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Frogs’ lungs and Malpighi’s discovery of pulmonary capillaries
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In 1661, Marcello Malpighi (1628-1694), one of the most im-
portant 17th-century anatomists and physicians, published
two epistles entitled De pulmonibus (On the lungs), both ad-
dressed to Giovanni Alfonso Borelli (1608-1679). In the first
letter, thanks to the help of the microscope, Malpighi proved
that the lungs were not fleshy, but that they had a vesicular
structure. Moreover, with these new anatomical findings, he
also revised the traditional view on pulmonary function: lungs
do not cool the heart, as was previously supposed, but mix the
blood. In the second letter, Malpighi decided to perform dis-
sections of frogs. Assisted by his colleague and friend Carlo
Fracassati (1630?-1672), he observed the arteriovenous anas-
tomoses in the pulmonary circulation. Magnifying tools and
new anatomical procedures allowed him to prove not only this
mutual union of arteries and veins, but also that blood moves
in opposed directions: thanks to these observations, Malpighi
provided a strong evidence supporting Harvey’s theory of
blood circulation. However, Borelli, whose collaboration was
pivotal, challenged Malpighi’s view on pulmonary function.
According to him, lungs do not mix blood, but divide blood
particles into their smallest parts. Therefore, their function
is not that of mixing, but that of generating blood, due to the
triggering action exerted by the air particles. This paper aims
at analysing all these issues within Malpighi’s research pro-
gram and showing the progress achieved by the Italian micro-
scopic anatomy in the second half of 17th century.

KEY wWORDS: History, modern 1601 - Anatomy - Lung - Arterio-
venous anastomosis.

he 17t-century Italian research on anatomy was
developed and improved by the Italian anatomist
and physician Marcello Malpighi (1628-1694), who
introduced the use of the microscope and focused his
works on the key role played by microstructures.
The two letters De pulmonibus (On the lungs),!-3
both published in 1661 and addressed to Giovanni
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Alfonso Borelli (1608-1679), represent not only
Malpighi’s first contribution to anatomy, but also
his first attempt to implement the principles of his
medical program. Thanks to Borelli’s suggestions,
Malpighi examined the structure and function of the
lungs and, by the use of the microscope, provided
an important evidence to support Harvey’s theory,
showing the anastomoses between arteries and veins
in the pulmonary circulation.

The aim of this paper was to briefly reconstruct the
genesis of Malpighi’s discovery, focusing on three
points: 1) lungs’ vesicular structure; 2) the enigma of
rete mirabile; and 3) the new interpretation of lung’s
function. In addition, I will analyse Borelli’s objec-
tions to Malpighi’s explanation of lungs’ function.4 5

Updating the traditional
representation of the lungs

Marcello Malpighi carried out his anatomical ob-
servations on lungs in 1660 in Bologna, after three
years (1656-1659) of apprenticeship in Pisa. This stay
represented a key period for his career as anatomist: in
fact, in Pisa he developed his philosophical orientation
and improved his anatomical skills thanks to the col-
laboration with Giovanni Alfonso Borelli,% 7 an Italian
physicist, mathematician, and physiologist. As Mal-
pighi wrote in his autobiographical sketch Vita a seip-
so scripta,8 Borelli educated him to the libera philos-
ophia, by discussing the new philosophical questions
from atomism and mechanistic program, and allowed
him to approach the “new anatomy”, thanks to his
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Figure 1.—Malpighi’s anatomical table on the structure of the
lungs.!! (I) shows the “rete mirabilis” and (II) shows the vesi-
cles and “interstitia”. The last picture, (III), shows the lobules and
their insertion.

circle. Probably, in the last years of 1650s, Malpighi
started using also the microscope, although he did not
talk about it explicitly in this section of his autobiog-
raphy. After his return to Bologna, he worked jointly
on experiments on live animals with Carlo Fracassati
(16307-1672),° an anatomist and lecturer at Bologna
University (studium) too, and, finally, in 1660 he be-
gan his research on fishes’ lungs, in order to study the
motion of blood and the praecordium. These obser-
vations enabled him to completely modify the tradi-
tional representation of the lungs, with respect to their
structure and function.!0

At this stage, Malpighi realised that the substance
of the lungs is very different from what was tradi-
tionally conceived: it is not “fleshy” and, therefore,
it does not originate from the blood, as previously
supposed. On the contrary, the lungs have a vesicular
structure, similar to the honeycombs of bees, made
of cavities and membranes. In the first letter to Bore-
111, he described lungs as follows:

“By diligent investigation I have found the whole mass
of the lungs, with the vessels going out of it attached, to
be an aggregate of very light and very thin membranes,
which, tense and sinuous, form an almost infinite number
of orbicular vesicles and cavities, such as we see in the
honey-comb alveoli of bees, formed of wax spread out into
partitions. These (vesicles and cavities) have situation and
connection as if there is an entrance into them from the tra-
chea, directly from the one into the other; and at last they
end in the containing membrane”.3
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Three evidences supporting this view come from
the use of both magnifying tools and new analytical
procedures, such as fluid injection, insufflation and
drying:

— thanks to the help of the microscope, he could
demonstrate that when lungs are removed from ani-
mals and inflated with air, the vesicles are full of air;

— after inflation and drying, the external surface
of the lungs shows vesicular prominences;

— when lungs are extracted from living animals,
and cleaned up from the blood with water injections,
they show an almost transparent substance. After the
excess of water is removed with a small compres-
sion, and the lungs are inflated with air and then sun-
dried, a white aggregate of vesicles is clearly visible.

Moreover, Malpighi supposed that this mass of
vesicles, similar to a sponge, was the “continuation
of the internal membrane of the trachea”, so to en-
sure a continuous path to the air entering the lungs.

Overall, in his description of the lungs, Malpighi
followed a morphofunctional criterion of “form and
position”. The lobes, which divide the pulmonary
mass, can be further divided into a sort of unit of ana-
tomical organisation named “lobule”. Each lobule has
its own internal structure: a membrane, a subsystem
of vessels and a connection with the prolongations
of the arteria aspera, i.e., the trachea. However, Mal-
pighi did not explain it fully: obviously, the lobules
can be separated and easily identified by insufflation,
incision or boiling. Nevertheless, they are “almost in-
numerable” and it is impossible for him to show their
insertion into the trachea “for they vary under diverse
circumstances”. Finally, the “interstitial cavities”
complete lungs’ structure: although Luigi Belloni, an
Italian historian of medicine, considered them an arte-
fact produced by endotracheal insufflation technique,?
they are not useless “bare vacuities and empty spac-
es”. As we will see, in Malpighi’s opinion, interstitia
are actively involved not only in breathing mechanics,
but also in the mixing of blood mass, due to their force
of compression (Figure 1).

“Sacrificing an entire race of frogs...”:
the second letter to Borelli

There are two main problems that are not fully ad-
dressed within the first letter: 1) the enigma of the
rete mirabile; 2) the existence of anastomoses be-
tween arteries and veins in pulmonary circulation.
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As regards the first problem, Malpighi observed
that the external and internal parts of a portion of
the lung (in Latin, a frustulum), once exposed to the
light, show a “mirabile quoddam rete”’, a wonderful
network that seems to wrap all the vesicles. How-
ever, since he was not able to provide an explanation
for its structure and function, he formulated three
hypotheses:

— the network consists of vessels;

— the network consists of something nervous;

— the network is nothing but the membranous
walls of the vesicles.

He provisionally chose the second hypothesis, as
visible in the following passage:

“For, in the interior cut part, certain nervous prolonga-
tions of this network seem to remain, either from particles
turning out in drying, or lightly abraded by the knife, and
in the outer part a certain shining, of the kind proper to the
substance of nerves, seems to be observed. Hence I cannot
deem it unlikely to be a nervous ligament of the vesicles
united and mingled with the walls, as we see the semicircu-
lar cartilaginous prolongations in the trachea aspera, espe-
cially as it is probable, as I have said already, that those
vesicles are continuations of the internal membrane of the
trachea”.3

Malpighi introduced the second problem when he
briefly mentioned the function of the pulmonary vas-
cular system (trachea, pulmonary artery, pulmonary
vein). We should explore this topic in some detail,
because the pulmonary vascular system, in particu-
lar the relationship between the heart and the lungs,
has played a pivotal role in Galen’s physiology.
Throughout the 17t century, in fact, Galen (AD 129-
200/216) was the symbol of orthodoxy in medicine
and the main source of medical learning. However,
since the interpretations about this topic are not uni-
form and the secondary literature is vast, my histori-
cal reconstruction is necessarily partial.11-13

Galen defended a ““dualistic conception” of the
blood: there are two main distinct systems, the
hepatic-venous system and the cardio-arterial one.
This statement implies that: 1) there are two types
of vessels, arteries and veins, divided according to
the side of the heart which they are connected with;
2) the veins are the vessels connected with the right
side, the arteries are those connected with the left
side; 3) the arteries are full of blood, contrary to
what Erasistratus claimed; 4) veins carry nutritive
blood from the liver; 5) arteries carry vivified blood
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Figure 2.—Galen’s blood system.

from the heart (left ventricle). Moreover, Galen
claimed that:

— the blood does not circulate, but it is distribut-
ed along the parts of the body in order to feed them,
just as the water irrigated fields;

— what makes possible blood’s motion is not a
pumping heart, but the attraction exerted by the pe-
ripheral tissues as well as the thoracic pressure.

