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However, the nutritional hypothesis is controversial, and it 
has been predicted that PO may have specialized functions 
in addition to nutrition, for instance neutralizing any sudden 
changes in the intraocular pressure, or that PO has both an 
optical as well as a trophic function [13,14]. A striking feature 
of PO is not only the dominating location at the posterior part 
of the bulbus, but also its high content of alkaline phosphatase 
and carbonic anhydrase [15-18]. The latter indicates that the 
function of PO could be to regulate the carbon dioxide pressure 
in the avian eye.

An interesting objection to the view that PO is needed for retinal 
nutrition has been presented by Brach [19]. He argued that, due 
to methodological shortcomings, Wingstrand and Monk's results 
may have been caused by compromise to the circulation of the 
optic nerve head itself by use of retrobulbar cautery. Therefore, 
he performed intrabulbar ablation of pecten in chicken with 
modified bipolar electrocautery forceps. It transpired that 
removal of PO changed pH in the vitreous cavity from 7.56 to 
7.35 [19]. Given this refers to a logarithmic scale (10 logarithm), 
the difference is significant. Thus, he “suggested that the function 
of pecten is not primarily nutritive and may instead be related 

INTRODUCTION
According to Wingstrand and Munk, the first description of 
PO in the bird’s fundus was, in all likelihood, presented by the 
Danish scientist Olaus Borrichius in 1674, although he may have 
been preceded by Peiresc in 1641 [1]. Ever since these reports 
some 350 years ago, this unique structure has been one of the 
enigmas in comparative ophthalmology. The term pecten means 
comb, and so PO is a comb-like, pigmented tissue projecting 
from the optic disc area into the vitreous body (Figure 1). 

While Petit pointed out that its localization is such to interfere as 
little as possible with retinal function, more than thirty theories 
have been advanced to explain its function, many of them agree 
that the main role of PO is to assist in the nutrition of retina and the 
inner eye in general [1-10]. As PO is the only vascular tissue in the 
posterior avian eye, it could compensate for lacking an intra-retinal 
blood circulation [11]. In addition, ablation experiments (applying 
retro bulbar surgical cautery of arteries supplying PO) are said to 
support this interpretation. It has also been argued that the observed 
correlation between PO’s functional morphology and lifestyle of 
the bird lends support to the nutritive role of PO [12].
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to intraocular pH regulation". More specifically, he speculated 
that PO is needed to prevent intraocular acidification due to an 
anaerobic glycolytic metabolism in the avascular bird retina, an 
interpretation which could explain why PO is extraordinary rich 
in carbonic anhydrase [20].

The bird’s PO varies considerably in form (conical, vaned, 
pleated) and size [21]. In species with small PO, like the owl 
(Bubo virginianus), it projects out into the vitreous cavity 5-6 
mm, whereas in the dove (Leucosarcia picata) it reaches almost 
as far anteriorly as the equatorial lens [21,22]. It has been 
advocated that there is a correlation between a bird’s behaviour 
towards light and activity levels and pectin's size and number of 
folds [11,23,24]. 

In short, several interesting hypotheses on the function of PO 
have been presented over the previous centuries, and at present, 
the following two, evidence-based options, seem to be at the 
forefront: Firstly, that PO is the primary source of nutrition 
and oxygen to the inner retina, and secondly, that it may acts 
as a pH-regulator in the vitreous body preventing intraocular 
acidification from anaerobic retinal glycolysis [1,19]. Both of 
these hypotheses address important qualities of PO, but neither 
explain all observations. This poses the first question in this 
study: Are these two functions exclusive or can they be unified?

In addition, it has been reported that CP, an anatomical structure 
analogue to PO in birds, is also found in some reptiles [25]. In 
case CP and PO are equivalent structures functionally, CP may 
reveal the initial steps in the cascade of events leading towards 
the development of PO in birds. It should be underlined that, 
according to our present knowledge, birds are not the direct 
successors of reptiles in the process of evolution. However, the 
two classes of animals are somehow linked to each other, and so 
the various steps in the development of reptiles’ CP might have 
some bearing on the more elaborate structure of PO in birds. 
Thus, the second question in the present study is how CP and PO 
relate to each other. The evaluation of these two issues has been 
based exclusively on information available in the literature.

MATERIAL AND METHOD
A literature review was performed, collecting information on 
CP and PO from various digital databases (PubMed, Medline, 
Ovid, Scopus, Web of Science), in some cases also from old 

library collections still not digitalized. The focus has been on 
reptiles, but relevant information on amphibians, birds, and 
mammals has also been included.

From the large number of studies on this subject over the 
centuries, it is noteworthy that no single bird species, diurnal 
or nocturnal, has been identified that doesn’t have PO. Thus, 
the present survey is based on the assumption that PO is present 
in all bird species, whereas fish, amphibians, and mammals are 
devoid of it. The fact that CP, a tissue element similar to PO, is 
found on the optic disc in some reptile species, indicates that 
this “comb-like structure” is not unique to the bird eye. Based 
on macroscopic as well as light microscopic observations 
many authors have considered CP in reptiles analogous to the 
avian PO, and this idea is also supported by the fact that CP 
and PO are similar at the electron microscopic level [14,25-28]. 
Accordingly, both morphological and biochemical aspects as 
well as functionality of CP and PO could be examined together.

