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Investigator Profile
An Interview with Russell D. Fernald, Ph.D.

R

ussell D. Fernald,
Ph.D., is a Professor of Biological Sciences and the Benjamin Scott Crocker
Professor in Human
Biology at Stanford
University (California). He received his
Bachelor’s degree from
Swarthmore College
(Swarthmore, PA) and
his Ph.D. from the University of Pennsylvania
(Philadelphia). Dr. Fernald completed a postdoctoral
fellowship with Dr. O. Creutzfeldt at the Max-PlanckInstitute for Psychiatry, in Munich, Germany, and a
postdoctoral fellowship with Dr. Konrad Lorenz at the
Max-Planck-Institute for Behavioral Physiology. In
2004 he shared the Rank Prize for discoveries about
lens function. Dr. Fernald’s lab uses an African cichlid fish species to study how social experience influences the brain and how retinal progenitor cell division and differentiation are controlled.
Dr. Fernald, please describe the interests and ongoing activities of your laboratory.
My research focuses on how social behavior
changes the brain. While many or even most
brain/behavior experiments assess how the
brain controls behavior, we are trying to understand how the brain is influenced by behavior, which presents special experimental
challenges. To analyze this interaction, I study
reproduction, which I think is, arguably, the
most important event in an animal’s life. Reproduction in all vertebrates is controlled by
the brain using essentially the same molecule,
gonadotropin releasing hormone, or GnRH.
GnRH, a decapeptide, has retained its size and
structure through 500 million years of evolution,

from lampreys to humans. It may even have an
earlier history; some argue that it is derived from
yeast alpha-mating factor. Previously it acted as
a pheromone used when yeast conjugated and,
in vertebrates, it is now the signal responsible for
triggering reproductive maturation.
We have been studying how social influences reach the neurons that produce GnRH.
These are neurons in the hypothalamus of the
fish brain that project directly to the pituitary.
We have found that social behavior influences
this signaling system and we want to understand how social behaviors become transduced
into cellular and molecular action. We are using an African cichlid fish model system because it has a very sophisticated social system
with features we can simulate in the laboratory.
We variously modify the social circumstances
and look at the consequences of our manipulations on behavior, on GnRH-producing neurons and on circulating hormone levels.
Our major finding, made some years ago by
a graduate student, Mark Davis, was that GnRH
cells are eight-fold larger in dominant males as
compared with nondominant males. Subsequently, a postdoctoral fellow, Richard Francis,
together with an undergraduate, Kiran Soma,
showed that the GnRH cells actually go through
this dramatic size change when an animal becomes socially dominant. Correspondingly, the
GnRH neurons shrink when the animal loses
social status, a change that is dictated entirely
by the social environment. Another graduate
student, Stephanie White, showed that this
change can be rapid and is actually asymmetric, taking less than a week for physiological
changes resulting from social ascent, but up to
3 weeks following social descent. And a graduate student, Anna Greenwood, showed that
GnRH neurons in dominant males have different electrical properties than those in nondom-
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inant animals. She also collected preliminary
evidence that the GnRH neurons change in their
connectivity in response to these social signals.
This means that the fish may be reversibly
changing the wiring of their brains as they
change social status. All of these physiological
changes depend strictly on social interactions.
We want to understand how these dramatic
changes in the nervous system are produced in
response to social circumstances. This will give
us insight about how plastic changes in the
brain result from social signals.
You recently published a very exciting study in the
cichlid fish Haplochromis (Astatotilapia) burtoni,
linking genetic response to the social environment
(Burmeister SS, Jarvis ED, Fernald RD. PloS Biol
2005;3(11):e363). Please summarize and explain the
findings of this study and their significance.
Throughout the animal kingdom, males typically fight for the prospect of mating with females. You see this when lions fight or giraffes
bang their heads on the chest of another male,
for example. Winning a fight is usually a precondition for reproduction. In the African ci-

FIG. 1. Photograph of the body patterns for typical nonterritorial (NT; top) and territorial (T; bottom) males of
the cichlid fish Astatotilapia (Haplochromis) burtoni. Top:
NT males lack the robust markings of their territorial
counterparts, are colored to maximize camouflage, and
look very much like females. Bottom: The T male has distinctive anal fin spots, dark forehead, and lachrymal
stripes and is brightly colored, including orange humeral
scales. The overall body color may be either yellow or
blue. (Photo by R.D. Fernald)
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chlid fish that we study (Fig. 1), there are dominant, or territorial males that engage in regular, aggressive fights that determine their access to a territory and to resources. In Africa,
these males are resource-guarding males. Some
small fraction—10%–15% of the males—defends a territory that contains food. They guard
this territory in order to lure females in to eat
and then to get the females to spawn with them.
