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CHAPTER T
INTRODUCTTON

No disease so uniformly affects the microvasculature as diabetes
mellitus. The chronic degenerative diseése of the microvascular system
thch occurs in diabetes mellitus was first recognized over a century ago
[ reference cited in 7lj. Elucidation of the nature of'diabetic micro-
angiopathy was ext?gmely slow until the discovery of insulin in 1922.

The advent of insulin therapy brought a longer life after the onset of
measurable b%ochemical abnormalities. Consequently, more extensive vascular
‘disease has developed, so that today 85% of the people with diabetes
mellitus die from the cardiovascular-renal complications of diabetic
miéroangiopathy rather than from ketoacidosis, insulin shock and other
related conditions; (

The microvascular manifestations of diabetes mellitus represent
a far ﬁore serious.aSpect of this disease than do the carbohydrate
derangements. ''Tightly controlled" diabetics develop vascular problems
as readily as insulin-independent diabetics' [91]. Yet little is known
about the basic pathogenesis of diabetic micronngiopathy. With recognition
of the importance of diabetic micrqangiopatﬁy, therec is an appreciation
of the need to evaluate quantitatively how diabetes mellitus alters

microcirculatory phenomena.
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The purpose of this study was té evaluate quantitatively the
microcirculation in an animal model of diabetes mellitus. Specifically,
thé red cell velocity in mesenteric microvessels, i.e., artérioles,
capillaries and venules, wefe measured in non-diabetic and streptozotocin;

diabetic rats.



CHAPTER 1II
LITERATURE REVIEW

A. PHYSICAL AND CHEMICAL ALTERATIONS OF THE CAPILLARY BASEMENT MEMBRANE
IN DIABETES MELLITUS .
1. Physical Changes in the Diabetic Capillary Basement Membrane

The term "diabetic micrqangiopathy” denotes the chronic, degen-
erative vas;ular‘disease of the smallest blood vessels throughout the
body in diabetes ﬁellitus [24, 30, 54, 79]. Using histochemical techniques,
light microséopié examination of various tissues revealed the presence of
increased amounts of periodic acid-Schiff (PAS) positive material in the
vessel walls of arterioles, capillaries and venules [30, 39, 65, 79, 107].
Basement membranes are extra-cellular structures that reacﬁ intensely
with periodic acid-Schiff stain. Op the basis of light microscopic studies,
Friedenwald [34, 35] suggested that a specific thickening of the capillary
basément membrane contributed to- the microvascular complications of diabetes
mellitus. Electron microscopy provided the technology with which the
validity of this suggestion could be examined.

The basement membrane located under the endothelium of blood vessels
appears as an electron dense feltwork of fine fibrils when seen on electron
micrographs [58]. It is usually 6nly a few hundred angstroms in width [79].
When the same localization is demonstrated with PAS staining techniques
and viewed with a light microscope, it appears as a homogeneous structure
agd‘measures abodt 1 to 2 microns in width [79]. The basement membrane

seen on light microscopy and electron microscopy are two different things.
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The first électron microscopists.éimply“borrowed a term in common usage
among light microscopists.

. Eléctron mic;oscopy was used extensively by Sipérstein 225 al. [92]
and Williamson and his group [53, 123} as a tool for quantitatively as-
sessing basement membrane thickening in diabetics. Their anatomical
studies demonstrated that a éegmental thickening of the capillary basement
membrane is the morphological feéture which best characterizes diabetic
microangiopathy [53,112&]. Arterioles and venules méy be similarly affected
- [30, 122]. Other inveétigafors reported similar observations in such
diverse tissues as skin [1, 65, 791, muséle [53, 79, 92, 115, 116}, retina
v[8, 79] and kidney [7, 32, 78; 79]. ‘This suggests that thickening of tﬁe
capillary basement membrane may be a generalized phenomenon involving small
blood vessels throughout the body [3@, 54, 71, 96, 107, 124].

While thickgning of the capillary basement membrane is generally
accepted. as one of the1first manifestations of diabetic microangiopathy,
the electron microscopic observations have become disputed in two areés.
These are: (1) the time of the occurence of thickening in relation to
thé onset of carbohydrate derangements and (2) whether basement membrane
thickening progresses with duration of diabetes. Siperstein proposed that
Vbasement membranetthickening occurs before the onset of diaBétes and may
be the causé,and not the consequence of diabefes. $sterby-Hansen [78]
found that diabetic microangiopathy and tﬁickening of the basement membrane
do not. occur in the glomeruli of young diabetics of recent onset. This
indicates that early changes in prediabetes is unlikely. Williamson [53]

suggests that the basement membrane width of muscle capillaries is normal

in most individuals prior to the onset of carbohydrate intolerance.
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According‘to Pometta et. al. [82] there is no significant increase in the
basement membrane width of muscle capillaries in potential diabetics or
diabetics of recen;»onset as compared to non—diabetic control subjects.
Siperstein [92] has reported that no relationship exists between
the duration and séverity of diabetes and the width of the capillary
basement membrane. If generalized basement membrane thickening precedes
carbohydrate intolerance, then basement membrane thickening shéuld be found
in all diabetics. ThatJWilliamson [125] found basement membrane thickening
in less than one third of insuiih—depéndént diabetics Qho have had their
disease less than four years, coupled with a highly significant increase
in the incidence of basement membrane thickening with increased duration
of carbohydrate intoierance supports the concept that.basement membrane
tﬁickening is a consequence of the carbohydrate intolerance‘associated
with diabetes.
The disparate results responsible for the controversy regarding
the incidence and significance of capillary basement membrane thickening
in diabetes mellitus can be reconciled on the basis of the-féllowing:
(1) methods of fixation and measurement technique [52, 94, 120, 123, 125];
(2) artifacts related to criteriavfor selection‘of éubjects [52,‘120, 125};
(3) sample size [52, 120]; and (4) the use of age and sex adjusted normal
confidence limits in assessing basement membrane thickening.

.

2. Chemical Changes in the Diahetic Capillary Basement Membrane

The periodic acid-Schiff staining teclinique is very discriminating
in detecting glycoproteins in tissue sections [81, 99, 10?]. Basement
membranes react intensely with PAS stain. This indicateé their glyco-
protein‘nature [101]. Compositional analyses of basement membranes have
supported the histobhcmical evidence concerning their glycoprotein nature

[101, 105]. o ‘ S



—6—

On the basis of histochemical evidence it was postulated that
diabetic microangiopathy resulted from a disturbance in the métabolism
of the carbohydrate containing proteins [35]. 'Studies of the glomerular
basement membrane in human diabetesiindicated that the total amount of
membrane present is increased and furthermore that a distinct chemical
alteration occurred [5, 6, 57}. The chemical alteration in the basement
membrane was found to specifically involve an increased amount of hydroxy-
lysine and a similar elevation in the number of hydroxylysine attached
vglucosylgalactose disaccharide units. |

Spiro proposed a-sophisticated hypothesis to explain the alteration
in chemical composition [104,1105]. VHe found that the level of kidney
glucosyltransferase, an enzyme involved in the synthesis of the hydroxy-
‘lysine-linked disaccharide units of the glomerular basement membrane, was
significantl& elevated in alléxan diabetic rats when compared to age
‘mafched controls [102]. He suggested that the elevation of carbohydrate
Content‘in the diabetic glomerular basement membrane is noé simply due
to an increased attachment of glucosylgalactose disaccharide units to
unéubstitutedwhydroXylysine residues; In the normal glomerular basement
membrane, all sterically available hydroxylysine residues are glycosylated
[103]. Spi?o [104, 105] postulated that the increase in the carbohydrate
content of the diabetic glomerﬁlar basement membrane is due to a preferential
production 6f subunits rich in hydroxylysiho, rather than to an increasec
“In hydroxylation of lysine résiducs ﬁchady present. Tﬁcsc newly formed
hydroxylvsine restdues are subsequently plycosylated.

The validity of this hypothesis was Eﬁallcnged by Kefalides [51]

and Westherg and Michael [120]. These investigators have performed
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compositional analyses oﬂ the human diabetic glomerular basement membrane
with variable results. Westberg and Michael [120] found that the most
distinct difference in thejamino acid compositibn Between glomérular'
basement membranes from normal and diabetic kidneys was the decrease in
the half cystine content of the diabetic kidneys. Contrary to the findings
of Beisswenger and Spiro [6], they found no increase in the amounts of
hydroxylysine or in the number of glucosylgalactose disaccharides lipked
to this amino acid. Kéfalides [51] found no'difference in the half cystine
content of normal and diabetic glomerular basement membranes. His daté
demonstrated that the amino acid and carbohydrate-compositions of the
diagetic glomerular basément membrane are very similar to those of the
normal glomerular basement membrane,

Spiro [105] has pointed‘out a number of pitfalls to be avoided in
campositional.analyses of glomerular basement membranes. The kidneys ‘to
be analyzed for chemical changes must be limited to those showing micre-
~scopic evidence of glomerular pathology. Care must be taken that patho-
logical glomeruli are isolated and that the preparation is not contaminated
with cell membranes. The pathoiogical changes in the kidneys used by
Westberg and Michael [120] and Beisswenger and Spiro [5, 6} were compatible
with diabetic kidney disease; Differences in the purity of the glomerular
basement membrane preparations could possibly explain the discrepancy
between the results of Westberg and Michaei [120] and those reported by
Beisswenger and Spiro [5, 6]. Kefalides [51] does not give any information
about the presence or absence of glomerular pathology in the kidneys he
used in perforﬁing his compositional analyses. 1In addition, his preparations

were probably contaminated with cell membranes.
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3. Summary of Bascment Membrane Alterations in Diabetes Mellitus

Studies of microvesséls in diabetes in the last fiftcen years
have concentrated heavily on the anafomic and biochemicél abnormalities
of the capillar& basement membrane [5, 6, 52, 53, 57, 71, 78,'79, 82, 92,
94, 104, 105, 115, 116, 123, 124, 125]. The anatomical studies demonstrated
that a segmental thickening of the capillary basement membrane character-
istically occurs in diabetics. The biochemical studies suggest that the
chemical structure 6f the baséme;t;membrane may be altered. Controversy
has developed about Eoth of these ehanges. This has had the unplanned
effect of diminishing attention to the overall goal, i.ea? elucidation
of the relationship between the insulin—deficient state and the development
of the micfovascular concomitants of diabetes mellitus. It remains to be
established how these anatomic and biochemical changes influence the

physiologic role of the capillary basement membrane as a supportive structure

and selective filter.