These are the main principles on which Galen
founded his theory.

Figure 2 represents Galen’s blood system sche-
matically. The stomach processes the food and con-
verts it into a humour, the chyle, which needs further
elaboration. The portal vein drains it to the liver that,
since it is the organ responsible for the production
of blood, turns the chyle into blood. The newly pro-
duced blood is ready to feed the upper and lower
parts of the body through the vena cava, the vessel
that originates from the hepatic veins, in the convex
side of the liver. By the vena cava inferior, a part
of the blood reaches also the right ventricle of the
heart. The lungs totally depend on the right ventricle
that provides them with the necessary nourishment,
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because they cannot receive the blood directly from
the vena cava. For their own sake, Nature created a
special vessel, the “artery-like vein”, with a semi-
lunar valve preventing the blood from going back.
Galen adopted an anatomical vocabulary that may be
ambiguous today: the pulmonary artery was named
“artery-like vein” because, like a vein, it conveys
nourishments, but it has the structure and the prop-
erties of an artery, i.e., a thick coat able to protect
the vessel from thoracic movements, and to filter the
purest parts of the blood. Conversely, the pulmonary
vein was named ‘“‘vein-like artery” because, like an
artery, it carries the pneuma to the heart, but it has
the structure and the properties of a vein, i.e., pre-
cisely one thin coat, able to withstand the thoracic
pressure.!4

At this point, it would be legitimate to ask Ga-
len two questions: 1) how does the blood pass from
the right to the left ventricle, in order to be further
processed? 2) What role does the vein-like artery
(pulmonary vein) play? Galen answered the first
question by supposing the porosities of the inter-
ventricular septum: the blood would pass from the
right to the left ventricle thanks to the pores of the
septum that allow only the purest and thinner parts
of the blood to pass through. However, does the
blood pass through the pulmonary vein, too? Has
Galen just guessed a form of pulmonary transit?
We cannot answer these questions here and retrace
the whole debate on pulmonary circulation’s dis-
covery, since we should assess how Arabic (Ibn
Al-Nafis) !5 and Renaissance anatomists (Vesal-
ius, Servetus, Colombo) !6. 17 have contributed to
this problem. Nonetheless, it is worth to remem-
ber Galen’s conclusions: first, the vein-like arteries
(pulmonary veins) are strictly connected with the
artery-like veins (pulmonary arteries) and the tra-
cheo-bronchial system. Therefore, respiration (the
lungs) and blood system (the heart) are strictly in-
terrelated. Secondly, Galen supposed that there are
the anastomoses between the vein-like arteries and
the artery-like veins at the level of their capillaries
in order to exchange blood and pneuma. We may
conclude that, probably, being the pulmonary vein
similar to an artery, it also includes a small portion
of blood, although the septum still continues to be
the left ventricle’s main source of blood.

All these issues are involved in Malpighi’s first
letter, albeit implicitly. Several procedures for lung
dissection would enable anatomists to study how the
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pulmonary vessels, even the smallest ones, branch
out in the lung mass. Nevertheless, it is impossible
for Malpighi to identify the anastomoses and, there-
fore, to prove their existence. He wrote:

“Whether these vessels have mutual anastomosis in the
sinuses or elsewhere, that thus the blood may be taken in
by the vein by a continuous path, or whether they all gape
into the substance of the lung, is doubtful and troubles my
mind”.3

Injection methods by mercury or coloured fluids,
suggested by Borelli, do not reveal anything but the
fact that “the introduced fluid makes more ways for
itself which are not usual in the state of health”.
Those ways marked by the introduced liquids would
seem artificial rather than natural.

Therefore, in summary, Malpighi answered the
two problems just described above in this way:

— the rete mirabile consists of something nerv-
ous;

— it is impossible to show anastomoses among
the pulmonary vessels.

The second letter to Borelli is a turning point:
Malpighi realised that the two problems are strictly
related. Assisted by his colleague Fracassati, he
planned his new observations accurately, choos-
ing the frog as animal model, and run so many dis-
sections, as to be compared to a real “sacrifice” of
the race of frogs, greater than the one described by
Homer in Batrachomyomachia (Battle of frogs and
mice).