Dominant males even clean up their territories
to entice females to spawn with them.
The nonterritorial males, or nondominant
males that lose fights over territories, descend
in social status. They become female mimics;
they look like females and they swim around
with females because they have to mimic female behavior in order to eat. When nondominant males come into the dominant male’s territory and eat, the dominant male insists they
spawn with him. But they basically say, “I have
other plans,” and swim away to fool another
dominant male.
Dominant males have different morphology
than nondominant males, and they signal their
dominance through external markings. They
are brightly colored and they have a colored bar
from their eyes to their chin, for example, which
identifies them as a territory holder. Internally,
they have large GnRH cells, and as a consequence they have large gonads, which are filled
with sperm. The nondominant males actually
lose their coloration and lose their eye bar if
their territory is taken from them. As I described
previously, their neurons shrink to one-eighth
their former volume, and their gonads shrink,
have no viable sperm, and produce essentially
no testosterone. So success in aggressive bouts
is critical for reproductive fitness.
From my field studies in Africa we know that
nondominant or nonterritorial males can become
territorial. This is a reversible process, so they are
not doomed to a life without gonads. We wanted
to learn what nonterritorial males would do if an
opportunity to become the dominant male arose.
Could they recognize social opportunity, and
how quickly could they begin the transformation
of their brains and their bodies in response to social cues? In Africa, we found that these males
can appear as dominant within minutes of the
opportunity to do so. They display changes in
their body color and in their behavior; they produce a bright coloration, and the black eye stripe
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appears. All of these changes signal to the females and other males that the newly dominant
male is now going to defend his new territory
and will soon be able to reproduce again.
Does something have to happen to the existing dominant male for this change to occur?
Yes, he has to disappear. In Africa, we would
watch the colonies to see how this happens.
Pied kingfishers, a predatory bird would come
in and eat the territorial males—they were the
most brightly colored fish and were moving
around a lot, so they were probably more easily spotted by the birds. In the laboratory, a
postdoctoral fellow, Sabrina Burmeister, set up
a situation in which a dominant male was dominating a nondominant male in a tank with
some females. The animals we use come from
Lake Tanganyika in Africa, which has a 12/12
light/dark cycle and constant temperatures, so
they are ideal laboratory animals. Before the
lights would come on in the morning, Sabrina
would go into the lab with an infrared light
viewer, catch the dominant male, and move
him across a glass barrier in the tank. In this
way, the nondominant male could still see the
previously dominant male, but was no longer
under his immediate physical threat.
When the nondominant male “woke up” (i.e.,
the lights came on), he would rather quickly—
with some fish it took a little bit longer—swim
around, figure out that the dominant male
wasn’t there, turn on his colors, and start to court
the females and to fight with the other animals
through the glass barrier. That was the time
when we started the clock to ask when we could
detect any genetic changes in the now dominant
male’s GnRH cells. We focused on an immediate-early gene called egr-1, (known as “ZENK”
in songbirds), which is a transcription factor that
controls the expression of other genes. Many scientists have wondered about egr-1 and its role.
We and others think that it is not a proxy for
any particular response, but rather represents
the cell preparing for big changes. In other systems where it has been studied, it is not expressed in all cells but rather is a signal that
something socially important is happening,
whether that be learning and memory or some
other kind of brain plasticity.
In this fish, egr-1 is turned on fairly dramat-
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ically in the GnRH containing neurons of the
brain 20 minutes after the animal recognizes his
social opportunity. In the control experiments
that Sabrina performed, nondominant males
and territorial males were not moved, retained
their social status, and did not show changes
in levels of egr-1. We think this upregulation of
egr-1 is the first signal that the GnRH cells are
being turned on due to the change in social circumstances. Since the basic mechanisms that
control reproduction in all vertebrates are similar, this may be a signal used by other animals
that experience social control of reproduction
and may be the first step in a cascade of molecular interactions that ultimately produce a
change in fertility.