Morphology: The reason why CP is present in some, but not 
all reptile species, is unknown [11]. However, the behaviour of 
reptiles is clearly influenced by the environment in which they 
live, and so it is interesting to evaluate the relationship between 
habitat and anatomical development of CP in the various species.

Biochemistry: During evolution, when animals were migrating 
from water to land, specific challenges had to be overcome to 
ensure adequate oxygen supply, temperature regulation, and 
osmotic control in the body. These were “instant” demands for 
survival out of water, and so adequate adaptations had to be 
present at the amphibian stage. Accordingly, evolution-induced 
changes in any of these vital functions do not represent a timely 
good match with the occurrence of CP in reptiles. Intuitively, 
however, the development of CP should be synchronized 
with the gradual changes in protein and purine catabolism. 
Accordingly, the present study is designed to examine how 
these two phenomena correlate to each other in time.

Functionality: The interplay between morphological and 
biochemical observations will be highlighted searching for a 
unifying hypothesis on CP/PO’s significance. The validity of 
this hypothesis will be evaluated both separately, and versus the 
two prevailing hypotheses (retinal nutrition and intraocular pH 
regulation).

Figure 1. Diagram of bulbus oculi. L, lens; ON, optic nerve. A) Lizard, conus papillaris (CP). B) Bird, pecten oculi (PO). Adapted from Duke-
Elder, Figure 421 and Figure 492, resp [6].
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RESULTS
The class: Reptilia, has been evaluated according to the 
classification in Halliday and Adler (2002), indicating that there 
are four living groups [29]. 

Testudines (turtles and tortoises).

Squamata (lizards: geckos, chameleons, etc., snakes).

Rhynchocephalia (tuatara).

Crocodylia (crocodilians: crocodile, alligator, caiman, gharial).

These animals have been extensively studied for decades, 
and so a significant amount of information is available in the 
literature on 1) the morphology of the optic disc area, and 2) 
on the biochemistry of nitrogen metabolism [29]. However, 
some detail is lacking when evaluating for a unifying functional 
hypothesis:

Morphology: According to Johnson, “No trace of a pecten can 
be found in any Amphibian eye” [30]. He added that this class 
of animals exhibit an exceptionally well-developed vascular 
system (membrana vasculosa retinae) in the hyaloid membrane 
in front of the retina. This differs from reptiles both according 
to ophthalmoscopical examinations, and comprehensive 
histological surveys [4,6,11,30].

Regarding CP in aquatic reptiles, it has been shown that in 
crocodilians “the disc is circular, quite white, and covered 
with brownish pigment, almost black in C. frontatus [30]. This 
pigment covering the disc resembles an abortive attempt at a 
pecten and is entirely functionless”, whereas in chelonian it 
looks more as “an irregular brownish patch in the centre of the 
disc". According to Walls, there is no CP in diurnal turtles [11]. 
It should be added though that so far very few studies have been 
conducted among the roughly 350 turtle species. Unfortunately, 
the distinction between aquatic (turtle) and terrestrial (tortoise) 
chelonians concerning presence or not of CP is incomplete in 
the literature. However, the following statement indicates that 
differences may exist in this group: “If provided with a pecten, 
it is either a vestigial relic, or of the simplest possible type, i.e., a 
simple unconvoluted cone or thalamus” [30]. In short, despite a 
paucity of specific information, it seems that faint signs of a CP 
are present in aquatic reptiles, at least in some species.

On the other hand, terrestrial reptiles (lizards, geckos, 
chameleons, iguanids, varanoids) reveal a distinct CP, though 
varying considerably in size between species [4,6,11,30]. Even 
the shape of CP varies from one species to the next, from a 
small, vascularised tissue covering the nerve head in geckos, to 
a fane-like body in some iguanids imitating a bird’s PO.

According to Duke-Elder, it is likely that the CP came into being 
when the preretinal vascular system present in amphibians was 
collected into a solitary vascularised tissue protruding into the 
vitreous body from the optic disc area [6]. This view made 
him conclude that reptiles in general have an avascular retina. 
However, this is not entirely true, because there are two groups 
of reptiles with mainly terrestrial behaviour, though without CP 
(snakes and tuatara).