Malpighi organised his observations in three steps.
First, he analysed the lungs of the frog from a mac-
roscopic point of view (first step), pointing out their
“structure and connection”. The mere observation
of the abdomen dissected corroborated his view on
lungs’ substance (Figure 3):

“They (the lungs) are nothing more than a membranous
bladder, which at first sight seems to be spattered with very
small spots, arranged in order after the fashion of the skin
of the dogfish - commonly called Sagrino. In form and
surface protuberances, it resembles the cone of a pine: but
internally and externally, a certain texture of vessels diver-
sely prolonged is connected together, which, by the pulse,
by contrary movement, and the insertion of the vein, are
pulmonary arteries. In the concave and interior part of this
(bladder) it almost fades into an empty space devoted to
the reception of air, but it is not everywhere smooth but is
interrupted by the occurrence of alveoli. These are produ-
ced by membranous walls raised to a little height”.3
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Then, he proceeded with the microscopic inves-
tigation (second step). Contrary to Young’s transla-
tion, at this point of his observation, Malpighi does
not seem to use the microscope, yet, as we can see
by referring to the Latin text and the English transla-
tion:

“His visis ad meram structuram, & compagem at-
tinentibus mirabiliora, microscopica deteget obser-
vatio” ! -(Observation by means of the microscope
will reveal more wonderful things than those viewed
in regard to mere structure and connection).3

Malpighi is talking about “observatio microscop-
ica”, rather than the microscope itself. This shade of
meaning is not useless. In fact, here, I believe we can
grasp a key aspect of his method: this passage can
just be interpreted as a clear statement of his “micro-
structuralism™.1® In other words, according to Mal-
pighi, anatomists should not consider the body and
its parts as a whole, but in their constituents. Organic
processes depend on “microstructures”: identifying
them and understanding their proprieties and func-
tionality are necessary to infer how the body actu-
ally works. Malpighi wants to suggest a different and
analytical point of view, also known as “resolutio
ad minitum”. “Resolutio” does not imply necessar-
ily the use of magnifying tools. Rather, it involves
a new philosophical perspective, that of “reduction”
of the bodily parts to their components. Moreover, it
is worth to highlight that “observatio microscopica”
focuses on action rather than structure: this explains
why Malpighi does not start to observe the structure
of vessels, their conformation or connection, but the
physiological activities, in which they are involved,
i.e., the blood motion in contrary directions. These
observations could prove blood circulation. He no-
ticed that the blood passing through the arteries and
their smallest branches diffuses everywhere until the
veins absorb it. Nevertheless, because of the limita-
tion of sight, it is not possible to identify precisely
anastomoses between arteries and veins:

“The power of the eye could not be extended further in
the opened living animal, hence I had believed that this
body of the blood breaks into the empty space, and is col-
lected again by a gaping vessel and by the structure of the
walls”.3

This view is rapidly questioned by the use of the

microscope (“perfectiori vitro oculis”). By magni-
fying a frog’s dried lung (third step), Malpighi ob-
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Figure 3.—Malpighi’s anatomical table on the frog’s lungs.!® The
picture (II) shows the anastomoses between the pulmonary artery
(C) and the pulmonary vein (D).

served that arteries and veins branched so much that
they form a sort of network: blood does not pour out
in an empty space to be then absorbed by the veins,
rather, it always passes through the branches of this
network. Thus, Malpighi discovered the anastomo-
ses:

“Here it was clear to sense that the blood flows away
through the tortuous vessels, that it is not poured into
spaces but always works through tubules, and is disper-
sed by the multiplex winding of the vessels. Nor is it a
new practice of Nature to join together the extremities of
vessels, since the same holds in the intestines and other
parts; nay, what seems more wonderful, she joins the up-
per and the lower ends of veins to one another by visible
anastomosis, as the most learned Fallopius has very well
observed”.3
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Now, Malpighi can answer the two questions:

— the network previously believed to be nervous
consists, instead, of vessels and allows the blood to
pour out from the arteries to the veins;

— this network proves also the existence of a mu-
tual union of arteries and veins.

These conclusions can support Harvey’s theory
only generalising these observations on frogs to all
living beings, because of Nature’s law of uniform-
ity. As the Italian historian of medicine Domenico
Bertoloni Meli says in his outstanding book on Mal-

pighi:

“By relying on analogy and on the widely held as-
sumption of nature’s uniformity and simplicity, Malpighi
generalized his results on the lungs of some animals to the
anastomosis of arteries and veins in the other parts of the
body and all animals: he relied extensively on this crucial
assumption in the rest of his work.”10

I will try to briefly analyse some of these philo-
sophical assumptions in the last section of this paper.

From structure to function: mixing blood

These new anatomical findings enabled Malpighi
to challenge the traditional view on pulmonary func-
tion. Ancient scholars argued that the lungs were re-
sponsible for the cooling of the burning heat of the
heart. This is, for example, what we read in one of
the Plato’s dialogues, Timaeus:

“[70c] [...] And as a means of relief for the leaping of
the heart, in times when dangers are expected and passion
is excited - since they knew that all such swelling of the
passionate parts would arise from the action of fire -, they
contrived and implanted the form of the lungs. This is, in
the first place, soft and bloodless; and, moreover, it con-
tains within it perforated cavities like those of a sponge,
so that, when it receives the breath and the drink, it might
have a cooling effect and furnish relief and comfort [70d]
in the burning heat™.20

