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Neurotransmitters have been thought to be fixed throughout life, but whether sensory stimuli alter
behaviorally relevant transmitter expression in the mature brain is unknown. We found that
populations of interneurons in the adult rat hypothalamus switched between dopamine and somatostatin
expression in response to exposure to short- and long-day photoperiods. Changes in postsynaptic
dopamine receptor expression matched changes in presynaptic dopamine, whereas somatostatin
receptor expression remained constant. Pharmacological blockade or ablation of these dopaminergic
neurons led to anxious and depressed behavior, phenocopying performance after exposure to the
long-day photoperiod. Induction of newly dopaminergic neurons through exposure to the short-day
photoperiod rescued the behavioral consequences of lesions. Natural stimulation of other sensory
modalities may cause changes in transmitter expression that regulate different behaviors.

Signal transmission in neuronal circuits uses
specific neurotransmitters that bind to cog-
nate receptors on other neurons. Genetic

programs establish initial expression patterns of
neurotransmitters in different classes of neurons
(1–3), and activity-dependent neurotransmitter
respecification modifies them during develop-

ment, either adding or switching transmitters
(4–9). It is unknown, however, whether sensory
stimuli promote transmitter switching in addition
to other neuroplastic changes (10) in the adult
brain. Alterations in photoperiod, circadian rhythm,
and light exposure can each cause anxiogenic
and depressive behavior in diurnal adult mam-

mals (11, 12). We hypothesized that nocturnal
mammals would respond to light manipulation in
the opposite manner (13) and that these changes
in behavior would be mediated by transmitter
switching. To test this hypothesis, we exposed
adult rats to different photoperiods and deter-
mined whether transmitter specification and be-
havior were affected.

Photoperiod-Dependence of Dopamine Expression
The number of dopaminergic neurons in hypo-
thalamic nuclei innervated by the retino-hypothalamic
projection via the suprachiasmatic nucleus (SCN)
(fig. S1) (14, 15) changed with the light-dark
(L-D) cycle to which animals were exposed. Ani-
mals were maintained in photoperiod chambers
on long-day [19 hours light:5 hours dark (19L:5D)],
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Fig. 1. Photoperiods regulate numbers of dopa-
minergic neurons in hypothalamic nuclei. (A)
Exposure to 19L:5D or 5L:19D photoperiods for 1 week
changes the number of tyrosine hydroxylase immuno-
reactive (TH) neurons in the PaVN relative to control
(12L:12L) (left). Number of TH neurons in the LPO, PaVN
and PeVN for each condition (right). n = 12 animals for
each photoperiod. (B) Dopamine is colocalized with TH
in the PaVN after exposure to each of the photoperiods.
n = 5 animals for each photoperiod. (C) FFN511 is taken
up in the PeVN and released by KCl after exposure to
each of the photoperiods (left). Fluorescence measured
in boxed regions (right). n = 6 animals for each photo-
period. (D) Circadian fluctuations do not account for
changes produced by different photoperiods. Numbers
of TH neurons for all three nuclei at all four times from
19L:5D and 5L:19D are significantly different from those
from 12L:12D. n = 5 animals for each photoperiod. (E)
The number of TH neurons in the nearby A13 nucleus is
not significantly different after exposure to each of the
photoperiods. n = 5 animals for each photoperiod. **P <
0.01. Scale bars, (A) 120 mm; (B) 100 mm; (C) 80 mm.
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short-day (5L:19D), or balanced-day (12L:12D;
control) cycles for 1 week, and sections through
the lateral preoptic area (LPO), paraventricular
nucleus (PaVN), and periventricular nucleus (PeVN)
were immunostained for tyrosine hydroxylase (TH),
an enzyme in the dopamine synthetic pathway
(16). The number of TH-immunoreactive (TH-IR)
neurons decreased with long-day exposure and
increased with short-day exposure in relation to
control (Fig. 1A and fig. S2). TH and dopamine
were colocalized in all three conditions (Fig. 1B).
To assess the functional status of TH-IR neurons,
we examined uptake and release of fluorescent
false neurotransmitter 511 (FFN511) (17), which
is taken up by vesicular monoamine transporter 2
(VMAT2). FFN511 generated fluorescent signals
in hypothalamic slices from brains of animals ex-
posed to each of the three photoperiods. Fluores-
cence decreased uponKCl depolarization (Fig. 1C).