B. PERMEABILITY OF SMALL VESSELS IN DIABETES MELLITUS

The periendothelial deposition of PAS(+) material and the pronounced
thickening of the capillary basement membrane in diabetic miéroangiopathy
has implicétions for franscapillary transport. Westberg and Michael [120]
and Spiro [5, 100, 103, 104] have suggested that the changes they find in
the chemica;,composition of the glomerular basement membrane could alter
the porosity of the membrane. This would be due to the compoéitional
chaﬁges affecting cross-links between peptide chains or by sterically

interfering with their packing.
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1. Permeability of Skeletal Muscle Capillaries
Various investigators [2, 80, 110, 111, 112, 113, 114] studied

the transfer éf electrolytes and large molecules across the capillary
membrane between the vascular comparfment and fhe interstitial compartment
of skeletal muscle-in 1ong—t;rm (>10 years) and short-term (<5 years)
juvenile diabetics. Their findings suggest that the skeletal muscle cap-
illaries of long-term diabetiés are more permeable. This increase in-
permeability was attributed to an increase in the diameter of the intra-
cellular cleft from 40 to 50 angstroms [114]. 1Tt was not attributed to
an increase'in the.porosity of the basement membrane or to.an increase in
the'area of the exchange surface [2]. The thickened capillary basement |
membrane is not the rate limiting factor in the transcapillary exchange

process in skeletal muscle.

2. Permeability of Glomerular Capillaries

The basement membrane surrounding glomerular capillaries is regarded
‘as the main filter preventing«passagé of large molecules in the kidney.
A more direct ;pplication éf the theories of molecular sieVing is possible
in the glomerulus. The filtration rate can be determined With a high
‘degree of accuracy and complete collection of the filtered macromolecules
is possible if insignificant tubular reabsorption takes place. The sug-
gestion that changes in the chemléal comp051t10n of the glomerular basement
membrane alters the porosity of the membrane [5, 6, 100, 103, 104, 105
120} ought to be studied in the kidney rather than in skeletal muscle.

C.E. Mogensen [72, 73, 74} studied the glomerular filtration rate
(GFR) and glomerulér permeability to macromolecules in newly diagnosed,

untreated juvenile diabetics and in short~term and long-term juvenile

B
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diabetics. He'found that the GFR was increased 417 in the newly diag-
nosed, untreated diabetics when compared with age matched controls [74].

_ The.renal-piasma flowg obtained by PAH and 131I—hippuran clearances were
not different from normal values. If a mdre porous basement membrane was
responsible for the increase in’GFR, tﬁen the clearance of larger molecular
weight dextrans should increasé. Mogensen [72, 73] found no evidence to
indicate this; Mogensen [74] also found that the GFR decreased as the
duration of diabetes increased. This is not consistent with the suggestion
of Westberg and Michael [120] or Beisswenger and Spiro [5, 6] that changes
in the chemical composition of the glomerular basement‘membrane‘alters

its porosity.

3. Summary of’Permeability Changes in Diabetic Capillaries '

The permeébility studies of skeletal muscle and‘glomerular capillary
basement membranes strongly suggest that ﬁhe thickened basement membranes
of diabeticé do not hinder transcapillary exchange processes. The glom-
erular permeability fo macromoleéules does not indicate that the porosity
of the glomerular:basement'membrane is increased. Therefore, any change
in the chemical composition of the diabetic basement membrane does not

result in a structural defect that alters its role as a selective filter.

C. FUNCTIONAL DIABETIC MICROANGIOPATHY

The structural abnormalities characteristic of diabetic micro-
anglopathy were demonstrated to occur at a later stage in the evolution
of the disease [71]. Functional abnormalities were observed in se&eral
vascular beds “prior to the appearance of any clinical signs of micro-

angiopathy [30, 31, 54]. One manifestation of this functional microangiopathy

is that alterations in blood flow precede structural changes in blood vessels.
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1l.” Blood Flow Changes in Diabetes Mellitus

The gross blood flow has been studied in various vascular beds
of human diabetics [2, 11, 18, 36, 38, 40, 55]. The vascular beds studied
include the skin‘[36, 38], retina [55], abﬁominal subcutaneous adipose
tissue [38, 40], and skeletal muécle in the forearm [11, 18, 38, 40] and
calf [2]. The techniques used for flow measurement include isotope clear-
ance [2, 36, 38, 40], fluorescein angiography [55], mercury-in-rubber
strain‘gauges and Venoﬁs occlusion plethysmography [2, 11, 18, 36, 38].

Aihigh resting blood flow has been found in the'retina [55] and
forearm [11] of diabetics with no or‘oﬁly mild microangiopathy. Furthermore,
it was demonstrated that the ele?ated blood flow declined towards normal
as the microangiopathic lesions progressed to severe levels. Christensen
[18] demonstrated that the reStin; forearm blood flow to be increased'in
newly diagnosed, untreated juvenile diabetics.

Alpert et. al. [2] used vénous occlusion pléthysmography to determine
resting blood'flow in normal persons and patients with prediabetes and
diabetes with and without<microangiopathy. No significant differences
‘in resting calf blood flow were found between the groups. This finding
does not support the work of Butterfield and Holling [13], Christensen [18]
and Kohner et. al. [55]. It is supported-by tﬁe work of Greeson et. al.
[36]. ‘Using plethysmographic.techniques to étud? blood flow in the calf,

_they Eound-no difference in blood flow between dianbetiecs and normal controls.

In a compavison of the abdominal ‘suh(‘utnm‘ous fat tissue blood
flow in healthy ihdiViduals’and in diabetics made be Haggendal et. al. [40],
it was demonstrated that the average blood flow was higher in diabetics

than in healthy individuals. Administration of insulin .to the diabetics
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lowered the blood flow. The relationéhip between elevated peripheral

blood flow and metabolic control was investigated by Gunderson [38].
Previously insulin-treated patients, in whom insulin was wighdrawﬁ for a
few dayé, showed élevated blood flow in the forearm, subcutaneous abdominal
fat tissue and skin. A'groupvof newly diagnosed, non-treated diabetic
patients showed elevated blood flow only in the sﬁbcutaneous abdominél fat
tissue and skin. During periods of good metabolic control, the diabétics
had normal values‘for forearm, subcutaneous abdominal fat tissue and skin
blood flow.

2. Changes in Blood Vessel Responsiveness

In conjunction with the altered blood flows, the responsiveness
of diabetic blood vessels to various stimuli was found té be abnormal [18,
36, 40]. Greeson éE, al. [36] demonstrated an impaired ability of diabetic
cutaneous blood vesselé to respond to dilating stimuli.. If the resistance
vessels were maximally dilated when the stimulus was applied, then the
‘results couid be falsely inferpreted as a diminished vascular reactivity.
Without quantitatively measufing the dimensions of the cutaneous vessels
when the dilating étimuli was. applied, no direct assessment of vascular
reactivity can be made.

These studies werevperformed using plethysmographic techﬁiques.
This measures both skin and muscle blood flow. A technique that measures
cutaneous blood flow indepeﬁdently of mﬁsqle blood flow would have been
more approprinte‘for aéscssing the recactivity of cutancous blood vessels
to. dilating stimuli. Greeson et. al. did‘uée an isotope clearance tech-
nique to measure resting skin blood flow. They did not use this method

to test the responsiveness of the cutaneous vasculature to dilating stimuli.
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Christensen [18] iﬁvestigated abnormal Vascular‘fﬁnction in a
group of short-term diabetic patients. The rate of return of blood flow
ﬁowards basal levels following reactive Byperemia was determined before
treatﬁent or after withdrawal of insulin: and again after insulin treatment.
In the diabétic patients peak flow was greater fhan in the non-diabetic
controls. No significant difference was seen before or after insulin
treatment. Reactive hyperemia was found to be comsiderably prolonged in
the diébetic patients. This abnormality disappeared after insulin treat-
ment.

The maximum blood flow in the anterior tibial muscle during reactive
hyperemia following }scﬁemia and exercise has beenAmeasured"by various
invéstigatérs'with‘conflicting results. Trap-Jensen and Lassen [110] and
Trap-Jensen et. al. [111] found no significant difference in the maximal
hyperemic muscle blood flow within the groups (non-diabetic, recently
diagnosed and long-term diabetics>.studied. Using identical techniques,
Alpert et. al. [2] found normal persons had hyperemic muscle flows signif-
icantly gréater than those in prediabetics oridiabetics with and without
' microangiopathy.‘ No diffqrences were found between the prediabetic and
diabetic groups. The hyperemic muscle blood floyslin the prediabefic and
diabetic gréups were identical with those feported by Trap-Jensen aﬁd
Lassen [110] and Trap-Jensen et. al. [111] for their non-diabetic, recently
diagnosed and long-tern diabetic pntﬁonts:

Qualitative descriptions.of the bulbar conjuctivé‘in'diabetics
were carried out by Ditzel and his co-workers using the biomicroscope
~ combined with a flash photographic téchnique [25, 26, 27, 28, 30]. The

~

most consistent observation was the pathological formation of erythrocyte
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aggregations; A reduction in the velocity of flow was associated with
the formation of erythrocyte aggregates. This created.a cdndition‘which‘
favored microthrombus formation\and deposition of carboﬂydrate—lipid—-
protein complexeé in the walls of small blood vessels.

3. Summary of Changes in Blood Flow and Blood Vessel Responsiveness

The exact role of altered blood flow in producing microangiopathy
is not c;ear. Only by adequateiy defining the degree of microangiopathy
and the degree of metabolic éontrol‘can tﬁis be established. 1In the gross
blooed flow studies the degree of metabolic control has been either abnormal
[L1, 18, 40] or not described [2, 36, 55]. In addition, the degreé of
microangiopathy was either not stated [18, 38} or diabetiés without evidence
of microangiopathy, were groupea with diabétics with evideﬁce of micro-
angiopathy.

Vasodilatation and/or_an eléﬁated blood pressure could be responsible
for the increése in blood flow observed in diabetics. As vessel dimensions -
and -blood pressﬁre were not quantitétively measured in these studies, the
mechanisms responsible for the elevated blood flow are not kﬁown. The
same arguments are applicable to the mechanisms responsible for return of
blood flow: towards normél in satisfactorily controlled diabetics and in
diabetics with progressively worséning microangiopathy.

fhe exact relationship between altered blood flow, abnormal vascular
reactivity and diabetic microangiopathy is not élear. The failure of
invcstigatogs to define exactly the state of metabolic control and the
presence of microangiopathic lesions has left the issue muddled. The
investigations of Christensen [18] and Gunderscn [38] defi;itely sﬁégest

insulin alters the ability of blood vessels to regulate their tone. No
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investigations where direct quantitative measurements of blood flow in
microvessels, i.e., arterioles, capillaries and venules have been conducted.
Therefore, the relatioﬁships between the insulin-deficient state, abnormal
vascular‘fﬁnction and thickening of the capillary basement membrane remain

speculative.

