * . ai .. ai . . . . . . . .. * / 
/* .. @ ••••••••••• @. */ 
/* .......... @ ••••• */ 
/* ................ */ 

/* .N ... f .. § .. § 
/* .i .. i .. a .. a 

*/ 
*/ 

/* 
/* 
/* 
/* 
/* 
/* 

· . . . . . . . . . . . . . .. * / 
• .I2Ii-'" 0 ••• tiC •• 
eM. e6y . PA •. oA .. 
· c ............. . 

*/ 
*/ 
*/ 
*/ 
*/ 

/* ................ */ 
/* i·t.e.H.' ....... */ 
/* ................ */ 
/* ........ 1 ....... */ 
/* .... */ 

/* .......... i.t.e. */ 
/* ».B.i.L.' ....... */ 
/* ................ * / 



} ; 

$"FFFE FFFF FFFF 7FFF 3FFF 1FFF OFFF 07FF" 
$"0004 0000" 

data 'CURS' (126, "Time 3") { 

} ; 

$"0000 FFEO COlO A008 9004 C802 A7FF 9401" 
$"CC01 A7FF 9401 4C01 27FF 1401 OC01 07FF" 
$"0000 FFEO FFFO FFF8 FFFC FFFE FFFF FFFF" 
$"FFFF FFFF FFFF 7FFF 3FFF 1FFF OFFF 07FF" 
$"0001 0000" 

data 'MENU' (139, "User") { 

} ; 

$"008B 0000 0000 0000 0000 FFFF FFFF OB4E" 
$"616E 6F54 7261 636B 6572 094E 616E 6F54" 
$"7261 636B 0200 0000 1053 656C 6563 7420" 
$"5265 6665 7265 6E63 6503 0000 0001 2DOO" 
$"0000 0013 4E61 6E6F 7472 6163 6B65 7220" 
$"4F70 7469 6F6E 7300 0000 0001 2DOO 0000" 
$"0011 5468 7265 7368 6F6C 6420 5365 7474" 
$"696E 6700 0000 0000" 

data 'STR#' (267) { 
$"0001 134E 616E 6F54 7261 636B 6572 204F" 
$"7074 696F 6E73" 
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/* ........ ? •••••• */ 
/* .... */ 

/* ····l·t.e.».B.i. */ 
/* A.B.i.L.' ....... */ 
/* ................ */ 
/* ........ ? ••.... */ 
/* .... */ 

/* .a ............. N */ 
/* anoTracker~NanoT */ 
/* rack ..... Select */ 
/* Reference ..... -. */ 
/* .... Nanotracker */ 
/* Options ..... - ... */ 
/* .. Threshold Sett */ 
/* ing ..... */ 

/* ... NanoTracker 0 */ 
/* ptions */ 
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Nanotracker Source Code 

Unit NewUser; 

{ Contains the Think Pascal souce code for Nanotracker, an 
image cross-correlation routine, and related front
end and support procedures } 

{This module is the place to put user additions to Image. You 
will need to uncomment the call to InitUser in 
Image.p. } 

{4/28/91 
{5/27/91 

Adding ShowCorr to display correlation matrix 
Adding Dialog Box for Nanotracker to control 

correlation display and statistics } 
{Dialog procedures created using Prototyper 3.0 } 

Interface 

Uses 
QuickDraw, Files, Devices, Picker, PrintTraps, Windows, 

Menus, globals, Utilities, Graphics, Analysis, 
Edit, SANE, QuickDraw; 

{===================Prototyper Declarations===============} 

Const 

{User event definitions} 
UserEvent None = 0; {No user events 

available} 
UserEvent Open Window = 1; {Open Window or modeless 

dialog} -
UserEvent Close Window = 2; {Close Window or 

modeIess dialog} 
{IDs 0 to 999 reserved for Prototyper, all others 

available for special use} 

Res D NanoTracker Opt = 258; 
Res-DIg OK = 1; -
Res-DIg-Cancel = 2; 
Res-DIg-Show Correlogra = 3; 
Res-Dlg-Show-Statistics = 4; 
Res-Dlg-2 = 267; 

- attributes} 

{Modal Dialog} 
{ ... Button} 

{ ... Button} 
{ ... Checkbox} 
{ ••• Checkbox} 

{ ... Static text with 
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Type 

UserEventHRec = ~UserEventPRec; {Handle definition} 
UserEventPRec = ~UserEventRec; {Pointer definition} 
UserEventRec = Record {User Event Record definition} 

ID: integer; {ID for the type of user event} 
ID2: integer; {2nd ID, sometimes used} 
Datal: longint; {Optionally used, Extra data} 
Data2: longint; {Optionally used, Extra data} 
theHandle: Handle; {Optionally used, Handle} 
Next: UserEventHRec;{Handle of next event in list} 

End; 

Var 
UserEventList: UserEventHRec; 

{User Event record list start} 
myEvent: EventRecord; 

{Event record for all events} 
WNE: boolean; 

{WaitNextEvent trap is available} 
SleepValue: integer; 

{Sleep value for Wait on events} 
theInput: TEHandle; 

{Used in text edit selections} 
tempRect: Rect; 

{Temporary rect} 
sTemp: Str255; 

{Temporary string} 

{===============Other Declarations==============} 

Type 
NanoTrack Result = Record 

coordinates: vector; 
StandardDeviations: vector; 

End; 

Var 

{Variables for the modal dialog} 

Show Nanotracker Stats: boolean; 
{ TRUE if box checked and stats desired 

Show Correlogram: boolean; 
{ TRUE if box checked and display desired 



214 

ThresholdFraction: extended; 
{fraction of maximum correlation value to threshold} 

{=======================================================} 

Procedure InitUser; 
Procedure DisposeUserWorkspace; 

Function Make Boolean Integer (The State: boolean): 
integer; {Returns 1 if TRUE, 0 if FALSE } 

Function NanoTrack: NanoTrack Result; 
Function SelectReference: boolean; 

Procedure DoUserMenuEvent (MenuItem: integer); 

Procedure SetupTheItem (theDialog: DialogPtr; ItemID: 
integer; SizeIt, ShowIt, EnableIt, SetTheMax: 
Boolean; Var thePosition: Rect; ExtraData: longint; 
StringID: integer); 

{Setup a dialog or alert item} 

Procedure M_PD_NanoTracker_Opt; {NanoTracker Modal Dialog 

{=======================================================} 

Implementation 

{User unit variables } 
Type 

MyKernelType = Record 
{Record type used for correlation stuff} 

PixelsPerLine: integer; 
{ Pixels/Bytes per line in region 

nLines: integer; 
{ Number of lines in region 

KernelSize: LongInt; 
{ Number of Pixels/Bytes in region 

KernelCenter: vector; 
{ Nearest pixel to center of region - for Ref Kernel 
only } 

osroiRect: recti 
{ Rect enclosing region - same as Kernel.bounds 

Kernel: PixMapHandle; 
{ Handle to PixMap, contains baseAddr (ptr), 
rowBytes (integer), bounds (rect), etc. } 

KernelPort: CGrafPtr; 
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{ Pointer to GrafPort used to support the PixMap } 
FileName: String[25]; 

{Name of file where osroiRect exists} 
End; 

KernelPtr = AMyKernelType; 

Type 
MyWorkType = Record 

{Record type used for correlation stuff} 
PixelsPerLine: integer; 
{ Pixels/Bytes per line in region 
nLines: integer; 
{ Number of lines in region 
KernelSize: Longlnt; 
{ Number of pixels/Bytes in region 
KernelBaseAddr: ptr; 
{ baseAddr (ptr), rowBytes (integer), bounds (rect), 
etc. } 

End; 
WorkPtr = AMyWorkType; 

Var 
Ref Kernel: KernelPtr; 
WorkKernel: WorkPtr; 
ReferenceExists: boolean; 

