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ABSTRACT OF THE DISSERTATION 
 

 
Mechanisms of activity-dependent regulation of neurotransmitter switching in the 

developing and mature nervous system 
 
 

by 
 

 
Da Meng 

 
 

Doctor of Philosophy in Biology 
 
 

University of California, San Diego, 2016 
 

 
Professor Nicholas C. Spitzer, Chair 

 
We are intrigued by how electrical and intracellular calcium activity of neurons can 

regulate neurotransmitter switching, a newly recognized form neuroplasticity, during 

development and in the mature nervous system.   

In the developing Xenopus spinal cord, newly born neurons exhibit characteristic 

spontaneous calcium activity during a critical period that leads to the specification of 

distinct neurotransmitter phenotypes, such as glutamate and GABA. Altering electrical and



 

	 x 

calcium activity of these spinal neurons in vitro and in vivo causes homeostatic re-

specification of neurotransmitters. Here we investigated the molecular mechanism by 

which neuronal activity regulates transmitter re-specification. We demonstrated that 

neuronal activity acts non-cell-autonomously through the release of brain-derived 

neurotrophic factor (BDNF) to regulate a glutamate/GABA selector transcription factor 

tlx3 through activation of a TrkB/MAPK signaling pathway. 

We then investigated the role of neuronal activity in transmitter switching in the 

adult mammalian brain. In the adult rat following long-day photoperiod exposure, the 

number of dopaminergic neurons decreases while the number of somatostatin neurons 

increases in the paraventricular nucleus of hypothalamus (PaVN), causing anxiety and 

depression-like behaviors. Here we demonstrated that long-day photoperiod exposure 

increases neuronal activity of PaVN dopaminergic neurons prior to transmitter switch. 

Blocking activity of PaVN dopaminergic neurons abolishes their transmitter switch in 

response to long-day photoperiod exposure, suggesting an activity-dependent cell-

population-autonomous mechanism.
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CHAPTER 1: Non-cell-autonomous mechanism of activity-

dependent neurotransmitter switching in the developing nervous 

system
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CHAPTER 2: Neuronal activity regulates neurotransmitter 

switching in the adult brain 

 

SUMMARY  

Neurotransmitter switching in the adult mammalian brain has recently been 

demonstrated in the hypothalamus of the adult rat following altered photoperiod exposure. 

However, whether the mechanism is activity-dependent is unknown. Here we 

demonstrated elevated overall neuronal activity and activity of dopaminergic neurons in 

the paraventricular nucleus of hypothalamus (PaVN) prior to transmitter switching. We 

then suppressed activity of PaVN dopaminergic neurons with genetic and viral tools and 

showed that it is sufficient to block their transmitter switching after long-day photoperiod, 

suggesting a cell-population-autonomous mechanism for transmitter switching. PaVN 

dopaminergic neurons co-express vesicular glutamate transporter 2 both at the mRNA and 

protein levels. Suppressing activity of PaVN glutamatergic neurons decreases the number 

of PaVN dopaminergic neurons. The effect is not mimicked by suppressing activity of all 

PaVN neurons.   

INTRODUCTION 

Our nervous system is constantly challenged by changes in endogenous activity and 

the external environment. By modulating its function through various forms of neuronal 

plasticity, the brain encodes new information while maintaining a homeostatic balance 

(Marder and Goaillard, 2006). By incorporating new experience into existing neural 

circuitry, neuroplasticity underlies important aspects of cognitive function such as learning 
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and memory, and regulation of social and emotional behaviors such as affection, fear and 

anxiety (Davidson and McEwen, 2012; Hill and Martinowich, 2016).  

Individual neurons within neuronal circuits communicate through the release of 

neurotransmitters at synapses. Although many aspects of synaptic connections have been 

shown to be plastic and modulated by neural activity, such as changes in synaptic strength 

and synapse number (Engert and Bonhoeffer, 1999; Destexhe and Marder, 2004; 

Turrigiano, 2008), the identity of the neurotransmitters expressed in different neurons has 

been thought to be fixed and unchanging. The idea has been that the identity of transmitters 

expressed by neurons is determined by genetic machinery during development and remains 

the same throughout the lifetime of the organism.  

However, accumulating evidence now demonstrates transmitter switching, 

including transmitter loss, addition, or replacement, both in the developing and mature 

nervous system in vitro and in vivo (Spitzer, 2015). Moreover, neuronal activity has been 

shown to play an essential role in neurotransmitter switching in the developing nervous 

system: Ca2+ spikes regulate transmitter respecification of glutamate and GABA non-cell-

autonomously by the release of BDNF in the developing Xenopus spinal cord. Suppressing 

neuronal activity by either removing calcium from cell culture medium or expressing 

inwardly rectifying potassium channels (Kir) in all spinal neurons increased the number of 

neurons expressing excitatory neurotransmitters glutamate and acetylcholine and 

decreased the number of neurons expressing inhibitory neurotransmitters GABA and 

glycine in the spinal cord. Enhancing neuronal activity caused the opposite changes (Gu 