D. BIOCHEMICAL AND PHYSIOLOGICAL ALTERATIONS OF DIABETIC BLOOD
1. Changes in Serum Protein Composition

"The blood vessels are not the only component of the circulatory
system to be bioéhemically and physiologically altéred in diabetes méllitus.
The blood also undergoes biochemical and physiological alterations. In
addition to hyperglycemia, there are changes in the plasma concentrations
 of the circulating protein-bound carbohydrates, proteins and lipids.
Characteristicélly, a decrease in serum albumin, accompanied by an increase
in the a- and B—globulin$ was observed [9, 27, 66, 69, 70, 88]. Winzler
[127] has reviewed the considerable wealth of data in the literature
substantiating this obserVation. It was suggested, but not proven, that
these changes precede the degenerative alterations in blood vessels [88].

2. Abnormal Blood Viscosity in Diabetes Mellitus

The blood'proteins impart a significant influence on the rheological

, characteristics of cifculating blood [l7,m67, 121]. Modificationé in the
plasma protein distribution'may have considerable bearing on the viscous
behavior of blood in the varioﬁs microﬁascu}aricompartments, i.e.,Aarterioles,
capillarics and small vvnul_o:z‘, as well as on the development of the degen-
erative changes in the’smallér blood véssels of individu#ls with diabetes
[69]. Blood viscosity can only be of importance in the QCvelopmcnt of

microangiopathy if blood viscosity is altered before the occurence of

microangiopathic lesions.
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In vitro stﬁdies of the rheological properties of human diabetic
blood'and‘sergm have yielded conflicting fesuits, both in regafds to
changes in diabetes and about the relation of viscosity té‘diabetic micro-
angiopathy. Cogan.gg.‘g£. [l9];first published evidence of sérum Qiscosity
elevation in diabetes mellitué, However, serum viscosity was not greater
in diasetigs with microangiopathy than in those without microangiopéthy.
Studies of’diabetic patients without evidence of vascular complications
by Ditzel -[29] demonstrated no significant differences invwhole blood
viscosity between diabetic and non-diabetic patients. Similar studies
with more acéuraté viscometers have indicated that blood and serum viscosity
are both eievated in diabetics [19, 45, 67, 69, 70, 95]. Thé biscosity
is even mofe strikingly dincreased in diabetics with evidence of microangiopathy
[45, 67, 69, 70], and especially at low'sheér rates L43].

'Over the years the increased serum viscosity might favor the
developmeﬁt of diabetic microangiopathic lesions. Despite quantitétive
differences in the degree of viséosity elevation, the hyperviscosity syndromes
share such features as retinal changes, neurological disordersvaﬁd glom-
erular baéement membranevthickeﬁing with diabetic microangiopathy [71, 119].
MicfoaneurYsms,'hemorrhages and rétinal vein dilatation have been found- in
macroglobulinemia [4, 32] and myelomatosis [56]. Both are cénditions in
which}the‘blood viscosity is raised. Microangioéathic lesions have been
produced expérimentélly by increasing the blood viscosity with dextran [63].

3. Summary of Biochemical and Physiological Alterations of Diabetic
Blood

Conclusions about the rheology of blood in the microcirculation can
only be based on inferences from the physical characteristics of blood with-

drawn from the macrocirculation but analyzed in an in vitro system which

1



~17-
"may not représent the,ig_gigg_éituation. Without knowledge of the‘shear
streéses and shear rates existing in the microcirculation,'gxtrapoiation
from the in vitro conditions of a viscometer to conclusions about the
hemodynamic significance of viscosity in the microcirculétion cannot be
made. Silent testimony to the difficulty of making ég_zizgvmeasurements

of shear stregs and shear rate for blood'in the microcirculation is found
in the absence of such data in the literatﬁre., However, information of
this ﬁature/would derive from quantitative measurement of microvessel blood

flow.

E. SUMMARY OF LITERATURE REVIEW AND STATEMENT OF PURPOSE

Thickening of capillary basement membranes has emeréed as the
fundamental morphologic alteration characteristic of diabetic microangiopathy
[53, 92, 123, 124]. Although the micrqangiopathy of the the retina and
kidneys has traditionally received great attention, recent ;tudies héve
- shown that most, if not all, capillary‘teds of the body are affected [30,
54, 71, 96, 107, 124]; The ubiquitous nature of diabetic microangiopathy
suggests that-thevformation of ﬁicroangiopafhic lesions is relatively
independent of exgravascular metabolic processes. It is unlikely that
an extravascular metabolic process unique to a single organ is fesponsible
for the accumulation of PAS positive material in the vessel walls of
arterioles, capillaries and venules. This indicateé a change in the blood
may play a role in the development of diabe;ic microangiopathy.

Changes in plasma protein’composition are known to occur in diabetes
mellitus [127]. Both increased plasma viscosity and enhinced intravascular

aggregation have been related to the same changes in plasma protein compo-

sitioh [27, 69, 70]. The éirculatofy problem in diabetes mellitus is




-18~-
confined mainly'to the capillaries and small venules; hence, this is the
level of the circulation where intravascular rheology reqﬁires analysis
in this disease. Therefore, information about diabetic microangiopathy
will result from techniques which providé for direct in vivo quantitation
of blood flow in micrevessels.

The purpose of this study was to evaluate quantitatively the
microcirculation in an animal model of diabetes mellitus. Specifically,
the red cell velocity in mesenteric microvessels, i.e., arterioles, cap-
illaries and venules, were measured in non-diabetic and streptozotocin-

diabetic rats.



CHAPTER ITI
METHODS

A. ANIMALS AND CARE

Adult male Holtzman rats (;60 days 0ld) were used in this study.
They were acclimated to the temperature (76+2 OF) and the light period
(7 AM to 7 PM) in the animals duarters for at least éne week before use.
Laboratory chow and water were provided ad libitum. Prior to an experiment,
the animals were fasted overnight. This consisted of removing food, but
not water, from the animals at approximately 6 PM on the evening immediately

preceding an experiment.

B.  INDUCTION OF DIABETES MELLITUS AND EVALUATION OF THE DIABETIC STATE

Streptozotocin (Upjohn‘Co., Kalamazoo, Michigan) was used to induce
diabetes mellitus in fed male Holtzman rats. The rats were anesthetised
with sodium pentobarBital (1.6 mg, i.p.) to facilitate rapid handling. A
solution of streptozotocin (100 mg/dl) in citrate buffer (0.1 M in 0.9%
saline) was made not more than 2.5 minutes before an intravenous injection
of streptozotocin (25 mg) was given into the dorsal vein of the penis. At
the time of injection these rats were 12 weeks old and of a mean body weight
of 330 grams.

The polydipsia, polyphagia and polyuria evident in these rats during
the weeké following the streptozotocin treatment as well as their weight
loss and emaciated éppearande suggested a diabetic state. Only those rats
whose plasma glucose concentration following an overnight fast was greater
than 140 mg/dl were used. A Yelléw Springs Instrument Model 23A Giucose
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Analyzer was used to measure plasma glucose concentrations. The blood
sample was obtained from the left carotid artery on the day of the exper-
iment.

The effect of strebtozotocin—diabetes on the microcirculation was
assessed by measufing the rea cell velocity in the mesenteric microvessels
of three gfouﬁs of rats. Oné group of rats was not treéted with strepto-
zotocin., They served as agejmatched, normal controls. The streptozotocin-
treated animalé were divided into th groups: a.short—term'and a long-term
diabetic group. The rats ip tﬁe short-term diabetic gfoup served aslhyper—
glycemic controls. Ekperiments conducted on control animals were inter-

spersed with those conducted on the streptozotocin-treated animals.

C. SURGICAL PROCEDURE

Fasted male Holtzmann rats were anesthetized with sodium pentobarbital
(35 mg/kg, i.m.). The abdomen and ventral aspect of the neck were shaved in
preparation-for surgery.

The right jugular vein was cannulated (PE-50, Clay-Adams) for the
intravenous administration of maintenance doses of anesthesia. A second
PE-50 catheter was placed in the left‘carotid artery and coﬁpled to a
‘Statham P23Gb pressure transducer for arterial pressure measurement.

The trachea was Qannulated and thg ventilation of the animal was
controlled with a Harvard Apparatus Rodent Rgspirator. Respiration was
maintained at 60 breaths per minuté; The tidal volume of 2-3 ml was adjusted
for each animal according to the ventilation graph accompanying the resp-
irator.

A 3" X 5" piece.of surgical drape was adhered to the abdomen. The

surgical drape prevented loose hair clippings from getting on the exte-

<
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- riorized mesentery. A 2" midline incision, centered on the umbilicus,
was ﬁade througﬁ fhe drape and‘into the peritoneél cavity along the linea
alba.

‘Each animal was placed on its right side in a holder on a specially
. designed, constant. temperature (37 OC), water-heated, plexiglass microscope
stage. CoFton—tipped swabé moistened with Tyrode's solution were used to
‘gently remove a short length of ileum from the abdominal cavity. Once
extériorized, the mesentery was loosely d?aped over the viewing pedestal
on the plexigiass stage. A.standipg solution of warm (37.OC) Tyrode's
1.. 4; MgCl

solution (composition in mM: NaCl'lAZ.S; KC1 2.7;.CaCl 0.5;

2 2

NaHCO, I1.9; NéHzPO 0.3 .and glucose 5.5) adjusted to 300+5 mOsm with NaCl

3 4

and to pH 7.4 with HCl and NaOH was used to keep the tissue moist. A small
piece of polyvinyl film (Saran Wrap) was used to cover the mesentery to

retard evaporation, yet permit observation.

D. SELECTION OF VESSELS

A section of the mesenteric microcirculation consisting of a
vascular loop of an arteriole, capillaries and venules was selected for
 the measurement of red cell velocity. A schematic representation of such a
loop is shown in Figure 1. The foilowing criteria served to establish the
nérmalcy of the microcirculation in each preparation: (1) flow through the
terminal afterioles was sufficiently rapid so tha£ individual blodd cells
could not bo tidc'nt.i.fied, (2) the collecting venules had a s‘t(‘ndy, continuous
forward flow without evidence of retrograde [low or osciliation, and‘(B)

- mean arterial perfusion pressﬁre as measured in the left carotid artery was
not less than 70 $m Hg. Thirty-four percent of the animals were discarded

because according to the criteria the preparation was aberrant.



FIGURE 1

MESENTERIC MICROCIRCULATION

ARTERIOLE

VENULE CAPILLARIES

SA S

{

This is a diagramatic representation of the terminal vasculaturc
in the mesenteric microcivculation. 1t conslsts of a vnsculnr,loop of
an arteriole, caplllarics and the effluent venule. Such vascular loops
were selected for the measurement of red cell velocity.
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A number of changes occurred in the vasculature which indicated
tissue deterioration and were used as Eriteria for terminating éxperiments.
The changes generally occurred in the following drder: (1) the appear-
ance of leuk;cytes sticking to or rolling along the wélls ofbthe collecting

venules, (2) extravasation of red cells either by diapedesis or petechial

hemorrhage, and (3) extensive intravascular coagulation.