{Reference kernel & info} 
{Workspace for correlation 
{A ref. kernel is stored} 
{Reference kernel mean value} ReferenceMean: byte; 

Time1, Time2, Time3: Cursor; 

ExitDialog: boolean; {Used to exit the Dialog} 
MyPt: Point; {Current list selection point} 
MyErr: OSErr; {OS error returned} 
GetSelection: DialogPtr; {Pointer to this dialog} 
SavedPort: GrafPtr; {Previous grafport} 

{================================================} 

Procedure InitUser; 
Var 

TempCurH: CursHandle; 
Begin 

UserMenuH := GetMenu(UserMenu); 
InsertMenu(UserMenuH, 0); 
DrawMenuBar; 
Disableltem(UserMenuH, 1); 
Disableltem(UserMenuH, 3); 
ReferenceExists := false; 

{Additional user initialization code.} 



ThresholdFraction := 0.95; 
New (Ref Kernel); 
New(WorkKernel); 

{Initialize DialogBox values} 
Show NanoTracker Stats := true; 
Show Correlogram-:= false; 

{Initialize cursors} 
TempCurH := GetCursor(124); 
Timel := TempCurHAA ; 
ReleaseResource(handle(TempCurH»; 
TempCurH := GetCursor(125); 
Time2 := TempCurHAA ; 
ReleaseResource(handle(TempCurH»; 
TempCurH := GetCursor(126); 
Time3 := TempCurHAA ; 
ReleaseResource(handle(TempCurH»; 

End; 

Procedure DisposeUserWorkspace; 
Begin 
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If ReferenceExists Then Begin 
CloseCPort(RefKernelA.KernelPort); {Get rid of any 

existing KernelPort } 
dispose(RefKernelA.KernelPort); 

End; 
Dispose (Ref Kernel); 
Dispose(WorkKernel); 

End; 

Function Make_Boolean_Integer; 
Begin 

If The State Then 
Make-Boolean Integer := 1 

Else - -
Make Boolean Integer := 0; 

End; {function} -

{=======================================================} 

{Setup a dialog or alert item} 
Procedure SetupTheItem (theDialog: DialogPtr; ItemID: 

integer; SizeIt, ShowIt, EnableIt, SetTheMax: 

Var 

Boolean; {} 
Var thePosition: Rect; ExtraData: longint; 

StringID: integer); 
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{Temporary rectangle} tempRect: Rect; 
DType: integer; 
DItem: Handle; 
CItem: ControlHandle; 

{Type of dialog item} 
{Handle to the dialog item} 
{Control handle} 

Begin 
GetDItem(theDialog, ItemID, DType, DItem, tempRect); 

{Get the item handle and size} 
CItem := ControIHandle(DItem); { ... to control handle} 

If (SizeIt) Then 
{Have to resize all CDEF connected controls} 
SizeControl(CItem, tempRect.right - tempRect.left, 

tempRect.bottom - tempRect.top);{Size it } 

thePosition := tempRect; 
{Pass back the zone location and size} 
If (ExtraData <> 0) Then 

{See if extra data for a CDEF} 
CItemAA.contrlData := Handle(ExtraData); {Send it} 

If (StringID <> 0) Then 
{See if a CDEF and needs the title set 

Begin 
GetIndString(sTemp, StringID, 1); 
SetCTitle(CItem, sTemp); 

End; 

If (EnableIt) Then 
{See if enable or disable the zone} 

again} 

{Get the string} 
{Set the string} 

HiliteControl(CItem, 0) {Enable the zone} 
Else 

HiliteControl(CItem, 255); {Dim the zone} 

If (SetTheMax) Then 
SetCtIMax(CItem, 12345); {Set the flag to the CDEF} 

If (ShowIt) Then 
ShowControl(CItem); 

End; 

{Show it to activate it} 

{=======================================================} 

Function MyFilter (theDialog: DialogPtr; Var theEvent: 
EventRecord; Var itemHit: integer): boolean; 

Var 
MyPt: Point; 
tempRect: Rect; 
DType: Integer; 

{Current list selection point} 
{Temporary rectangle} 
{Type of dialog item} 



DItem: Handle; 
CItem: controlhandle; 
chCode: Integer; 
LTemp: longint; 
MyCmdKey: char; 
CmdDown: boolean; 

Begin 
MyFilter := FALSE; 

{Handle to the dialog item} 
{Control handle} 
{Key entered} 
{Used for time delay} 
{The command key} 
{Flag for command key used} 

If' (theEvent. what = updateEvt) And 
(WindowPtr(theEvent.message) = theDialog) Then 

{Only do on an update} 
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Begin 
BeginUpdate(theDialog); 
DrawDialog(theDialog); 
MyFilter := TRUE; 

{Start the update} 
{Draw the controls} 
{Pass out this special 

itemHit number} 
itemHit := 32000; 

End; 
{Our special ID} 

If (theEvent.what = MouseDown) Then 
{Only do on a mouse click} 

Begin 
MyPt := theEvent.where; {Get the mouse click point} 
GlobalToLocal(MyPt); {Convert global to 

local} 
End; 

If (theEvent.what = KeyDown) Then Begin 
With theEvent Do Begin 

chCode := BitAnd(message, CharCodeMask); 
{Get character} 

MyCmdKey := CHR(chCode); {Change to ASCII} 
CmdDown := Odd(modifiers Div CmdKey); 

{Get command key state} 
If CmdDown Then {Do if command key was down} 

Begin 
If «MyCmdKey = 'x') Or (MyCmdKey = 'X')) Then 

Begin 
DlgCut(theDialog); 
MyFilter := TRUE; 

End 
Else If «MyCmdKey = 'c') Or (MyCmdKey = 'C')) 

Then Begin 
DlgCopy(theDialog); 
MyFilter := TRUE; 

End 
Else If «MyCmdKey = 'v') Or (MyCmdKey = 'V')) 

Then Begin 
DlgPaste(theDialog); 
MyFilter := TRUE; 



End; 

End; 
End 
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Else If (chCode = 13) Or (chCode = $03) Then{CR or 
Enter} 

Begin 
MyFilter := TRUE; {Flag we got a hit} 
itemHit := 1; {Default for CR} 
GetDItem(theDialog, itemHit, DType, DItem, 

tempRect);{Get the item} 
If (DType = (ctrlItem + btnCtrl)) Then 

{If a button then ... } 
Begin 

CItem := Pointer(DItem); 
{Make it a controlhandle} 

HiliteControl(CItem, 10); {Hilite it} 
LTemp := TickCount + 15; {Flash the button} 
Repeat 
Until (Ltemp < TickCount); 
HiliteControl(Cltem, 0); {UnHilite it} 

End; 
End; 

End; 
End; 

{=======================================================} 

Procedure M PD NanoTracker Opt; 
Var - - -

tempRect: Rect; 
DType: Integer; 
Index: Integer; 
DItem: Handle; 
CItem, CTempItem: 
sTemp: Str2ss; 
itemHit: Integer; 
temp: Integer; 

{Temporary rectangle} 
{Type of dialog item} 
{For looping} 
{Handle to the dialog item} 

controlhandle; {Control handle} 
{Get text entered, temp} 
{Get selection} 
{Get selection, temp } 

Stats Cancel State, Show Cancel State: boolean; 
{temp-holding of states T -

{This is an update routine for non-controls in the dialog} 
{This is executed after the DLOG is uncovered by an alert} 

Procedure Refresh Dialog; {Refresh the non-controls} 
Var -

rTempRect: Rect; {Temp rectangle used for drawing} 

Begin 
SetPort(GetSelection); {Point to our dialog window} 



rTempRect := tempRect; 
{Save the contents of tempRect} 

GetDltem(GetSelection, Res DIg OK, DType, Dltem, 
tempRect); {Get the item handle} 