Neurotransmitter respecification could be in-
duced through changes in photoperiod or altera-
tion of the circadian rhythm. To address the
circadian contribution to changes in numbers of
TH-IR neurons, we quantified their numbers at
6-hour intervals in animals exposed to each of
the different photoperiods for 1 week (Fig. 1D).
Although there is variation at some time points
during each photoperiod (table S1), values for
all three nuclei at all four times from 19L:5D
and 5L:19D were significantly different from

those from 12L:12D photoperiod exposure (table
S2). The effects of different photoperiods are thus
unlikely to have arisen from measurements col-
lected at nonequivalent phases of the circadian
rhythm. Week-long exposure to each of the dif-
ferent photoperiods failed to produce changes in
numbers of TH-IR neurons in an adjacent nu-
cleus, A13 (Fig. 1E and fig. S2B), which does
not receive retinal input via the SCN (18).

Transmitter Switching Between Dopamine
and Somatostatin
Neurons in the PaVN and PeVN also express
somatostatin (SST) (19, 20). The number of SST
neurons showed an inverse relationship to the
number of TH neurons with exposure to the three
different photoperiods (Fig. 2A). This result could
arise from changes in the numbers of neurons of
each type or from transmitter switching within
neurons. To determine whether these reciprocal
changes result from adult neurogenesis (21, 22),
we injected animals with BrdU on days 2 to 4 of
the week of exposure. No significant BrdU label-
ing was detected in the LPO, PaVN, or PeVN
(fig. S3A). To ascertain whether apoptosis causes
decreased numbers of TH-IR neurons and SST-IR
neurons after exposure to long- and short-day
photoperiods, respectively, we subjected sections
from animals after 1 week of exposure to each of
the photoperiods to terminal deoxynucleotidyl

transferase–mediated deoxyuridine triphosphate
nick end labeling (TUNEL) assay. No significant
differences in sporadic cell death were observed
(fig. S3B). Photoperiod-dependent changes in
the numbers of TH-IR neurons were reversible.
When animals were exposed to 2 weeks of con-
secutive but opposite, short-, or long-day, photo-
periods, TH expression did not differ from controls
exposed to the 12L:12D photoperiod for 2 weeks
(fig. S3C).

Are individual neurons reciprocally shifting
transmitter expression between dopamine and
SST? Double immunofluorescence revealed that
different photoperiods changed the balance of
dopamine and SST coexpression in neurons in
the PaVN and PeVN. Long-day exposure reduced
TH-IR and increased SST-IR, whereas short-day
exposure increased TH-IR and decreased SST-IR
(Fig. 2B). The 43% increase and 96% decrease
in TH-IR/SST-IR coexpression after short- and
long-day exposure, in contrast to the balanced
photoperiod, suggest that TH-IR and SST-IR neu-
rons are recruited from a reserve pool of cells (23)
that are switching transmitters. Changes in TH
and SST expression in cell bodies were also ob-
served at high magnification in PaVN axons and
en passant terminals in the periventricular region
(Fig. 2C) and in PeVN cell bodies (fig. S4). The
number of intracellular SST-IR storage vesicles
depended on photoperiod light-cycle duration