E. MICROSCOPE.OPTICS

The ?lexiglass stage which held the rat and the exteriorized
mesentery was ﬁlaced on the mechanical stage of a Leitz Panphot microscopg.
A xénon,lamp (XBO 1sbw) was used to transilluminate the mesentery. A
magnifiedAimage of.the mesenteric microvasculature was projected onto a
viewing séreen by‘a'pfojection prism (6.3 X) and two Leitz obj9ctivés
(UM 20/0.33). One of the objectives was used as a long working distance
condensor. and the second was used as a high, dry objective. The total

magnification realized at the viewing screen was 237 X.

F. MEASUREMENT- OF VESSEL DIMENSIONS

The image of a Bausch and Lomb stage micrometer was projected onto
the'viewing screen. The distance between the minor divisions (10 microns)
was drawn onto the viewing screen. This graticule was used to measure the

outside diameter of all vessels from which velocity recordings were made.

G. MEASUREMENT OF RED CELL VELOCTTY ‘
A modification of the dual-slLt photometrie techntque of Wayland
and Johnson [117] was used to measure red cell velocity. The image of a

microvessel was aligned perpendicular to two parallel slits in a viewing

screen as shown in Figure 2. As the image of a red cell passed’in front




FIGURE 2

EXPERTMENTAL ARRANGEMENT
. FOR ON-LINE.MEASUREMENT OF
RED CELL VELOCITY

PHOTODIODES

UPSTREAM
DOWNSTREAM

CORRELATOR

TIME - INTERVAL (sec)l

DIVIDER

VELOCITY (mm/sec) |

" YO RECORDER

3

Schematic diagram of preparation and ‘on-line red blood cell velocity
measuring system. Image of microvessel is projected onto a screen
containing dual slits. Upstream and downstream photbdiodoé are time
correlated and the resulting ‘time interval is divided into the distance
between the slits to obtain red cell velocities.
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of the slits,fthe voltage output~of‘a phbtodiode (United Detector Technology,
Incf, PIN OZOAj mounted behiﬁd each slit varied. When the vessel image
was properly:aligned; the magnitude of thié variation was identical for
both‘detectors; differing only in the time it took for the image of the
red cell to travel the distance betweeﬁ the two slits. This transit time
was determined by an on-line crosé—correlétion technique [46, 118]. An
analog divider circuit, programmed with the distance between the photo-
detectors computed the red cell velocity.

’A strip chart recorder (Offner Type R dynograph) was used to record
continuously the.red cell velocity and arterial pressure. Red cell velocity

data was collected and tabulated at two or five second intervals over the

”

observation period. These were used to calculate the average red cell

velocity in the vessel. : » ’

H. STATISTICAL ANALYSIS

Hombgepeity’of varignpe was tested for by the F-maximum test [97].
One way analysis oflvariancg was used to analyze for significant differences
between corresponding variables of the three experimental groups (control,
short-term and long—téfm streptozotocin—diabétics). The Scheffe contrast
was used to determine which groups differed. Correlétion coefficients
were calulated according to the methods of Pearson's (r) [23]. The 5%

level of significance was used.



. CHAPTER IV
RESULTS

A. CONFIRMATION OF DIABETES MELLITUS

The plasma glucose';oncentrétions and body weights of the control,
shorf—tefm and long-term streptozotocin—treatedlanimals are shown in Table TI.
At the time df streptozotocin injection the fedeeight of the 59 treated
animalslwas 329,i.4.8 grams. All values are means * standard errors. Those
animals used one week after the streﬁtozotécin‘injection weighed 276 + 9
grams. This was an average weight loss of 53 grams. There was a more
gradual weight loss during sﬁbSequent weeks. The treated animals weighed
an average of 266 * 8.6 grams 25 déys after the streptozotocin injection.

In addition to the weighg loss, tﬁe streptozotocin—freated animals
exhibited polydipsia, polyphagia and polyuria. Tﬁis is consistent with an
induced diabetic state and was confirmed by the elevated plasma glucose levels
in these animals. The plasma glucose concentrations of the non-treated
animals was 82 * 7 mg/dl. At the end of one week of diabetes mellitus, the
plasma glucose concentration was 273 * 30 mg/dl. As the duration of diabetes

increased, this rose to 296 * 36 mg/dl in the long-term diabetic animals.

B. EFFECT OF STREPTOZOTOCIN DIABETES ON RED CELL VELOCITY

The red cell velocity in the various compartments of the micro-
circulation is shown in Figure 3. This figure represents data from viable
mesenteric preparations of seQen'contpol (C), nine short-term (S) and
seven long-term (L) diabetic animals.
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TABLE I

PLASMA GLUCOSE, CONCENTRATIONS IN
CONTROL AND STREPTOZOTOCIN-TREATED ANIMALS

STREPTOZOTOCIN-TREATED
CONTROL SHORT-TERM °~ LONG-TERM

NUMBER OF ANIMALS (N) ' 15 12 12
AGE (days) ' ' 96 89 105
o , : +3 +2 +3
WEIGHT (grams) ‘ - 353 276 - 266
. . £11.4 +9 £8.6

DURATION OF DIABETES (days) : 0 7 25
; : £0.5 +3
PLASMA GLUCOSE (mg/dl) - 82 273 296
- ' +7 +30 +36

The 24 streptozotocin-treated animals are those animals which
survived the diabetes which developed following the injection of
streptozotocin. The duration of diabetes refers to the time since the
streptozotocin injection.
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FIGURE 3

EFFECT OF STREPTOZOTOCIN DIABETES ON
RED CELL VELOCITY -
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Red cell velocity (mean * SEM) in arterioles, capillaries and
venules of 7 control (C), 9 short-term (S) and 7 long-term (L) diabetic
animals. The n is the number of vessels observed. The level of
significance is indicated by the P values; ns indicates P > 0.05.
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No statistically significant diffevence was found between the red
cell velécities measured in'the various micrqvéssels of the control and
éhort—term diébetic-animals. The average(rea cell velocity in the 14
control arterioles studied was 0.60 * 0.10 mm/sec as compared with’0.68 +
0.12 mm/séc‘in the 24 sho;t—term diabetic arterioles. 1In the 18 control
capillaries, the red cell velocity was 0.45 + 0,09 mm/sec versus 0.24 #
0.03 mm/sec in the 22 short-term diabetic capillaries. Thevvelocity at
which red cells moved throﬁgh the 12 nén—diabetic venules was 0.34 %+ 0.07
mm/sec.‘ It averaged 0.30 * O.O7Ymm/seé in the 21 short-term diabetic
venules. |

The red'céll velocitf of éhe 20 arterioles studied in the long-
term aniﬁals was 1.22 + 0.15 mm/sec as compared with 0.68_+ 0.12 mm/sec
for the short—term diébetic animals and with 0.60 * 0.10 mm/sec for the
control animals.' The red cell velocity in the arterioles of the long-term
diabetic group was significantly greater (P < 0.025) than in the short—
term diabetic or control animals. -

The red cell velocity in the 20 capillaries studied in tﬁé long-
term dfabétic aﬁimals was O.59»i 0.12 mm/sec as éomparedeith 0.45 * 0.09
mm/sec for the éontrol animals and with 0.24 * 0.03 mm/sec for thé‘short—
term diabetic animals.. The red celi'velocity/in the capillaries of the
long-term diabetic animals was significantly greater (P < 0.025) than in
the short-term diabetié animals, but was nét significantly greater than
in the con£r01 animals.

The red cell veloéity in the 22 venules studied in the long-term
diabetic animals was 0.70 * 0.08 mm/sec as compared with 0.34 * 0.07 mm/sec

for the coﬁtrol animals and 0.30 * 0.04 mm/sec for the short-term diabetic
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animals. Thé'red celi velocity in the venules of the long-term diabetic
animals was significantly greater than in the control ahimals (P < O.COS).
or the short;term diabetic animals (P < 0.001).

An'éVerage'for the red céll veloci&y in each segment of the micro-
éirculation was.determined for each preparatioh. The correlation between
the sevérity of diabetés, as_jﬁdged by the plasma glucdse concentration,
and the red cell Velocity-in the arterioles, capillaries and venules was
determined by éalculétfng fhé Peafson (r) momeﬁt'cofrelatioﬁ coefficient.
‘The correlation coefficients are shown in Table II. No significant
corrélation was found between the plasma glucose concentraéién and the red

cell velocity in any segement of the microcirculation.

C. EFFECT OF STREPTOZOTOCIN DIABETES ON VESSEL DIMENSIONS

The caliber of the microvessels in the various compartments of. the
microcirculation of the same control (C), short—-term (S) and long-term (L)
animals is.shown in‘Figure 4, This represents data from the same arterioles,
capillaries and venﬁlesvip which the red cell velocity was measured. The
outside diaﬁeter of the arterioles in fhe control (C), short-term (S) and
long-term (L) diabetic animalé.&as 12.5 *+ 0.8 microns, 15.2 + 1.4 microns,
and 12.1 * 0.8 microns, respectively. These measurements were not significantly
different. . The diameter of fhe capillaries,in these animals was 7.9 #*
0.4.microns, 7.7 + 0.4 microns and 7.7 + 0.5 microns, respectively. These
measurements did not differ significantly.‘ Tﬁe caliber of the venules in
the same control (C), short-term (S) and 1ong—£erm (L) diatetic animals
was found to be 22.8 % 2.1 microns, 17.9 + 1.8 microns and 17.5 * 1.4
microns, respectively. Again, there was no statistical differencéfamong

these groups.



TABLE II

CORRELATION BETWEEN PLASMA GLUCOSE CONCENTRATION
AND RED’CELL VELOCITY

‘ ARTERIOLES ~ CAPILLARIES  VENULES
CORRELATION COEFFICIENT (r) 0.29 -0.07 0.08

DEGREES OF FREEDOM (df) 18 17 17
LEVEL, OF SIGNIFICANCE - P > 0.10 P>0.10 P> 0.10

This table shows the Péarson (r) moment correlation coefficient
between the plasma glucose concentration and the red cell velocity in
the arterioles, capillaries and venules of the non-diabetic and diabetic

animals. The degrees of freedom and the level of significance are also
indicated.
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FIGURE-4

EFFECT OF STREPTOZOTOCIN DIABETES ON
VESSEL DIMENSIONS
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Outside diameter (mean + SEM) of arterioles, capillarics and
veinules of 7 control (), 9 short=term (8) and 7 10ng-term (L) diabetic
animals. The n is the number of vessels observed. The level of '
significance is indicated by the P values; ns indicates P > 0.05.
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.D. - EFFECT OF S'l'REi”ITOZOTOCIN DIABETES ON SYSTEMIC BLOOD PRESSURE

Simultaneous with the measurement of red cell vélocity in the
various microvascular segments was the reéording of blood pressure in the
left carotid artery. The.average mean blood pressure was calculated for
the period of red cell velocity measurement. These data are shown in
Figure 5,

When the red cell velocity was being measured in the arterioles
of the control (C), shdrt—term‘(S) and long-term (L)‘diabétic animéls, the
biood pressure in the left c;rotid artery was 150 * 4 mm Hg, 134 + 4 mm Hg
‘and~137Ai 3 mm Hg, respectively. There was a significant difference
(P < 0.025) between the blood preséure in the contrél (C) and short-term
(s) diabetic animals when arteriolar red cell velocities were being measured.
No other differences were found.