PenSize(3, 3); 
{Change pen to draw thick default outline} 

InsetRect(tempRect, -4, -4); 
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{Draw outside the button by 1 pixel} 
FrameRoundRect(tempRect, 16, 16); {Draw the outline} 
PenSize(l, 1); 

{Restore the pen size to the default value} 

{Draw a line, Drawn line1 } 
PenSize(2, 2); {Set a wider pen width} 
MoveTo(O, 45); {Horz,vert, Move to starting position} 
LineTo(249, 45); 

{Horz,vert, Draw to the ending position} 
PenSize(l, 1); {Back to default pen size} 

tempRect := rTempRect; 
{Restore the current contents of tempRect} 

TextSize(24); 
TextFont(times) ; 

{Draw a string of 
GetlndString(sTemp, 
MoveTo(19, 33); 
DrawString(sTemp); 

TextSize(12); 

{Select the Font that we want} 
text, } 
Res_Dlg_2, 1); {Get the string} 

TextFont(systemFont); {Select the Font that we want} 
TextFace([]); {Select the style that we want} 

End; 

{=======================================================} 

Begin 
GetPort(SavedPort); 

{Start of dialog handler} 
{Get the previous grafport} 

Stats Cancel State := Show_NanoTracker_Stats; 
{Save User-variable states} 

Show_Cancel_State := Show_Correlogram; 

GetSelection := GetNewDialog(Res D NanoTracker Opt, Nil, 
Pointer(-l»;{Bring in the dialog resource} 

ShowWindow(GetSelection); (Open a dialog box} 
SelectWindow(GetSelection); {Lets see it} 
SetPort(GetSelection); {Prepare to add conditional 

text} 
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{Setup initial conditions} 
SetupTheItem(GetSelection, Res DIg Show Correlogra, 

FALSE, TRUE, TRUE, TRUE, tempRect,-O, 0); {Checkbox} 
GetDItem(GetSelection, Res DIg Show Correlogra, DType, 

DItem, tempRect); - - -
CItem := ControIHandle(DItem); {Change 

to control handle} 
SetCtIValue(CItem, 

Make Boolean Integer(Show Correlogram»; 
- {Set the checkbox value} 

SetupTheItem(GetSelection, Res DIg Show Statistics, 
'FALSE, TRUE, TRUE, TRUE, tempRect,-O, O);{Checkbox} 

GetDItem(GetSelection, Res DIg Show Statistics, DType, 
DItem, tempRect); - - -

CItem := ControIHandle(DItem); 
{Change to control handle} 

SetCtIValue(CItem, 
Make Boolean Integer (Show Nanotracker Stats»; 

{Set the checkbox-value} -

Refresh Dialog; {Draw any Lists, lines, or rectangles} 
ExitDialog := FALSE; {Do not exit dialog handle loop yet} 

Repeat {Start of dialog handle loop} 
ModaIDialog(@MyFilter, itemHit); 

{Wait until an item is hit} 

If (itemHit = 32000) Then {Check for update} 
Begin 

Refresh Dialog; 
{Draw any Lists, lines, or rectangles} 

EndUpdate(GetSelection); {End of the update} 
End 

Else Begin 
GetDItem(GetSelection, itemHit, DType, DItem, 
tempRect};{Get item information} 
CItem := Pointer(DItem}; {Get the control handle} 

End; 

If (ItemHit = Res DIg OK) Then 
{Handle the Button being pressed} 
Begin 

ExitDialog := TRUE; {Close a modal dialog} 
End; 

If (ItemHit = Res DIg Cancel) Then 
{Handle the Button being pressed} 
Begin 

ExitDialog := TRUE; {Close a modal dialog} 
Show NanoTracker Stats := Stats_Cancel_State; 



Show Correlogram := Show Cancel State; 
{Return to original states} -

End; 

If (ItemHit = Res DIg Show Correlogra) Then 
{Handle Correlogram checkbox being pressed} 

Begin 
temp := GetCtlValue(CItem); 

{Get the current Checkbox value} 
SetCtlValue(CItem, (temp + 1) Mod 2); 

{Toggle the value to the opposite} 
If (temp = 0) Then {Do all CHECKED linkages} 
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Show Correlogram := true 
Else - {Do all UNCHECKED linkages} 

Show Correlogram := false; 
End; -

If (ItemHit = Res DIg Show Statistics) Then 
{Handle showstats checkbox being pressed} 

Begin -
temp := GetCtlValue(CItem); 
SetCtlValue(CItem, (temp + 1) Mod 2); 

{Toggle the value to the opposite} 
If (temp = 0) Then 

Show NanoTracker Stats := true 
Else - -

Show NanoTracker Stats := false; 
End; - -

Until ExitDialog; 
{Handle dialog items until exit selected} 

SetPort(SavedPort); {Restore the previous grafport} 
DisposDia16g(GetSelection); 

{Flush the dialog} 
End; 

{=======================================================} 

Procedure ShowTimeCursor (partTime, FullTime: integer); 
Var 

FractionTime: integer; 
Begin 

FractionTime := FullTime Div 3; 
If FractionTime = 0 Then 

FractionTime := 2; 
Case (partTime Div FractionTime) Of 



0: 
SetCursor(Timel); 

1 : 
SetCursor(Time2); 

Otherwise 
SetCursor(Time3); 

End; {case} 
End; 

{=======================================================} 

Procedure DoRoiTransfer (tempInfo: PicInfo; tempKernel: 
MyKernelType); 

Begin 
With tempInfo Do Begin 

hlock(handle(osPortA.portPixMap)); {locks 
image relocatable block } 

hlock(handle(tempKernel.KernelPortA.portPixMap)); 
{locks Kernel block} 
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CopyBits(BitMapHandle(osPortA.portPixMap)AA, 
BitMapHandle(tempKernel.KernelPortA.portPixMap)AA, 
osRoiRect, tempKernel.KernelPortA.portRect, 
SrcCopy, Nil); 

End; 

hunlock(handle(osPortA.portPixMap)); {unlocks 
image relocatable block } 

hunlock(handle(tempKernel.KernelPortA.portPixMap)); 
{unlocks Kernel block} 

End; 

Function GetPixelFromKernel (h, v: integer; tempKernel: 
MyKernelType): byte; 

Var 

Begin 

offset: LongInt; 
p: ptr; 

With tempKernel Do Begin 

End; 

If (h < 0) Or (v < 0) Or (h >= PixelsPerLine) Or (v >= 
nlines) Then Begin 
GetPixelFromKernel := 0; 
exit(GetPixelFromKernel); 

End; 
offset := LongInt(v) * PixelsPerLine + h; 
p := ptr(ord4(Kernel AA .baseAddr) + offset); 
GetPixelFromKernel := BAND (pA, 255); 

End; 

Function GetosRoiPixel (h, v: integer): integer; 
Begin 



With InfoA.osroiRect Do 
GetosRoiPixel := MyGetPixel«h + left), (v + top)); 

End; 

Function GetosRoiMean: byte; 
Var 

Begin 

h, v: integer; 
cumulative: longint; 
RoiWidth, RoiHeight: integer; 

cumulative := 0; 
With InfoA Do Begin 

With osRoiRect Do Begin 
RoiWidth := right - left; 
RoiHeight := bottom - top; 

End; 
For h := 1 To Roiwidth Do 

For v := 1 To RoiHeight Do 
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cumulative := cumulative + GetosRoiPixel(h, v); 
GetosRoiMean := cumulative Div (RoiWidth * RoiHeight); 

End; 
End; 

Function GetPixelFromWorkspace (h, v: integer; tempKernel: 
MyWorkType): longint; 

Var 
offset: LongInt; 
p: A longint; 