Fig. 2. Photoperiods drive neurotransmitter
switching between dopamine and somatostat-
in. (A) Exposure to 19L:5D or 5L:19D photoperiods
changes the number of SST-IR neurons in the PaVN
relative to control (12L:12D) (left). Number of SST
neurons in the PaVN and PeVN for each photoperiod
(right). n = 6 animals for each photoperiod. (B and
C) SST and TH immunofluorescence in the (B) PaVN
and (C) PeVN change after exposure to each of the
photoperiods (left). TH/SST coexpression (right). n =
7 animals for each photoperiod. (D) The number of
SST vesicles/neuron cell body in the PaVN follows
photoperiod light cycle duration (left). n = 9 cells for
each photoperiod. Scale bars, (A) 100 mm; (B) 20 mm;
(C)3mm; (D)20mm.*P<0.05. **P<0.01. ***P<0.001.
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(Fig. 2D). Decreased and increased numbers of
TH-IR neuronal cell bodies resulting from expo-
sure to long- and short-day photoperiods (Fig. 1A)
were matched by corresponding increases and
decreases in numbers of SST-IR neuronal cell
bodies (Fig. 2A and fig. S5). Newly expressing
TH-IR neurons induced through short-day photo-
period exposure coexpressed additional dopa-
minergic markers (3), VMAT2 (fig. S6), and the
dopamine transporter, DAT (fig. S7).

To test the transcriptional dependence of
transmitter respecification, we performed single-
molecule fluorescence in situ hybridization with
probes for TH and SST. Photoperiod-dependent
changes in the number of labeled neurons iden-
tified regulation at the transcriptional level (Fig. 3,
A to I), which is consistent with increased SST
transcripts in PeVN neurons after exposure to
stressors (24). Simultaneous immunostaining
showed that changes in numbers of TH (Fig. 3, B
and G) and SST (Fig. 3, C and F) neurons par-
alleled changes in mRNA expression (Fig. 3, D,
H, and I). These results demonstrate that trans-
mitter respecification is not achieved by trans-
lation from preexisting transcripts and involves
de novo induction of TH or SST mRNA. Not all
neurons underwent this transmitter switch; after
exposure to the long-day photoperiod, 25% of
the number of 12L:12D TH-IR PaVN neurons
(Fig. 1A) expressed TH immunoreactivity with-
out detectable SST immunoreactivity (Fig. 2B).
SSTwas not expressed in the LPO after exposure
to any of the three photoperiods, and a transmitter
switch partner for dopaminergic neurons in this
nucleus remains to be determined.

Changes in Postsynaptic Receptor Populations
Are presynaptic changes in transmitter identity
matched by changes in postsynaptic receptor
populations? SST interneurons of the parvocel-
lular PaVN and the anterior PeVN make syn-
apses on corticotropin-releasing factor (CRF)
neurons distributed along the third ventricle, as
do dopaminergic interneurons (25, 26). To deter-
mine whether dopamine D2 receptor (D2R) and
SSTR were coexpressed on periventricular CRF
cells innervated by TH-IR neurons, we stained
sections with antibodies for CRF, SST2/4R, and
D2R (Fig. 4A) (27, 28). After exposure to the
control 12L:12D photoperiod, the two classes of
receptors appeared colocalized onCRF cells along
the ependymal layer in the PeVN, which is con-
sistent with presynaptic transmitter coexpression
(Figs. 2 and 3). After the long-day photoperiod,
colocalization of D2R and SST2/4R was rare be-
cause D2R expression was down-regulated in
parallel with the decrease in number of dopamin-
ergic neurons. In contrast, after short-day photo-
period exposure, colocalization of these receptors
was abundant as the number of dopaminergic
neurons expanded (Fig. 4, A to C, and fig. S5).

We hypothesized that levels of CRF in the
cerebrospinal fluid (CSF) would decrease as a
result of increased inhibition resulting from ex-
posure to the short-day photoperiod that leads to