‘When the red éell velocity was being measured in the capillaries,
the blood'pressure was 146 + 5 mm Hg in the control (C) animals as compared
with 141 + 3 mm Hg in the short—te?m (S) diabetic animals and 133 + 3 mm Hg
in the long-term éL)ﬁdiabetic animals. The énly significant aifferénce
(P < O.OS)IWas found between the control and long-term-animals.

The blood pressure in the control (C), short—terﬁ (S) and long-term
(L) diabetic animals was 146 * 6 mm Hg, 139 + 3 mm Hg and 131 + 3.mm.Hg,

, re;pectivély, wheﬁ the red cell velocity was being measured in the venules.
Therebwas no significant difference between' these values.

| From the data presented in Figure 5, it appears as if there is a
trend for bleod pressure to decrease as the duration of diabetes lengthens.
An average mean blood pressure was.determingd for each preparation. Computation
of the Peapéon (r) correlation coefficient (r = -0.29; df = 21) for these

"data indicates no significant felationship exists between the duration of



FIGURE 5

EFFECT OF STREPTOZOTOCIN DIABETES ON
SYSTEMIC BLOOD PRESSURE
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Mean systemic blood pressure (mean * SEM) in the left carotid
artery of 7 control (C), 9 short-term (S) and 7 long-term (L) diabetic
animals measured at the same time red cell velocities were being recorded.
The n is the number of vessels observed. The level of significance is
indicated by the P values; ns indicates P > 0.05.

34~



35~ |
diabetes and systemic blood pressure. The correlation betweén systemic
"biood pressure and plasma glﬁgose concentrétion (r = -0.15; df = 19)
indicates that the apparent tendenéy for blood pressure to decrease as the
duration of diabetes increased isvnot related to the plasma glucose

~

concentrations.

E. EFFECT OF STREPTOZOTOCIN DIABETES ON LYMPHATIC ACTIVITY

In the course of aniéxperiment, a lymphatic Vessel would occasionally
;come into view. When this happéned, the rates ofvcontraction were measufed.
The relaxed and contracted diameters of the lymphatic Qessels were also
‘measured} These\data are shown in Table III.

Lymphatic vessels were seen in only two‘non—diabetic (C) aﬁimals.
This was because the mesenteric fat pads Hidvthem from view. When the
mesenteric fat pads atrophied, the lymphatic vessels were exposed. Seven
lymphatics were seen in four short-term (S)‘and six lymbhatics were seen
in four long-terﬁ (L) diabetic animals.

The contraction-relaxation cycles appear most rapid in the larger

collecting channels (150~250 microns). The periodicity varied from 7-33/min.




TABLE TIII

. ‘»LYMPﬂATIC ACTIVITY
IN NON-DIABETIC AND STREPTOZOTOCIN DIABETIC RATS

DIAMETER (microns) . CONTRACTIONS

GROUP RELAXED CONTRACTED PER MINUTE
c 175 B 100 .28
C 130 | 110 ' 18
S 250 ' 0

s 150 .

225 - 0
S 120 90 24
140 110 22
210 © 130 7
75 .50 23
L 150 - ' 120 - 9
200 ’ 175 12
| 250 o 200 10
L 200 150 24
200 150 33
L 150 . 125 14

This table shows the relaxed and contracted diameters of collecting
lymphatics in 2 control (C), 4 short-term (S) and 4 long-term (L)
‘diabetic animals, along with their corresponding rate of contraction.

In two of the short-term animals, the lymphatics showed no spontaneous
contractions, hence it is not known whether the diameter measured
represents a relaxed or contracted diametgr.
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CHAPTER V
DISCUSSION

A. INDUCTION OF DIABETES MELLITUS AND EVALUATION OF THE DIABETIC STATE

The purpose of thisistudy‘was to quantitatively examine the effects
of diabetes mellitus.on circulatory dynamics within a microvascular network.
-This was.achieved\by meésuring the red cell velocity in‘the mesenteric
microcirculation of an animal model of diabetes mellitus.

Curfenfly, streptozotocin is the drug of choice for the induction’
of experimental diabetes in labora&ory animals [3, 49, 50}. The streptozo-
tocin treated animals exhibited a weight loss when cémpared with age-
matched controlé. In addition, they exhibited polyphagia, polydipsia,
and polyuria. This is consistent with an induced state of diabetes mellitus.

The diabétic sfate was confirmed by the elevatgd plasﬁa glucose
levels in these animals. The plasma glucose concentration in the short-
tepm diabetic animals was 273 + 30 mg/dl‘and»was 296 + 36 mg/dl in the long-
term diabetic group, as-compared with only 82 + 7 ﬁg/dl in the non—treatéd
control group. These values are in agreement with values reported in the
literature [3, 49, 50] for glucése leveis in raté treated with compérable

doses of streptozotecin and after similar periods of time had elapsed.

B. MICROCIRCULAT[ONAIN THE TINTESTTNAL MESENTERY

Unlike structures, such as skeletal muscle, which require considerable
handling, the intestine can be exposed for study with a minimum of handling.

The mesentery provides in a two-dimensional array all the elements of the
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terminal vascular bed. It provides clear visualization of the vessel wall

and blood cellular eléments.’ The thinness4and vascularity of the mesentery
make it a valuable‘sfructure for transillumination. This makes it possible
to use a dual-slit photometric system for measuring red cell velocity [117]l

The Qbiquitoué occurénce of diabetié miéroangiopathy throughout
the body makes it ﬁnlikely that an extravascular métabolic inflﬁence
unique to a single organ is respoﬁsiblé for the accumulation of -PAS-positive
material in the vessel_wails»of arterioles, capiilaries and venules. Tﬁis
suggests that an intravascular derangement may be responsible for the
development of microangiopathic'lesions.

The metabolic influence of thé loose connecti&e ﬁissue in the
mesentery on the auforegulatory behavior df the terminal vascular bed is
minimal. Flow through the mesenteric microcirgulation is strongly regulated
by myogenié mechanisms [48]. fhe mesentgric microcirculation is tailor
made for investigating the influence of diabetes mellitus on microcirculatory
phenomena. The results obtained would not be>distortedvby changes in the
metabolic environment of the vascular bed peculiar to the influence of
diabetes melliﬁﬁs‘on a parenchymatous organ:

The most striking thing about the appearance of the diabetic
mesentery was the marked atrophy of the mesenteric fat cells. The decrease
in the size of the.fat cells is consistent with the increased mobilization
of fatty acids in diabetes mellitus.[122]. The fat cells Qere very prominent
in the non-diabetic animals. The microvesscls were clearly visible only in
a marrow zone along the margin of the fat pads. Laréer arterioles and venules

could be less cléarly discerned. through the overlying tramnslucent adipocytes.

In the diabetic animals it was as if the adipocyte quilt had been thrown

[
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back, clearly e#posing‘the completé distribution and branching pattérn‘
of the microvessels lying in the mesenteric bed. The vessels brought to
.view were probably aiready in existence at the time diabetes was induced‘
:[98]. No groSslaqatomical differences in the appearance of the mesenteric
microvaécular.architecture were obsgerved.

The preparations used in this series of experiments were physio-
logically sound.” The flow in éllhthevarterioles was sufficientiy'rapid
so that indiyidual blood cells couid not be identified. Changes of redv
cell velbcity in the capillaries were irregular and unpredictable.v The
capillaries studied were all of the stea@y type in which individual red
cell velocity measurements fluctuated fandomly around a stable mean. Cﬁanges
‘in the direction of movement, as wellrés‘in thé number of capillaries with
an active circulation were seen. The effluent flow by way of the'post—
capillary venules had a steady continuous forward movemeﬁt with no evidence
of retrog?ade oscillation.

Experiments conducted on: control animals were interspersed with
those conducted on diabetic animals., The microVessels studied in all the
animéls were takén from the same general area of the mesentery. The same
criteria for assessing the initiai viability of the preparations and the
degree of deterioration were used in all the experiﬁents. It is unlikely
that bias in the selection of vessels or differences in the viability of
the preparations are reéponslble for the difforencgs obsecrved in red cell

velocity.

C. INFLUENCE OF STREPTOZOTOCIN ON RED CELL VELOCITY

The. red cell velocity constitutes a good index of blood flow velocity

which faithfully'fefleéts all natural or induced changes of flow as shown
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in the studies of Wayland and Johnmson [117] and Intaglietta ect. al. [46].
The red cell velocity in the arterioles, capillaries and venules of the
control aﬁimals (Figure 3) was O.60‘i 0.10 mm/sec, 0.45 *+ 0.09 mm/sec and
0.34 * 0.07 mm/sec, respecfively. These results are comparable'to those
reported in the literature [10, 46, 83, 84] and with previous results
obtained in this laboratory (unpublished observations).

The short—term.diabetic animals served as hyperglycemic controls.
Blood sﬁgar levels per’sé have been demonstrated to have no effect én blood
rheology [13]. Therefore, no difference in red cell Vélocify was expected
to be found between the control and shért—term diabetic animals. As antici-
pated, there was no significént difference betweenithe red cell velocity
measured in the microcirculation of the control animals and thg red cell
 velocity measured in thefarterioles’(0.68 t 0.12 mﬁ/seé), capillaries
(0.24 + 0.03 mn/sec) and venules (0.30 *+ 0.04 mm/sec) of the shorﬁ—term
diabetic animals.

The red cell velocity in all ségments of the microcirculation of -
the long-term diabetic animals'was greater than that measured in eitﬁer
tﬁe control of the short~term diabetic animais. The red cell velocity
in the arterioles (1.22 * 0.15 mm/sec) Qas more than twice that of the
control animéls>and 1.8 times greater tﬁanithat of the short-term diabgtic
animals. In the capillaries of the long-term diabetic animals, the red
‘ccll velocity (0.60 * 0.12,mﬁ/soc) wag 1.3 Eiﬁos that of the non-diabetic
animals and 2.5 times that of the short-term diabetic animals. Similar
incfeases of red cell velocity were seen in the venular segment. Thé‘red‘
cell velocity in this segment of the microvascualture was 0.70 * 0.08 mm/ sec

in the long-term diabetic animals. This was more than double the red cell
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velocity in the vessels of the.non—diabetic animals and 2.4 times that
of the short-term diabetic animals.

Since an increased red cell velocity Qas observed in the mésentery\
after one month of diabetés, it is a logical assumption thét this happens
.in other vascular beds as wé117 'More importantly, the changes'in_re& cell
Velocity took place befére thickening_of capillary basement membranes has
been reported to occur in chronically streptozofocin diabetic rats [12].