Do you have a theory as to the molecular mechanism that can rapidly link specific environmental
cues to the increase in egr-1 expression?
Upregulation only occurs in the animals
switching from nondominant to dominant status. The important point is that individual
neurons work at a very rapid timescale, from
milliseconds to seconds, integrating information from tens to thousands of other cells and
communicating with each other about what is
going on and what kind of response will occur. Immediate-early genes respond much
more slowly, integrating over a time scale of
from minutes to hours. These early genes are
inducible in the presence of protein synthesis
inhibitors, so they do not require activation of
other genes. This appears to be part of the biology of neurons that is unusual, and the
processes of immediate-early gene induction
support their role as a central signaling element. I think this gene expression sets the
stage for the animal to enter a different behavioral state. How does this happen? Fundamentally, we think there are receptors that
act through messenger pathways that lead directly to immediate-early gene transcription.
My best guess is that there will be connections
from the visual system, in collaboration with
other sensory systems, which generate neurons that somehow trigger this response. I
imagine that we will be able to find a receptor or receptor systems responsible for triggering egr-1 induction in direct response to social signals.
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In addition to GnRH1, what other genes are regulated by the egr-1 transcription factor?
We have cloned the GnRH gene and it has
upstream recognition sites for egr-1, so the
egr-1 gene clearly can regulate transcription of
GnRH. We are now trying to trace the chain of
other upstream events to see what else it might
be turning on. We do not know much else
about this system, but from work in other systems there is a hint that the signals play a role
in stabilizing plastic changes in the neurons.
Such changes have appeared, for example, as
important players in learning and memory in
some systems; in the hippocampus, for example, data show that they stabilize changes in
neurons that have been induced by some kind
of learning paradigm.
It is important to note that we have found
immediate-early gene expression in a behavioral paradigm that exactly mimics the natural
life of the animal, which makes it somewhat
unusual. We are not training the fish to do anything; this is a natural response, so we may
have a chance to understand how these neurons respond under normal circumstances.
Do you believe that in addition to egr-1, other early
response genes are also being up-regulated in this
system?
Sabrina cloned and looked at other early response genes in the fish, but they do not seem
to have a specific response to social signals.
This gene, egr-1, may be unique in that way. It
has also been the target, phylogenetically, in
other systems, particularly in birds. When a
bird hears a novel song, it turns on egr-1. So it
may represent a special cascade of genetic
events being triggered by all sorts of social
learning or social change situations.
How does the male cichlid become dominant? Do
factors such as stress and cortisol levels play an important role? What other key factors allow/cause
this to happen?
That is an important question. Behaviorally,
the male cichlid becomes dominant when he can
defend his territory against attackers. That
sounds like a somewhat circular statement, but
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it boils down to a couple of parameters. For example, he must be physically larger than another
animal in order to be a successful aggressor. If
we take a male and put him into a tank where
he is more than 5% larger than the resident dominant male, the dominant male will look at him,
turn off his colors, and not bother to fight. If the
nondominant male is within 5% of the size of
the dominant male, the dominant male will pick
a fight with him, and they will duke it out to see
who will be dominant. So these animals have
some kind of fairly sophisticated recognition
process. We are completely puzzled by how this
works. How does a fish know how big it is and
how is it able to compare itself with another animal? Many animal species seem to have this capacity to make judgments about whether they
should bother to fight.
The second part of the equation is that aggression is often associated with testosterone,
but in this system, testosterone production is
downstream of GnRH signaling. Testosterone
levels do not increase as an early step in the
process. The fighting begins first, and if the fish
becomes dominant, then it turns on the GnRH
gene, which turns on the gonads, which causes
a rise in testosterone. Thus, testosterone cannot
be the whole story. It probably plays some role,
but this involves a complex feedback loop.
Testosterone works in collaboration with
GnRH, rather than being the original driver.
You mentioned cortisol in your question. An
undergraduate researcher, Mimi Kao, together
with graduate students Stephanie White and
Helen Fox, showed that territorial males have
extremely low levels of the stress hormone cortisol, whereas nonterritorial males have very
high levels. Therefore, in this species, as in many
others, the stress hormone is really high for the
animals that are not in charge. When you watch
the fish in an aquarium this seems puzzling,
though, because the dominant males are constantly in action, swimming around, fighting,
and trying to court the females. They are always
active, whereas the nondominant males and the
females basically just stay out of their way and
go about their business, trying to hide so they
won’t be attacked. Yet, the stress of not being in
control turns out to lead to higher cortisol levels. This same phenomenon has been demonstrated in humans under some circumstances.