19
L:

5D
12

L:
12

D
5L

:1
9D

SST-as SST TH

19
L:

5D
12

L:
12

D
5L

:1
9D

TH-as

TH-as

TH-as

TH

TH

TH

SST

SST

SST TH-as TH SST

TH-as TH SST

TH-as TH SST

SST-as SST     TH

SST-as SST TH SST-as SST TH

SST-as SST TH SST-as SST TH

A B C D

E F G H

0

50

100

R
N

A
 / 

pr
ot

ei
n 

co
lo

ca
liz

at
io

n 
(%

) TH-as TH

TH-as TH SST

SST-as SST TH

SST-as SST

I

19L:5D 12L:12D 5L:19D
*** ***

** **

Fig. 3. Photoperiod-dependent changes in TH and SST parallel changes in TH and SST tran-
scripts in the PaVN. Triple labeling of TH-antisense (TH-as) or SST-as, TH, and SST in single sections from
animals exposed to each photoperiod. (A to C) Short-day photoperiods drive increases in numbers of
TH-as and TH cells and a decrease in the number of SST cells. (D) Higher-magnification three-channel
merged images of boxed regions at left. (E to G) Short-day photoperiods drive decreases in numbers of
SST-as and SST cells and an increase in the number of TH cells. (H) Higher-magnification three-channel
merged images of boxed regions at left. (I) More than 200 cells/PaVN were analyzed for each probe, and
cells that were positive for one probe or the other were scored for colocalization with protein. Scale bars,
(A) to (C) and (E) to (G) 100 mm; (D) and (H) 50 mm. n = 8 animals for (A) to (D) and (E) to (H);
quantification (I) for all 16 animals.
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coexpression of D2R with SST2/4R, if receptor
activation is more substantial than the level of
presynaptic SST. We envisaged that levels would
increase with reduced D2R expression after the
long-day photoperiod. Assays of CRF in the CSF
and corticosterone in the plasma confirmed this
to be the case (Fig. 4D). The number of CRF-
immunoreactive neurons was also reduced after
exposure to the short-day photoperiod (Fig. 4, A
to C), reflecting low levels of CRF in the absence
of apoptosis and consistent with reduced induc-
tion of CRF synthesis due to increased inhibition
by both D2R and SST2/4R (29, 30). SST2/4R
but not D2R expression was observed on CRF
neurons in the PaVN.

Photoperiod-Dependence of Behaviors
To investigate behavioral consequences of these
changes in transmitter status, we tested rats on the
elevated plus maze (EPM) (31) and in the forced
swim test (FST) (32, 33). Relative to controls, short-
day exposure caused rats to spend more time ex-
ploring the open arm of the maze (movies S1 and
S2) and spend a longer time swimming before be-
coming immobile (movies S3 and S4). Locomotor
behavior and swimming ability appeared normal.
Long-day exposure produced the opposite effects
(Fig. 5A). The results of EPM testing during the
middle of the light or dark phases after 24-hour-
cycle photoperiods were not different. EPM testing
at the conclusion of treatmentwith the same19L:5D,
12D:12L, or 5L:19D ratios of total light/dark ex-
posure distributed across much shorter (72 min)
cycles yielded indistinguishable results (fig. S8).

To determine whether the behavioral changes
observed are specifically related to changes in the
number of TH-IR neurons, we made stereotaxic
injections of 6-hydroxydopamine (6-OHDA) ad-
jacent to the PaVN (fig. S9, A and B) so as to
focally ablate TH-IR neurons in animals main-
tained on a 12L:12D cycle. Artificial CSF (ACSF)
was injected as a sham control. After ablation, we
observed a 95% reduction in time spent exploring
the open arm of the EPM and a 57% increase in
duration of the immobility time in the FST (Fig.
5B). Infusion of animals on a 12L:12D cycle
with dopamine receptor antagonists SCH23390
and sulpiride, which selectively block D1 and D2
dopamine receptors (34), affected these behav-
iors similarly to 19L:5D exposure (Fig. 5C). Nei-
ther 6-OHDA nor receptor antagonists affected
locomotor activity or swimming performance.
Post-test histology of 6-OHDA–injected animals
revealed that the number of TH-IR neurons was
decreased by more than 50% in all three of these
hypothalamic dopaminergic nuclei (Fig. 5D).
The total number of cells in the PaVN was re-
duced (fig. S9C), indicating loss of neurons after
6-OHDA treatment. However, counts of TH-IR
neurons in A13 after 6-OHDA treatment were
not affected, demonstrating that dopaminergic
nuclei located as close as 200 mmwere spared by
focal toxin delivery (Fig. 5D). Sham operation
and injection of ACSF had no effect on the num-
ber of TH-IR neurons.