The increased red cell velocity §bserved in this‘stﬁdy also is’
cbnsistent with-the-hyperemic conditions oBserved in various tissues of
diabetic patients fZ, 11, 18, 36, 38, 40, 55]. bBlood fléw to an organ can
be increased by only threé mechanisms. These arq; @n) ah increase in
blood pressure, (2) an increase in the cross-sectional areafof thé resistence
vessels, and (3) a decreasé in viscosity. As these variables were not
measured in the‘diabetié patients, it is not pbssible to define qlearly
the mechanism responéible for their elevated flow. -

D. SUGGESTED MECHANISMS FOR THE INCREASED RED CELL VELOCITY FOUND IN
STREPTOZOTOCIN RATS '

Because the blood pressure of the lbng—term'diabetic animals‘waé
not greater than thaf of the control or shoft—term diabetic animals, the
increased red cell velocity found in the long-term diabetic rats cannot
be explained on the_basis gf this parémeter. In order to account for the‘

'incréascd red cell velocity on the basis of vessel dimensions alone, the

“measured dismetors would have to be 5 to 8 IH.{.(‘,T‘(H]&" ,l:nfgo.r.. (I-'.qu.le_ion h.7
:on page 136 of Charm and Kurland [14] was used to make this calculation.)
In nﬁne of the microvascular segments did the outside diameter differ

significantly from group to group. An increase of the inside radius of the
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“blood vessel not reflectgd in a larger outside diameter could account for
; portion of the increaéed fed cell vélécity in the long-term diabetic
- group. The magﬂitude‘of‘the diameter chénge required and the thickness
of the vessél walls’at.this‘ievel of the microcirculation makes this
unlikely. Co

A.decrease in viscosity to half of normal values would result in
a doubling of blood flow. 1In vitro rheologiéal studies of blood and serum 
~ have demanstrated that the viscosity of blood and serum is elevated in
diabetics with evidence of micrOaﬁgiopathy [19, 45, 67, 69, 70, 95], and
more so at low shear rates [45]. There has been one report of decreased
serum viscosity in a group of diabetic patients [75]. Although the Ostwald
viseometer Employed«by Mosora et. al. [75] appears to be a simple-device,
its use is subject to a number of errors [15] that make it inappropriate
for quantitative biorheological measurements. This Qbservation'of decreased
serﬁm viscosity must be discounted until a more detailed report is published
Cleariy défining the metabolic condition of the patiénts and the presence
or absence of:microangiopathy.

The relationsﬁip between the viécqsityvand the shear rate of blood
is sﬁch that visco;ityrincrgaseé as fhé shear rate is reduced towards zero
(shear thinning) and viscosity at high shear rates is essentially independent
of shear [17}. A wide range of shear rates exist within the vascular
cohpnrtmuﬁts of the circulation. Tt is cstimated that the lowest shear
rates are to be found In the posL—caplllaryvvonulcs [16, 89]. If the shear-
dépendent region is encountered in the venules, then the viécosity of
blood would be preferentially elevated in this vascular compartment. The

expected response in the venules to a shear-dependent increase in viscosity:
) . .
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would be sluggish flow. Suéh a response in the post-capillary venules
would be even méfe pronounced if the degfee of shear-dependence of blood
viscosity is enhanced [45]. |
As blood‘travérses the microcirculation it does not flow as a
homogeneous suspension as it does in larger vessels;‘rather, it‘flows as.
a two phase éystem——cells and plasma. , Plasma alone is the liquid phase
and plasma viscosity.is ‘the significant viscosity‘p;rameter.‘ Blood viscosity,
per se, is of little impdrtancerwhen considering miérocirculatory flow
.[14"47]- Chien [17] has developed a theory of biood §iscosity that is
.egpecially applicable to the micrOvascuiaturevwhere flow is of two distinct
phases (cells and plasma) rather than bulk flow is taking:place. This
theory of blood viscosity is based on the concept of effective cell yolume,
which is defined as the sum of the cell volume and the volume of:the
surrounding fluid that behaves as if it were a rigid extension of the cell.
Red ééll velocity exceeds plasma veloéity in blood flow through
small diameter vessels [106]. The difference between thé.velocity of plasma
and the velocity of red cells is accentuated by increases of blood [éS]
or plasma [86] viscosity. RosenElum [85, 86j.observed that when the
flﬁofescein transit time through the cerebral microcirculation of mice
was leﬁgthened because of‘increased,plasma viscoesity, efythfocyte velocity
measured by ultra-high microcineﬁatography was within normal limits or
elevated. Rosenblum's results are Consistegt with Chien's theory of blood
rheology [17]. According to the concept of effective cell volume, an increase
in plésma viséosiéy}WouLd increase cell dcformatiop and thereby decreaée
the effective cell volume. This would result in a decrease in the relative

- apparent viséosity of blood. “An increase in red cell velocity would result.

-~
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Tt is possible that a Shenr—dépendent increase in plasma viséosity
occurred in the long-term diabetic animals. ‘The increased red cell veiocity
in the.arterioles and venules of the loﬁg-term diabetic animals is cthistent
with Rosenblum's ogserVation of normal or elevated eryéhrocyté Qeloéity in
animals with aﬁ elevated plasma viscéSitys Valid conclusions abpﬁt plasma.
viscosity, the influence of plasma:viséosit§ on red cell deformation and
red éell velocity cannot be‘reached by measuriﬁg red cell velocity alone.
An iﬁ vitro assessment of the Qiscésity’of plasma withdrawn from animals
in which the red cell velocity has been measured is necessary in order to
reach suchvconcluéions. ‘ |

The red cell velocity in the venules of 3 of the 9 short;term-
diabetic apimals was»léés than 6Q% of the group mean (0.30 £ 0.04 mm/sec).
In only one of theée animals was- intravascular efythrocyfe_aggregation
'obserVed when fhe preparation was still considered viable. The aggregates
were observed only in thekVenular segment of the microcirculation. They
were small, conSisting of only three or'four cells clumped together. They
did not distort or plug the vessel. Aggregation not related to preparation
deterioration was obsefved-in only one dther short-term diabetic animal.
The red cell aggregates were distincfiy visiblé in the venular segment.
They diaAnot distort or plug the venules. Thé velocity of the réd cells
in the venuleé of this preparation averaged 0.38 mm/sec, slightly faster
than the average velocity for this group.

Nd‘nggrcgntlons OT red cells not attributable to preparation
dcteriorapion were observed in the microcirculation. of the 1ong~tefm diabctic
animals. This may be due to the disaggregating shear forces of thé~blood

flow being greater than the adhesive forces acting between red cells.
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Therefore aggregates were never formed. It may also be that aggregates
were formed, but because of their velocity and the flicker-fusion
charécteristics'of the human eve, théy were not distinctly visible. Use
of an optical recéfding system with sufficient resolution that permits
review of the observations is necessary in order to.adequafely determine
the ektent of red cell aggregation under conditions of increased red cell
velocity in these animals. |

In tﬁe post-capillary venules with diameters slightly larger than
the ma&or diaﬁeter of'rea blood cells; red cell aggregation can only.be in
the form of 1inearvrouleaux with its axis aligned with flow. Under such a
gedmetrié limitation, the theory of blood flow presented by Chien [17]
éredicts a reductiéh in'effective cell volume and a decrease in the apparent
viscosity of blood. ‘If,aggregates did form in the post-capillary venules,
the expected response would be an inCrease in‘velocity. The elevated red
velocity measured in the post-capillary venules of the long-term diabetic
.animals is consistent with this micfo—rheological theory of Chien.

Both increaséd,plasmaAviscosity and enhanced intravascular aggre-
gation have bgéﬁ related to changes in plasmé protein composition [27, 68,
69}. There is a decline in the plasma copcentration of albumin and a
concomitant increase in that of'u~glycoproteins. These progeiné are produced
by liver pérenéhymal cells. Thus a change in the liver protein synthesis
pattern appears impéftant in the develdpmené of diabetic microangiopathy.
The degree of dtnbc;es required,td disrupt liver metabolism is not known [69].
It may be that the diagetes.mellitus in the animals used in these experiments

was not  severe enough and/or of long enough duration to result in the

disruption of liver metabolism and produce these changes in plasma proteins.
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Streptozotocin has been used to produce diabetes mellitus of
graded severity in laboratory. animals [49, 50]. A streptozotocin diabetic
animal can 5e uséd to analyze the relatibnship getween depleted pancreatic
immuporeactive4insuiin, alterations in liver proﬁein sypthesis patterns
and deranged carbohydrate metabolism. Such an animal model wouid give
. information about the duration and severity of diabetes necéssary to disrupt
liver.métabolism. This anim;l model would give information about the degree
of diabetes necessary to produce changes in the rheological properties éf
blood and plasma. An in vitro assessment of blood and plasma viscosity
could be made and .compared with alterations in the composition of the
piasma proteins.

The fluid mechanical processes which occuf‘during the movement of
a; eryfhfocyte through tﬁe lumen of a capillary afe Qery complei. They |
include the interaction of a deformable red cell with the luminal surface
of the capillary wall. The nature of the endothelial.layer and its possible
effects on the determination of microcirculatoryvflow dynamics have mot |
been determined f371.’ |

The blood in the microcirculation is not in direct‘contact with
the endothelial cells, but rather wigh.the layer or film adherent to them.
Luft [117] has electron micrographic évidence for the existence of a layer
lining the lumen of blood vessels. Copley and others [20, 22, 77, 109]
ha&e péstulated the ehdo—endothelial lining of blood vessels consists of a
Fibrin film whichvié dynn&ically'maintajncd and controlled by fibrinolytic
processes in the marginal plasma layer;

It has beeﬁ observed that tubeé coated with fibrin offer less
resistance éo‘blood‘and plasma f16w<fhan uncoated tubes [20]. The physical

mechanism.responsible for the decreased resistance to blood flow in fibrin
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cqated tubes 1is not known [37].» Oné possibility is.the effect ofvthe

electric charge on the red cell and vessel wall. Most cells are negatively
charged énd the negafivel§ charged tubing affords lower flow resistance  to

red cells [15]. Oka hés suggested tﬁat the apparent viscosity of blood

and plasma will‘always~show a decrease when blood is in contact with
negatively charged substanées [77].i

Electrokinegic phenomena arise when movement occurs along the
solid/liquid inierface of a charged system [90, 91}. This condition is
duplicated iﬁ the blood vessels of all living animéls.‘ The role of electrical
forées in the vascular system has not-been readily accepted except for
potentialé measured in‘connectidn with contraction of‘the heart and of
vascular smooth muscle. The hemodynamics éf the yascular system have over-
shadowéd the elecfrical properties of the surfaces of bléod cells and of
the endothelial 1iningxof blood vessels. The in vivo and iﬁ vitro data
relative to the negative charge on the components of the vascular system
éuggest that electrokinetic phenomena are significant wher flow in the
microcirculation isvbeing considered -[15, 41, 87]. Alteratiéns in the
charge carriedrby any of the components of the wascular system may be of
signifiéance as regards therintéractions which occur Eetween'components»
of the system.

