Ruston’s paraphrase is brutal: “Believ-
ing in Abernethy’s idea of life was tan-
tamount, Lawrence argued, to believ-
ing that supernatural beings control our
fate. He flew dangerously close to say-
ing that believing in God is for idiots.”

Lawrence paid dearly for his audac-
ity. He was stripped of his position in
the Royal College of Surgeons (and
thereby barred from practicing med-
icine) and forced to recant his 1819
book, Lectures on Physiology, Zoology,
and the Natural History of Man. The ma-
terialist theory of life went into hiding
until it was resuscitated, decades later,
by debates over the origin of species.

Ruston argues that Victor bases his
experiment on Abernethy’s premises:
“Having worked out what the vital
principle is and how to infuse it into
a body, [Victor] then has to create a
body to receive it. The practice set out
here fits Abernethy’s theory entirely.”
I'm not convinced. There is no indica-
tion that the Creature (as he is gener-
ally known these days) is animated
by anything but sublunary forces;
his life seems to be purely a matter
of matter. For that matter, there is no
hint in the novel of any God at all. In
her introduction for the 1831 version
of the novel (about which more in a
moment), Mary Shelley described her
initial vision of Frankenstein's experi-
ment as “frightful . . . for supremely
frightful would be the effect of any
human endeavor to mock the stupen-
dous mechanism of the Creator of the
world.” This is a familiar refrain, sure-
ly, to biologists and geneticists who
are routinely accused of playing God.
But no such phrase occurs in the nov-
el: No one ever refers to “the Creator
of the world,” and Victor never thinks
in these terms. ‘

Ruston notes that “whether the
Creature has a soul is a vital unan-
swered question in Frankenstein,” and
that the question “has been asked
many times” since the novel’s publi-
cation. The pun on vital is clever, but
the crucial point obscured here is this:
Whether the Creature has a soul is a
vital unasked question in Frankenstein.
When the Creature tells Victor, “My
soul glowed with love and humanity,”
and when Victor says, “His soul is as
hellish as his form,” no one is invoking
the word in its religious sense. Franken-
stein seems to me a thoroughly “ma-
terialist” book, even if Shelley herself
changed her mind about that at some
point between 1818 and 1831, as the
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political backlash against materialism
intensified in the United Kingdom.

As for that 1831 revision: Ruston
explains that she has chosen to work
with the 1818 text “because this ver-
sion contains more science. By 1831
the novel had become more overt-
ly Gothic.” That’s a good call, but I
would make it for a different reason:
namely, Shelley’s decision to rewrite
her novel so that it explicitly equates
Frankenstein’s experiment with Robert
Walton’s quest to reach the North Pole.
“You are pursuing the same course,”
Victor says to Walton in the later edi-
tion, “exposing yourself to the same
dangers which have rendered me what
[ am.” This comparison is just plumb
foolishness, since polar exploration
isn’t anything like the creation of sen-
tient life from dead matter; worse still,
it has given rise to the popular miscon-
ception that the function of literature
is to chastise scientists for pushing the
edge of the envelope. In 1831, the nov-
el goes from saying, in effect, “Victor
should not have abandoned his crea-
ture,” to “People should just stay home
and not inquire too much into stuff.”
It's not just that the 1818 version has
more science; it’s that the 1831 version
is actively anti-science.

Ruston notes that even though spec-
tacular resuscitations were much in the
news, “Mary’s decision not to use a
corpse for the Creature [is] a particu-
larly interesting one.” That it is: Vic-
tor cobbles together his creature from
assorted human and animal bodies. I
wish Ruston had said more about that
decision—and more about Victor’s in-
defensible decision to experiment with
the creation of life by starting at the top
of the food chain. Surely an enterpris-
ing young chemist at the end of the
18th century could have become re-
nowned and celebrated simply for giv-
ing life to a lab rat. It is odd that critics
of Victor’s hubris don’t make this rath-
er obvious objection to his work, and
Ruston is especially well positioned to
do so. But then, the story tells better the
way Mary Shelley wrote it.