Role of Newly Dopaminergic Neurons
in Stress Behaviors
Wenext determinedwhether photoperiod-dependent
hypothalamic transmitter respecification reported
here was likely to account for the observed
changes in stress responses. We first ablated
TH-IR neurons in these nuclei by means of local
stereotaxic injection of 6-OHDA and then ex-
posed animals to the long-day photoperiod, so
as to further reduce their number, or to the short-
day photoperiod, so as to recruit more neurons to
become TH-IR (fig. S10). The behavioral results
of focal ablation of TH-IR neurons were partially
reversed by exposure to the short-day photope-
riod, demonstrating behavioral rescue (Fig. 5E).
Post-test histology demonstrated photoperiod-
dependent reduction and induction of TH-IR
neurons (Fig. 5F). The appearance of newly do-
paminergic neurons is unlikely to have resulted
from recruitment from a preexisting dopaminergic
pool of neurons with undetectable levels of neu-
rotransmitter because the inducible reserve pool
was not ablated by 6-OHDA before exposure to
the short-day photoperiod. FFN511 uptake and
release in hypothalamic slices confirmed the func-
tionality of newly dopaminergic neurons (fig. S11).

Because behavioral recovery could be achieved
by a parallel mechanism not involving recruit-
ment of newly TH-IR neurons in these nuclei, we
determinedwhether it could be reversed by acute,
local infusion of dopamine receptor antagonists.
TH-IR neurons were again ablated with 6-OHDA,
and animals were exposed to the short-day
photoperiod for 1 week to recruit newly TH-IR
neurons. ACSF or SCH23390 and sulpiride were
stereotactically and acutely introduced through a
cannula into the region in between the LPO and
PaVN. Behavioral testing showed decreased time
in the open arm of the EPM and increased im-
mobility time in the FST in response to infusion

with antagonists as compared with infusion with
ACSF (Fig. 5E).

Discussion
Our results demonstrate transmitter switching
between dopamine and somatostatin in neurons
in the adult rat brain, induced by exposure to short-
and long-day photoperiods that mimic seasonal
changes at high latitudes. The shifts in SST/dopamine
expression are regulated at the transcriptional level,
are matched by parallel changes in postsynaptic
D2R/SST2/4R expression, and have pronounced
effects on behavior. SST-IR/TH-IR local interneu-
rons synapse on CRF-releasing cells, providing a
mechanism by which the brain of nocturnal rats
generates a stress response to a long-day photo-
period, contributing to depression (35, 36) and
serving as functional integrators at the interface
of sensory and neuroendocrine responses (36–38).

SST/dopamine interchange illustrates neuro-
plasticity in self-balancing networks (39) that tunes
neural function and behavior to a dynamic envi-
ronment. The molecular mechanism remains to
be discovered, but AST-1 and Etv1 transcrip-
tion factors bind to a specific dopamine motif in
Caenorhabditis elegans and mouse to drive the
expression of genes that encode components nec-
essary for synthesis, packaging, and reuptake of
dopamine (3, 40). Activity-dependent transmitter
switching may serve functions similar to homeo-
static synaptic scaling (41), changes in ion chan-
nel expression (42), and neuropeptide remodeling
of sensory networks (43) and is an additional
form of brain plasticity to add to modifications of
synaptic strength, synapse number, and electrical
excitability. Sensory stimulation driving trans-
mitter switching in specific microcircuits affected
in neurological or psychiatric disorders could con-
tribute to noninvasive restoration of normal func-
tion in the mature nervous system.