Begin 
With tempKernel Do Begin 

If (h < 0) Or (v < 0) Or (h >= PixelsPerLine) Or (v >= 
nlines) Then Begin 
GetPixelFromWorkspace := WhiteC; 
exit(GetPixelFromWorkspace); 

End; 
offset := LongInt(v * PixelsPerLine + h) * 4; 
P := pointer (ord4 (KernelBaseAddr) + offset); 
GetPixelFromWorkspace := BAND (pA, $8FFFFFFF); 

End; 
End; 

Procedure SetWorkspacePixel (h, v: integer; tempKernel: 
MyWorkType; value: longint); 

Var 
offset: LongInt; 
p: Alongint; 

Begin 
With tempKernel Do Begin 
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If (h < 0) Or (v < 0) Or (h >= PixelsPerLine) Or (v >= 
nlines) Then 

End; 

exit(SetWorkspacePixel); 
offset := LongInt(v * PixelsPerLine + h) * 4; 
P := pointer (ord4 (KernelBaseAddr) + offset); 
pA := BAND (value, $8FFFFFFF); 

End; 

Function SelectReference; {boolean} 
Var 

Begin 

tempAddr: ptr; 
tPort: GrafPtr; 

SelectReference := false; 
RefKernelA.osRoiRect := InfoA.osRoiRect; 
With RefKernel A Do Begin 

With osroiRect Do Begin 
{osroiRect is the absolute window selected 

rectangle} 
PixelsPerLine := right - left; 
nLines := bottom - top; 

End; {with osroiRect } 
KernelSize := PixelsPerLine * nLines; 
KernelCenter[l] := (PixelsPerLine + 1) / 2; 
KernelCenter[2] := (nLines + 1) / 2; 

If ReferenceExists Then Begin 
CloseCPort(KernelPort); {Get 
KernelPort } 
dispose(KernelPort); 

End; 

rid of any existing 

GetPort(tPort); 
new(KernelPort); 
OpenCPort(KernelPort); 

{Save current GrafPort 
{Get a new GrafPtr } 
{Open a new port } 

With KernelPort A Do Begin 
hlock(handle(portPixMap»; 
With portPixMapAA Do Begin 

tempAddr := GetMemory(KernelSize); 
{ get storage space for pixMap 

If tempAddr = Nil Then 
exit (SelectReference) 

{ Out of memory } 
Else 

SelectReference := true; 
With bounds Do Begin 

top := 0; 
bottom := nLines; 
left := 0; 



right := PixelsPerLine; 
End; {with bounds} 

baseAddr := tempAddr; 
rowBytes := integer(BOR($8000, 

BAND (PixelsPerLine, $8FFF»); 
{High 3 bits.= lOO} 

End; {with portPixMap} 
hunlock(handle(portPixMap»; 
portRect := portPixMapAA.bounds; 

End; {with KernelPort } 
Kernel := KerneIPortA.portPixMap; 

{save PixMap Handle } 
End; {with Ref Kernel } 

SetPort(tPort); 
{ Back to window on screen 

DoRoiTransfer(InfoA, RefKerneI A); 
ReferenceMean := GetosRoiMean; 

End; {function } 
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Procedure ShowCorr (TempWork: MyWorkType; ConvMax: LongInt); 
Var 

Begin 

iptr: ptr; 
x, y: integer; 
offset: LongInt; 
p: ptr; 
value: Byte; 

SaveInfo := Info; {Save the Info in case we bust memory} 
iptr := NewPtr(SizeOf(PicInfo»; 
If iptr = Nil Then Begin 

PutOutOfMernMsg; 
DisposPtr(iptr); 
exit (ShowCorr) 

End; 
Info := pointer(iptr); 
InfoA := SaveInfoA; {Set new Info to old Info } 
With InfoA Do Begin 

With osRoiRect Do Begin 
PixelsPerLine := right - left; 
nLines := bottom - top; 

End; 
BytesPerRow := PixelsPerLine; 
PictureType := NewPicture; 
title := 'Correlation Matrix'; 
PicSize := LongInt(nlines) * PixelsPerLine; 
iptr := GetMemory(PixelsPerLine * nLines); 
If iptr = Nil Then Begin 

PutOutOfMernMsg; 
DisposPtr(iptr); 
Dispose(Info); 



Info := SaveInfo; 
exit (ShowCorr) 

End; 
PicBaseAddr := pointer(iptr); 
For x := 0 To PixelsPerLine - 1 Do 

For y := 0 To nLines - 1 Do Begin 
value := Byte((GetPixelFromWorkspace(x, y, 

TempWork) * 255) Div ConvMax); 
offset := LongInt(y) * BytesPerRow + x; 
p := ptr(ord4(PicBaseAddr) + offset); 
pA := byte (BAND (value, 255)); 

End; 
MakeNewWindow(title); 

End; {with Info } 
End; {ShowCorr} 

Function NanoTrack; {vector} 
Var 

i, j, x, y: integer; 
ConvResult: longint; 
ConvMax: longint; 
ConvThreshold: longint; 
TempResult: vector; 

{Dimensions of kernels} 

{maximum value } 
{Threshold value} 
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TempValue, DenomSum, XSquareSum, YSquareSum, XSum, YSum: 
longint; 

NumSum: longint; 
PPLlow, PPLhigh, nLlow, nLhigh: integer; 

osPixel, KernelPixel: longint; {For debugging only} 
Begin 

With WorkKernel A Do Begin 
PixelsPerLine := InfoA.osRoiRect.right -

InfoA.osRoiRect.left; 
nLines := InfoA.osRoiRect.bottom -

InfoA.osRoiRect.top; 
KernelSize := PixelsPerLine * nLines * 4; {Workspace 

is in longint form} 
KernelBaseAddr := GetMemory(KernelSize); 

{Reserves memory matching Info * 4} 
If KernelBaseAddr = Nil Then Begin 

beep; 
exit(NanoTrack); 

End; 
End; 

ConvMax := $8FFFFFFF; 
{ Keep a record of the maximum correlation value } 

With RefKernel A Do Begin 
{ Does the calculation C(xY)=LL I(x+i,y+j) [K(i,j)-s] 
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PPLlow := -(PixelsPerLine Div 2); 
PPLhigh :=(PixelsPerLine Div 2) + (PixelsPerLine Mod 2): 
nLlow := -(nLines Div 2); 
nLhigh := (nLines Div 2) + (nLines Mod 2); 
For x := 0 To WorkKernelA.PixelsPerLine - 1 Do Begin 

ShowTimeCursor(x, (WorkKernelA.PixelsPerLine - 1»; 
For y := 0 To WorkKernelA.nLines - 1 Do Begin 

ConvResult := 0; 
For i := PPLlow To PPLhigh - 1 Do 

For j := nLlow To nLhigh - 1 Do Begin 
osPixel := GetosRoiPixel(x + i, y + j): 
KernelPixel := GetPixelFromKernel((i -

PPLlow), (j - nLlow), RefKernel A): 
ConvResult := ConvResult + osPixel * 

(KernelPixel - ReferenceMean): 
End: 

If ConvResult >= 0 Then 
SetWorkspacePixel(x, y, WorkKernel A, 

ConvResult) {Eliminate all <O} 
Else 

SetWorkspacePixel(x, y, WorkKernel A, 0): 
If ConvResult > ConvMax Then 

ConvMax := ConvResult: 
End: {y} 

End: {x} 
End: {with} 

ConvThreshold := round(ConvMax * ThresholdFraction): 
DenomSum := 0: 
XSquareSum := 0: 
YSquareSum := 0; 
XSum := 0: 
YSum := 0; 
NumSum := 0; 
TempResult[1] := 0; 
TempResult[2] := 0; 
ShowWatch; 