Snakes (ophidians): Several authors have noticed the 
remarkable evolution of snakes’ eye. In one early report it is 

concluded that “in these species the retina is supplied from the 
superficial hyaloid vessels or directly by vessels entering the 
retina” [30]. However, he added (without separating between 
aquatic and terrestrial snakes) that a minority of species 
showed “an abortive pecten-like growth occupying the central 
third of the disc". Similarly, Franz stated that a small CP may 
be seen in some snakes [4]. This view was supplemented by 
the observation that in snakes the CP has been exchanged for 
a vitreo-vessel system in immediate contact with the retina, 
as seen in amphibians [11]. Furthermore, Halliday and Adler 
pointed out that, “snake’s evolutionary history, which included 
a long spell as burrowing animals, has been the driving force 
behind some of the unique ways they have of sensing the world 
around them [29]. Sight became largely superfluous when they 
lived underground, and their eyes therefore became redundant. 
More advanced species, which made the move back to the 
surface, needed to reinvent the eye or a satisfactory substitute, 
leading to fundamental differences between their eyes and 
other animals’ visual organs”. And finally, in a more specified 
version by Schwab, “most snakes rely on the choroid for retinal 
nutrition with diffusion, but some snakes have a network of 
vessels spreading across the retinal surface much like that seen 
in fish” [26]. In short, retinal nutrition in snakes is apparently 
ensured through vessels on or inside the retinal layer, may be 
even from the choroid.

Tuatara (sphenodon punctatus): Tuatara is another terrestrial 
reptile without CP. This is a unique cryophilic animal endemic 
to New Zealand. It is active at body temperature as low as 
5.2°C [29,31]. As Russell and Zoo put it: “The tuatara brain 
and mode of locomotion resemble that of amphibians and the 
heart is more primitive than all other reptiles [32]. The eye is 
specialized with a “duplex retina” that contains two types of 
visual cells for vision by both day and night”. Tuataras are also 
unusual in having a pronounced third eye (parietal eye), along 
with special features in the skeleton, evolutionarily retained 
from fish. These reptiles are considered the most unspecialized 
living amniote, older than squamates, and often called a “living 
fossil” [33].  As judged ophthalmoscopically, “there is no trace 
of a pecten, or blood vessels either retinal or choroidal, but the 
commencement of a vascular system in the small network of 
capillary vessels which are restricted to and cover the disc more 
or less completely, which usually takes the form of a capillary 
network” [30]. However, choroidal vessels are seen in light 
microscopic sections (Schwab, Figure 15.8) [26]. In short, in 
tuatara retina seems to be nourished mainly through diffusion 
from the choroidal circulation.

Biochemistry: As the reptiles moved from aquatic to terrestrial 
life, profound biochemical adaptations occurred, one of them 
in protein metabolism. In general, nitrogenous waste products 
are ammonia, urea, and UA, and animals excreting mainly 
one of these substances are termed ammoniotelic, ureotelic, 
or uricotelic, respectively. Which of these wastes an animal 
excretes is determined by the environment in which it lives, 
a statement made by Delaunay, and amply confirmed and 
extended by other authors [34]. As Cragg put it: “It should be 
noted that ammoniotelism is restricted to completely aquatic 
Amphibia [35]. Species such as Rana esculenta and Triturus 
cristatus, which may spend much of their time in water even 
outside the breeding season, produce mainly urea. In other 
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words, in Amphibia which live partly in and partly out of 
water, nitrogen excretion is fitted for the terrestrial mode of 
life”. Interestingly, this shift takes also place during amphibian 
development, as nitrogen waste being mainly ammonia in the 
aquatic larva, changing to more urea in the terrestrial adult [36].

Significant variation has been reported, and diverging 
conclusions have been drawn concerning nitrogen waste 
excretion in reptiles, partly because urine precipitates in the 
bladder sometimes have been neglected. Furthermore, the type 
of nitrogen waste excreted is to some extent influenced by the 
state of hydration/dehydration of the single species [37-39]. 
Aquatic reptiles like crocodylia excrete mainly ammonia, or they 
are ammonio-uricotelic, compared with terrestrial species like 
lacertilians (geckos, chameleons, lizards) being solely uricotelic 
[35,40-44]. A similar difference is seen in chelonian reptiles, 
with aquatic species (turtles) excreting roughly equal amounts 
of ammonia and urea, with terrestrial species (tortoises) being 
more uricotelic, or ureo-uricotelic [38,45-47]. Moyle, analyzing 
urines of various species of chelonian reptiles living in different 
habitats, showed that those living in drier environments tended 
to secrete more UA [46]. There seemed to be a grading of 
nitrogen excretion from ureotelic aquatic forms to entirely 
uricotelic land-dwellers, some species regulate the percentage 
of UA and ammonia in the urine in response to the degree of 
dehydration [39,48]. In general, it should be kept in mind that 
many of the nitrogen waste excretion values presented in the 
literature refer to urine analysis only, without any correlation to 
serum values.

As to the “aberrant” species (snakes and tuatara), i.e. terrestrial 
reptiles without CP, both the oviparous (Zamensis diadema) 
and the viviparous snakes (Eryx thebaicus) excrete nitrogen 
waste mainly as UA (60-70% of total) with a small portion of 
ammonia [49,50]. The tuatara (sphenodon punctatus) excretes 
a semi-solid deposit that is almost pure UA. In addition, and 
similarly to snakes, it eliminates a liquid portion containing urea 
(80% of total nitrogen), and ammonia (10%) [51].