and Spitzer, 1995; Borodinsky et al., 2004; Guemez-Gamboa et al., 2014). 
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In the mature nervous system, activity-dependent neuroplasticity has been shown 

to be involved in stress-related disorders (Christoffel et al., 2011). Activation of the 

hypothalamic-pituitary-adrenal (HPA) axis by corticotropin-releasing factor (CRF) is the 

common stress response pathway. The paraventricular nucleus of the hypothalamus (PaVN) 

integrates stress-relevant signals from multiple brain regions and regulates CRF release 

through several classic neuroplasticity-related mechanisms, including changing the amount 

of glutamate released on CRF neurons after a single action potential and the number of 

glutamatergic synapses on CRF neurons (Bains et al., 2015). Additionally, recent work 

from our lab demonstrated that neurotransmitter switching in the PaVN is involved in the 

light-induced stress response as well. Exposing adult rats to a long-day photoperiod (19 

hours continuous light and 5 hours continuous dark per day, 19L:5D) decreases the number 

of dopaminergic neurons and increases the number of somatostatin neurons in the PaVN 

compared to the numbers following exposure to a balanced-day photoperiod (12L:12D). 

This transmitter switch leads to an elevated CRF level in the plasma and to anxious and 

depressive behaviors (Dulcis et al., 2013).  

Given the activity-dependence of transmitter switching observed in the developing 

nervous system, we asked what the role of electrical activity is in transmitter switching in 

the adult rat brain, using long-day photoperiod-induced transmitter switching in the PaVN 

as our model. We have now investigated the changes in neuronal activity of different 

neuronal populations in the PaVN following photoperiod exposures, manipulated neuronal 

activity with viral and genetic tools, and examined the effects on transmitter switching in 

PaVN dopaminergic neurons.  
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RESULTS 

Long-day photoperiod exposure increases PaVN neuronal activity prior to 

transmitter switching 

The suprachiasmatic nucleus (SCN) receives direct photic input from retinal 

ganglion cells reflecting changes in environmental light-dark cycle, and retinorecipient 

SCN neurons in turn send efferent projections to distinct nuclei in the hypothalamus 

including the PaVN (Buijs et al., 1993; Vrang et al., 1995b; Munch et al., 2002). Here we 

examined how PaVN neuronal activity would change in response to long-day photoperiod 

exposure, using c-Fos as a marker for neuronal activation (Bullitt, 1990). A 77% increase 

in the number of c-Fos+ cells was observed in the PaVN after 4 days of long-day 

photoperiod exposure (19L:5D) compared to balanced-day photoperiod (12L:12D) (Figure 

1A,B), indicating an elevation of overall PaVN neuronal activity. In addition, co-

expression of c-Fos and tyrosine hydroxylase (TH), a marker for dopaminergic neurons, 

was examined. We found a 63% increase in the number of neurons expressing both TH 

and c-Fos after 19L:5D compared to 12L:12D (Figure 1A,C), indicating that the activity 

of PaVN dopaminergic neurons increased after 4 days exposure to the long-day 

photoperiod. Neurotransmitter switching in the PaVN and subsequent behavioral changes 

were detected only after one week of altered photoperiod exposure (Dulcis et al., 2013). 

Therefore, elevation in overall PaVN neuronal activity and the activity of PaVN 

dopaminergic neurons occurred prior to detectable transmitter switching. 
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Figure 2.1: 19L:5D long-day photoperiod exposure increases PaVN neuronal activity prior to 
transmitter switching. WT rats were exposed to either long-day photoperiod (19L:5D) or balanced-day 
photoperiod (12L:12D) for 4 days. Immunofluorescent staining of TH and c-Fos was performed with fixed 
brain sections. (A) Confocal images of rat PaVN with TH in blue and c-Fos in red. White dashed line indicates 
the boundary of the PaVN. 3V, third ventricle. (B) Quantification of the number of c-Fos+ cells in the PaVN 
per animal. n=6 animals per group. Data are mean ± SEM. *, p<0.05. Welch’s t test. (C) Quantification of 
the number of TH+/c-Fos+ cells in the PaVN per animal. n=6 animals per group. Data are mean ± SEM. *, 
p<0.05. Welch’s t test. 
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Suppressing activity of PaVN dopaminergic neurons blocks transmitter switching 

after 19L:5D without changing TH expression after 12L:12D 

To investigate the role of elevated PaVN neuronal activity in regulating transmitter 

switching, we suppressed the activity of PaVN dopaminergic neurons specifically using 

TH-Cre transgenic rats stereotaxically injected with a Cre-dependent AAV virus 

expressing inwardly rectifying potassium channels (AAV-DIO-Kir). By hyperpolarizing 

infected neurons, Kir has been shown to inhibit action potentials and elevations of 

intracellular Ca2+ effectively (Kubo et al., 1993; Guemez-Gamboa et al., 2014). AAV-DIO-