If Show Correlogram Then 
ShowCorr(WorkKernel A, ConvMax); 

matrix if allowed } 

With WorkKernel A Do Begin 

{Show the correlation 

For x := 0 To PixelsPerLine - 1 Do 
For y := 0 To nLines - 1 Do Begin 

{ Does the calculation x = LX(C(x,y)
T)/L(C(x,y)-T) } 

TempValue := GetPixelFromWorkspace(x, y, 
WorkKernel A) - ConvThreshold; 

If TempValue > 0 Then Begin 
DenomSum := DenomSum + TempValue; 
XSquareSum := XSquareSum + TempValue * sqr(x)i 



229 

YSquareSum := YSquareSum + TempValue * sqr(y); 
NumSum := NumSum + TempValue; 
TempResult[l] := TempValue * x + TempResult[1]; 
TempResult[2] := TempValue * y + TempResult[2]; 

End; 
End; 

Dispose(KerneIBaseAddr); {Get rid of workspace} 
End; 

XSum := round(TempResult[1]); 
YSum := round(TempResult[2]); 
with'RefKernel A Do Begin 

{Do centroid statistics s=~«~xA2-(~X)A2/N)/(N-1))} 
NanoTrack.StandardDeviations[1] := sqrt«XSquareSum -

NumSum * sqr(XSum / NumSum)) / (NumSum - 1)); 
NanoTrack.StandardDeviations[2] := sqrt«YSquareSum -

NumSum * sqr(YSum / NumSum)) / (NumSum - 1)); 

{Do centroid calculation and coordinate transformation} 
{Adjusts for actual coordinates of reference, object and 

the reference center } 
TempResult[1] := TempResult[l] / DenomSum -

(osroiRect.left + PixelsPerLine Div 2) + 
InfoA.osroiRect.left; 

TempResult[2] := TempResult[2] / DenomSum -
(osroiRect.top + nLines Div 2) + 
InfoA.osroiRect.top; 

NanoTrack.coordinates := TempResult; 
End; 

End; {Function} 

Procedure ShowNanoTrackResult (tempCoord: NanoTrack_Result); 
Var 

vloc, hloc, i: integer; 
tPort: GrafPtr; 
trect: recti 

Procedure NewLine; 
Begin 

vloc := vloc + 12; 
MoveTo(hloc, vloc); 

End; 

Begin 
GetPort(tPort); 
vloc := 35; 
hloc := 4; 
SetPort(ResultsWindow); 
TextFont(AppIFont); 



TextSize(9); 
Setrect(trect, 0, vloc, rwidth, rheight); 
EraseRect(trect); 
NewLine; 
DrawReal (tempCoord.coordinates [1] , 3, 2); 
If Show Nanotracker Stats Then Begin 

DrawString(' (±'); 
DrawReal (tempCoord.StandardDeviations[l] , 3, 2); 
DrawString(' SD) I); 

End; 
DrawString(' x pixels.'); 
NewLine; 
DrawReal(tempCoord.coordinates[2] , 3, 2); 
If Show Nanotracker Stats Then Begin 

DrawString (' (±'); 
DrawReal (tempCoord.StandardDeviations [2] , 3, 2); 
DrawString(' SD) I); 

End; 
DrawString(' y pixels.'); 
SetPort(tPort); 

End; 

{*****************************************************} 

Procedure DoUserMenuEvent; {(MenuItem: integer);} 
Var 

Begin 

tempVector: NanoTrack Result; 
TempFraction: extended; 

Case MenuItem Of 
1 : 

Begin 
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If (ReferenceExists) And (InfoA.RoiShowing) Then 
If InfoA.RoiType <> RectRoi Then Begin 

PutMessage(", 'Kernel must be selected with a 
rectangle. " "); 

End 
Else Begin 

HiliteMenu(O); 
tempVector := NanoTrack; 
ShowNanoTrackResult(tempVector); 
InitCursor; 

End 
Else If Not (ReferenceExists) Then Begin 

PutMessage(", 'No reference kernel has been 
selected. " "); 
End 

Else Begin 



2: 

PutMessage(", 'No kernel is selected at this 
time. " "); 
End 

End; 

Begin 
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If (InfoA.RoiShowing) And (InfoA.RoiType = RectRoi) 
Then 
If SelectReference Then Begin 

EnableItern(UserMenuH, 1); 
EnableItern(UserMenuH, 3); 
ReferenceExists := true; 

End 
Else Begin 

PutMessage('An area must be selected with a 
rectangle', 'to complete this command.', "); 

End; 
End; 

5: 

8 : 

Begin 
M PD NanoTracker Opt; {Make call to Modal Dialog 
for- options } 

End; 

Begin 
TempFraction := GetReal('Threshold fraction?', 

ThresholdFraction); 
If Not (TempFraction = BadReal) Then 

Repeat 
If (TempFraction < 1.0) And (TernpFraction > 0.0) 

Then 
ThresholdFraction := TempFraction 

Else Begin 
PutMessage(", 'Threshold must be between 0.0 

and 1. 0 " "); 
TempFraction := GetReal('THINK!!! Threshold 

fraction?', ThresholdFraction); 
End; 

Until TempFraction = ThresholdFraction; 
End; 

End; 
End; 
End. 
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APPENDIX G 

ORCEIN - PIRCROFUCHSIN STAINING OF EPOXY 
SECTIONS 

To identify and localize elastin in the interstitium, the orcein - picrofuchsin method of 

Gurr (1962) was modified to stain epoxy sections of specimens being prepared for 

transmission electron microscopy. Orcein stains elastin black. Picrofuchsin stains 

everything else in the section pink. In addition, the sections can be observed by 

fluorescence microscopy. Orcein fluoresces brightly in the red with excitation in the 

green. 

This technique was developed with the aid of Peggy Krasovich in the Electron 

Microscopy Core Facility at the University of Arizona. The author gratefully 

acknowledges her assistance. 

Solutions 
(A) Orcein 1 % in 80% alcohol with 1 % concentrated HCI 

(B) Van Gieson Picrofuchsin - 20 ml saturated, aqueous picric acid with 1 % aqueous 

acid fuchsin. 

(C) Sodium methoxide - Saturated NaOH in absolute ethanol 

Technique 

1) Adhere 1-2 Jlm epoxy sections to glass slides with heat. 

2) Deplasticize in (C) for 15 minutes at room temperature. 
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3) Five 5 minute washes in absolute ethanol. 

4) Stain in (A) for 2 hours at 60°C. 

5) Rinse in 70% ethanol for 15 seconds. 

6) Rinse in water for 15 seconds. 

7) Stain in (B) for 20 minutes at room temperature. 

8) Rinse for a few seconds in water. 

9) Dehydrate rapidly in 95% and 100% ethanol, rinse in xylene and mount. 
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Appendix H 

Complete Listing of the Mechanical Data 

Following is a complete listing of the partially processed data described in this 

manuscript. The raw data consists of millions of computer-recorded data points, and is 

impractical to list. 

Details of Measurement Sites: This is a list of experimental details, including the 

diameters of the arterioles, the diameters of the microspheres and the distances of 

the microspheres from the vessel walls. 

Animal xxlxxlxx, Site x, Reaction to x: These tables list the measured diameter and 

force at each time point after application of an agonist (t=O). 

