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ABSTRACT The glomerular capillary architecture of nephrons that include 
a loop of Henle (looped) and those that lack the loop (loopless) nephrons was 
examined qualitatively and quantitatively by electron microscopy in Gallus 
gallus and Callipepla gambelii. The glomerular capillaries of looped nephrons 
form a dichotomously branched network, while those of loopless nephrons are 
arranged loosely, and the majority are unbranched. There was no significant 
difference in the diameter of the glomerular capillaries between looped and 
loopless nephrons; however, in all cases the diameter of the afferent arteriole 
was significantly larger than that of the efferent arteriole. Based on size alone, 
the predicted blood flow rate in the efferent arteriole is 20% that of the afferent 
arteriole in G. gallus and 7% that of the afferent arteriole in C. gambelii. There 
was no significant difference in the volume density (Vv) of the glomerular 
capillaries between looped and loopless nephrons. However, the surface area 
density (Sv) of the glomerular capillaries in loopless nephrons of C. gambelii 
was significantly larger than for the looped nephrons, and for the loopless 
nephrons in G. gallus. This suggests that there may be a decrease in blood flow 
rate along the glomerular capillaries of the loopless nephrons in C. gambelii. 
Overall, the results indicate that the avian glomerular capillaries are less 
complex than those of mammals. Reasons may be that either avian blood is 
more viscous than that of mammals or that avian erythrocytes may be unable 
to fit physically through a tight intertwining network of capillaries due to the 
presence of a nucleus, which limits the tank-treading ability of avian 
erythrocytes. o 1995 wiley-Liss,  Inc 

The avian kidney contains two types of 
nephrons. These nephrons differ anatomi- 
cally in that some nephrons contain a loop of 
Henle (looped) and others lack the loop (loop- 
less) (Braun and Dantzler, '72). They also 
dffer in having different-size renal corpuscles. 
Those of looped nephrons are more than 
twice the diameter of the loopless nephrons 
(Dantzler and Braun, '80). As the majority of 
the renal corpuscle consist of capillaries, this 
size variation may result in differences in 
blood flow and filtration between looped and 
loopless nephrons. Previous studies on the 
avian renal corpuscle have examined the sim- 
plicity of the capillary tufts qualitatively or 
the size of the pores of the capillary wall (i.e., 
glomerular filtration membrane) (Pak Poy 
and Robertson, '57; Siller, '71). To date, no 
studies have examined the structure of the 
glomerular capillaries quantitatively, or dif- 

ferences in glomerular structure between 
looped and loopless nephrons. 

In  birds, the complexity of the glomerular 
capillaries is closely related to the size of the 
renal corpuscle. For example, Dantzler and 
Braun ('80) found that the renal corpuscles 
of the peripherally located loopless nephrons 
have a single, unbranched capillary coiled 
around the periphery of the capsule. No other 
group of vertebrates shows such a simple 
capillary loop design (Dantzler, '85). In con- 
trast, the renal corpuscles of the juxtamedul- 
lary looped nephrons possess an anastomotic 
network of capillaries, although not as com- 
plex as found in mammals (Braun, '82). 

Previous studies on the Gambel's quail 
(Callipeplagambelii) and the European star- 
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ling (Sturnus vulgaris) have shown that the 
single nephron glomerular filtration rate 
(SNGFR) is more than twice as high in the 
looped nephrons compared to loopless neph- 
rons (Braun and Dantzler, '72; Braun, '78). 
However, as the glomerular capillaries of 
looped nephrons are more complex, they are 
also longer than those of the loopless neph- 
rons. This additional length should reduce 
the rate of blood flow along these capillaries 
and hence the rate of filtration. As no quanti- 
tative data are available on the size and com- 
plexity of avian glomerular capillaries, this 
contradiction between SNGFR and glomeru- 
lar capillary structure cannot be explained. 

In mammals, the diameter of the glomeru- 
lar capillaries is less than the diameter of the 
erythrocytes (Gaehtgens et al., '92). Hence, 
to travel along these capillaries, the erythro- 
cytes undergo deformation by radial folding 
in a manner known as tank-treading (Gaeht- 
gens et al., '81a). Larsson and Maunsbach 
('80) and Tisher and Madsen ('86), studying 
rats, illustrated this phenomenon clearly. 
Avian erythrocytes are elongated compared 
to those in mammals and each contains a 
nucleus. Owing to the presence of a nucleus, 
avian erythrocytes have a limited tank-tread- 
ing ability and hence cannot fit physically 
through the same-size capillaries as mamma- 
lian erythrocytes (Gaehtgens et al., '81a). In 
addition, previous studies have found that 
avian whole blood is more viscous than that 
of mammals (Usami et al., '70; Chien et d., 
'71). These properties may account for the 
simple structure of the glomerular capillaries 
found in birds. 