EYFP was used as control. Four weeks after viral injection, to allow sufficient viral 

expression, the rats were exposed to 19L:5D or 12L:12D for 2 weeks. We first examined 

whether suppressing electrical activity of PaVN dopaminergic neurons changes their TH 

expression following exposure to the balanced-day photoperiod. There is no difference in 

the number of TH+ neurons between the Kir and EYFP groups after 12L:12D (Figure 

2A,C), indicating that suppressing activity of PaVN dopaminergic neurons does not change 

their TH expression during balanced-day photoperiod. Moreover, after a 2-week exposure 

to 19L:5D, there was a significant decrease in the number of TH+ neurons in the control 

group (Figure 2B,C), replicating the result of transmitter switching from our previous study. 

This decrease in the number of TH+ neurons was abolished in the Kir group after long-day 

photoperiod exposure (Figure 2B,C), indicating that suppressing electrical activity of 

PaVN dopaminergic neurons is sufficient to block the transmitter switch elicited by 

exposure to the 19L:5D photoperiod.   



 

	

21 

 

  

Figure 2.2: Suppressing activity of PaVN dopaminergic neurons blocks transmitter switching after 
19L:5D exposure without changing their TH expression after 12L:12D. TH-Cre rats were injected with 
AAV-DIO-hKir2.1 virus in the PaVN and then exposed to either 12L:12D or 19L:5D for 2 weeks. TH-Cre 
rats injected with AAV-DIO-EYFP virus were used as controls. Immunofluorescent staining of TH was 
performed. (A-B) Confocal images showing PaVN TH expression (left) and the expression of TH and viruses 
(right) after 12L:12D (A) or 19L:5D (B). (C) Quantification of the number of PaVN TH+ neurons per animal. 
n=7-9 animals per group. Data are mean ± SEM. *, p<0.05; ***, p<0.001; ns, not significant. Welch’s t test. 
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PaVN dopaminergic neurons co-express Vesicular Glutamate Transporter 2 

(VGLUT2) 

Neurotransmitter co-expression and co-release have been reported in many areas of 

the adult mammalian brain (O'Malley et al., 1992; Gutierrez et al., 2003; Hnasko and 

Edwards, 2012; Saunders et al., 2015; Zhang et al., 2015). Previous studies of 

neurotransmitter expression patterns in the PaVN have revealed co-expression of a myriad 

of neuropeptides (Simmons and Swanson, 2009). However, transmitter co-expression of 

dopamine with classical neurotransmitters, such as glutamate, has yet to be examined in 

the PaVN. VGLUT2 is the dominant form of synaptic transporter for glutamatergic neurons 

in the hypothalamus and midbrain. Additionally, co-expression of TH and VGLUT2 has 

been reported in ventral tegmental area (VTA) and posterior hypothalamus in rats (Kawano 

et al., 2006; Zhang et al., 2015). Here we performed immunostaining of TH and VGLUT2 

to examine the co-localization of the two proteins in the same cell bodies in the PaVN of 

animals maintained on the 12L:12D light-dark cycle (Figure 3A). At the protein level, 50% 

of dopaminergic neurons co-expressed VGLUT2 (208/418 neurons analyzed). However, 

TH+/VGLUT2+ neurons constitute only 9% of all neurons expressing VGLUT2 (208/2328 

neurons analyzed). Additionally, we used RNAscope, a highly-sensitive fluorescent in situ 

hybridization method capable of detecting single RNA transcripts, to examine co-

occurrence of TH mRNA and VGLUT2 mRNA puncta in the same cell bodies in the PaVN. 

TH immunostaining was performed along with RNAscope to reliably identify cell 

boundaries of dopaminergic neurons (Figure 3B). 45% of TH protein+ cell bodies 

contained both TH mRNA and VGLUT2 mRNA puncta in the PaVN (66/148 neurons 

analyzed), indicating significant co-expression of TH and VGLUT2 at the mRNA level.  
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Figure 2.3: PaVN dopaminergic neurons co-express vesicular glutamate transporter VGLUT2. (A) 
Brain sections from WT rats maintained on 12L:12D were used for Immunofluorescent staining of TH and 
VGLUT2. From left to right: TH, VGluT2, TH/VGLUT2 co-localization with TH in red and VGLUT2 in 
green. Top: Low magnification confocal images of many PaVN neurons. Bottom: High magnification view 
of cell bodies of individual PaVN neurons. TH and VGLUT2 co-localize in the same cell bodies on the left. 
The neuron on the right expresses only TH. (B) Brain sections from WT rats maintained on 12L:12D were 
used for RNAscope fluorescent in situ hybridization of TH and VGLUT2 mRNAs combined with 
immunofluorescent staining of TH. Confocal images of individual channels and merged view are shown. Top 
left: TH mRNA puncta in green. Top right: VGLUT2 puncta in red. Bottom left: TH protein staining in blue. 
Bottom right: Merged view of all 3 channels. White dashed lines indicate cell bodies of PaVN TH protein+ 
neurons. Several TH mRNA puncta and VGLUT2 mRNA puncta are within the boundary of each TH 
protein+ cell body.  
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Suppressing activity in excitatory neurons decreases the number of dopaminergic 