Fig. 4. Dopamine and
somatostatin receptor
colocalization on CRF
neurons. (A) Triple la-
beling of SST2/4R, CRF,
and D2R in single sec-
tions after exposure to
each photoperiod. (B and
C) D2R and SST2/4R co-
localization on CRF cells.
Labeled cells were scored
along thewalls of the third
ventricle (dotted lines),
and the number was aver-
agedfor1030-mmsections
of the rostralhypothalamus.
For (B), n = 6 animals.
(D) CRF levels in the CSF
and corticosterone levels
in the plasma after expo-
sure to each photoperiod.
n= 6 animals. **P< 0.01.
Scale bars, (A) 120 mm;
(C) 40 mm.
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Fig. 5. Behavioral changes after lesions of dopaminergic neurons are rescued through photo-
period induction of newly dopaminergic neurons. (A) Baseline behavior on EPM and FST after
exposure to 19L:5D, 12L:12D, or 5L:19D photoperiods for 1 week. (B) Effect of 6-OHDA ablation of DA
neurons versus sham operation on behavior of animals exposed to 12L:12D for 1 week. (C) Behavior of
12L:12D animals without and with acute infusion of D1 and D2 receptor antagonists, SCH23390 and
sulpiride. (D) Histology of tissue and stereology of TH-IR neurons after 6-OHDA, accompanying behavioral
tests. Asterisks indicate injection sites. Scale bar, 150 mm. For (A) and (C), n = 5 animals; for (B) and (D)
n = 10 animals. **P < 0.01 compared with 12L:12D control [(A) to (C)] and to sham (D). (E) Effect on
behavior of 19L:5D or 5L:19D exposure for 1 week after 6-OHDA ablation of DA neurons in animals
exposed to 12L:12D. The rescue achieved with 5L:19D exposure is selectively abolished by infusion of
D1 and D2 receptor antagonists, SCH23390 and sulpiride. (F) Number of TH neurons after 6-OHDA
ablation of LPO, PaVN, and PeVN in animals exposed to 12L:12D followed by 19L:5D, 12L:12D, or
5L:19D for 1 week. For (E) and (F), n = 5 and 4 animals, respectively. *P < 0.05. **P < 0.01 for (E)
comparisons between adjacent groups and (F) comparisons with 6-OHDA [sham (12L:12D)].
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        I
n the earliest days of neuroscience, it was 

thought that a neuron made and released 

only a single chemical, known as a neu-

rotransmitter, to send a signal across a syn-

apse to an adjacent neuron ( 1). At the same 

time, it was deeply mysterious why so many 

signaling molecules were used in nervous 

systems. Subsequently, it became clear that 

many, if not most, neurons (including those 

in mammals) make and release two or more 

neurotransmitters including small-molecules 

and neuropeptides ( 2– 4). As the list of these 

potential cotransmitters and their receptors 

has increased, we are faced with understand-

ing the functional relevance of this embar-

rassment of riches for neural circuits and 

behavior. Neurotransmitters and neuromodu-

lators (substances often released with small-

molecule neurotransmitters) can elicit a vari-

ety of different actions on their neuron tar-

gets, including directly opening ion channels 

or acting through signal transduction path-

ways to alter neuronal excitability or synaptic 

transmission. Thus, characterizing the mix-

ture of cotransmitters released by a neuron 

is important for understanding how neuronal 

circuits operate. The mechanisms that change 

the profi le of neurotransmitter release pro-

vide opportunities for plastic changes in cir-

cuit function, and consequently in organism 

behavior. On page 449 of this issue, Dulcis et 

al. ( 5) report changes in the neurotransmitter 

profi le of neurons that underlie photoperiod-

triggered changes in animal behavior. The 

fi ndings argue that neurotransmitter switch-

ing is a new mechanism for neuroplasticity 

( 6) in adult nervous systems.