The present study examined the structure 
of the glomerular capillaries in the domestic 
fowl Gallus gallus and the Gambel's quail 
Callipepla gambelii, both qualitatively and 
quantitatively. Our aims were to describe the 
complexity of the gIomerular capillaries in 
both looped and loopless nephrons, and t o  
quantify the size of the capillaries relative to 
the size of the erythrocytes. From these data 
we suggest why there is a difference in glo- 
merular capillary complexity between birds 
and mammals. 

MATERIALS AND METHODS 
Glomerular casts 

The architecture of the glomerular capillar- 
ies was examined in two specimens each of 
Gallus gallus and Callipepla gambelii. Birds 
were killed with an overdose intravenous in- 
jection of sodium pentobarbital. One speci- 
men of each species was used to make a renal 
vascular cast. The dorsal aorta just cranial to 

... ~ 

the kidneys was cannulated and the kidneys 
were infused by light thumb pressure with 
phosphate buffer to clear the blood and then 
with methyl methacrylate monomer (Bat- 
son's No. 17). The resin was allowed to cure 
overnight, after which the kidneys were dis- 
sected from the synsacrum. The kidneys were 
placed in 40% potassium hydroxide for 72 hr 
to digest the tissue. The vascular casts were 
rinsed in water, air dried and groups of glo- 
merular capillaries were dissected carefully 
from both the peripheral and juxtamedullary 
regions of the kidneys. They were placed onto 
scanning electron microscopy stubs, sputter- 
coated with gold, and viewed in a scanning 
electron microscope. 

To identify possible differences in the sizes 
of the capillaries between adjacent glomeruli, 
groups of glomeruli were isolated in seg- 
ments branching off the intralobular artery 
(Fig. 1). The diameters of the afferent and 
efferent arterioles and the glomerular capil- 
laries were measured from both looped and 
loopless nephrons. In the case of the glomerular 
capillaries, several measurements were taken 
and a mean value obtained for each glomerulus. 

Stereology 
Birds were killed with an intravenous injec- 

tion of sodium pentobarbital and the kidneys 
perfused with half-strength Karnovsky's fixa- 
tive. The kidneys were dissected from the 
synsacrum and immersed in the perfusion 
fixative for 24 hr to ensure optimum fixation. 
Tissue blocks (1 mm3) were sampled from 
both the peripheral and juxtamedullary re- 
gions of the kidneys. 

Tissue blocks were sampled randomly (0s-  
terby and Gundersen, '801, then processed 
routinely for transmission electron micros- 
copy. Thick sections (500 nm) were cut and 
stained with toluidine blue. Approximately 
50 renal corpuscles of looped nephrons and 
50 renal corpuscles of loopless nephrons were 
photographed. A polygon was drawn around 
the periphery of the podocytes, which served as 
the glomerular reference space. The volume den- 
sity Wv) of the glomerular capillaries (excludmg 
the glomerular filtration membrane) was mea- 
sured from point counts and estimated as 
Vv(capil1a-y /glomerulus) 

ZP(capil1aries) 
CP(glomeru1us) 

- - mm3 / mm3 

where CP(capil1ary) is the total number of 
points hitting the capillaries and ZP(g1omeru- 
lus) is the number of points hitting the refer- 
ence space. The surface area density (Sv) of 
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horizontal test lines (Fig. 2a), and k is the 
real distance in millimeters between two ad- 
jacent test points. Estimating both the vol- 
ume and surface area density enabled us to 
determine whether the glomerular capillar- 

Differences in the sizes of the capillaries may 
affect. the rate of blood flow along the glomeru- 
lar capillaries. 

Statistics 
Volume and surface area density data were 

analysed, using a three-way nested analysis 
of variance (ANOVA) with a mixed-effects 
model in SAS (Searle, '87). Data on the inter- 
nal diameters of the afferent arteriole, effer- 
ent arteriole and glomerular capillaries were 
analysed using a one-way ANOVA. 