neurons 

Because a significant proportion of dopaminergic neurons are also glutamatergic in 

the PaVN, we investigated whether manipulating neuronal activity of PaVN glutamatergic 

neurons would change the expression of TH. To suppress the activity of PaVN excitatory 

glutamatergic neurons, AAV-DIO-Kir was injected together with a Cre-expressing AAV 

virus under the CaMKII promoter (AAV-CaMKII-Cre) (Dittgen et al., 2004). AAV-DIO-

Kir was replaced with AAV-DIO-EYFP in the control group. Animals were maintained on 

a 12L:12D cycle throughout the experiment. Kir expression decreased the number of PaVN 

c-Fos+ cells in excitatory neurons, indicating a reduction in neuronal activity in the PaVN 

(Figure 5 A,B). A significant decrease in the number of PaVN TH+ neurons was observed 

in the CaMKII-Kir group compared to the control (Figure 4A,B), indicating that 

suppressing activity of excitatory neurons decreases the number of PaVN dopaminergic 

neurons.  

To rule out the possibility that cell death has contributed to the decreased number 

of dopaminergic neurons, the TUNEL assay was performed to detect apoptotic cells and 

NeuN staining was used to quantify the number of neurons and neuronal density in the 

PaVN. There was no significant difference in the percentage of TUNEL+ cells in the 

activity suppression group compared to control (Figure 5C,D). In addition, both Kir and 

EYFP groups showed a similar number of NeuN+ cells, and NeuN+ cell density remained 

that same in the PaVN (Figure 5E-G). These results indicate that suppressing activity of 

PaVN excitatory neurons does not increase apoptosis in the PaVN.  
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Figure 2.4: Suppressing activity of excitatory neurons decreases the number of dopaminergic neurons 
in the PaVN after 12L:12D without changing the number of NO neurons. WT rats were injected with 
AAV-CaMKII-Cre together with AAV-DIO-hKir2.1 in the PaVN. AAV-DIO-hKir2.1 was replaced with 
AAV-DIO-EYFP in the control group. Animals were kept on 12L:12D after injection. Immunofluorescent 
staining of TH and nNOS was performed. (A) Confocal images of PaVN TH expression (left) and the 
expression of TH and viruses (right). (B) Quantification of the number of PaVN TH+ neurons per animal. 
n=6 animals per group. Data are mean ± SEM. *, p<0.05. Welch’s t test. (C) Confocal images of PaVN nNOS 
expression (left) and the expression of nNOS and viruses (right). (D) Quantification of the number of PaVN 
nNOS+ neurons per animal. n=4-5 animals per group. Data are mean ± SEM. ns, not significant. Welch’s t 
test.  
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Figure 2.5: Characterization of neuronal activity and cell survival after suppressing activity of PaVN 
excitatory neurons. The PaVN of WT rats was injected with AAV-CaMKII-Cre together with AAV-DIO-
hKir2.1. AAV-DIO-EYFP was used as control. Animals were kept on 12L:12D after injection. (A) 
Immunofluorescent staining of c-Fos was performed. Confocal images show PaVN c-Fos expression (left) 
and the expression of c-Fos and viruses (right). (B) Quantification of the number of PaVN c-Fos+ neurons 
per animal. n=5-6 animals per group. Data are mean ± SEM. *, p<0.05. Welch’s t test. (C) The TUNEL 
assay was used to detect cell death in brain sections from animals expressing these viruses. Sections treated 
with DNase I were used as positive controls. Confocal images from different conditions show TUNEL+ 
signal in red and DRAQ5 DNA staining in blue. From left to right: Positive control, CaMKII-EYFP, 
CaMKII-Kir. White arrowheads indicate TUNEL+ cells in the experimental groups. (D) Quantification of 
the TUNEL assay showing the percentage of TUNEL+ cells in 3 conditions.  n=3 animals per group. Data 
are mean ± SEM. ns, not significant. Welch’s t test. (E) Confocal images showing PaVN NeuN 
immunostaining from different groups. Left: CaMKII-EYFP. Right: CaMKII-Kir. (F) Quantification of the 
number of PaVN NeuN+ cells per animal. n=3-4 animals per group. Data are mean ± SEM. ns, not 
significant. Welch’s t test. (G) Quantification of the number of PaVN NeuN+ cells per mm2. n=3-4 animals 
per group. Data are mean ± SEM. ns, not significant. Welch’s t test. 
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To test the specificity of the decrease in PaVN TH+ neurons, we investigated 

whether suppressing activity of excitatory neurons affects other neuronal types in the PaVN. 