Summary of Main Results
Morphological observations: The bulk of information indicates 
that the development of CP occurred simultaneously with the 
reptiles migrating from aquatic to terrestrial life, i.e. aquatic 
species may show pre-stages of CP against the distinct forms of 
CP observed in terrestrial species (Table 1). However, it should 

be noted that tuatara and most snakes are terrestrial species 
without CP and thus don’t follow this pattern (see comment 
below). Biochemical observations: As reptiles migrated from 
aquatic to terrestrial habitat, there was a change in nitrogen waste 
excretion from mainly ammoniotelic to mainly urico-(urea-) 
telic modes (Table 1), in line with Delaunay’s conclusions [34].

DISCUSSION
Based on this survey, the following interpretations are valid:

Without specifying which, Virchow showed that CP is found in 
only some reptile species [25]. The present survey takes these 
observations one step further by identifying reptiles with CP are 
terrestrial species (Table 1), i.e. the evolution of CP is linked to 
the terrestrial way of life.  This development took place during 
the Mesozoic Era (i.e. “the Age of Reptiles”, 251-66 million 
years ago).

The development of CP and the change in nitrogen metabolism 
occurred in tandem as the reptiles came ashore: a) Preretinal 
vessels in amphibians were slowly collected into CP in the 
optic disc area (Table 1). b) Nitrogen waste excretion changed 
from ammoniotelism towards mainly uricotelism (Table 1). The 
gradual change in nitrogen waste excretion during evolution 
included a parallel increase in serum UA content as well, 
though with significant intra and interspecies variations (Table 
2). The serum UA also vary considerably both according to food 
quantity/quality, and lag time between feeding and sampling 
[52,53].

Functional aspects of CP/PO: The overall trend seems to be 
that aquatic animals (fish and amphibians) are ammoniotelic, 
reptiles represent transitional forms (ammoniotelic – uricotelic 
– ureotelic), whereas birds and mammals are mainly uricotelic 
and ureotelic, respectively. With increasing serum UA content 
as evolution continued, this heavily soluble compound could 
have leaked into the intraocular compartments and eventually 
threatened light transparency of the ocular media. To test the 
validity of this postulate, a key question is whether previous 
observations on morphology, biochemistry, and functional 
aspects fit in a unifying hypothesis to explain why CP/PO is 
needed. Thus, the consequences of increasing UA serum level 
will be evaluated by indicating how the progression of life from 
water to land called for significant adaptations both in a) the 
body, and b) the eye.

Classes Habitat    Morphology
  (blood circulation)

     Biochemistry
(nitrogen excretion)

Amphibians Water/land Preretinal vessels, no CP [29] Ammonia (urea) [35]

Aquatic reptiles Water/land Faint signs of CP on the optic disc 
in some species [11,29] Ammonia/UA [35,40-43,45]

Terrestrial reptiles Land CP of varying size, (2 exceptions, 
see text) [4,6,11,29] UA/urea [38,44,46,47]

Birds Land/air PO in all species (varying size and 
form) [9,11,55] UA [91]

Mammals
(incl. aquatic species, and bats)

Water/land/air No PO [26]
Mainly urea [83]

(Guanine/allantoin)

Table 1. The gradual transformation (morphology) of the preretinal vessels in amphibians into CP/PO in reptiles/birds, and the change in nitrogen 
waste excretion (biochemistry) from ammoniotelism to uricotelism, occurred simultaneously as the amphibians went on shore and subsequently 
evolved into birds.
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Classes Species Serum UA (mg/dL)

Amphibians

Rana catesbeiana
Xenopus laevis
Xenopus laevid

Rana temporaria
Rana argentina

0.06 [92]
0.2 [93]
0.2 [94]
0.3 [71]
1.34 [95]

Aquatic reptiles

Dermochelys coriacea (Saltwater turtle)
Crocodylus johnstoni
Crocodylus niloticus

Aligator mississipiensis
Dermatemys mawii (River turtle)

Crocodylus siamensis
Crocodylus palustris

Crocodylus porosus (Saltwater crocodile)

0.3-0.6 [96]
0.45-1.9 [97]
0.67-5.04 [98]
0.96-4.23 [41]
1.5-6.2 [99]
1.9-5.0 [71]
2.4-9.9 [100]
2.8-16.6 [101]

Terrestrial reptiles

Iguana iguana
Testudo marginata

Gopherus agassizii (Desert tortoise)
Gopherus agassizzi

Chamaeleo chamaeleon

1.5 [102]
2.6 [79]

3.5-5.0 [103]
4.8-5.4 [104]
10-10.7 [105]

Birds

Emperor penguin
Turkey

Gallus gallus (Lomann)
Galliformes (6 dif. Spec.)