Early studies using cultured developing 

neurons showed that individual neurons can 

switch their transmitter phenotype ( 7,  8). For 

example, peripheral sympathetic neurons 

that normally release norepinephrine as their 

neurotransmitter can undergo a developmen-

tal switch to acetylcholine. A role for this 

switch was shown for sympathetic neurons 

innervating rat sweat glands. These neurons 

release acetylcholine when innervating sweat 

glands, whereas they secrete norepinephrine 

when innervating other organs, including the 

heart ( 9). Subsequent work has studied the 

molecular pathways underlying these devel-

opmental switches ( 10,  11) and has demon-

strated activity-dependent transmitter plas-

ticity in adult rodent brains ( 12). This type 

of regulation became even more intriguing 

when it was found that the production of new 

neurotransmitters by neurons can induce 

new behaviors such as pigmentation changes 

in amphibian larvae ( 6,  13).

The work by Dulcis et al. is remarkable in 

that it ties these well-characterized phenom-

ena to plasticity in the mammalian response 

to the light-dark cycle. Specifically, the 

exposure of adult rats to light was altered by 

keeping the animals in photo-

period chambers for a week 

on either long-day (19 hours 

of light and 5 hours of dark) 

or short-day (5 hours of light 

and 19 hours of dark) cycles. 

The number of dopamine-

releasing neurons in several 

hypothalamic nuclei (clus-

ters of neurons) increased 

with short-day cycles and 

decreased with long-day 

cycles, whereas the inverse 

was seen with somatostatin. 

Dopamine is a neurotrans-

mitter whose functions in 

the brain include modulat-

ing cognition, motivation, 

mood, memory, and learning; 

somatostatin is a peptide neu-

romodulator that is widely 

expressed in the nervous 

system and may be involved 

in the regulation of stress 

responses. The number of 

dopamine receptors on target 

neurons in the brain increased 

and decreased homeostati-

cally, likely to ensure that the 

changes in the cotransmission 

of dopamine and somatosta-

tin would result in functional 

outcomes. Strikingly, the ani-

mals’ behavior was also modi-

fi ed with short-day cycles, as 

seen in two assays thought to 

indicate mood, anxiety, and 

depression. Changes in light-dark cycle 

have profound effects on human mood and 

behavior as well, contributing to a variety of 

disorders such as seasonal affective disor-

der. Thus, there is now a potential mechanis-

tic link among mood, photoperiod, and neu-

rotransmitter plasticity that mirrors associa-

tions observed in humans among seasonal 

affective disorder, photoperiod, and dopa-

mine signaling ( 14).

Supporting this link are measurements of 

corticotropin-releasing factor (CRF) secre-

tion by adult rat hypothalamic neurons in 

response to different photoperiods. Dulcis et 

al. noted that the change in the ratio of dopa-

Plasticity in the Neurotransmitter 
Repertoire
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A switch in the type of neurotransmitter 

released in the brain underlies changes 

in mammalian behavior associated with 

day-night cycles.
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Neurotransmitter switch. During long days, there is a shift in the neu-

rotransmitters released by hypothalamic neurons in the adult rat brain 

from dopamine to somatostatin, whereas the opposite shift is seen dur-

ing short days. Increased dopamine signaling during short days results 

in decreased release of CRF from target neurons, and consequently less 

CRF and corticosteroids in the plasma. These conditions are associated 

with a decrease in stress behaviors in nocturnal rodents. The converse is 

seen with decreased dopamine signaling during long-day conditions. In 

humans and in other diurnal animals, short days are more stressful and 

are associated with depression.
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Animal Conformists

BEHAVIOR

Frans B. M. de Waal

Field studies show that both whales and vervet 

monkeys acquire feeding behaviors through 

social learning.
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minergic signaling to somatostatin signal-

ing correlated with changes in the amount 

of CRF and corticosteroid in the plasma 

(see the fi gure). CRF is released by neurons 

in the mammalian brain that are targets of 

dopamine and somatostatin. This triggers 

a cascade of events that raises the concen-

tration of circulating corticosteroids. These 

steroids have a wide range of physiological 

effects and have been implicated in stress 

and depression ( 15). The fi ndings suggest 

that the transmitter switch potentially cou-

ples photoperiod and mood regulation. The 

ability of neurons to switch their neurotrans-

mitter repertoire has been known for 40 

years; the study of Dulcis et al. demonstrates 

the use of this mechanism to control adult 

behavior in response to sensory variation.