Creep Data Listed by Animal and Site: A full listing of the elastic constants and fitting 

errors determined at each measurement site in a particular animal. 
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Details of Measurement Sites 

Animal #§ Axis Microsphere Arteriole Microsphere 

(Date) D (/lm) D (/lm) Center to Inner 

Wall (/lm) 

3/9/92 1 Perpendicular Bulk 10.8 49.4 29.3 

3/11/92 1 Perpendicular Bulk 11.8 32.5 76.0 

3/18/92 1 Parallel Bulk 9.6 31.9 67.6 

3/24/92 1 Parallel Bulk 8.8 35.6 63.7 

3/24/92 2 Perpendicular Bulk 9.8 43.8 71.7 

3/28/92 1 Parallel Band 8.1 30.3 74.4 

3/28/92 2 Parallel Band 8.4 ·30.6 51.8 

3/28/92 3 Parallel Band 8.9 34.7 39.4 

3/28/92 4 Parallel Bulk 7.3 32.8 20.2 

4/29/92 2 Perpendicular Bulk 8.4 41.7 36.1 

4/29/92 3 Perpendicular Bulk 9.8 45.9 16.5 

5/6/92 1 Parallel Wall 8.3 38.8 6.4 

5/6/92 2 Parallel Bulk 7.8 63.4 23.7 

5/6/92 4 Parallel Band 10.1 30.7 64.5 

5/11/92 1 Perpendicular Bulk 7.5 42.8 17.8 

5/14/92 1 Perpendicular Band 7.8 47.8 37.2 

5/14/92 3 Parallel Band 8.4 58.3 31.7 

5/14/92 4 Parallel Wall 6.6 60.0 6.6 

6/3/92 1 Parallel Band 8.5 33.0 74.1 

6/3/92 2 Parallel Wall 8.1 38.3 7.6 
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Animal #§ Axis Microsphere Arteriole Microsphere 
(Date) D (J.1m) D (J.1m) Center to Inner 

Wall (J.1m) 

6/8/92 1 Perpendicular Bulk 8.3 33.6 48.1 

6/8/92 2 Perpendicular Bulk 9.0 36.3 29.2 

6/11/92 1 Perpendicular Bulk 8.8 27.3 63.5 

6/11/92 2 Perpendicular Bulk 8.3 29.5 15.9 

6/11/92 3 Perpendicular Bulk 9.1 29.2 34.1 

9/1/92 1 Parallel Band 9.6 55.0 72.3 

9/1/92 2 Parallel Bulk 9.1 61.9 14.1 

9/4/92 1 Parallel Band 8.4 31.8 74.8 

9/4/92 2 Parallel Wall 6.9 41.4 6.2 

§This is the number of the measurement site, greater than one when more than one 

measurement is taken from a single animal. 
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Animal 3/9/92, Site 1, Reaction to NE 

Time Diameter Force Time Diameter Force 

(sec) (J.1m) (nN) (cont.) (cont.) (cont.) 

0.0 51.9 15.67 16.0 50.6 -5.36 
0.5 51.9 11.63 16.5 50.6 -9.90 
1.0 52.8 4.71 17.0 50.3 -12.50 

1.5 52.8 0.92 17.5 50.3 -12:23 

2.0 52.5 0.47 18.0 50.0 -7.93 
2.5 52.5 -6.16 18.5 50.3 -6.57 

3.0 51.9 -9.60 19.0 50.0 -5.83 

3.5 51.7 -15.61 19.5 49.7 -6.44 
4.0 50.8 -20.23 20.0 50.3 -2.25 
4.5 50.3 -18.94 20.5 51.4 0.59 

5.0 50.0 -18.31 21.0 51.1 4.21 

5.5 49.4 -21.78 21.5 51.7 5.02 
6.0 49.7 -22.22 22.0 51.7 6.62 

6.5 49.2 -22.97 22.5 51.9 6.09 
7.0 49.2 -22.18 23.0 51.9 5.88 
7.5 49.2 -19.01 23.5 51.9 13.06 
8.0 49.2 -20.01 24.0 51.9 13.41 
8.5 49.4 -21.50 24.5 51.4 10.57 
9.0 50.0 -19.13 25.0 50.8 10.07 
9.5 50.3 -17.80 25.5 51.1 9.46 

10.0 50.6 -15.62 26.0 51.4 7.26 
10.5 50.8 -9.25 26.5 51.7 11.25 
11.0 50.6 -8.63 27.0 51.7 4.38 
11.5 50.6 -11.04 27.5 51.4 2.61 

12.0 50.3 -10.54 28.0 51.7 1.82 
12.5 50.0 -8.46 28.5 52.0 2.08 
13.0 49.7 -4.84 29.0 52.2 5.37 
13.5 50.0 -6.35 29.5 51.4 6.79 
14.0 50.3 -5.45 30.0 51.7 5.93 
14.5 50.6 -8.64 30.5 51.7 6.07 

15.0 50.6 -8.83 31.0 51.4 5.66 
15.5 51.1 -5.16 31.5 51.1 9.18 
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Animal 3/11/92, Site 1, Reaction to NE 

Time Diameter Force Time Diameter Force 

(sec) (~m) (nN) (cont.) (cont.) (cont.) 

0.0 39.8 -0.10 16.0 32.9 3.96 
0.5 39.8 0.67 16.5 32.2 3.75 
1.0 39.8 0.03 17.0 31.3 4.68 
1.5 39.8 0.28 17.5 30.5 4.47 
2.0 39.8 0.55 18.0 29.4 5.21 
2.5 39.8 -0.81 18.5 28.4 5.44 
3.0 39.8 -0.36 19.0 27.1 5.84 
3.5 39.9 -0.04 19.5 25.8 6.59 
4.0 39.9 -0.08 20.0 24.2 6.19 
4.5 39.9 -1.01 20.5 23.0 6.84 
5.0 39.7 -0.10 21.0 22.1 6.53 
5.5 39.4 0.30 21.5 21.5 6.77 
6.0 39.1 0.37 22.0 20.1 6.34 
6.5 39.1 -0.15 22.5 19.6 6.09 
7.0 39.1 -0.69 23.0 19.3 7.13 
7.5 39.1 -1.49 23.5 18.1 6.93 
8.0 39.4 -1.05 24.0 17.6 5.77 
8.5 39.5 -1.61 24.5 17.0 6.27 
9.0 39.8 -2.15 25.0 17.0 6.09 
9.5 39.8 -2.16 25.5 17.0 7.42 

10.0 40.6 -1.07 26.0 16.4 6.49 
10.5 41.0 -0.10 26.5 16.4 7.61 
11.0 40.6 -0.38 27.0 14.9 6.77 
11.5 39.3 -0.08 27.5 14.7 5.86 
12.0 38.6 0.11 28.0 14.4 5.16 
12.5 37.8 1.07 28.5 14.4 5.76 
13.0 37.4 1.15 29.0 14.6 5.41 
13.5 36.6 1.68 29.5 16.4 5.35 
14.0 35.8 1.86 30.0 19.9 5.41 
14.5 34.8 2.71 30.5 21.4 6.48 

15.0 34.5 1.59 31.0 21.9 6.70 

15.5 34.0 3.14 31.5 21.9 7.50 
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Animal 3/24/92, Site 2, Reaction to NE 

Time Diameter Force Time Diameter Force 

(sec) (Ilm) (nN) (cont.) (cont.) (cont.) 