Goose
Chicken (42 days)

African penguins (Spheniscus demersus)
Duck

Ostrich
Hawk

2.5-24.0 [106]
4.2-4.4 [71]
4.3-5.6 [71]

4.85 [69]
4.9-6.3 [71]
5.5-6.5 [70]

6.6 [107]
7.2-7.7 [71]
7.6-10.0 [71]

14.2 [71]

Mammals

Feline
Canine

White rabbit (New Zeal.)
Horse

Fin whale (Balaenoptera physalus)
Rat (Sprague-Dawley)

Cattle
Seal (Erignathus barbatus barbatus)

Primates:
Old world monkeys:

Macaca mulatta
Macaca mulatta

Macaca irus
Macaca arctoides

Papio cynocephalus
New world monkeys:

Saguinus Oedipus
Cebus albifrons

Cebus apella
Saimiri sciureus

Lagothrix lagotricha
Human primates:

Chimpanzees, adult
(Pan troglodytes)

Gorilla
(Gorilla gorilla)

Orangutan, juvenile (Pongo pygmaeus morio)
Human:

0-0.5 [108]
0.2-0.9 [108]

0.48 [109]
0.10-0.60 [110]

0.50 [111]
0.5-1.4 [112]

0.89-0.93 [113]
1.6 [114]

0.09 [115]
0.3 [116]
0.5 [116]
0.3 [116]
0.4 [116]

2.1 [116]
3.3 [116]
2.8 [116]
0.5 [116]
3.1 [116]

f 0.7-3.5
m 1.5-3.3 [117]

f 1.8-3.0
m 1.6-3.4 [118]
f 3.4-9.3 [119]

f 2.0-6.0
m 2.0-7.0 [120]

Table 2. (serum UA concentrations): In parallel with the gradual change in nitrogen waste excretion, shown in table 1, there was an increasing UA 
content in serum during evolution from amphibians to birds. Primate values are included for comparison.
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Systemic affection: When analyzing the impact of exchanging 
ammonia in amphibia for UA/(urea) in reptile/bird serum, it is 
important to keep in mind the difference in chemical properties 
of the three compounds: Ammonia is a very toxic substance to 
tissues, though extremely soluble in water [54]. Urea is less toxic 
compared to ammonia, with good water solubility, i.e. moderate 
amounts of water is needed for its excretion. Finally, the low 
solubility and toxicity of UA make nitrogen waste excretion 
possible with limited water loss. This is an advantage for flying 
birds to reduce weight, and additionally, they thus don’t require 
a urinary bladder [55].

Fluctuating UA serum values (uricemia, hyperuricemia) is 
known from various pathophysiological conditions, and it 
is noteworthy that the systemic impact of these variations is 
still an enigma, illustrated through the body’s unpredictable 
reaction to it. On the one hand, increased serum UA content 
may cause acute gouty arthritis both in reptiles, birds, and 
mammals [56-58]. It is known from human pathophysiology 
that when the serum UA level exceeds 6.05 mg/dL (360 
µmol/L), defined as upper normal limit, monosodium urate 
crystals may be formed in synovial tissues [59,60]. However, 
as a protective measure minimizing the risk for intravascular 
crystallization, some 30% of serum UA is transported through 
a weak urate-albumin complex promoting solubilisation [61]. 
UA does not reach a much higher blood level in reptiles than 
in mammals, and 6.05 mg/dL is therefore likely to represent 
the upper limit for UA solubility in serum for all three animal 
classes [62]. Paradoxically, however, hyperuricemia does not 
always promote goat, a phenomenon shown in Table 2 where 
some species, in good health, have serum UA values exceeding 
6.05 mg/dl [61]. Which factors predispose some hyperuricemic 
individuals and not others to develop goat is still unknown. This 
makes us realize that hyperuricemia occurring intermittently 
as part of normal fluctuations, do not always induce damaging 
consequences systemically. Nevertheless, hyperuricemia could 
pose challenges to the eye.

Ocular effects: Before evaluating the impact of increasing serum 
UA concentration on the eye during evolution, it is imperative 
to clarify ocular blood flow and blood-ocular barriers in general. 
In all vertebrates, blood enters the eye through the choroidal 
circulation. These fenestrated vessels are separated from the 
sensory retina by the retinal pigment epithelium, a monolayer of 
cells firmly connected through intercellular junctions (zonulae 
occludentes). In addition, species with intraretinal circulation 
(most mammals), show a similar barrier in the non-fenestrated 
endothelial vessel wall, whereas in species with avascular 
retinas, like birds, the blood-vitreous barrier is localized in PO’s 
vascular system in the posterior segment of the eye. Finally, 
there is also a blood-aqueous barrier in the anterior eye segment, 
i.e. the epithelium covering the ciliary body. Hence, large 
serum components like proteins are largely excluded from the 
intraocular compartments (vitreous body and aqueous humour) 
through cell barriers at four levels: retinal pigment epithelium, 
retinal capillary endothelium, capillary walls in PO, and the 
ciliary epithelium. Even though this combination has not been 
verified in every species, it is likely to apply to vertebrates 
in general, preventing blood cells and serum proteins from 
interfering with the light pathway in the eye.