Aristotle analysed this problem in depth in some
of his minor works, such as De juventute et senec-
tute, De respiratione, De vita et morte (On youth
and old age, on breathing, on life and death),2! de-
ducing the cooling function and, consequently, the
final cause of breathing from the importance of nat-
ural heat for life: “Life and the presence of soul”,
he said, “involve a certain heat” (4742 25). All the
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organic processes depend on the “fire” that, howev-
er, might be managed responsibly, because it could
cease to exist by “extinction” or by “exhaustion”
(469% 21-470a 18). Anyway, “if the bodily heat must
be conserved (as is necessary if life is to continue),
there must be some way of cooling the heat resi-
dent in the source of warmth” (4702 5-7). Galen
confirmed this view: he supposed that the heart was
hotter than the other organs of the body and, there-
fore, it was the seat of the innate heat. It should be
remembered that the connection between tracheo-
bronchial system and pulmonary vessels (vein-like
artery and artery-like vein) entailed a strict relation-
ship between respiration and blood system: on one
hand, the lungs depend on the right ventricle for
nourishments; on the other hand, the heart depends
on the lungs for two tasks, cooling the innate heat
as well as exhaling smoky waste. As we can no-
tice, Galen assumed a double movement occurring
in vein-like arteries: the pulmonary vein inhales the
pneuma to the left ventricle and exhales warm and
smoky vapors to the lungs, in order to expel them
through the trachea.

Malpighi refuted this thesis: the lungs’ function
is not that of cooling the natural heat in the heart,
but that of mixing blood. How did he come to this
conclusion? The answer to this question is to be
found in the development of anatomical knowledge
in 174 century. The discovery of Gaspare Aselli
(1581-1625) of the milky veins in 1622, although
it was still framed in the Galenic tradition, ques-
tioned one of the most important “tenet” of Ga-
len’s anatomo-physiology: the “hematosis™ in the
liver. In other words, as already explained, Galen
ascribed to the liver the function of transforming
the chyle received by the portal veins into venous
blood. Nevertheless, 17-century experiments on
milky veins demonstrated the flow of chyle was
very different from the traditional conception. In
particular, after Aselli’s observations, the French
anatomist Jean Pecquet (1622-1674), in his Experi-
menta nova anatomica (1647), showed irrefutably
that the chyle carried by the milky veins does not
pour out in the liver, but in a “receptaculum” also
known as “reservoir or cistern of Pecquet”. This
cistern is the base of the thoracic duct, which car-
ries the chyle in the left subclavian artery, not in the
liver. The implications are obvious: the liver does
not produce the blood, as previously claimed by
Galen. Consequently, the dualistic blood view falls
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too. Further studies on lymphatic system run by the
Danish physician Thomas Bartholin (1616-1680)
and the Swedish scientist Olaus Rudbeck (1630-
1702) enriched this framework of knowledge.

In addition, it should be noted that even the phys-
iologists’ view regarding the blood changed: blood
is not one of the four Hippocratic humours, but a
fluid which flows uninterruptedly in the body and
which can be analysed in its smallest constituents.
Malpighi himself highlights this point in his letter:
“By blood”, he wrote, “I do not understand the ag-
gregate of the four common humours — both biles,
blood and pituita, but all that which flows contin-
uously through the veins and arteries, and which
consists of an almost infinite number of particles.
All these seem to be comprehended in two parts,
alike in some degree to our unaided sense — that
is to say — the whitish part, commonly called the
serum, and the red”.3

These two heterogeneous parts, which the blood
consists of, are originally solid. Like metals that
become fluid thanks to “aqua regia, acids and the
like disuniting things interposed”, they get fluidity
if correctly and duly mixed. Therefore, the blood
fluidity is obtained through the right mixture of the
particles that compose it. Otherwise, it solidifies.
Lungs do exactly what women do to prevent blood
clotting: they “crush it [the blood] with the fingers
or a rod and shake it up, i.e., in order that the thor-
ough mixtures of the white and red be maintained”.3
Malpighi came to this conclusion thanks to the new
anatomical data available at that time. The lungs re-
ceive the blood returning from the whole circuit by
the pulmonary artery, and both the chyle and the
lymph by the thoracic ducts. These two different
substances cannot be mixed in the right ventricle of
the heart: only the lungs can do it perfectly. Why?
The reason is that: 1) the vessels branching through
lung mass first force the division of the particles,
then, due to their particular structure, combine
them to form a new substance; 2) the air pressure
exerted on the vessels by the alveoli mixes further
these substances; 3) the fermentation occurring in
the blood produces heat that increases the freedom
of the particles.

In the light of what has been said, it is clear that
Malpighi’s explanation of lungs’ function rests on
a firm corpuscularistic perspective. However, as we
will see in the next paragraph, Malpighi received
several objections by Borelli.