0.0 40.3 -4.17 16.0 33.9 -1.31 
0.5 40.0 -4.22 16.5 33.9 -1.14 
1.0 40.3 -4.76 17.0 34.7 -1.24 

1.5 40.8 -4.81 17.5 35.0 -1.35 

2.0 40.6 -4.38 18.0 35.3 -1.09 
2.5 39.4 -3.94 18.5 34.7 -1.13 

3.0 38.9 -3.58 19.0 35.0 -1.25 

3.5 38.1 -3.16 19.5 34.7 -1.25 
4.0 37.8 -2.99 20.0 34.2 -1.01 
4.5 37.8 -2.50 20.5 34.7 -1.34 

5.0 37.8 -1.88 21.0 35.3 -0.98 

5.5 37.2 -1.98 21.5 35.0 -1.16 

6.0 37.2 -1.46 22.0 35.0 -1.52 

6.5 36.4 -0.95 22.5 35.0 -1.84 

7.0 36.4 -1.04 23.0 35.8 -1.78 
7.5 35.8 -0.81 23.5 35.6 -2.01 
8.0 35.6 -0.50 24.0 35.6 -2.33 
8.5 36.1 -0.78 24.5 35.6 -2.10 

9.0 35.6 -0.26 25.0 35.6 -2.47 

9.5 35.6 -0.42 25.5 35.0 -2.67 

10.0 35.6 -0.18 26.0 35.3 -2.76 

10.5 35.0 -0.11 26.5 35.8 -2.84 

11.0 34.7 -0.34 27.0 35.8 -3.27 
11.5 35.0 0.17 27.5 35.8 -3.25 

12.0 34.7 -0.25 28.0 35.6 -3.12 

12.5 34.7 0.03 28.5 35.6 -3.36 

13.0 34.7 0.67 29.0 35.8 -3.31 
13.5 34.5 0.27 29.5 35.6 -3.43 
14.0 34.2 -0.09 30.0 35.6 -3.56 

14.5 33.9 -0.55 30.5 35.8 -3.77 

15.0 33.6 -0.97 31.0 36.1 -3.86 

15.5 33.9 -1.04 31.5 36.7 -3.62 
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Animal 5/11/92, Site 1, Reaction to NE 

Time Diameter Force Time Diameter Force 

(sec) (Ilm) (nN) (cont.) (cont.) (cont.) 

0.0 39.2 0.23 16.0 30.0 0.22 

0.5 39.2 0.33 16.5 30.0 0.17 
1.0 38.9 0.49 17.0 30.6 0.10 
1.5 38.9 0.23 17.5 30.8 0.04 

2.0 38.3 0.23 18.0 31.4 0.02 
2.5 37.8 0.50 18.5 31.4 0.01 
3.0 36.7 0.49 19.0 32.2 -0.04 

3.5 36.1 0.76 19.5 32.2 -0.13 

4.0 35.6 0.79 20.0 32.2 -0.06 

4.5 34.2 0.84 20.5 32.8 -0.13 

5.0 33.9 0.93 21.0 32.8 -0.13 

5.5 33.3 1.00 21.5 33.6 -0.24 

6.0 33.3 1.04 22.0 34.2 -0.36 

6.5 32.8 1.02 22.5 35.3 -0.33 
7.0 31.9 0.85 23.0 35.6 -0.38 

7.5 31.7 1.04 23.5 36.1 -0.47 

8.0 31.7 0.98 24.0 36.1 -0.42 
8.5 31.7 0.95 24.5 36.9 -0.70 

9.0 31.1 0.92 25.0 36.9 -0.49 

9.5 30.8 0.90 25.5 37.5 -0.48 
10.0 30.8 0.81 26.0 37.5 -0.46 
10.5 30.3 0.69 26.5 37.5 -0.50 
11.0 30.3 0.63 27.0 38.1 -0.46 

11.5 29.4 0.64 27.5 38.9 -0.55 

12.0 30.0 0.52 28.0 39.7 -0.42 

12.5 30.0 0.56 28.5 40.0 -0.49 
13.0 30.0 0.45 29.0 40.0 -0.43 

13.5 30.0 0.37 29.5 40.0 -0.34 

14.0 30.0 0.45 30.0 40.0 -0.34 

14.5 30.0 0.30 30.5 40.0 -0.34 

15.0 30.0 0.27 31.0 40.0 -0.26 

15.5 30.0 0.14 31.5 40.0 -0.34 



241 

Animal 5/11/92, Site 1, Reaction to ADO 

Time Diameter Force Time Diameter Force 

(sec) (!lm) (nN) (cont.) (cont.) (cont.) 

0.0 44.7 0.30 16.0 53.6 -3.51 

0.5 44.2 0.29 16.5 53.6 -3.07 

1.0 44.2 0.16 17.0 53.6 -3.56 

1.5 44.2 0.11 17.5 53.6 -3.13 

2.0 44.2 0.03 18.0 53.6 -2.74 

2.5 44.7 -0.31 18.5 53.6 -2.59 

3.0 46.1 -0.87 19.0 53.9 -2.81 

3.5 46.9 -1.13 19.5 53.6 -2.56 

4.0 47.8 -1.56 20.0 53.6 -2.65 

4.5 48.6 -1.72 20.5 53.6 -2.56 

5.0 49.4 -1.76 21.0 54.2 -2.48 

5.5 50.0 -2.22 21.5 54.2 -2.07 

6.0 50.6 -2.54 22.0 54.2 -1.61 

6.5 50.6 -2.46 22.5 53.9 -1.23 

7.0 50.8 -2.32 23.0 53.6 -0.43 

7.5 51.7 -2.45 23.5 53.6 -0.49 

8.0 51.7 -2.70 24.0 53.6 -0.46 
8.5 51.7 -3.57 24.5 53.3 -0.30 

9.0 51.7 -3.38 25.0 53.3 -0.26 

9.5 52.2 -3.58 25.5 53.3 -0.17 

10.0 52.5 -3.44 26.0 52.8 -0.11 

10.5 52.5 -3.73 26.5 52.8 0.16 

11.0 52.8 -3.48 27.0 53.1 0.04 

11.5 52.8 -3.82 27.5 52.2 0.16 

12.0 52.8 -3.59 28.0 51.1 0.25 

12.5 53.1 -3.96 28.5 51.1 0.25 

13.0 53.1 -3.72 29.0 51.4 0.37 

13.5 53.1 -3.68 29.5 50.8 0.47 

14.0 53.1 -3.80 30.0 50.8 0.49 

14.5 53.1 -3.73 30.5 50.8 0.46 

15.0 53.6 -3.62 31.0 50.3 0.46 

15.5 53.6 -3.44 31.5 49.4 0.57 
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Animal 6/8/92, Site 1 , Reaction to ADO 

Time Diameter Force Time Diameter Force 

(sec) (J,1m) (oN) (coot.) (coot.) (coot.) 

0.0 37.0 -0.14 16.0 41.4 1.95 
0.5 36.8 -0.06 16.5 41.4 1.98 
1.0 36.2 -0.05 17.0 41.4 2.11 

1.5 37.0 -0.12 17.5 41.4 2.26 

2.0 37.0 0.00 18.0 41.4 2.08 

2.5 37.3 0.09 18.5 41.4 2.27 

3.0 38.7 0.07 19.0 41.4 2.26 

3.5 39.5 0.34 19.5 41.4 2.11 
4.0 39.5 0.16 20.0 41.4 2.15 
4.5 39.7 0.41 20.5 41.4 2.19 

5.0 40.5 0.50 21.0 41.4 2.20 

5.5 40.8 0.45 21.5 41.4 2.35 

6.0 41.1 0.55 22.0 41.4 2.25 

6.5 41.1 0.64 22.5 41.4 2.09 

7.0 41.4 0.55 23.0 41.4 2.24 

7.5 41.6 0.89 23.5 41.4 2.22 

8.0 41.4 0.81 24.0 41.4 2.21 

8.5 41.4 1.13 24.5 41.4 2.31 

9.0 41.6 1.05 25.0 41.4 2.22 

9.5 41.6 1.11 25.5 41.4 2.61 
10.0 41.6 1.04 26.0 41.4 2.49 
10.5 41.6 1.08 26.5 41.4 2.53 
11.0 41.6 1.51 27.0 41.6 2.08 
11.5 41.4 1.16 27.5 41.6 2.28 

12.0 41.4 1.32 28.0 41.6 2.84 

12.5 41.4 1.30 28.5 41.6 2.09 

13.0 41.4 1.64 29.0 41.6 2.30 

13.5 41.4 1.86 29.5 41.6 2.07 

14.0 41.6 1.84 30.0 41.4 2.37 

14.5 41.6 2.03 30.5 41.4 2.29 

15.0 41.6 2.20 31.0 41.4 2.25 

15.5 41.6 1.97 31.5 41.4 2.45 
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Animal 6/8/92, Site 2, Reaction to ADO 

Time Diameter Force Time Diameter Force 
(sec) (Jlm) (nN) (cont.) (cont.) (cont.) 