RESULTS 
Glomerular capillary complexity 

In both Callipepla gambelii and Gallus 
gallus, the glomerular capillaries of looped 
nephrons were more complex than those of 
loopless nephrons. In looped nephrons, the 
glomerular capillaries were arranged concen- 
trically around the mesangium, whereas in 
loopless nephrons, the capillaries were folded 
upon themselves with only a small amount of 
mesangial tissue present (Fig. 2a,b). Overall, 
the glomerular capillary network was approxi- 
mately twice the size in the looped nephrons 
(Fig. 3a,b). In looped nephrons, the glomeru- 
lar capillaries consisted of a dichotomously 
branched network (Fig. 3a). By contrast, in 
the majority of loopless nephrons, the glo- 
merular vasculature consisted of a single cap- 
illary that was arranged loosely (Fig. 3b). On 
rare occasions, the glomerular vasculature of 
the loopless nephrons consisted of two sepa- 
rate capillary loops (Fig. 3c). Overall, the 
structure of the avian glomerular capillaries 
is not as complex as in mammals (Fig. 4). 

Glomerular capillary size 
In both Gallus gallus and Callipepla gam- 

belii, there was no significant difference in 

the capillaries was estimated as 
2 x XI(capil1ary) 

k x XP(glomeru1us) mm2/mm3 sv  = 

where ZJ(capillav) is the total number Of ies were short and wide or long and narrow. intersections between the capillaries and the 

Fig. 1. Gallus gallus. Scanning electron micrograph 
of a methyl methacrylate cast, showing glomeruli from 
loopless nephrons branching off the intralobular artery. 
i, intralobular artery. Scale bar = 100 pm. 

Fig. 2. Gullusgullus. a: Transmission electron micro- 
graph of a glomerulus from a looped nephron. b Trans- 
mission electron micrograph of a glomerulus from a 
loopless nephron. Note the lack of a mesangium. c, capil- 
laries; m, mesangium; * lack of deformability of red blood 
cell. Scale bar = 10 rrm. 
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Fig. 3. GalEusgcsllus. Scanning electron micrographs of 
glomeruli from (a) looped, and (b,cf loopless nephrons. Note 
the difference in size as well as the complexity of the dichoto- 
mous branching in the looped nephrons. Arrows indicate 
dichotomous branching. a, afferent arteriole; c, capillaries; e, 
efferent arteriole; i, intralobular artery. Scale bars = 10 pm. 

Fig. 4. Gallus gallus. Scanning electron micrograph of a 
methyl methacrylate cast of a rat glomerulus. a, afferent 
arteriole; c, capillaries. Scale bar = 10 pm. 

the internal diameter of either the afferent or 
efferent arterioles between looped and loop- 
less nephrons (Table 1). However, in all cases, 
the afferent arteriole had a significantly larger 
(P < 0.05) diameter than that of the efferent 

arteriole. In C. gambelii, the internal diam- 
eter of the glomerular capillaries was signifi- 
cantly larger (P  < 0.01) in the looped neph- 
rons (Table 1). In all cases, the internal 
diameter of the glomerular capillaries was 
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TABLE 1, Internal diameter (mean 2S.D.)  ofthe glomerular capillaries from both looped and loopless nephrons in 
the avian kidney. Sample sizes are shown in parentheses 

Afferent arteriole' Glomerular capillaries2 Efferent arteriole',2 

Suecies Looped Loopless Looped Loopless Looped Loopless 

G. gallus 6.2 f 2.0 6.1 51.7 6.4 f 1.4 6.6 f 1.4 4.0 f 1.4 3.9 f 1.2 
(35) (62) (86) (92) (34) (39) 

(66) (101) (89) (140) (54) (78) 
2.4 2 0.7 C. gambelii 4.8 t 1.0 4.7 f 1.3 5.0 f 0.9' 4.6 -c 1.0" 2.4 2 0.8 

Significant difference (P < 0.05) between afferent and efferent arterioles. 
Significant difference (P < 0.05) between glomerular capillaries and efferent arterioles. 

3 Significant difference (P < 0.01) in the diameter of the glomerular capillaries between looped and loopless nephrons. 

significantly larger (P < 0.05) than the effer- 
ent arteriole (Table 1). 