Although the work by Dulcis et al. was 

carried out in nocturnal rodents for which 

long-day photoperiods are stressful, it is 

possible to imagine broader implications 

of this work for human behavior in which 

short-day photoperiods are stressful. Admit-

tedly, the mechanistic details in humans may 

be different. Nonetheless, given the ubiq-

uitous ability of neurons to release multi-

ple neurotransmitters and the demonstrated 

capacity for plasticity, it is critical to con-

sider the potential role of transmitter plas-

ticity in understanding the human brain in 

health and disease. 
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        M
ore than 60 years ago, Kinji Iman-

ishi speculated that if animals can 

learn from each other, they will 

inevitably develop different behaviors in dif-

ferent groups, resulting in “cultural” variation 

within the same species ( 1,  2). It was a simple 

proposal, but so far ahead of its time that few 

Western scientists paid attention. Only in the 

past few decades has animal culture taken off 

as a topic of research. Two reports in this issue 

give hints of the adaptive value of animal cul-

ture. On page 485, Allen et al. ( 3) show that 

the best explanation for the spreading of a new 

hunting technique among humpback whales 

(Megaptera novaeangliae) is that they learn 

from each other, and on page 483, van de Waal 

et al. ( 4) report an innovative fi eld experiment 

that manipulated the food preferences of wild 

vervet monkeys (Chlorocebus aethiops) to 

give them an opportunity for social learning.

The early debate about animal culture 

focused on the mechanism of behavioral 

transmission. Do animals learn from each 

other in the same way as humans do? If they 

copy the behavior of others, does this refl ect 

“true” imitation, that is, do they understand 

the other’s goals and methods? Apes were 

said to lack imitative capacities because they 

failed to imitate human models ( 5). But of 

course, human models belong to a different 

species. We now know that apes learn from 

each other in ways that meet all the require-

ments of true imitation ( 6– 8).

With that issue behind us, animal culture 

studies have begun to focus less on the trans-

mission process and more on the strength of 

animal conformist tendencies and their effect 

on survival. From the domain of learning, 

researchers are shifting to that of outcomes 

and adaptive significance. The reports by 

Allen et al. and van de Waal et al. nicely illus-

trate this new focus.

Allen et al. report on an impressive large-

scale project, covering 73,790 sightings of 

individually identifi ed humpback whales in 

a particular area in the Gulf of Maine over 

the course of 27 years. Observations were 

made at the spawning ground of important 

prey that occurs in large quantities, the sand 

lance (a 15- to 20-cm fi sh). The whales used 

regular bubble feeding, in which they pro-

duce air bubbles under the surface to drive 

the fi sh together so that they can swallow 

thousands in a single gulp. However, in 

1980, a whale was seen to whack the water 

surface with his fl uke to create a loud noise 

or disturbance that may have clumped the 

prey even more. Over the ensuing years, this 

lobtail technique (see the fi gure, panel A) 

became increasingly common in the whale 

population.

The authors used a network-based dif-

fusion analysis to determine whether being 

associated with whales that perform the lob-

tail technique helped naïve whales to adopt 

the same behavior. Independent of how 

much time the whales spent at the research 

site, they were more affected by exposure 

to skilled social partners than by any other 
Living Links, Yerkes National Primate Research Center, Emory 
University, Atlanta, GA, USA. E-mail: dewaal@emory.edu

Cultural feeding behaviors. (A) A whale whacks the water surface with its tail, a behavior that may increase the 
effectiveness of feeding on schools of small fi sh. Allen et al. show that this behavior was spread through social 
learning. (B) Van de Waal et al. report that vervet monkeys acquire food preferences from their mothers. In the 
image, Dublin, an adult male vervet monkey, eats pink corn with juveniles of his group. The monkeys do not 
touch the previously distasteful blue corn, even though in this phase of testing, both colors are palatable ( 4).
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