Nitric Oxide (NO) is another neurotransmitter expressed in the PaVN that can be easily 

detected by immunostaining its synthetic enzyme, neuronal nitric oxide synthase (nNOS). 

nNOS expression and enzymatic activity have been shown to be regulated by NMDA 

receptor activation, Ca2+ influx, and CaMKII activity (Rameau et al., 2007). The number 

of NO neurons has been shown to be altered in patients and animal models of stress and 

depressive disorders (Kishimoto et al., 1996; Bernstein et al., 1998; Gao et al., 2014). 

nNOS+ neurons and TH+ neurons are intermingled populations in the PaVN but nNOS 

and TH do not co-express in the same neurons (data not shown). There is no difference in 

the number of PaVN nNOS+ neurons between the CaMKII-Kir and CaMKII-EYFP groups 

(Figure 4C,D), suggesting that suppressing activity of PaVN excitatory neurons does not 

change the number of PaVN NO neurons. These results provide evidence for specificity of 

the effect of suppressing activity of excitatory neurons.	 

We then tested whether the decrease in the number of dopaminergic neurons is 

caused by decreased neuronal activity of glutamatergic neurons specifically, or a decrease 

in overall neuronal activity in the PaVN. Globally suppressing PaVN neuronal activity was 

achieved by injecting AAV-DIO-Kir coupled with a Cre-expressing AAV virus under the 

Synapsin promoter (AAV-Syn-Cre) (Kugler et al., 2003). Kir expression caused a decrease 

in the number of c-Fos+ cells in the PaVN of animals maintained on a 12L:12D cycle 

(Figure 6 A,B). However, there is no difference in the number of TH+ neurons between 

Syn-Kir and Syn-EYFP groups (Figure 6 A,C). This result suggests that the decreased 
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number of dopaminergic neurons is caused specifically by suppressing neuronal activity of 

glutamatergic neurons in the PaVN.  

 

DISCUSSION  

Light-induced neuronal activation of PaVN dopaminergic neurons  

The ventrolateral SCN receives retinal projections from the direct 

retinohypothalamic tract and indirect geniculohypothalamic tract, and entrains internal 

Figure 2.6: Suppressing overall neuronal activity does not affect the number of dopaminergic neurons 
in the PaVN after 12L:12D. WT rats were injected with AAV-Synapsin-Cre together with AAV-DIO-
hKir2.1 in the PaVN. AAV-DIO-EYFP was used as control. Animals were maintained on 12L:12D after 
injection. Immunofluorescent staining of TH and c-Fos was performed. (A) Confocal images show PaVN c-
Fos expression (top), TH expression (middle), and the expression of c-Fos, TH and viruses (bottom). The 
control group (Syn-EYFP) is shown on the left and the experimental group (Syn-Kir) is shown on the right. 
(B) Quantification of the number of PaVN c-Fos+ neurons per animal. n=5-10 animals per group. Data are 
mean ± SEM. *, p<0.05. Welch’s t test. (C) Quantification of the number of PaVN TH+ neurons per animal. 
n=5-10 animals per group. Data are mean ± SEM. ns, not significant. Welch’s t test. 
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circadian oscillation to external light-dark cycle (Moore, 1983; Moore et al., 1995; Moore, 

1996). These photic signals induce rhythmic c-Fos expression in the SCN (Aronin et al., 

1990; Kornhauser et al., 1990; Earnest and Olschowka, 1993). The PaVN receives direct 

input from light-sensitive SCN neurons (Watts et al., 1987; Vrang et al., 1995b; Munch et 

al., 2002). Therefore, it is reasonable to hypothesize that the activity of PaVN neurons 

changes after exposure to different photoperiods and that this change can be detected by c-

Fos immunoreactivity.  

Our results indicate that during the balanced-day photoperiod, c-Fos activity in the 

overall neuronal population and in the dopaminergic neurons can be detected in the PaVN 

when examined 3-4 hours after the onset of the light phase, reflecting a moderate light-

induced activation of the PaVN at the baseline level. During long-day photoperiod 

exposure, c-Fos activity of both the dopaminergic neurons and the total PaVN neuronal 

population is much higher compared to activity resulting from exposure to the balanced-

day, indicating elevated neuronal activation following extended light phase exposure. 

Elevated PaVN c-Fos activity can be detected after 4 days of long-day photoperiod, prior 

to detectable changes in neurotransmitter expression or anxiety and depression-like 

behaviors, all of which occur after a week of long-day photoperiod exposure. Given the 

temporal sequence of the changes, it is most likely that altered long-day photoperiod leads 

to elevated PaVN c-Fos activity directly through the efferent projections from SCN to 

PaVN, which in turn results in transmitter switching and changes in behavior. Suppressing 

the elevation of dopaminergic neuronal activity during the long-day photoperiod blocks 

their transmitter switch, providing further support for this argument.  
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Future work will determine the temporal dynamics of PaVN c-Fos activation to 

learn whether the observed elevation in neuronal activity is transient or sustained over the 

course of 2 weeks of photoperiod exposure. Additionally, it will be important to investigate 

whether PaVN dopaminergic neurons receive direct monosynaptic projections from SCN 

retinorecipient neurons or multisynaptic connections through other SCN and PaVN 

neurons.  