For both Gallus gallus and Cullipeplagam- 
belii, there was no significant difference in 
the volume density of the glomerular capillar- 
ies between looped and loopless nephrons 
(Table 2 ) .  In C. gambelii, the glomerular 
capillaries of the loopless nephrons had a 
significantly higher (P < 0.001) surface den- 
sity than that of the looped nephrons (Table 
2). Among loopless nephrons, those of C. 
gambelii also had a significantly higher 
(P < 0.001) surface density than that in G. 
gallus. 

DISCUSSION 

This is the first detailed quantitative study 
of avian glomerular capillary architecture. In 
the looped nephrons of Gallus gallus and of 
Callipepla gambelii, the glomerular capillary 
network was larger and more complex than 
that of the loopless nephrons. The larger 
renal corpuscle of looped nephrons may on 
first glance suggest delivery of a greater 
amount of blood to the juxtamedullary area 
of the kidney. However, in the case of G. 
gallus, based on the glomerular volume there 
is no difference in either the volume or sur- 
face area density of capillaries between looped 
and loopless nephrons. That is, the increase 

TABLE 2. Volume (Vu) and surface area density (Svl 
(mean 5S.D.) of the glomerular capillaries from looped 
and loopless nephrons in the avian kidney. Sample size 

are shown in oarentheses 

Vv (mm3/mm3) Sv (mm2/mm3) 

Species Looped Loopless Looped Loopless 

G.gallus 0.3 +_ 0.1 0.3 fO.1 16.4 f 5.5 16.4 ? 6.7* 

C.  Pam- 
(57) (49) (57) (48) 

- geiii 0 . 3 r  0.1 0.3 f 0.1 17.8 * 5.5l 25.1 2 7.3',' 
(54) (53) (54) (52) 

Significant difference (P<O.OOI) between nephron types in C. 

Significant difference ( P < O . O O l )  in Sv between C. garnbelii and 
gambelii. 

G.  gallus. 

in size of the capillaries and the size of the 
glomerulus are proportional. There is also no 
difference in the diameters of the glomerular 
capillaries, meaning that when compared to 
volume the lengths of the glomerular capillar- 
ies between looped and loopless nephrons are 
the same. The volume and length of capillar- 
ies are directly proportional only when there 
is no significant difference in tubular diam- 
eter. It should be noted that sodium pentobar- 
bital was administered to kill the birds. Previ- 
ous studies have shown that  sodium 
pentobarbital depresses vascular smooth 
muscle (Rall, '93); hence, this may lead to 
vasodilation. However, in our study all birds 
were treated in the same manner and com- 
parisons between glomerular types and spe- 
cies should remain unaffected. 

In Callipepla gambelii, the glomerular cap- 
illaries of the loopless nephrons had a signifi- 
cantly higher surface density (but not vol- 
ume density) than that of the looped 
nephrons. This suggests that the glomerular 
capillaries of the loopless nephrons are nar- 
rower and longer than those of the looped 
nephrons. According to Poiseuille's law gov- 
erning the flow of fluids through cylindrical 
tubes, a narrower and longer vessel should 
lead to a reduction in blood flow rate (Berne 
and Levy, '93). A slower blood flow rate in the 
glomerular capillaries of the loopless neph- 
rons might be reflected in a lower SNGFR in 
these nephrons, as has previously been dem- 
onstrated in C. gambelii (Braun and Dantz- 
ler, '72). Furthermore it has been suggested 
that in some species SNGFR is flow rate 
dependent (Brenner et al., '72). 