On the other hand, the quality and function of blood-ocular 
barriers to small serum components are still not well understood 
[63-65]. Serum components smaller than proteins have 
obviously easier access to the intraocular compartments than 
the larger once, demonstrated by the observed oxygen gradient 
between PO and retina, the fact that fluorescein (mol w 374) 
readily leaks from PO into the vitreous cavity, and from the 
ciliary body into the aqueous humor, with systemic application 
[1,66-68]. (Observations on the permeability of CP are not 
available). As UA is an even smaller molecule (168 mol w), it 
is suggested that significant amounts of serum UA could leak 
into the eye. Bearing in mind the low solubility of UA, and 
the lack of albumin binding capacity in the vitreous body, this 
could imply intraocular UA precipitation, like hyperuricemia 
inducing mono urate crystals in acute gouty arthritis. One could 
hypothesize that at least three different mechanisms meet this 
challenge: Blood-ocular barriers, intraocular pH-regulation, and 
drainage of intraocular UA.

Blood-ocular barriers: Even though small serum components 
like nutrients, oxygen, and fluorescein have access to the 
vitreous body, this does not necessarily apply to small 
molecules in general. This is illustrated in the chicken, one of 
the most examined species. Pooled values from chicken serum 
(Table 2) showed UA content of 4.85 mg/dL (289µmol/L), 
6.12 mg/dL (364µmol/L), and 4.92 mg/dL (293µmol/L), 
against 0.47 mg/dL (28µmol/L) in the vitreous body, and 2.19 
mg/dL (130µmol/L) in the aqueous humour [69-72]. These 
concentration gradients indicate that there is indeed a selective 
blood-ocular barrier for UA in chicken, with a serum: aqueous: 
vitreous ratio of 1:0.4:0.1. The blood-vitreous UA barrier may 
be even higher than indicated by these figures because some UA 
from the aqueous humour may diffuse into the vitreous body.  
Unfortunately, the level of UA concentration in the vitreous 
body of other bird species was not available in literature, but 
values from the anterior eye segment show that the serum: 
aqueous UA ratio was above 1 in an additional five bird species 
[71]. The higher UA content in the anterior chamber compared 
to the vitreous body make sense because this substance is likely 
to be one of the UV-B absorbing components in the aqueous 
humour of birds [73]. In short, the intraocular UA level is 
minimized through selective blood-ocular barriers.

Intraocular pH-regulation: The solubility of UA and 
monosodium urate depend on pH, sodium ion concentration, 
and ionic strength. According to Wilcox and Khalaf, focusing 
on human pathophysiological conditions, there has been some 
confusion as to the solubility of nitrogen wastes in blood and 
urine, partly due to the fact that “the terms ‘uric acid’ and 
‘urate’ are often used interchangeably without regard to the 
crystalline phase actually present” [74]. It has been shown that 
the low solubility of UA at sub-physiological pH is abruptly 
and strongly increasing upwards from pH 6 [74,75]. Thus, in 
the alkaline range, UA dissolves to levels far exceeding values 
obtained at pH 6 and below (Figure 2).

In this connection it is noteworthy that PO contains significant 
amounts of carbonic anhydrase ensuring an alkaline intraocular 
environment [17,76]. This effect has been demonstrated 
experimentally in chicken where demolition of PO caused a pH-
drop in the vitreous body [19]. Accordingly, by alkalizing the 



Int. J. Pure Appl. Zool., 10(8): 1-12, 2022

7

Ringvold.

vitreous body through carbonic anhydrase, PO increases UA’s 
solubility and counteracts intraocular precipitation.

Regarding the low UA concentration observed in chicken 
vitreous (0.47 mg/dL), one may ask why this pH-regulation is 
needed [72]. To evaluate this, two different aspects should be 
considered: 1) In serum, UA is partly stabilized through a weak 
interaction with albumin [61]. However, the vitreous body is 
a protein-free area, and so UA leaking into this compartment 
will stay unbound. 2) The UA concentration in chicken 
vitreous is likely to vary over time in response to fluctuations 
in blood showing significant variations in response to feeding 
or fasting. In one report, “plasma uric acid concentrations 
were increased two to four fold in chicks fed the high protein 
diets”, and in another, “fasting for an extended period caused 
marked increases in plasma uric acid concentration; 72 
and 240 hours after beginning the fast the plasma uric acid 
concentration reached approximately 10 and 40 times the initial 
concentration, respectively” [77,78]. A further illustration of 
UA serum fluctuations is the annual changes in UA content 
of the emperor penguin (2.5-24 mg/dL) (Table 2). Similarly, 
reptiles also show remarkable changes in serum UA content in 
response to feeding, although it is rather difficult to establish 
reference intervals for UA in chelonians and other ectotherms 
because they are capable of profound physiologic adaptation to 
different habitats, seasons, and environmental changes [53,79]. 
Thus, due to significant UA fluctuations in blood both in birds and 
reptiles, one may expect varying amounts of unbound uric acid in 
the vitreous body despite the selective blood-ocular barriers to UA. 
This could lead to intraocular UA precipitation unless PO increased 
its solubility through alkalization of the environment in the area.