Cell-autonomous mechanism of neurotransmitter switching in the adult brain 

Many forms of neuroplasticity are regulated by neuronal activity through either 

cell-autonomous or non-cell-autonomous mechanisms (Spitzer, 2006). On one hand, it is 

well established that elevated intracellular Ca2+ following depolarization serves as a second 

messenger and can cause transcriptional and translational changes of neurotransmitter 

synthetic enzymes, receptors, and ion channels of the same neurons directly. On the other 

hand, cell secretion and cell-cell surface signaling can be regulated by neuronal activity 

and affect intracellular signaling of neighboring neurons non-cell-autonomously.  

In the developing Xenopus spinal cord, where neurotransmitter re-specification or 

switching was first described, the mechanism through which neuronal activity regulates 

this novel form of neuroplasticity is non-cell-autonomous. Globally suppressing neuronal 

activity of all spinal neurons by Kir overexpression in vitro and in vivo cause transmitter 

re-specification from GABA to glutamate to restore homeostasis. However, Kir expression 

sparsely in individual spinal neurons does not change their probability of becoming 

glutamatergic or GABAergic (Borodinsky et al., 2004; Guemez-Gamboa et al., 2014). 

Secretion of BDNF mediates this non-cell-autonomous activity-dependent process of 

transmitters switching in the developing nervous system (Guemez-Gamboa et al., 2014).  
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In the present study of neurotransmitter switching of PaVN dopaminergic neurons 

in the adult rat brain, both PaVN dopaminergic neuronal activity and overall PaVN 

neuronal activity increase after long-day photoperiod exposure prior to transmitter 

switching. Our results indicate that suppressing activity of the population of dopaminergic 

neurons by Kir expression in TH-Cre rats is sufficient to block their transmitter switch in 

response to exposure to the long-day photoperiod, potentially suggesting a cell-population-

autonomous mechanism. It would be challenging to test whether manipulating activity of 

single dopaminergic neurons will change their likelihood of switching transmitters after 

long-day exposure in vivo. Theoretically, sparse infection of dopaminergic neurons by 

either Kir or control virus, followed by long-day exposure, could address whether 

manipulating activity of single dopaminergic neurons changes transmitters. If single Kir-

infected dopaminergic neurons are more likely to remain TH+ after long-day exposure than 

control, then dopaminergic neuronal activity is also required for transmitter switching at 

the single cell level. However, with the only currently available TH-Cre transgenic line 

targeting dopaminergic neurons in rats, ~20% of PaVN virus-infected neurons do not 

express a detectable level of TH protein. This could reflect the highly plastic and variable 

nature of TH expression in the PaVN since we frequently observe PaVN neurons that are 

TH mRNA+ but TH protein-. Given the relatively small decrease (~30%) in the number of 

TH+ neurons after long-day photoperiod exposure, the “off-target” labeling in TH-Cre rats 

will introduce significant noise to the sparse infection approach and render it ineffective. 

In summary, transmitter switching as assayed in these experiments is cell-population-

autonomous; whether it is individual-cell-autonomous remains to be tested.  
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Neurotransmitter co-expression and neurotransmitter switching 

VTA neurons can co-express both TH and VGLUT2 in their cell bodies in vitro 

and in vivo (Sulzer et al., 1998; Dal Bo et al., 2004; Kawano et al., 2006). Additionally, 

axons from VTA dopaminergic neurons contain TH, VMAT, and VGLUT2, and co-release 

both dopamine and glutamate in the nucleus accumbens (Sulzer et al., 1998; Hnasko et al., 

2010; Zhang et al., 2015). Here we have demonstrated co-expression of TH and VGLUT2 

in the cell bodies of PaVN dopaminergic neurons both at the mRNA and at the protein 

level.  

Transmitter switching and transmitter co-expression and co-release appear to be 

intrinsically linked biological processes: on one hand, neurons that normally co-express 

two or more neurotransmitters can up- or down-regulate their transmitters differentially 

under specific circumstances and give rise to functional neurotransmitter switching. On the 

other hand, when examined at fixed time points, neurons in the process of switching their 

major neurotransmitter would appear to be expressing markers for multiple 

neurotransmitters at the same time. Future work will quantify the number of PaVN 

VGLUT2+ and TH+/VGLUT2+ neurons after long-day photoperiod exposure. This will 

determine whether PaVN dopaminergic neurons maintain, downregulate or upregulate 

their VGLUT2 expression in the process of losing their TH expression after long-day 

exposure. 

The functional implication of PaVN TH/VGLUT2 co-expression in regulating 

stress and anxiety responses achieved by the release of CRF remains to be investigated. 