There is no reasaﬁ to believe that reactions which alter the base-
ment menbrane Will not have a comparable action on the layer 1iuing the
Lumen of‘blood vcsseis. -Thc use ofbfnthenium red to stain the endp—
endothelial layer would show whether the fine structure of this layer
is altered in diabetes [21, 61]. The importance of changes in theiendo—

endothelial layer for microcirculatory hemodynamics could be obtained from
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cross—perfusion studies. ‘A’segment of intestine and mesentery could be
“isoléted from a strepgozotocin—diabetic animal and perfused with blood
from a non-diabetic animalj The red cell velocity éould be measufed‘in
such a prepgrationa'

It‘isvcoﬁceivable that a changéiin the electrical characteristics
‘of>the vessel wall could influence transcapillary fluid exchange Vié
eléctro—osmotic processes. .Such changes ¢ould also result in the collection
of fibfin at the luminal surface of the endothelium. The net.effect would
be the increased deposition of fibrin and other plasma proteins in the
walls of thé.blood vessel;. These fibrinous deposits, being remotg from
fibrinolytic processes in the vessel wall, undefgo ageing changes and .
evéntually come to stain as collagen [59, 60]. It is interesting to note
fhaf on the basis of its amino acid composition, Spiro [105] haé suggested
that - the basement membrane belongs to the collagen family of proteins.‘

The thickening Qf the basement membrane that occursAin diabetes
is not continuous along the entire capillary but is segmenfal in ﬁature
[53, 124].- If the excessive accumulations of basement membrane material
were the COnseduence of a géneralized disorder in production or removal,
a moré uniform thickening would be anticipated. The patchy and irregular
thickening is more c;nsistent with localized filtration and deposition.
The relationéhip of the basement mémbraneithickening to the‘inpreased
diamefcr_of the iﬁtthcéllular cleft in}diaHetes [113] requires more study.

Regional variations in muscle cnpil[nry basement membrane thickness
havc'ﬁebn reported in Qormdl subjects [92, Jlg, 125,’L26]. Electron
'microscopig studies of diabetic capillaries have demonstrated that the

basement membrane of most, if not all, tissues is thickened, although

4
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perhaps ndt'to the same extent i92, 125]. Electron microécopik examina-
tion of the éapillary basemeﬁt membrane in the glomerulus, retina and
skeletal muscle of chronically sﬁreptoéotocin—diabetic rats has shown
that the basemeﬁt membrane»thickéns at different rates in these fissuEs
[12]. In addition to longitudinal permeability gradients [128];1there
are regional differences in capillary permeability [42, 64, 108]. It
would be wprth‘iﬁvestigating the relationship betwegn the regional
differences’in capillary permeability and the thickness of the capillary
basement membfane. If the function of the cépillary basement membrane
is eveqtually defined,.this inférﬁation would Ee one' of the important
pieces of the puzzle.

As a resulglof the interaction between hydrospatic and colloid
kosmotic pressures, the amount of fluid leaving the microcirculation
radial to the blood flow is of the order of 0.1% of the local blood flow
[47]. 'fn.the‘glomérular capillary, the filtration fraction is of the
order-of 20% of the renal plasma flow. The glomerular capillary with
the greatest filtraﬁion volume of any caéillary in the bo&y has a basement
membrane 10 to 20 times thicker_than that'of any.other capillary.  In
diabetes, not only does the basement membrane thigken, bug the capillary
permeability also increasés.. This suggests‘that the basement membrane
may,‘in addition to its rolé as a molecular sieve, function as an osmotic
imbiber of water and contribute to the tissue oncotic pressure in the
StarLiﬁg equation for transcapillary fluid exchange.

The physiologic role of the lymphatic>éysteﬁ in maintaining
interstitial fluid volume has become more appreciated ih recent yearsnb

[42, 43, 45, 47]. Pertubations of the Starling parameters that result



-50-
in an increased transcapilléry filtration would cause an increase in the
" interstial fluid volume unless compensated for by adjustments in lymph
flow. The increase in capillary permeability of diabetic patients
suggests that lymphatic activity would have to be enhanced‘in order to
maintaigvinterétial fluid volume.

Withbut injection of a 1-2% solution of Evan's blue dye in
phy;iologiéal saline, the lymphatic terminations do not shbw up againsg
the translucent ground substance of the mesentery [129]l Collecting
iymphatics are prominént. They are distinquished by the presence of
valve leaflets and show spontaneous contractions.

Lymphaéics were rarely seen in thé mesentery of non-diabetic
animals. Théy were obstured from view by the heavy deposits of fat in

the mesentery. The same decrease in fat cell size that exposed the

complete distribution and branching pattern of the terminal microvasculature

also exposed the mesentéric lymphatics in the diabetic.aniﬁals.
Oniy collecting lymphatics were seen in this éerieé of experiments.
The contraction-relaxation cycles were most rapid in the larger collecting
channels (150-250 microns)u The periodicity of the contractions (7—33/min)
cover a broader raﬁge tﬁan the 15;18 contractions per minute reported by
Zweifach and Prather [129] for lymphatics of this size. The qualitative
evidence accumulated in this study does not give any definitive answer

concerning enhanced lymphatic activity in diabetic animals.



CHAPTER VI
.SUMMARY

The microvascular‘magifestations,of diabetes mellitus present
_a serious clinical problem.fbrithe diabetic patient, far more so than
db the derangements in.carbéhydréte ﬁetabolism. Little is known about
the basic bathogenesis,ofvdiabéfic microangiopathy. Alterations in
blood flow to various organs éppear before patholégical lesions. The
purpose of this study was to qualitatively examine the effects of diabetes
mellitus on circulatory dynﬁmics within‘a microvascular network. This
was achieved by méasuring the réd cell velocity in the mesenteric micro-

_ .
circulation of an animal model of diabetes méllitus.

Tﬁe red céil velocity in fhe arterioles,.capillaries and venules
of the control animals was 0.60 * 0.10 mm/sec, 0.45 * 0.09 mm/sec and
0.34 + 0.07 mm/sec, respectively. These results are comparable to those
reported in the 1iteratﬁre and with previous results obtained‘in this
laboratory. Thg red cell Velocity measured in the arﬁeridles (0.68 +
0.12 mm/sec), éapilléries (0.24 *+ 0.03 mm/sec)>and venules (Of30 + 0.04
mm/sec) of'fhe short~term-di;betic:aﬁimals do nbt differ significantly
from control values. The red‘celi velocity in all segments of the
microcirculatiqn bf the long-term diabetic nnimﬁls was greater than
that measured In cltﬁér tﬁe control or short—term dinbétic animals.  TFor
the long~term diabetic animnls'the values for the red cell velocity in
the arterioyes, capillaries and venules were 1.22 #* 0.15 mm/sec, 0.59 %

0.12 mm/sec and 0.70 = 0.08 mﬁ/séc,’respeétively.
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- The increace in red cell Qelocity in the long-term diabetic
animals is not'due_ﬁo an increase in blooa pressure or outside diameter
of the blood vessels. The increésed red cell velocity may be due to
either én’increasé in the .inside radius to wall thickness ratio, a depfease
‘in thé effective cell,valume due to moderate rouleaux‘formation and/or
increased plasma viscosity, or a change in the interéction of red cells
with the endo-endothelial lining of blood vessels such that resistance

to flow is lessened.

v
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CONTROL ANIMALS -

Preparation Age of Duration Weight Plasma
Number Rat of Diabetes Glucose
(days) (days) (grams) (mg/dl)
1 90 0 430
2 85 - 0 53
4 ’ 81 0 300 73
-7 32 0 330 99
10 95 0 350 57
11 97 0 400
16 117 0 400 120
19 81 0 © 290 . 108
21 . 114 0 365. 109
22 101 0 335 ‘ 74
23 : 101 0. 332
31 93 0 320 74
32 97 0 330 60
35 98 0 350 102
37 110 0 410 60
N , : 15 15 /S 12
Total 1442 0 4942 989
"~ Mean ' 96.13 0 353 - 82.42
Standard Deviation 11.43 0 42.47 23.70
Variance ) : 130.64 0 1803.70. 561.69
0 11.35 . 6.84

S.E.M. ’ v 2.95
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SHORT-TERM DIABETIC ANIMALS

Preparation Age of Duration  Weight Plasma
Number Rat of Diabetes Glucose
(days)  (days) (grams) (mg/dl)
3 85, 3 325 183
5 81 7 310 211
6 82 8 310 170
12 ) 97 7 300
13 98 8 260 229
18 81 8 250
20 ‘ 82 9 227 . 430
24 82 7 300 240
25 97 7 270
26 : 28 8 260 332
27 99 9. 260 278
28 84 9 246 - 384
N 12 12 12 9
Total _ 1066 90 3318 2457
Mean 88.83 7.5 276.5 " 273
Standard Deviation 8.01 1.62 31.11 90.87
Variance . ‘ 64.16 2.62 967.83 8257.36
S.E.M. 2.31 0.47 8.98 . 30.29
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N
Total
. Mean

Standard Deviation

Variance
S.E.M.

" LONG-TERM DIABETIC ANIMALS

- Preparation Age of Duration Weight Plasma

Number Rat of Diabetes " Glucose

(days) (days) (grams) (mg/dl)
8 - 96 14 300 222
9 95 21 240 147
14 112 30 280 434
15 117 35 280 409
17 118 36 290 500
29 90 14 250 269
30 104 14 293 1107
33 97 21 . 230 292
34 98 22 230 217
36 113 23 280 419
38 110 | 35 220 401
39 112 37 300. 346
12 12 12 12
1262 302 3193 3556

105.17 25.17 266.08 296.33

9.63 9.03 29.92 125.19

92.74 81.54 895.21 15672.54

2.78 2.61 8.64 36.14
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APPENDIX B

DATA
Red Cell Velocity -
Vessel Dimertsions
Average Mean Systemic Pressure
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N

Mean

Standard Deviation
Variance

S.E.M.

ARTERIOLES:

CONTROL ANIMALS

‘Preparation Red Cell

Vessel Average Mean
Number Velocity - Diameter Systemic Pressure

(mm/sec) (microns) (mm/Hg)
4 0.401 " 15 156°
0.478 15 157
0.649 12 147
0.244 18 130
16 0.219 10 153
19 0.51 10 160
0.42 10 ~145
21 0.30 10 170
: 0.27 15 160
32 1.47 - 15 150
0.55. 10 150
1.10 15 150
0.83 10 115
0.93 10 . 165

14 - 14 14 . .