Drainage of intraocular UA: Compounds in fluids may be 
moved through two different processes: diffusion and bulk 
flow. The vitreous body is composed of a hyaluronic acid gel 
largely restricting bulk flow. Once inside the vitreous body, UA 
spreads slowly through diffusion, most likely propelled through 

the bird’s saccadic bulbar oscillations shown by fluorescein 
[80]. The drainage of UA from this gel structure is suggested 
to be a slow process, and the concentration gradient in chicken 
from aqueous humour (2.19 mg/dL) to vitreous (0.47 mg/dL) 
indicates that vitreous UA does not leave the eye via the anterior 
chamber angle, but possibly does so via the choriocapillaris 
outside the retina.

In contrast, UA in the aqueous humour is drained by bulk 
flow through the trabecular meshwork. In the human eye, the 
aqueous humour volume makes up roughly 0,3 mL, i.e. by a 
steady inflow of some 2 µL/min there would be a total exchange 
of fluid approximately every 2 hours [81]. These  numbers may 
roughly apply also to bird eyes, (dependent on the eye size of 
the individual species), and anterior drainage will help maintain 
a low intraocular UA level.

In short, intraocular UA precipitation is counteracted through 
selective cell barriers reducing the intraocular UA level, 
increased UA solubility intraocularly through carbonic 
anhydrase induced alkalization by PO, and anterior drainage of 
UA.

Evaluation of the Hypothesis
1) The present review indicates that CP/PO is a crucial structure 
in the prevention of intraocular UA precipitation. Thus, two 
aspects should be focused upon when testing the validity of 
this hypothesis: a) Do we know of any ammoniotelic/ureotelic 
species with CP/PO? Extensive examination of available 
literature indicates that the answer is, no. b) Do we know of any 
mainly uricotelic species without CP/PO? The answer is, yes: 
Snakes and tuatara.

Most snakes are terrestrial reptiles, and their evolution may 
have been delayed due to what has been called a “long spell as 
burrowing animals” [29]. Instead of CP, snakes have intraretinal 
vessels or vitreous vessels located on the inner retinal surface, 
resembling some aquatic reptiles [6,11]. Nitrogen waste 
excretion in these species is mainly as UA (60-70%), with some 
ammonia [49,50].

Similarly, tuatara is a terrestrial reptile without CP, excreting 
a mixture of pure, semi-solid UA, urea, and ammonia [51]. 
However, this is an archaic creature, older than lizards or 
snakes, without retinal blood vessels, though with a small 
capillary network on the optic disc and, in addition, choroidal 
vessels externally.

ConclusionTuatara and most snakes behave as terrestrial 
reptiles. They are lacking CP because the ocular circulation 
appears to be at an evolutionary premature stage on the 
pathway towards CP. Their retina does not rely on trans-vitreal 
nutrition, and measures to prevent vitreal precipitation of UA 
is apparently not needed. Thus, the aberrant pattern of snakes 
and tuatara does not seem to contradict the hypothesis.

2). The level of serum UA is different in various animal 
classes. Terrestrial reptiles and birds have rather high serum 
concentration of UA (Table 2), excreting it in the urine as a 
waste product. In contrast, most mammals have low serum UA 
values, and excrete urea (Tables 1 and 2). Surprisingly, higher 
primates make up an exception in this pattern, due to a mutation 
induced loss of uricase in Miocene, 24-5.3 million years ago 

Figure 2. The solubility of UA increases abruptly from pH 6 towards 
alkalic values at 37°C. The graph is adapted from Wilcox and Khalaf, 
Figure 5, curve (a) [74].
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[82]. Roughly 90% of UA filtered by their kidneys is reabsorbed 
instead of being excreted [83]. Consequently, higher primates 
have significant amounts of UA in serum (Table 2) and low 
UA excretion. It has been suggested that the increased serum 
UA content in these species may represent an evolutionary 
advantage, because this “useful waste product” could act as a 
powerful antioxidant [84,85]. Interestingly, however, it seems 
that high UA serum concentration may have posed a challenge 
to the eye in higher primates, because there is indeed a selective 
blood aqueous barrier to UA in the human ciliary body [86].

How does the new hypothesis relate to the previous 
observations on CP/PO, and what is the relationship 
between the new and previous hypotheses?
Previous observations:
• The morphology of CP and PO is similar, i.e. these organs 

contain a capillary network with endothelial cells showing 
numerous microvilli on both the luminal and basal side 
[27,28]. The vessels are surrounded by a marked, basement 
membrane-like sheath, and pigment cells containing 
melanosomes are seen in the interstitial tissue particularly 
in the apex of the organ [87]. 

• PO readily leaks fluorescein, in contrast to mammal retinal 
vessels [66,67]. Fenestrated endothelium is found in neither 
CP/PO nor in mammal retinal vessels. The permeability of 
intraocular vessels in reptiles is unknown. 