The glomerular capillaries of looped neph- 
rons form a dichotomously branched net- 
work, while those of loopless nephrons are 
arranged loosely and have no dichotomous 
branches. Differences in the complexity of 
the glomerular capillaries may be related to 
filtration as capillary complexity increases the 
surface area available for ultrafiltration. This 
correlates with measurements of SNG-FR's 
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which are approximately twice as high in the 
looped nephrons (Braun and Dantzler, '72). 
Branching may result in an overall increase in 
the length of the glomerular capillaries, which 
according to Poisede's law would lead to a 
reduction in flow rate along the capillaries in the 
looped nephrons-a factor that would not en- 
hance SNGFR (Berne and Levy, '93). However 
the reduction in flow rate along the glomerular 
capillaries may be overcome by smooth muscle 
contraction of the af€erent arteriole. It has been 
demonstrated that renal blood flow and GFR 
are autoregulated in the domestic fowl (Vena et 
al., '90). In Gallus gallus, as the internal diam- 
eter of the glomerular capillaries was not signifi- 
cantly different between looped and loopless 
nephrons, the suggested reduction in blood flow 
in the looped nephrons could be significant if it 
were not for autoregulation. For Callipeplagam- 
belii, the larger intend diameter of the glomeru- 
lar capillaries of looped nephrons could lead to 
an increase in the rate of blood flow, offsetting 
any decrease in flow rate caused by the longer 
capillaries. However, no data are available in the 
literature on either blood pressure or rate of 
blood flow through the avian glomerulus. As the 
glomeruli are located below the surface of the 
kidney, obtainingblood flow measurements from 
birds is diacult. 

In  both Gallus gallus and Callipepla gam- 
belii, the significant reduction in diameter of 
the efferent arteriole compared to the affer- 
ent arteriole may be related to the amount of 
plasma filtered. According to the Poiseuille's 
law describing the flow of fluids, based on the 
change in arteriole diameter from the glo- 
merular capillaries to the efferent arteriole 
alone, and keeping all other factors constant, 
the predicted flow rate along the efferent 
arteriole is 20% that of the afferent arteriole 
in G. gallus and 7% that of the afferent 
arteriole in C. gambelii. However only about 
20% of the blood volume entering the glo- 
merular capillaries is filtered (Roberts et al., 
'93). The difference in arteriole diameter may 
be necessary to keep the pressure high to 
facilitate filtration. 

As a result of the branched network of 
glomerular capillaries within the avian looped 
nephrons, erythrocytes would need to turn at  
angles of 90 degrees in some cases. Given 
that avian erythrocytes have at best a limited 
tank-treading ability (Gaehtgens et al., %la), 
a highly branched glomerular capillary struc- 
ture would make it difficult for blood to flow 

smoothly along the capillaries. Erythrocyte 
deformability is essential to enable blood cells 
to enter capillaries with a diameter of 8 Frn 
or smaller (Secomb, '92). The glomerular 
capillaries in this study for both Gallus gal- 
lus and Callipepla gambelii had an average 
diameter of approximately 6.5 p,m. There- 
fore, the simple structure would seem to be 
essential to enable the avian erythrocytes to 
pass along the glomerular capillaries. 

The birds examined in this study did not 
have as complex a glomerular capillary net- 
work as found previously in mammals (Ander- 
son and Anderson, '76; Tisher and Madsen, 
'86). Gaehtgens et al. ('81b), comparing the 
rheology of nucleated and non-nucleated 
erythrocytes, suggested that given the rheo- 
logical properties of the different erythro- 
cytes in birds and mammals one might expect 
the morphological design of the capillary net- 
work to differ. The results of the present 
study agree with this hypothesis. 

The simple glomerular capillary structure 
in birds may also be related to the viscosity of 
the blood suspension. Because of the pres- 
ence of the nucleated cells, avian whole blood 
may be up to twice as viscous as that of 
humans (Gaehtgens et al., '81b). This may 
cause a significantly larger hydrodynamic dis- 
turbance in blood flow. If the architecture of 
the glomerular capillaries were as complex in 
birds as that in mammals, according to the 
difference in viscosity, the rate of blood flow 
in the glomeruli of birds would be 50% that of 
mammals. Hence the simpler capillary net- 
work in birds may be necessary to maintain 
adequate blood flow along the glomerular 
capillaries. Tank-treading in mammals has 
little effect on the viscosity of blood flow, 
therefore mammals can accommodate a more 
complex glomerular capillary network (Sec- 
omb, '92). 

Overall, this study found that the glo- 
meruli of avian looped nephrons have a more 
branched capillary structure than those of 
loopless nephrons; however this branching is 
not as complex as occurs in mammals. This 
difference may be related to the rheological 
properties of avian erythrocytes. There are 
differences in the surface area density of glo- 
merular capillaries between looped and loop- 
less nephrons and these are consistent with 
measurements of SNGFR. Future studies are 
needed to examine both the blood pressure 
and blood flow rate along the glomerular 
capillaries because morphometric measure- 
ments alone cannot explain the differences in 
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SNGFR between glomeruli of looped and loop- 
less nephrons. 
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