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ined how the stacked living arrangement
affected neurons in mice’s VNOs. She 
extracted the organs from the mice and 
used the microscope to simultaneously 
monitor the activity of approximately 
10,000 neurons in response to vari-
ous chemicals, revealing their neuronal 
types. She documented dramatic indi-
vidual variation in the cellular makeup 
of each mouse’s VNO, and discovered 
distinct neuron types that existed only in 
males. And Xu found that, after 9 to 13 
weeks of living in the stacked cages, the 
VNOs of males living beneath females 
completely lost those male-specific neurons 
that responded to the scent of female urine. 
In male mice that lived beneath females 

and were then housed alone for another 
two months, those male-specific neurons 
came back (Neuron, 91:878-92, 2016).

“To me, that was a surprising result, 
in the sense that this is a part of the ner-
vous system involved in pheromones,” 
says Holy. For such a biologically impor-
tant system, Holy expected differences in 
VNO cell composition and function to be 
innate, but “contrary to my own predic-
tion, [the results were] consistent with 
[the differences] being entirely based on 
the experience of the animal.”

Brandeis University’s Leslie Griffith, 
who studies neuronal plasticity but was 
not involved in the study, agrees. “It gives 
you another level of plasticity in sensory 
systems that I think people have not at 
all appreciated,” she says. “People think 
about primary sensory systems really at 
the beginning as being labeled lines: you 
have a neuron that senses a particular 
chemical or temperature or whatever 

. . . and the plasticity has always been 
thought of as being downstream of those 
primary sensory neurons. Here you have 
a really nice example of where it’s not 
necessarily a labeled line system; the sys-
tem itself is plastic.”

Xu confirmed that the scent of female 
urine was driving the neuronal change 
by providing male mice in nonstacked 
cages with bedding material soaked 
in female urine. Same result, she says: 
“male-specific neurons disappear.” And 
the same held true when she soaked the 
bedding material in epitestosterone sul-
fate, a chemical that activates the same 
male-specific neurons as female urine. 
“[Xu] ended up basically eliminating 
particular subsets of cell types from 
the nose simply from giving the animal 
extended experience with those odors,” 
Holy says. Xu even compared the two 
VNOs of individual animals, one from 
each nostril, after one nostril had been 
blocked, and saw changes in the VNO 
from the unblocked nostril only. 

Notably, these neuronal changes 
affected the animals’ behavior: males 
exposed to female urine or to epitestos-
terone sulfate became significantly less 
interested in the smell of female urine. 
“Normally [males] come and sniff a lot,” 
says Xu, but animals exposed to epitestos-
terone spent much less time investigating 
a urine-soaked cotton swab. “We find that 
this specific neuronal type largely medi-
ates the male interest in the female urine.”

“The interesting thing for me from the 
plasticity standpoint is they’re looking at 
males being interested in females. This 
is often thought to be very innate,” says 
Max Fletcher, who studies how learning 
affects neural encoding of sensory infor-
mation at the University of Tennessee 
Health Science Center. 

As for how the changes are taking 
place, Holy and Xu suspect that male-
specific, urine-detecting neurons simply 
are not replaced after they die. Because 
the olfactory system is exposed to the 
external environment, the cells are con-
stantly turning over. The average life-
time of a VNO neuron is only a couple 
of months—almost exactly the length of 

time it took for Xu to see the changes to
the neuronal population. “It really does 
jibe with the time course,” says Griffith.

Holy says his lab is currently inves-
tigating this mechanism further, and 
he’s got the tools to do it. His micros-
copy setup enabled Xu to image some 
500,000 neurons. “That’s a ton,” says 
Fletcher. “That’s way more than most 
people get close to.”

Griffith agrees: “From a purely tech-
nical point of view, [this study] really is a 
beautiful example of how you can record 
from many different neurons and actually 
get something coherent out of it. . . . This 
is likely the tip of the iceberg.”—Jef Akst

Depression
and the 
Metabolome
In 2002, psychiatrist Lisa Pan, a depres-
sion and suicide prevention researcher 
at the University of Pittsburgh Medical 
Center (UPMC), met Kyle, a 19-year-
old suffering from depression (name 
altered to preserve confidentiality). He 
was among the estimated 15 percent 
of depression patients in the U.S. for 
whom treatments such as antidepres-
sants or therapy do not help. He “had 
been through every available treatment” 
including electroconvulsive therapy, but 
nothing worked, Pan recalls. “At one 
time, he was on 17 medications simul-
taneously.” The teenager had attempted 
suicide, and doctors determined that 
he was at risk for similar episodes. 
The next step for him would be state 
hospitalization.