Vol. 16 - No. 1
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Borelli’s objections

In a letter dated February 18, 1661, Borelli chal-
lenged Malpighi’s view on pulmonary function.?2 He
claimed that the way the lungs work could not be
simply compared to a sort of “pestle’” aimed at crash-
ing the white and the red, and mixing them. He did
two examples to clarify his position.

Imagine two different fluids, water and black ink.
The water flows in a large tube; the ink in a small
tube. Now, add the small tube inside the large one
in such a way that the ink can pour into the water:
how do the two fluids mix themselves? Probably,
there are only two ways: shaking them with irregular
movements by a spoon or something else, or press-
ing the tube.

Now, imagine only a large tube branching in sev-
eral small and thin channels: it is impossible to get
the same mixture. In fact, in such a large tube, not
all the water will be mixed with ink and vice versa.
Therefore, some unmixed water will enter some of
the small channels, and the same will happen to the
ink. In order to mix them appropriately, the channels
should be intertwined, so that one fluid can meet the
other. Furthermore, the ink and the water should be
poured together in a common vessel that, once com-
pressed, finally may facilitate their mixture. This so-
lution violates Nature’s principle of simplicity.

These two examples were formalised by Borelli in
the second part of his masterpiece De motu anima-
lium, more precisely in chapter eight, which is de-
voted to the primary function of respiration. Among
the erroneous opinions claimed by ancient and mod-
ern scholars, he challenged also the one availed by
Malpighi, although he did not quote him directly.
Not only respiration (1) does not cool the fire and
the heat in the heart (proposition 96) and (2) does
not expel the smoky vapours produced by the fire
through expiration (prop. 97), but also neither (3) it
mixes the heterogeneous particles of the blood (prop.
107-108), nor its main purpose is (4) transfusing the
blood from the right to the left ventricle (prop. 111).5

Three propositions are to be assumed to prove
Malpighi’s mistake. First, in prop. 100, Borelli
stated that “If part of a bag is occupied by white
seeds and the bag is not completely filled by ad-
ditional black seeds, both seeds can be mixed by
repeated compression and squeezing of the bag”.5
If we look at figure 4A, we can see that the right
part ALFCMB is completely filled with white
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Figure 4.—Diagrams from “De motu animalium” (table xviir).23

seeds, while the left part FEDC is incompletely
filled with black ones. If we compress the right
part in such a way that the area ALFCMB is re-
duced to AGFCHB, we can observe that the white
seeds in ALFG and BHCM pour out in the left
side, expanding it at the points I and K. Probably,
at first, black seeds will move to I and K, but by
repeated compressions, they will mingle with the
white ones. The bag must not be rigid; otherwise,
the mixture cannot occur (prop. 101).

Since liquids behave like particles, we try to re-
place the two seeds with two different fluids (prop.
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103): “If there are two liquids, one white AG and
the other black GD, in the narrow and soft canal AC
and if one extremity DC is open and the other AB
is closed, I claim that the liquids will not mix as a
result of squeezing and compressing the canal”.5 In
Figure 4B we can see a thin tube AC filled with two
different fluids, AG (white) and GD (black), and the
two sides, AB and DC, assumed to be respectively
closed and opened. The mixture does not occur be-
cause, if we try to squeeze the tube reducing the area
from ABCD to AEFD, the white fluid AG will move
towards DF, the other end AB being closed, but the
same will happen also to the black fluid GD. In oth-
er words, both can meet together if and only if the
black liquid GD moves towards O, which is impossi-
ble from a physical point of view. Therefore, the two
fluids cannot touch each other and, consequently, be
mixed.

Now, Borelli proposed the second example of his
previous letter of 1661 (prop. 105):

“The conical and soft funnels ABCD is subdivided into
several other funnels DE, FG, HM and into other thinner
branches. Its base AB is closed. Fluids or white and black
seeds are sent separately into the large funnel and they are
compressed and shaken. I claim that they will not mix™.5

Since seeds or liquids are separately arranged into
the pipe (Figure 4C), only the white ones will enter
DE and HM, and the black ones will enter FG, no
matter how many times we try to compress the pipe
or the small channels. No mixing occurs, as it hap-
pens to the water and the black ink of the example
previously described. Even changing the arrange-
ments of the layers, as in Figure 4D, white seeds/
liquids will not mingle with black ones.