Most PaVN CRF neurons do not receive direct input from SCN, suggesting that 

photoperiods influence the release of CRF mostly through a multi-synaptic pathway (Vrang 
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et al., 1995a). PaVN CRF neurons express both excitatory glutamate receptors and the D2 

inhibitory dopamine receptor (Aubry et al., 1996; Dulcis et al., 2013). Additionally, the 

number of glutamatergic synapses and the level of glutamate receptors on the CRF neurons 

have been shown to increase after exposure to acute and chronic stressors (Flak et al., 2009; 

Bains et al., 2015). Removal of inhibitory input seems to be necessary for the activation of 

PaVN CRF neurons in addition to increased glutamate release (Cole and Sawchenko, 2002). 

Downregulation of inhibitory dopamine release from the same axons that co-release 

excitatory glutamate on CRF neurons may facilitate release of CRF, contributing to the 

increased stress and anxiety behaviors observed following exposure to long-day 

photoperiods.  

Transmitter switching in disease  

Neurotransmitter imbalance and dysregulation have been implicated in many 

common neurological and psychiatric disorders, such as Parkinson’s disease and 

schizophrenia (Damier et al., 1999; Howes et al., 2012; Howes and Murray, 2014). 

Additionally, dysfunction of many classic neuroplasticity mechanisms, in which the brain 

adjusts inappropriately in response to extreme environmental stimuli, has been thought to 

increase susceptibility to psychiatric disorders. For example, many people experience 

traumatic events in their lifetime but only a small fraction of them develop post-traumatic 

stress disorder (PTSD), indicating impaired regulation of fear and anxiety responses (Hill 

and Martinowich, 2016).  

We have investigated the mechanism of transmitter switching of dopaminergic 

neurons in a specialized disease model, in which altered photoperiod leads to anxiety and 

depression-like behaviors in rats, mimicking seasonal affective disorder in humans.  
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Further work will examine the prevalence of transmitter switching in more generalized 

models of stress-related illnesses and other mood disorders. Many effective treatments for 

diseases of the nervous system have been shown to induce plasticity-related structural and 

functional changes in the brain (Davidson and McEwen, 2012). Moreover, 

neurotransmitter synthetic enzymes and receptors are promising targets for pharmaceutical 

agents treating neurological and psychiatric disorders. Characterization of transmitter 

switching in animal models of disease and knowledge gained from studying this newly 

recognized form of neuronal plasticity may lead to development of novel diagnostic and 

therapeutic tools for patients. 

 

EXPERIMENTAL PROCEDURES   

Animal Use 

All animal procedures were performed in accordance with institutional guidelines 

and approved by the UCSD Institutional Animal Care and Use Committee. Female TH-

Cre Long-Evans rats were generously provided by Dr. Karl Deisseroth. The rat colony was 

maintained by breeding heterozygous female TH-Cre rats with male wild-type Long-Evans 

rats from a commercial source (Charles River Laboratories). The offspring were genotyped 

using the following primers: Cre-F AAGAACCTGATGGACATGTTCAGGGATCG, 

Cre-R CCACCGTCAGTACGTGAGATATCTTTAACC (Witten et al., 2011). 8-week old 

male TH-Cre offspring and their wild-type littermates were used in the study. Rats were 

group-housed with food and water ad libitum on a standard 12 h light/12 h dark schedule 

(light on at 7 am) prior to any experimental procedures. For balanced-day (12L:12D) and 
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long-day photoperiod (19L:5D) exposure, animals were single-housed in the custom-made 

photo-chambers for the indicated amount of time. 

Virus Injection  

8-week old male rats were anesthetized with isoflurane during stereotaxic injection 

using a stereotaxic apparatus (David Kopf Instruments) and Hamilton syringe (7647-1) and 

needle (33 gauge, 7762-06). The anterior PaVN (Bregma AP -0.8, ML +0.8, DV -7.2, -7.0) 

was targeted and a total of 1 µl of viral vector was injected into the PaVN unilaterally. The 

needle was left in place for 5 minutes after each injection. Serial dilutions of viral vectors 

were tested in WT and TH-Cre rats and the lowest titers with >50% infection rate after 4 

weeks were chosen for experiments. The vendors and final physical titers of viral vectors 

are as follows: AAVdj-CMV-DIO-Kir2.1-zsGreen (Stanford viral core/ Deisseroth lab), 3-

5 x 1013 GC/mL; AAVdj-EF1a-DIO-EYFP (Deisseroth lab), 6-10 x 1012 GC/mL; AAV1-

hSyn-Cre-WPRE-hGH (U Penn viral core), 2.5 x 1012 GC/mL; AAV9-CaMKII0.4-Cre-

SV40 (U Penn viral core), 1.8 x 1013 GC/mL.  