Michael Bérubé is Edwin Erle Sparks Professor of
Literature at Pennsylvania State University. He
is the editor of the Norton Library Edition of the
1818 text of Frankenstein, or the Modern Pro-
metheus, by Mary Shelley (W. W. Norton, 2021).
His most recent book, coauthored with Jennifer
Ruth, is It's Not Free Speech: Race, Democracy,
and the Future of Academic Freedom (Johns
Hopkins University Press, 2022).
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THE ANNOTATED HODGKIN AND
HUXLEY: A Reader’s Guide. Indira M.
Raman and David L. Ferster. xiii +311 pp.
Princeton University Press, 2021. Cloth,
$110; paper, $39.95.

he idea that nerves carry electri-
T cal signals between the brain and

the body goes back to the 18th
century, when Italian physician and
physicist Luigi Galvani noticed that a
small jolt of electricity would cause a
dissected frog’s leg to twitch. But nerve
fibers are not simple conductors like the
copper wires of a telegraph network.
Although electrical activity is key to
nerve action, the process that moves a
pulse of information along the fiber is
a good deal more complicated than the
flow of electrons through a wire.

The search for the true mechanism
of nerve transmission culminated in
a series of ingenious and painstaking
experiments done by a pair of Brit-
ish physiologists: Alan Lloyd Hodg-
kin (1914-1998) and Andrew Fielding
Huxley (1917-2012). They reported
their results in five papers, which all
appeared in the Journal of Physiology in
1952. Hodgkin and Huxley received
a Nobel Prize for this work in 1963
(shared with John Eccles).

The five papers are printed in fac-
simile in The Annotated Hodgkin and
Huxley, along with extensive commen-
tary and background material sup-
plied by the editors, Indira M. Raman
and David L. Ferster, who are neuro-
biology professors at Northwestern
University. The original papers are
freely available on the Journal of Physi-
ology website, but the Raman-Ferster
annotations are a valuable resource.

Hodgkin and Huxley—or Hé&H,
as they are called in the annotations—
began their collaboration in the late
1930s. By then it was already apparent
that nerves are not wires. The electric
currents that constitute a nerve impulse
do not flow along the length of a nerve;
instead they are radial migrations of
charged particles across the cell mem-
brane, from inside to outside or vice ver-
sa. H&H set out to learn what sets these
currents in motion, why they are extin-
guished after a few milliseconds, and
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how a localized electrical disturbance
can propagate along the fiber as a wave
of excitation, known as an action potential.

Their experiments required techni-
cal artistry. The first step was to extract
from the body of a squid a few centi-
meters of a nerve fiber called the giant
axon, the portion of the neuron that car-
ries nerve impulses away from the cell
body. (Actually, the very first step was
to get a live squid, and the difficulty of
doing so was a serious impediment at
times.) Although the squid axon is “gi-
ant” compared with other nerve fibers,
it's typically only half a millimeter in
diameter. So the next challenge was to
insert into the interior of the axon a fine
glass capillary tube with two even finer
wire electrodes wrapped around it.

The two electrodes were used in
a technique called a voltage clamp.
One electrode served as a voltage
sensor, measuring the electrical po-
tential of the fluids inside the axon
with respect to those outside. The sig-
nal from this sensor was delivered to
the input of a feedback amplifier (an
item of apparatus that H&H had to
build for themselves). The output of
the amplifier went to the second elec-
trode, injecting current that opposed
any change in the measured voltage.
The aim of this arrangement was to
hold the internal voltage constant—to
“clamp” it—allowing changes in the
behavior of the cell membrane to be
measured with great precision.

The first four H&H papers describe
several variations on this experiment,
including a number of wrong turns,
false leads, and dead ends, as well as ul-
timate success. The final paper presents
the authors’ synthesis and interpreta-
tion of the results. Carefully marshaling
evidence in support of their claims, they
argue that an action potential begins
with a rapid influx of sodium ions cross-
ing the cell membrane from outside to
inside: A counterflow of potassium ions
leaving the cell has a slower onset but
eventually becomes dominant. When
equilibrium is restored, both flows stop.
The delay between the sodium and po-
tassium peaks creates a brief electrical
imbalance, a voltage spike that we ob-
serve as an action potential.