With prop. 100, 103, and 105, Borelli concluded
that, contrary to what Malpighi claimed, “It is im-
possible that the heterogeneous components of the
blood mix completely in the lungs however squeezed
they are” (prop. 108).5 Suppose two different kinds of
particles, A and B. In order to have a successful mix-
ture, opposite movements should push A-particles
among B-particles. This is possible only in a bag-
shaped place, as in Figure 4A. However, the lungs
are very different because they consist of branches
and small channels, with an extremity opened and
the other closed, as in Figure 4B. For the reasons just
explained in prop. 103, no mixing can occur. Simi-
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larly, by prop. 105, no mixing can occur also because
lungs’ vessels behave like the small channels in Fig-
ure 4C and 4D. Borelli wrote,

“Consequently, although the movement of breathing
squeezes and beats the blood vessels of the lungs, this does
not imply that the heterogeneous elements of the blood
must be mixed. Neither is the structure of the lungs such
that intimate mixing of the components of the blood can be
carried out in them”.>

According to Borelli, in fact, lungs do not mix
properly the blood, but divide the particles into
their smallest parts (prop. 109). In fact, the blood
entering the pulmonary artery is nothing but an al-
tered mixture of different liquids, which requires
the rearrangements of all their particles. Other-
wise, a part of them could coagulate or would not
be able to be distributed along the body. Further-
more, Borelli pays attention to the function of air.
Empirical observations teach that inhaled air does
not enter the veins nor, in any case, does it pass
through the pores of the vessels. The mixing of
blood with air seems to be untenable. However,
the experiment of Torricelli shows that air can be
mixed with a liquid and, in particular, with water.
Foam is a good example. Therefore, Borelli be-
lieves that air mixes with the serous juice in the
lungs’ alveoli. The serous juice, consequently, be-
comes foamy. Now, this liquid, which inevitably
includes small particles of air, can enter the pores
of the veins and mingle with the blood (prop. 113).
These particles act as spiral machines “which can
be compressed by an external force and then spon-
taneously resile like springs” (prop. 125).5 Once
mixed with the blood, they produce oscillatory
movements that continuously shake the blood. Ac-
cording to Borelli, the main function of the lungs
is to generate blood, due to the triggering action of
the particles of air. Thus, the altered blood entering
the pulmonary artery, once divided in its minute
parts, filtered, and mixed with aerial particles, gets
the right mixture and composition. “From there”,
he said, “the portions of blood rejuvenated, vivified
by spirits transmitted by the nerves and activated
by the aerial machines are carried to the main trunk
of the pulmonary vein which discharges them in
the left ventricle. The blood then is ejaculated with
a powerful force and distributed through the whole
body of the animal” (prop. 129).5
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Conclusions: On the lungs within the
Malpighi’s research program

Malpighi provided a clear definition of his medi-
cal program in his reply to Giovanni Girolamo
Sbaraglia (1641-1710), a Bolognese conservative
physician devoted to a radical form of “empiricism”,
who challenged him in a brief and controversial dis-
sertation entitled De recentiorum medicorum studio.
Sbaraglia claimed the uselessness of anatomy for the
medical practice and, in a broader sense, the effec-
tiveness of the empirical medicine over the rational.
The Latin words “inutiles amputans”, engraved on
his commemorative medal, summarize his methodo-
logical concern: everything that is not strictly use-
ful for therapy should be excluded from the medical
practice. This is exactly the case of the anatomical
investigations that occupied most of the rationalist
physicians in the mid-seventeenth century. This clash
between empiricism and rationalism, a fi/ rouge in
the history of Western medicine from the Ancients to
the Moderns, hits Malpighi at the end of his career as
anatomist as well as clinician.24-26

In 1689, in his answer to Sbaraglia published post-
humously in 1697, Malpighi defined the main fea-
tures of his program:

“Therefore, in the things of nature, which operates al-
ways uniformly by necessity, the sagacity of man is not of
such a small character that cannot get to reveal many of his
artifices. Thus, we see with admiration the discoveries in
astronomy [...]. We can say the same thing of the machines
of our body, which are the basis of medicine [...]. Man,
examining these parts with the anatomy, learned by philo-
sophy and mechanics, grasped their structure and their use,
and proceeding in the same way a priori, came to build
models of them, through which he reveals the causality of
that effect and gives it a reason a priori”.%’

In this passage, as Bertoloni Meli says, Malpighi
suggests a sort of “layered analysis™ 26 that would
allow physicians to understand the way Nature op-
erates and to found both physiology and pathology.
Strictly speaking, the art of medicine should be re-
formed according to a new method, which collects
and processes the contributions from different fields
of knowledge: the new anatomical findings, phys-
ics, and in particular mechanistic natural philosophy.
Therefore, the “new anatomy”, enhanced by mag-
nifying tools and new techniques of investigation,
compels conservative physicians to revise the tra-
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ditional interpretation of the structure of most parts
of the human body. The “new philosophy” invites
them to explain their function in mechanistic terms.
The “new physics”, instead, allows them to build
machines as ‘“physical and experimental devices”,
in order to reproduce physiological and pathologi-
cal phenomena.28 Finally, the “new therapy”, thanks
to the different disciplines involved, forces them
to overcome ancient therapeutics. Moreover, from
a philosophical point of view, Malpighi’s program
rests on a key principle: the “uniformity of nature”,
which entails: 1) a comparative perspective; 2) the
human-machine analogy; 3) necessity.