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Do you see the cortisol levels change then as the social circumstances change?
Yes, there are cortisol binding sites that affect
expression of the GnRH gene. Basically, high cortisol inhibits GnRH production. So this is a molecular reflection of how these animals can produce GnRH and become socially dominant. A
graduate student, Chun-Chun Chen, is now
studying cortisol-releasing factor, which is also
upstream of GnRH, in hopes of figuring out how
the GnRH cells are regulated. The GnRH cells
seem to be a railroad hub for all sorts of signaling systems, and we imagine we will discover
more and more pathways that are important.
What other types of experiments are you pursuing
to answer some of these questions and to understand
the pathways involved in the link between social
dominance and the enlargement or shrinking of
GnRH-containing neurons?
Having used the egr-1 pathway to identify
how soon GnRH cells are turned on after a
change in social status, we are now using
egr-1 expression in other parts of the brain. We
hope this will illuminate which brain nuclei are
part of a transduction pathway that sends signals to the GnRH cells. We use the same general paradigm of placing animals into situations in which they gain or lose status and then
mapping all the nuclei that turn on within a
few minutes of that change. This should yield
a set of landmarks that might be players in this
response. We are coupling that with more conventional methods of tracing neuroanatomical
pathways to follow the route of signals from
social interactions to the GnRH neurons.
We have some preliminary data showing
that in addition to the GnRH cells changing
size, their dendrites also change size, and they
may change their number of connections. So
among the longer-term changes that take place,
which lie somewhere between the full-blown
GnRH neuronal changes seen in territorial versus nonterritorial males, there may be big differences in how the neurons are connected.
What is known about the evolutionary significance
of this phenomenon and the genes/pathways involved?
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I think there are two major selective forces
on the planet: one is light and the other is sex.
This pathway, the GnRH pathway, is ancient
in evolutionary terms since it has been conserved across all extant vertebrates. In addition,
social control of reproduction is widespread
among animals. But the mechanisms that underlie the transduction of important social and
behavioral information into cellular and molecular processes are largely unknown. We anticipate that many of the key genes and pathways we discover will be conserved, so the
discoveries we make will help us understand
how social signals are internalized in other
species. Because we are working on something
so important, and because the consequences in
this animal are basically the same as they
would be in other organisms, I think our findings will have evolutionary significance, even
though the details might differ somewhat.
One of the reasons for believing this is that
a postdoctoral fellow now at Harvard, Hans
Hofmann, working with an undergraduate,
Mark Benson, showed that social interactions
regulate not only the sex lives of conspecifics
but their size as well. When males become
dominant, their growth slows slightly. We now
know that one of the two GnRH receptors is on
somatotropes and is down-regulated in the pituitary, producing a signal that tells the animal
to slow down its growth. The dominant males
also use up more energy because they are active. Since they are growing more slowly, the
nondominant animals can pick up speed and
overtake them, taking over the dominance. So
in a natural habitat, an intrinsic process of
growth regulation takes place.
Regulation of growth and sexual competence
is even found in humans. Individuals who are
subjected to very great stress when growing up
may not grow and will not go through puberty.
Termed “stress dwarfism,” this condition is
fortunately very rare but may function through
the same signaling systems I have described
here.
Are similar types of studies underway in other animal species?
Yes, but fish offer the opportunity to do types
of experiments that are not possible in other or-
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ganisms. Comparable kinds of data have been
inferred from baboons, gorillas, and orangutans, with all sorts of variants on the phenomenology of dominant males suppressing
nondominant males. But not much is known
about how this information is transduced in the
animal, and that is where I think we can make
an important contribution. We can help those
researchers make a faster track to finding
mechanisms in other species by identifying the
key checkpoints for these types of processes in
fish.
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we published a paper on this in PNAS
(1995;92:8363–8367), one of the reviewers said,
“Well, that’s very nice, but it’s just a fish.” In
fact, Richard White, a postdoctoral fellow, used
our probes to search the human genome and
showed there was a second form of GnRH in
humans (PNAS 1998;95:305–309). As with all
basic science, it is hard to predict where the
work will have an impact on human biological
research, but I believe that it will.