0.0 33.6 -0.23 16.0 38.5 0.30 
0.5 33.9 -1.35 16.5 38.5 0.20 
1.0 33.9 -1.39 17.0 38.8 0.52 
1.5 33.9 -0.76 17.5 39.1 0.55 
2.0 33.9 -0.21 18.0 39.1 0.80 
2.5 33.9 -0.52 18.5 39.1 1.46 
3.0 33.9 -0.31 19.0 39.1 1.24 
3.5 34.4 -0.54 19.5 38.8 1.44 
4.0 35.0 -1.04 20.0 38.8 0.96 
4.5 35.3 -1.34 20.5 38.8 1.62 
5.0 35.8 -0.97 21.0 38.8 1.31 
5.5 36.1 -1.25 21.5 38.8 1.64 
6.0 36.9 -0.56 22.0 38.8 1.36 
6.5 37.2 -1.81 22.5 38.8 1.46 
7.0 37.4 -1.10 23.0 39.1 1.49 
7.5 37.7 -0.80 23.5 39.1 1.28 
8.0 37.7 -1.03 24.0 39.1 1.42 
8.5 38.0 -1.36 24.5 39.3 1.16 
9.0 38.0 -1.09 25.0 39.3 1.76 
9.5 38.0 -0.77 25.5 39.3 1.93 

10.0 38.0 -0.82 26.0 39.1 1.26 
10.5 38.3 -0.63 26.5 39.1 1.65 
11.0 38.3 -0.66 27.0 39.1 1.36 
11.5 38.5 -0.12 27.5 39.1 1.45 
12.0 38.5 -0.22 28.0 39.1 1.42 
12.5 38.5 -0.40 28.5 39.1 0.76 
13.0 38.5 -0.36 29.0 39.1 0.90 
13.5 38.5 -0.61 29.5 39.1 1.34 
14.0 38.8 -0.35 30.0 39.1 1.02 
14.5 38.8 -0.24 30.5 39.1 1.37 
15.0 38.8 -0.24 31.0 39.3 0.97 
15.5 38.8 -0.12 31.5 39.3 1.14 
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Animal 6/11/92, Site 1, Reaction to NE 

Time Diameter Force Time Diameter Force 

(sec) (J.lm) (nN) (cont.) (cont.) (cont.) 

0.0 26.2 0.39 16.0 9.5 -2.97 

0.5 25.7 0.86 16.5 10.5 -5.72 

1.0 25.7 -0.75 17.0 12.7 -3.55 

1.5 25.7 -0.34 17.5 14.6 -4.62 

2.0 26.0 -0.11 18.0 15.1 -4.29 

2.5 25.1 -0.16 18.5 14.1 -3.36 

3.0 25.7 -0.62 19.0 13.2 -4.85 

3.5 25.7 0.39 19.5 12.7 -4.03 

4.0 25.4 -1.32 20.0 13.0 -4.17 

4.5 25.4 -2.08 20.5 14.1 -4.93 

5.0 25.1 -1.54 21.0 14.6 -3.03 

5.5 24.9 -2.85 21.5 14.6 -2.88 

6.0 23.5 -3.00 22.0 14.6 -2.52 

6.5 20.5 -4.26 22.5 13.5 -2.88 

7.0 18.7 -3.73 23.0 13.5 -3.56 

7.5 16.0 -4.07 23.5 13.8 -3.26 

8.0 14.1 -4.36 24.0 15.1 -2.83 

8.5 13.0 -3.33 24.5 17.0 -2.42 

9.0 11.1 -4.90 25.0 18.7 -2.03 

9.5 10.0 -3.48 25.5 19.2 -1.35 

10.0 8.7 -4.57 26.0 18.1 -2.25 

10.5 8.1 -4.72 26.5 18.4 -1.81 

11.0 7.8 -3.62 27.0 18.7 -2.10 

11.5 8.4 -4.16 27.5 20.0 -1.60 

12.0 8.9 -4.75 28.0 20.8 -2.02 

12.5 9.5 -5.04 28.5 21.6 -1.17 

13.0 10.0 -3.43 29.0 21.6 -1.24 

13.5 9.7 -4.14 29.5 21.9 -1.04 

14.0 8.4 -4.47 30.0 21.1 -0.26 

14.5 7.8 -3.66 30.5 21.1 -0.29 

15.0 8.1 -2.81 31.0 21.4 -0.71 

15.5 8.7 -5.16 31.5 21.4 -0.70 
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Creep Data Listed by Animal and Site 

Animal #§ Axis DDt E E cr cr 

(Date) nN/J.1m (s.e.) sec (s.e.) 

3/9/92 1 Perpendicular Bulk 1.19 45.0 0.434 0.199 0.046 

3/11/92 1 Perpendicular Bulk 4.68 10.6 0.073 0.161 0.030 

3/18/92 1 Parallel Bulk 4.24 10.3 0.076 0.069 0.021 

3/24/92 1 Parallel Bulk 3.58 6.5 0.058 0.317 0.048 

3/24/92 2 Perpendicular Bulk 3.27 10.7 0.090 0.375 0.051 

3/28/92 1 Parallel Band 4.91 30.9 0.277 0.091 0.026 

3/28/92 2 Parallel Band 3.39 109.7 1.630 0.653 0.124 

3/28/92 3 Parallel Band 2.27 227.7 2.150 0.147 0.036 

3/28/92 4 Parallel Bulk 1.23 6.6 0.067 0.371 0.060 

4/29/92 2 Perpendicular Bulk 1.73 34.3 0.344 0.383 0.055 

4/29/92 3 Perpendicular Bulk 0.72 30.8 0.575 0.775 0.131 

5/6/92 1 Parallel Wall 0.33 25.1 0.189 0.280 0.383 

5/6/92 2 Parallel Bulk 0.75 12.2 0.205 0.576 0.100 

5/6/92 4 Parallel Band 4.20 35.3 0.799 0.130 0.062 

5/11/92 1 Perpendicular Bulk 0.83 1.1 0.010 0.149 0.028 

5/14/92 1 Perpendicular Band 1.56 108.7 0.837 0.381 0.036 

5/14/92 3 Parallel Band 1.09 554.4 27.600 0.264 0.141 

5/14/92 4 Parallel Wall 0.22 126.5 1.950 0.119 0.038 

6/3/92 1 Parallel Band 4.49 37.8 0.252 0.219 0.025 

6/3/92 2 Parallel Wall 0.40 33.0 0.669 0.747 0.129 
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Animal #§ Axis DDt E E 0- 0-

(Date) nN/J,lm (s.e.) sec (s.e.) 

6/8/92 1 Perpendicular Bulk 2.86 3.1 0.394 0.183 0.044 

6/8/92 2 Perpendicular Bulk 1.61 8.8 0.144 0.349 0.059 

6/11/92 1 Perpendicular Bulk 4.65 12.8 0.481 1.030 0.259 

6/11/92 2 Perpendicular Bulk 1.08 33.3 0.448 0.212 0.046 

6/11/92 3 Perpendicular Bulk 2.34 50.6 0.356 0.268 0.031 

9/1/92 1 Parallel Band 2.63 170.8 4.830 1.020 0.211 

9/1/92 2 Parallel Bulk 0.46 5.0 0.060 0.140 0.031 

9/4/92 1 Parallel Band 4.70 67.6 1.610 0.431 0.086 

9/4/92 2 Parallel Wall 0.30 109.1 2.490 0.107 0.046 

§This is the number of the measurement site, greater than one when more than one 

measurement is taken from a single animal. 

tDn is the distance from the inner wall of the arteriole to the center of the microsphere 

normalized by the radius of the arteriole. 
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