0.5979 12.5000 150.5710

0.3660 2.8488 14.0697

0.1340 8.1154 197.9560

0.0978 . 0.7614 3.7603
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N

Mean

Standard Deviation
Variance

S.E.M.

ARTERIOLES:

SHORT-TERM DTIABETIC ANIMALS

Preparation Red Cell

Vessel

Average Mean

Number Velocity Diameter Systemic Pressure

(mm/sec) (microns) (mm/Hg)
3 0.021 30 120
0.049 25 107
0.169 20 95
5 1.268 12 122
6 0.884 12 120
1.794 15 130
0.695 10 120
12 - 0.323 10 151
0.514 .9 127
0.426 20 115
0.264 30 107
13 0.893 25 © 135
§ 0.357 15 150
20 0.45 12 150
0.79 10 150
2.34 10 156
26 0.15 10 155
, 0.30 10 148
27 0.43 14 145
0.36 .. 12 150
1.39 22 147
28 1.07 12 142
' 0.53 9 141
0.86 11 145
24 ‘ 24 24

0.6800 15.2083 134.5000

0.5664 6.6983 17.5774

0.3208 44,8677 308.2610~

0.1156 1.3673 3.5839
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N

Mean .
‘Standard Deviation
Variance

S.E.M.

ARTERTOLES: LONG-TERM DIABETIC ANIMALS

Preparatidn Red Cell

Vessel

Average Mean

Number Velocity Diameter Systemic Pressure.

(mm/sec) (microns) (mm/Hg)
14 0.387 18 100
30 1.08 10 144
0.64 9 144
1.99 10 144
0.80 9 144
0.41 10 144
0.52 9 128
33 2.66 10 144

' 1.06 10 115 .

34 1.45 8 150
2.45 15 148
0.86 9 148
36 0.81 9 135
1.57 -18 .135
0.89 9 135
1.74 18 - 139
2.16 18 120
38 0.97 12 135
39 0.83 15 147
1.12 15 148
20 : 20 , 20

1.2200 12.0500 137.3500

0.6702 3.7060 12.9097

0.4491 13.7342 166.6600

0.1499 0.8287 2.8867
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N

Mean

Standard Deviation
Variance

S.E.M.

CAPTLLARIES:.

CONTROL ANIMALS

Preparation Red Cell Vessel - ‘Average Mean
Number Velocity Diameter Systemic Pressure
(mm/sec) {(microns) (mm/Hg)
1 0.26 .10 167
4 0.136 7 138 -
0.084 7 113 -
7 ©0.574 8 120
- 1.288 8 120
0.708 5 95
) 0.677 8 133
16 0.166 6 148
0.293 "7 153
0.15 9 155
.19 0.15 10 160
0.66 8 160
0.23 8 160
21 . 0.21 7 164
0.23 - 7 164
. 32 0.59 11 158
o 0.46 5 160
1.21 11 155
18 18 18
0.4489 7.8889 145.7220
0.3589 1.7786 21.0120
0.1288 3.1634 441.5060
0.0846 0.4192 4.9526
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-CAPILLARTIES: SHORT-TERM DIABETIC ANIMALS

Preparation Red Cell Vessel Average Mean
Number Velocity ‘Diameter . Systemic Pressure

(mm/sec) (microns) (mm/Hg)

3 0.091 10 117

6 0.239 6 112

0.066 8 112

12 0.395 7 150

0.380 -6 151

0.520 10 151

20 0.075 8 147

0.25 9 157

0.10 9 144

-'0.129 8 140

0.23 8 140

0.27 8 150

0.21 4 150

26 0.35 7 150

0.16 8 140

0.12 10 137

_ .0.24 8 130

27 0.10 5 150

0.15 10 140

28 0.55 6 141

0.27 8 144

0.38 6 145

N . : 22 22 22
Mean 0.2404 7.6818 140.8180
Standard Deviation 0.1400" 1.6729 12.5911
Variance 0.0196° 2.7987 158.5360
S.E.M. 0.0299 0.3567 2.6844
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N

Mean

Standard Deviation
"Variance

S.E.M.

CAPILLARIES:

LONG-TERM DIABETIC ANIMALS

Preparation Red Cell

Vessel

Average Mean

Number Velocity Diameter Systemic Pressure

(mm/sec) (microns) (mm/Hg)
14 0.344 - 8 135
0.168 6 103
0.104 ° 10 130
0.086 8 128
30 0.84 4 144
0.53 10 144
0.48. 8 144
33 0.20 7 120
, 0.37 5 115
34 1.75 5 140
‘ 2.34 6 148
C0.42 5 146
36 0.47 10 133
0.21 10 132
0.26 10~ 137
0.57 10. 139
38 0.78 8 118
0.94 8 142
39 1 0.53 9 123
0.45 7 130
20 20 20

0.5920 7.7000 132.5500

© 0.5570- 2.0026 11.9229

0.3102 4.0105 142.1550

0.1245 0.4478 2.6660
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VENULES: - CONTROL ANIMALS

Preparation Red Cell  Vessel Average Mean
Number Velocity Diameter Systemic Pressure
(mm/sec) (microns) (mm/Hg)
1 0.075 -15 o 164
0.307 20 173
4 0.055 30 123
0.727 30 : 138
0.129 35 133
7 0.761 28 ‘ 100
16 0.390 15 . 143
21 0.140 =~ 11 . 170
0.190 20 170
32 0.49 20 150
0.28 25 145
0.49 25 " 145
N 12 12 12
Mean ) ~ 0.3375 22.8333 © 146.1670
Standard Deviation 0.2399 7.2216 21.5526
Variance 0.0575 52.1515 464..5150
S.E.M. 0

.0693 2.0847 6.2217
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N
Mean
Standard Deviation

Variance
S.E.M.

- - VENULES: SHORT—TERM DIABETIC ANiMALS

Preparation Red Cell

Vessel

Average Mean

Number Velocity Diameter Systemic Pressure

(mm/sec) (microns) (mm/Hg)
3 0.122 40 90
6 0.031 25 135
0.047 28 130
0.267 9 120
0.018 15 120
12 0.349 17 151
0.413 11 127
13 0.599 35 140
20 0.60 10 155
: 0.26 - 13 150
0.45 15 150
0.30 20 150
. 0.38 12 150
26 0.11 12 148
' 0.19 8 148
27 0.15 15 150
' 0.23 14 150
0.37 20 140
28 0.61 18 140
0.45 14 137
0.29 25 141
21 21 21

0.2971  17.9048 139.1430

0.1832 8.4552 15.2685

0.0336 71.4904 233.1280

0.0400 1.8451 3.3319
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VENULES: LONG-TERM DIABETIC ANIMALS

Preparation Red Cell  Vessel Average Mean
Number - Velocity Diameter ‘Systemic Pressure
(mm/sec) (microns) 4(mm/Hg)
14 0.124 30 103
30 0.69 20 144
0.97 11 144
0.69 15 140
0.38 20 ‘ 135
33 0.94 12 115
"0.53 I0 118
. 0.96 .18 100 .
34 - 0.48 16 150
- 1.37 10 148
36 0.26 25 135
0.72 13 139
0.49 13 129
0.68 25 140
0.48- - 25 111
38 0.72 12 122
0.63 25 - 127
1.48 10 - 135
1.11 20 139
1.08 13 140
39 0.43 28 152
0.17 15 124
N o 22 22 22
Mean 0.6991 17.5455 131.3640
Standard Deviation 0.3606 6.3899 - 14,7440
Variance 0.1300 40.8311 11.2238
S.E.M. ' 0

.0769 1.3623 - 3.1434
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APPENDIX C

STATISTICS
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RED CELL VELOCITY

ARTERIOLES:

- ANOVA
Source of df Sum of Mean F
Variation ___ Squares Squares ‘
- Between Groups 2 4.3209 2.1605 . 6.7310
Within Groups 55 17.6534 0.3210
Total 7 21.9743

SCHEFFE CONTRAST

Short—-term

Short-term Long-term
Control 0.19 9.93
Short—-term ~9.91
" CAPILLARIES:
ANOVA .
Source of df Sum of Mean F
Variation ___ Squares Squares
Between Groups 2 1.3163 0.6581 4.4156
Within Groups 57 - 8.4956 0.1490
Total 9 9.8119
SCHEFFE 'CONTRAST |
Short-term Long-term
Control 2.89 1.30
Short~term ‘ 8.69
VENULES:
ANOVA
Source of ~df Sum of Mean F
Variation ___ Squares- Squares .
Between Groups. 2 1.9922 0.9961 12.8386
Within Groups. 52 4.0344 0.0776
Total 54 6.0266
SCHEFFE CONTRAST
. Short—term Long~-term
Control 0.16 13.08
22.38
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DIAMETER

ARTERIOLES:

ANOVA
Source of df Sum of Mean F
Variation . Squares Squares
Between Groups 2 126.0230 63.0117 2.4783
Within Groups .55 1398.4100
Total 57 1524.4330
SCHEFFE CONTRAST
. “Short-term Long-term
"Control 2,55 - 0.08
Short-term 4,28
"CAPILLARIES: _
. ANOVA B -
Source of df  Sum of  Mean F
Variation __ _Squares. Squares
Between Groups 2 0.4990 0.2495 0.0753
Within Groups 57 188.7500 3.3114
Total 9 189.2490

SCHEFFE CONTRAST

Short-term Long-term
Control 0.13 0.11
Short—-term 0.001
VENULES:

ANOQVA , )
" Source of df Sum of Mean T

Variation . Squares Squares i
Between Groups 2 . 246.5980 123.2990 2.2411
Within Groups 52 2860.9300 55.0178

Total 54 3107.5300

SCHEFFE CONTRAST

»

Short-term
Control 3.71} .

Short-term

Long—-term
1.09
3.95
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AVERAGE MFAN SYSTEMIC PRESSURE

ARTERIOLES:
© ANOVA
Source of df  Sum of Mean F
Variation ___ .- Squares  Squares
Between Groups 2 2407.25 1203.63 5.1597
Within Groups 55 12830.00 233.272
Total 57 15237.20
SCHEFFE CONTRAST , ‘ :
Short-term Long—term
Control: 9.79 6.17
Short-term i 0.38
" CAPTLLARIES:
ANOVA
Source of df Sum of Mean F
Variation ___ _Squares Squares '
Between Groups 2 1701.25  850.625  3.5820 -
Within Groups 57 13535.80 237.471
Total 59 15237.10
SCHEFFE CONTRAST
) Short-term Long—term
Control 1.06 T 6.92
Short-term : 3.02
VENULES :
ANOVA
Source of df Sum of Mean ¥
Variation . Squares Squares
Between Groups = 2 1786.25 893.125 3.2393
Within Groups . 52 14337.30 275.718
Total 54 16123.60

SCIEFIE CONTRAST

Short-term

Control 1.37

Short-term

Long-term
6.17
2.36
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