Having exhausted conventional 
treatment options, Pan went off script. 
She enlisted a colleague at UPMC, 
geneticist David Finegold, to run tests 
on Kyle’s neurometabolic system, which 
supplies nutrients necessary to main-
tain neurons with a healthy supply of 
neurotransmitters. The tests revealed 
that Kyle underproduced tetrahydro-
biopterin (BH4), a necessary cofactor 

About 300 different genes—
about 2 percent of the whole 
mouse genome—are devoted 
to making these receptors. 
Each cell picks one of  
these receptors to express  
at high levels.

—Timothy Holy, Washington University 
School of Medicine
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for enzymes involved in making sero-
tonin, dopamine, and other compounds 
that modulate emotions and mood. Pan 
gave him sapropterin, a synthetic form 
of BH4, to bring his system back into 
balance. “It took some time, but he got 
better,” she says. Kyle left the hospital 
and went on to graduate from college.

“We felt like we might be onto some-
thing,” Pan says. She began exploring 
the possibility that metabolic imbal-
ances affected others for whom stan-
dard depression treatment had failed. 
She and her colleagues conducted an 
array of blood, urine, and cerebrospinal 
fluid tests in 33 such individuals, each 
of whom had shown negligible response 
to at least three different maximum-dose 
depression medications administered for 
six weeks or more. Ranging from teen-
agers to middle-age adults, the group 
included some who also suffered post-
traumatic stress disorder (PTSD), anxi-
ety, or attention deficit hyperactivity dis-
order (ADHD). 

When the tests came back, about a 
third of the patients showed a deficiency 
in the levels of folate in their spinal fluid, 
another key compound for producing 
a variety of neurotransmitters. Tak-
ing a folate supplement to correct this 
imbalance improved patients’ depres-
sion symptoms, lowering their scores 
on a questionnaire for suicidal think-
ing and another for mental and physi-
cal signs of depression. And Pan says 
that as each patient continued to take 
the supplement, their symptoms con-
tinued to improve (Am J Psych, appi-
ajp201615111500, 2016). 

Since the publication of these results, 
“we have gotten hundreds of phone calls 
from people just asking for help,” she 
says. As Pan returns these calls, she 
explains that her findings are prelimi-
nary. Her study documents relatively 
few individual treatment outcomes and 
is not a formal clinical trial. As the study 
continues and expands to include more 
patients, Pan and her colleagues will 
work to identify the cause of folate defi-
ciency and to investigate whether folate 
supplementation could become a stan-

dard treatment. But these results suggest 
that treating an underlying neurometa-
bolic imbalance can alleviate depression 
at least in some cases, which should open 
a door to new research. Receiving the 
influx of phone calls “makes me want to 
work more,” Pan says. 

Characterizing depression in broad 
strokes is almost impossible, cautions David 
Brent, a former advisor to Pan and coau-
thor on the study. “There are a lot of people 
who look the same that probably have very 
different causes” of depression. Other psy-
chological conditions, including PTSD and 
anxiety, frequently coincide with and com-
plicate the disorder. “We’re really just at the 
beginning of extricating” these interacting 
factors, Pan says, and at this stage, develop-
ing solutions that can be standardized for 
treating many people is difficult.

Even so, Finegold notes that prelimi-
nary studies like this one have a way of 
offering hope to people who have not 
found a successful depression treat-
ment. He, too, receives phone calls from 
people living with depression, and some 
express their gratitude simply to know 

that new aspects of the problem are 
being explored.

One avenue of Pan’s further explora-
tion is to search for genetic markers asso-
ciated with neurometabolic imbalances. 
Ideally, genetic testing could be used 
alongside traditional clinical evaluations 
to provide physicians with as much patient 
information as possible, says coauthor 
David Peters, a geneticist at UPMC. Test-
ing spinal fluid is invasive and time-con-
suming; a quick DNA swab is much more 
practical, and Peters says incorporating 
genetic testing is a “very exciting prospect.”

Every six months or so, Pan checks in 
with Kyle. Having graduated college, he 
now works in environmental science, and 
the only medication he takes is saprop-
terin. In a statement he authorized her 
to share, Kyle says, “It’s safe to say that I 
owe my life to the successful diagnosis.” 
 —Ben Andrew Henry

STAVING OFF DEPRESSION: Deficiencies 
in key compounds that help the body make 
neurotransmitters may contribute to the 
intractability of depression in some people.