What are the potential implications for this research
in the study of human biology as it relates to social
interactions?

Your lab has also been interested in understanding
the mechanisms that control retinal progenitor cell
proliferation and differentiation. Please describe
some of the extrinsic and intrinsic signals you have
discovered that control these processes in the fish.

That is quite interesting. I teach in the Human Biology program at Stanford, and I became aware of a lot of disparate information
from human studies. For example, some data
suggest that young women who grow up in
families without a father begin to menstruate
at a younger age than do women in a control
group. So here is some kind of social signal that
is changing the reproductive system in humans.
Martha McClintock has done some beautiful
work showing that among women who live together, their menstrual cycles come into synchrony. In that case, inadvertent conversation
plus olfaction serve to synchronize this key reproductive signal. In wildebeests, which travel
in herds of tens of thousands, the females all
get into synchrony and produce their young
within days of each other, which makes it essentially impossible for predators to eat them
all. That is the major selective pressure on reproductive synchrony in such species. This is
also true in frog species. Where there is heavy
predation, synchronous breeding behavior is
also seen.
An interesting link to human biology relates
to our work on cloning GnRH. We were the
first group to clone the genes for GnRH, and
Stephanie White, a former graduate student
now on the faculty of UCLA, found that the
fish had three GnRH genes rather than one.
These genes code for three families of peptides
that are slightly different from one another and
appear in different parts of the fish brain. When

I noticed that these animals have a very keen
visual system necessary to keep up in their fastpaced social life. They recognize very specific
changes, such as these social signals, and they
do this even as their eyes are growing. Yet their
retinas increase in size by about 100 times during their first year of life. I began to wonder
how this worked. We discovered that these animals produce new rod photoreceptors—stem
cells inserted into the eye that grow into rods.
This line of work has grown into our pursuit
of the factors that regulate this process to determine how it is controlled and whether these
cells can rescue retinas. In other words, what
is their capacity as progenitor cells?
We have looked at neurotrophic factors such
as IGF-1 and have shown how it is part of the
cascade. We are looking both at the intrinsic
signaling system, studying gene expression in
single cells, and the extrinsic signaling system
and the factors in the eye that might control
this. We have also studied the growth of the
lens and shown how it can maintain its high
quality while it grows. Fish lenses are spherical, which presents a difficult physical problem. This research has led to some very interesting outcomes.
The question here is, “who’s in charge?”
How does the decision to enlarge the eye and
add photoreceptors get made? Is it a generic
growth signal from the body that triggers the
increase and if so, how does the animal know
where to put more rods? A number of questions such as these are driving this line of work.
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We need to determine the signal transduction
cascade that leads to the particular kinds of cellular and molecular changes we are measuring.
What led you to select the cichlid fish as a model organism for your studies?
I have a passion for figuring out how things
work and I have always been interested in
brains and brain evolution. I was trained in
neurophysiology and worked as an electrophysiologist for my Ph.D. and as part of my
postdoc. I then became disenchanted with the
fully reductionist approach that type of work
required, and I did a second postdoc with Konrad Lorenz at the Max-Planck Institute in Germany. I began watching animals and learned
from him how to see what they were doing.
That began my quest for a system in which I
could combine these passions to develop a
physiological understanding of real behavior
and how the brain controls behavior.
I started out studying birds, but they were
too complex. I could not find a good way to use
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them as a model system and be able to control
the key factors in their environment. I then became interested in fish. In Europe, cichlid fish
had been a hobbyist’s dream for many years
because they are active and do many interesting things and are relatively easy to keep. I
found some earlier work on this particular
species and went to Africa to study them. I was
the first person to study them in the field and
to identify key elements of their behavior in the
wild. I was hooked, because they have such incredibly robust social interactions that are
clearly important for natural selection. Since I
was looking for an animal with a social system
that would be manageable in the laboratory, I
thought this would be a good way to go—to be
able to keep my hand in real biology while using reductionist techniques. So although I began by studying and thinking about how the
brain controls behavior, I have turned this
question around and am trying to figure out
how behavior controls the brain.
—Interview by Vicki Glaser