• Oxygen does diffuse from the PO to the retina. Thus, PO 
is a substitute for intraretinal vessels supplying the inner 
layers of the retina [1].

• Significant amounts of alkaline phosphatase and carbonic 
anhydrase are present in PO [15-18]. These are both 
polyfunctional enzymes present ubiquitously in the body, in 
PO even co-localized in the endothelial microvilli [76,88]. 
Alkaline phosphatase has optimal activity at alkaline pH 
environments. Thus, the alkaline environment created in the 
vitreous body by the carbonic anhydrase in PO is favourable 
both for the alkaline phosphatase activity and the solubility 
of UA [19]. In addition, the activity of alkaline phosphatase 
in PO decreases 25% on dark adaptation [89].

• In birds there is a selective barrier to UA both in PO, and in 
the ciliary body [71].

While these all observations are compatible with the new 
unifying hypothesis, there remain some unanswered questions, 
such as why alkaline phosphatase is needed in PO, and why the 
size and form of PO vary considerably between birds.

Previous hypotheses versus the new hypothesis:
The validity of the numerous hypotheses on PO’s function 
has been carefully evaluated by previous authors, showing an 
overwhelming support of PO as an organ supplying nutrients 
to the avascular inner retina [1,7,11]. However, Walls’ view p 
652-653 seeing PO’s function from a diurnal-nocturnal perspective, 
i.e. based on the notion that the “highly metabolic cones” are 
in need of more nutrients compared to the “pure rod retina”, 
concluded that “most birds do seem to have either large and many 
folded pectens, or small ones, depending upon their behaviour 

toward illumination and their general level of activity” [11]. 
Accordingly, he found it paradoxical that in reptiles, “neither 
the diurnal turtles nor the nocturnal crocodilians have preserved 
the ancestral conus papillaris in a useful condition. Its loss in 
the crocodilians (and in Sphenodon) makes good sense; but the 
turtles all have many cones some, perhaps, only cones in their 
retina”. Interestingly, in contrast to Walls’ view, the fact that 
these species (crocodilians, turtle) are lacking CP is predicted 
according to the new hypothesis, because both are aquatic 
reptiles with mainly ammoniotelic/ureotelic excretion.

A different aspect is that the PO could have other “subsidiary 
functions”, indicated by Wingstrand and Munk [1]. They 
supported a previous suggestion that the high content of carbonic 
anhydrase in PO facilitates the removal of carbon dioxide from 
the vitreous, and they added that “oxygen supply and removal 
of carbon dioxide are combined in the pecten” [17,18]. This 
interpretation is compatible with Brach’s statement: “As the 
anaerobic metabolism of the avian retina liberates an acidic 
waste product, it is possible that the pecten may be involved 
in the regulation of intraocular pH [19,20].” It should be kept 
in mind though, that also some mammals have an avascular 
retina (guinea pig, rabbit), likely to accumulating acidic waste 
products, but they function adequately without PO [90].

Furthermore, the main message in Wingstrand and Munk’s 
reports on PO as a nutritive organ has been contradicted by Brach, 
who argued that “the function of pecten is not primarily nutritive 
and may instead be related to intraocular pH regulation” [1,19]. 
Thus, the main conclusions in the two studies are obviously 
incompatible. However, this does not necessarily mean that the 
respective observations are invalid. In fact, these observations 
are unified in the new hypothesis.

CONCLUDING REMARKS
The present study is tracking the evolution of CP from the first 
sign of capillary network on the optic disc in aquatic reptiles to 
a distinct CP tissue in terrestrial species. Simultaneously, the 
nitrogen metabolism changed from ammoniotelic to uricotelic 
mode, causing high serum UA values. It is noteworthy that 
the development of PO, though unknown pre-stages, ended 
up with a distinct PO along with high serum UA values, 
similar to terrestrial reptiles. This may indicate that CP in 
reptiles and PO in birds are comparable structures fulfilling 
the same function.

As to the function specifically, according to previous views CP/
PO is nourishing the retina or stabilizing the intraocular pH 
level. Both options are included as significant mechanisms in 
the new hypothesis. In addition, a further aspect is presented 
indicating that the increasing serum UA level occurring during 
evolution may have represented a crucial event threatening 
the transparency of the eye media through intraocular UA 
precipitation. This damage was apparently counteracted through 
selective ocular barriers to UA, and carbonic anhydrase induced 
alkalization of the intraocular compartments. Considering 
these phenomena, it is shown that the two competing options 
regarding function are not at all excluding each other, on the 
contrary they are seemingly completing each other in a unifying, 
new hypothesis on the function of CP/PO.
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Interestingly, the new hypothesis explains not only why CP 
is found in some reptiles only, but also why PO is present 
in all birds, and why CP/PO is redundant in amphibians and 
mammals. The driving force behind the restructuring of the 
intraocular blood supply when the animals went ashore, and 
the simultaneous alteration in protein catabolism is unknown. 
However, the suggested functional link between these two 
phenomena seems to explain why CP/PO is needed.
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