Immunofluorescent Staining and Confocal Imaging  

At 10 am-1 pm during the light cycle rats were deeply anesthetized with 

pentobarbital sodium and perfused transcardially with 200 ml of 1×PBS followed by 200 

ml of 4% paraformaldehyde (PFA) in 1xPBS. Brains were then removed and post-fixed in 

4% PFA 1xPBS at 4°C overnight followed by 30% sucrose for 4-5 days at 4°C until the 

brains sank. For immunofluorescent staining, 40 µm coronal sections were cut with a 

microtome and every third section of the anterior PaVN was used for staining. Sections 

were incubated with a blocking solution (5% horse serum or 2% bovine serum albumin in 

1x PBS with 0.3% Triton-X 100) for 2 hours at room temperature (RT) and then incubated 
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at 4°C in the blocking solution with primary antibodies overnight. After rinsing in 1xPBS 

3 times, 10 minutes each time, sections were incubated in the blocking solution with 

secondary antibodies at RT for 2 hours. Sections were then rinsed, mounted on glass slides 

with 2% gelatin, and coverslipped using for Fluoromount-G (Southern Biotech) or 

ProLong Gold Antifade Mountant (Life Technologies).  

The following primary antibodies were used: Mouse anti-TH (Millipore MAB318), 

1:200; Rabbit anti-TH (Millipore AB152), 1:500; Mouse anti-VGLUT2 (Millipore 

MAB5504), 1:100; Goat anti-c-Fos (Santa Cruz SC-52-G), 1:250; Rabbit anti-nNOS (Life 

Technologies 61-7000), 1:500; Mouse anti-NeuN (Millipore MAB377), 1:500; Guinea pig 

anti-GFP (Synaptic Systems 132005), 1:4000. The following Alexa Fluor IgG secondary 

antibodies were used: 488 Donkey anti-Guinea pig, 488 Donkey anti-rabbit, 555 Donkey 

anti-Goat, 555 Donkey anti-rabbit, 647 Donkey anti-mouse (Life Technologies or Jackson 

ImmunoResearch), 1:300.  

A Leica SP5 confocal microscope with a 25x/0.95 water-immersion objective was 

used to acquire all fluorescent images. 

RNAscope In Situ Hybridization 

RNAscope Multiplex Fluorescent Reagent Kit (Advanced Cell Diagnostics, 

320850) and Target Probes for rat TH mRNA (Advanced Cell Diagnostics, 314651-C2) 

and rat VGLUT2 (Slc17a6) mRNA (Advanced Cell Diagnostics, 317011-C1) were used. 

The experiment was performed according to manufacturer’s instructions. In a RNAase-free 

environment, 20 µm fixed brain sections were mounted on a glass slide immediately after 

microtome sectioning and baked in a 60°C dry oven for 30 minutes. Sections were 

rehydrated in PBS for 5 minutes before a 5-minute incubation in 1x Target Retrieval 
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solution at 90-95°C. Sections were then rinsed with distilled water and 100% EtOH. 

Subsequently, sections were incubated with the following solutions in the HybEZTM 

humidified Oven at 40°C with rinsing steps in between: Protease III 30 minutes, Target 

Probes 2 hours, Amp 1-FL 30 minutes, Amp 2-FL 15 minutes, Amp 3-FL 30 minutes, and 

Amp 4-FL 15 minutes. Afterwards, standard immunofluorescent staining was performed 

using Rabbit anti-TH (Millipore AB152, 1:500) to detect TH protein in the same sections.  

TUNEL Assay 

An In Situ Cell Death Detection (TUNEL) Kit, TMR Red (ROCHE 12156792910) 

was used. PFA-fixed brain sections were mounted and dried on glass slides. After 

rehydration in 1x PBS for 5 minutes, sections were re-fixed with 1% PFA for 20 minutes 

at RT before rinsing in 1xPBS 3 times, 5 minutes each time. Sections were then incubated 

in freshly prepared permeabilization solution (0.1% sodium citrate and 1% Triton X-100) 

for 1 hour at RT. After rinsing, sections were incubated with TUNEL reaction mixture (250 

µl per section, 25 µl TdT solution + 225 µl label solution) in a humidified chamber for 3 

hours at 37°C in the dark. The sections were rinsed and mounted with DRAQ5-flurormount. 

The positive control was treated with DNase I (NEB, 10U/ml) for 1 hour at 37°C before 

the TUNEL reaction.  

Cell Number and Cell Density Quantification   

For c-Fos, TH, nNos, TUNEL, and DRAQ5 quantification, 3D fluorescent confocal 

image stacks were used to manually count the number of cell bodies using the Leica 

Application Suite X software. For NeuN and NeuN density, 3D fluorescent confocal image 

stacks were quantified with ImageJ software using the 3D objects counter and area 

measurement functions.  
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Statistics  

Statistical analyses were performed using Prism 7 software. Means and SEMs were 

reported for all experiments. For comparisons between two groups, Welch’s t test was used. 

For comparisons of more than two groups, one-way ANOVA followed by Tukey’s multiple 

comparisons test was used. Values were considered significantly different at p < 0.05. 
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