What stands out on first acquaintance
with this body of work is that H&H
are explaining biological phenomena
in terms of ideas that would be more
familiar to an electrical engineer. The
foundation of their whole analysis is
Ohm'’s law: Current is equal to voltage
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The membrane of a nerve cell is a delicate assembly of lipid and protein molecules, not a
gadget made of resistors, capacitors, and other electronic components. Nevertheless, a wiring
diagram captures important aspects of the membrane’s role in transmitting nerve impulses.
The circuit elements shown are resistors (sawtooth lines), voltage sources (just below the
resistors), and a capacitor (far left branch). The flow of ions across the membrane is regulated
by these devices, shaping the signals called action potentials that propagate along a nerve
fiber. This diagram appeared in the last of five papers by Alan Hodgkin and Andrew Huxley
published in 1952, titled “A Quantitative Description of Membrane Current and Its Applica-
tion to Conduction and Excitation in Nerve.” Journal of Physiology 117:500-504. Reprinted by

permission of the Physiological Society.

divided by resistance. The first figure in
the fifth paper (shown above) depicts
the nerve-cell membrane as an assembly
of resistors, capacitors, and such—parts
one might solder onto a circuit board.
Raman and Ferster comment: “The cir-
cuit diagram in Figure 1 is a landmark
in the history of biophysics, illustrating
how physical laws that govern nonliv-
ing material are also manifested in, and
indeed give rise to, life processes.”
Hé&H go on from circuit diagrams
to an even more abstract formalism: a
set of equations that describe how the
ionic currents rise and fall as a function
of time and how they vary with dis-
tance along the length of the axon (see
page 188). They inferred the equations
from their experimental data, with-
out the benefit of knowing anything
about the underlying molecular struc-
tures responsible for the currents in the
nerve cell. However, the formulation
of the equations was not a matter of
blind curve-fitting, where an equation
is simply adjusted to minimize some
measure of error. H&H were guided by
their ideas about plausible biomolecu-

lar mechanisms, some of which turned
out to be prescient. In particular, their
model of the potassium current has a
factor of n*, where n can vary from 0
to 1. The exponent 4 in this expression
was selected because the potassium
current’s slow onset suggested that four
independent events are needed to initi-
ate the flow. Two decades later it was
discovered that the membrane protein
serving as a potassium gate has four
subunits, each of which must be acti-
vated to open the channel.

The full set of Hodgkin-Huxley
equations has no exact solution. H&H
had to work toward a solution us-
ing “numerical methods”; essentially,
they made a guess and improved it by
successive approximation. They had
hoped to do this work on an electronic
computer at the University of Cam-
bridge (presumably the EDSAC, the
Electronic Delay Storage Automatic
Calculator, commissioned in 1949),
but the machine was down for repairs
when they needed it. Huxley did all
the calculations with a hand-cranked
mechanical calculator.
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One of the most impressive predictions of the Hodgkin-Huxley model of nerve transmission
came from close examination of the time course of the potassium current flowing through the
cell membrane. In this graph, reproduced from the last of the 1952 papers, the open circles
represent experimental observations, and the solid lines are model predictions. The potas-
sium current reaches a plateau in a few milliseconds, and then falls off even more rapidly.
Hodgkin and Huxley drew attention to the slow initial rise in the current. Their analysis
suggested that four independent events are needed to make the membrane permeable to
potassium ions. Two decades later, it emerged that the transmembrane potassium channel
is a protein with four subunits, each of which must be separately activated to open the gate.
From Hodgkin, A. L., and A. E. Huxley. 1952. A quantitative description of membrane current
and its application to conduction and excitation in nerve. Journal of Physiology 117:500-504.

The work of Hodgkin and Huxley
is described in countless textbooks,
including some intended for introduc-
tory biology courses. Anyone with a
serious interest in the neurosciences is
sure to encounter these ideas at some
point in their education. But I have the
impression that few take the trouble
to read the original sources. And why
should they? Those papers from 1952
are badly out of date!