The epistles On the lungs are a good example.
Thanks to “observatio microscopica” and the new
techniques of anatomical investigation (insufflation,
fluid injections, boiling), Malpighi updated the com-
mon representation of lungs’ structure and discov-
ered the anastomoses between arteries and veins in
pulmonary circulation. Frog dissections were crucial
because they showed bodily parts and physiologi-
cal processes that, otherwise, would not be visible
in “perfect” animals, like dogs or men themselves.
Therefore, these new findings enabled him to rein-
terpret lungs’ function, by questioning the traditional
view claimed by the ancients (Plato, Aristotle, and
Galen) as well as the moderns. Both the discovery
of anastomoses and the observation of blood motion
in opposed directions provide a strong evidence sup-
porting Harvey’s theory. This outstanding turning
point rests on corpuscularism, suggested by Borelli:
everything is explained in terms of particles and their
motions. Physical proprieties depend on the particu-
lar arrangement the particles have: therefore, the
lungs work as a machine that “rearrange” the main
parts of the blood (the white and the red) in order to
mix them and, consequently, maintain them fluid.

Malpighi’s reply to Sbaraglia suggests several
physical devices aimed at studying bodily processes,
such as blood circulation or breathing mechanics.
For example, a tube similar to an artery, filled with a
fluid and then squeezed, as the heart would do, may
enable physicians to study the pathology of blood
circulation, cardiac arrhythmias or the variation of
pulse. Anatomy and mechanics can also reproduce
breathing thanks to an artificial thorax.

Finally, it should be noted the implications of this
medical program on therapeutics. The epistles On the
lungs discuss some morbid states. Obviously, contra-
ry to Sbaraglia’s claim, the new anatomical findings
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have an impact on pathology and therapeutics. For
example, Malpighi describes blood fermentation’s
effects on consumptives: the excessive freedom of
the blood particles, due to the fermentation, causes
epistaxis, haematuria, and evacuation of the blood
from the skin. This explains not only why the lungs
are so damaged by tuberculosis, but also how fer-
mentation can be reduced: milk, infusions and baths
can inhibit the motions of the particles and have a
positive effect on the health.

In conclusion, the focus on microstructures and
their implications in medicine, which is pivotal in
the two epistles De pulmonibus, will become a key
aspect of Malpighi’s work and, in particular, the in-
terest in blood and morbid states related to it will
be further developed in another important work, De
polypo cordis.

Riassunto

1 polmoni delle rane e la scoperta di Malpighi dei capillari
polmonari

Nel 1661, Marcello Malpighi (1628-1694), uno dei piu
importanti anatomisti e medici del xviI secolo, pubblico
due lettere De pulmonibus, entrambe indirizzate a Gio-
vanni Alfonso Borelli (1608-1679). Nella prima lettera,
grazie all’aiuto del microscopio, Malpighi dimostrdo che
i polmoni non erano ‘“visceri carnosi”’, ma avevano una
struttura vescicolare. Inoltre, mediante i nuovi reperti ana-
tomici osservati, corresse anche la concezione tradiziona-
le della funzione polmonare: i polmoni non raffreddano
il cuore, come precedentemente supposto, ma servono a
mescolare il sangue. Nella seconda lettera, Malpighi deci-
se di eseguire dissezioni di rane. Assistito dal suo collega
e amico Carlo Fracassati (1630?7-1672), poté osservare le
anastomosi tra arterie e vene nella circolazione polmona-
re. Gli strumenti di ingrandimento e le nuove procedure
anatomiche gli consentirono di dimostrare non solo questa
connessione tra arterie € vene, ma anche il movimento del
sangue in direzioni opposte: grazie a queste osservazioni,
Malpighi esibi una forte evidenza a sostegno della teoria
di Harvey. Tuttavia, Borelli, la cui collaborazione si rivelo
fondamentale, mise in discussione la posizione di Malpi-
ghi sulla funzione polmonare: i polmoni non mescolano
il sangue, ma si limitano a dividere le sue particelle nelle
componenti piul piccole. Dunque, la funzione dei polmoni
non ¢ mescolare il sangue ma generarlo, in forza del ruolo
di attivazione esercitato dalle particelle dell’aria. Questo
lavoro si propone di analizzare tutti questi aspetti all’in-
terno del programma di ricerca di Malpighi e di mostrare
il progresso raggiunto dall’anatomia microscopica italiana
nella seconda meta del XvII secolo.

PAROLE CHIAVE: Storia della medicina moderna (1601-) -
Anatomia - Polmoni - Anastomosi arterovenose.
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