Raman and Ferster enumerate no
fewer than seven reasons for revisiting
these 70-year-old publications, but I
think this one is sufficient: “The series of
papers provide an exemplary (and ar-
guably unparalleled) illustration of the
scientific method at its best, with repeat-
ed sequences of observations, hypoth-
eses, predictions, experimental tests,
interpretations, evaluation of error, and
consideration of plausible alternatives.”
I would add that H&H also uphold a
high standard of civility, viewing rivals
and critics not as enemies to be van-
quished but as colleagues in pursuit of a
shared goal. This is happy science!

The Hodgkin-Huxley model of
nerve transmission is a major landmark
in the neurosciences, but it also has
broader significance for biology as a
whole. It is an important (and perhaps
underappreciated) piece of the 20th-
century movement that brought quan-
titative and analytical methods into a
field that had been largely descriptive
and observational.
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Although Hodgkin and Huxley did
many of their experiments at marine
biology laboratories—that’s where
the squid are—their home base was
Trinity College, Cambridge. They
were in good company there in the
early 1950s. Just upriver from Trin-
ity, at King’s College, James Watson
and Francis Crick were puzzling over
the structure of DNA. Across town at
the Cavendish Laboratory, Max Perutz
and John Kendrew were making prog-
ress on making sense of other macro-
molecules, such as hemoglobin. Most
of these people were members of an
informal Cambridge group called the
Hardy Club, which had the explicit
aim of bringing ideas from physics
and mathematics into the life scienc-
es. The chance to catch a whiff of the
excitement of this extraordinary time
and place is another reason to read the
original papers rather than retrospec-
tive summaries.

The Raman-Ferster annotated edi-
tion makes an inviting package. At the
front of the book the editors provide
a historical introduction, beginning
with Galvani and including some bio-
graphical notes on the principal figures
in the story. Hodgkin, whose father
had also been a student of natural sci-
ences at Trinity, began with a natural-
ist’s interest in birds and botany, but
he turned to research in physiology
at age 20, while still an undergradu-
ate. Huxley, who was a grandson of

Thomas H. Huxley, the champion of
Darwinian theory, arrived at Trinity
planning to become an engineer, but
in his third year he took a physiology
course taught by Hodgkin and was
soon engaged in the research program,
also at age 20.

In the main part of the book, the text
of the five H&H papers appears on left-
hand pages, and the notes by Raman
and Ferster appear on the facing right-
hand pages. Many of the notes fill in
background facts and assumptions that
were better known in 1952 than they are
now. Others bring the reader up to date
on how ideas about nerve physiology
have developed and changed in the de-
cades since the papers were published.
Still other notes point out elements of
the work or the exposition that Raman
and Ferster particularly admire.

Most of the comments seem to be
addressed to biologists who might be
flummoxed to encounter ideas from
mathematics, physics, and electronic
technology. I suppose those are the like-
liest readers of the book. But I do wish
the annotators had also pointed their
spotlight into some of biology’s dark
and dusty corners. I, for one, would
have liked to learn how one goes about
dissecting a squid and recovering, in-
tact, that giant axon. I would also have
welcomed a fuller discussion of all that
has changed in neurophysiology since
1952. Mathematical models of nerve
transmission are now supplemented by
computational models, some of which
are much more detailed; Raman and
Ferster do mention one of these models,
but only briefly.

Similarly, the five appendices that
follow the book’s main text cover
technical and mathematical aspects of
the work that some biology students
might find challenging. I would have
liked to see an appendix on what’s
known about the various ion channel
proteins in neural membranes, and
how they account for features of the
Hodgkin-Huxley equations.

I must conclude with a confession.
Although I have a long-standing inter-
est in the neurosciences, and I'm a firm
believer in seeking out primary sources,
I had never read the Hodgkin-Huxley
papers until this book came my way. I
am grateful that it did.

Brian Hayes is a former editor and columnist for
American Scientist. His most recent book is Fool-
proof, and Other Mathematical Meditations
(MIT Press, 2017).



