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ABSTRACT
 

The prefrontal cortex (PFC) functions to integrate information from the internal 

and external world in order to flexibly guide behavior. As the most recently evolved brain 

region, the PFC is implicated in a range of psychiatric disorders such as depression, 

anxiety, and schizophrenia. The circuitry within the PFC consists of a diversity of 

excitatory and inhibitory neurons and each neuronal subtype represents a unique locus 

for action by neuromodulators, such as dopamine and serotonin. The serotonergic 

system is heavily implicated in mood and emotion and is the target of many modern 

psychiatric drugs. Despite this, we have a limited understanding of the actions of 

serotonin on the diverse cell types in the PFC. In this dissertation, I describe the actions 

of serotonin (5HT) on interneurons and excitatory inputs arriving from discrete brain 

regions and suggest how this may relate to behavior and disease. I find that 5HT 

increases the excitability of fast-spiking interneurons but not somatostatin-expressing 

interneurons by reducing conductance through potassium channels, leading to 

enhanced summation of gamma frequency inputs. Furthermore, this causes an increase 

in gamma-frequency inhibitory events in downstream pyramidal cells, a finding which 

may contribute to my observation that serotonergic signaling reduces low frequency 

oscillatory power without changing in gamma power in vivo. I also describe how 

serotonin may act at multiple loci within the prefrontal circuit to reduce anxiety behavior. 

By both presynaptically suppressing ventral hippocampal inputs and increasing 

inhibition, 5HT may reduce theta oscillations and attenuate anxiety behavior. These 

findings may have wide implications for our understanding of psychiatric disorders. 
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CHAPTER 1 
INTRODUCTION

 
1.1 The prefrontal cortex is critical for cognition 

The prefrontal cortex (PFC) is a brain region located in the frontal lobe that is 

responsible for higher-order cognitive functions, emotional processing, and social 

cognition. Our earliest observation of prefrontal cortical function was the famous clinical 

case of Phineas Gage, a railroad worker whose left frontal lobe was destroyed after an 

explosion caused an iron rod to penetrate his skull. Though Gage apparently recovered 

and retained most mental faculties such as movement control and normal learning 

ability, his friends and relatives noticed a marked change in his personality. Once a 

gentle and responsible man, Gage was now irrational, crude, capricious, and 

disrespectful (Damasio et al., 1994). The case of Phineas Gage has been supported 

with numerous other studies suggesting that the PFC is important for coordinating 

complex goal-directed behaviors such as working memory (Euston et al., 2012), 

cognitive flexibility (Dias et al., 1996), and emotion regulation (Ray & Zald, 2012). 

Furthermore, due to its reciprocal connections with essentially all cortical and 

subcortical structures, the PFC is well poised to function as a master integrator of 

information and exert ‘top down’ control over this extensive range of brain processes 

(Miller, 2000). 

 

1.2 Diversity of cell types in the prefrontal cortical circuit 

To achieve these higher order cognitive functions, proper functioning of the 

prefrontal cortex necessitates the organized activity of many neurons firing together. 

The local circuitry within the PFC boasts a diversity of different neuronal cell types with 
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a robust diversity of firing properties and synaptic connections. This complex circuitry 

facilitates a broad range of neuronal firing patterns that can flexibly mediate this wide 

range of cognitive behaviors. Most broadly, neurons can be classified by their actions 

on their downstream synaptic partners. Excitatory neurons release glutamate and 

depolarize their downstream targets while inhibitory interneurons release GABA and 

hyperpolarize postsynaptic cells. Both excitatory pyramidal cells and inhibitory 

GABAergic interneurons come in multiple different flavors. Pyramidal neurons can be 

broadly divided based on their projection targets into intratelencephalic (IT) neurons that 

project to other parts of the telencephalon (e.g. cortex, striatum, amygdala) and 

pyramidal tract (PT) neurons that project subcortically (e.g. thalamus, brain stem, spinal 

cord) (Harris & Shepherd, 2015).  

Approximately 80% of GABAergic interneurons can be classified into three main 

non-overlapping categories based on their expression of different proteins: parvalbumin 

(PV), somatostatin (SOM), and vasoactive intestinal peptide (VIP) (Rudy et al., 2011). 

These interneuron subtypes exhibit distinct firing properties and synaptic connectivity 

profiles. PV interneurons comprise 40% of all interneurons and exhibit characteristic 

“fast-spiking” properties (Kawaguchi et al., 2987), resulting in their nickname as fast-

spiking interneurons (FSIs). FSIs have a low input resistance, fast membrane time 

constant, and synapse on the axon initial segment (chandelier cells) or the soma and 

proximal dendrites (basket cells) of pyramidal neurons. SOM interneurons, which 

synapse on the distal dendrites of pyramidal neurons, display regular adapting firing 

patterns and a low-threshold to spike (Rudy et al., 2011). Lastly, VIP interneurons, 

which often display a bursting firing phenotype followed by depolarization block, are 
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thought to make synapses on PV and SOM interneurons, mediating a disinhibitory role 

in the cortical microcircuit (Pi et al., 2013). 

 

1.3 Role of fast-spiking interneurons in mediating prefrontal network activity 

 Fast-spiking interneurons (FSIs) that express the calcium-binding protein 

parvalbumin (PV) are the most numerous of interneurons and play a critical role in 

regulating the network activity of the cortical circuit. With abundant reciprocal 

connections and highly divergent synapses on the somata of pyramidal cells, FSIs are 

able to precisely control the timing of spike discharge of large numbers of cortical 

neurons (Bartos et al., 2007, Busaki & Wang, 2012). Specifically, due to coordinated 

inhibitory conductances in downstream pyramidal neurons, the spiking of pyramidal 

neurons is more likely to occur in the period following the offset of inhibition. This 

population activity can be recorded as oscillations in the local field potential (LFP) and is 

observed in the gamma frequency range (30-90 Hz). This frequency range emerges 

due to the ~10-30 ms time constant of GABA-A-mediated inhibition. Critically, this time 

window also corresponds to the membrane time constant of pyramidal neurons and the 

time window for synaptic plasticity (Harris et al., 2003). Furthermore, the coordinated 

synchronous firing of peer pyramidal neurons allows for more efficient discharge of 

downstream neurons (Busaki & Wang, 2012). This type of network activity, specifically 

in the gamma frequency range (30-90Hz), has been suggested to be important for 

information encoding (Buzsaki & Chrobak, 1995) and information transfer (Sohal et al., 

2009).  

Gamma oscillations are established by FSIs (Cardin et al., 2009), and excitatory 

inputs that drive spiking in FSIs can trigger gamma rhythms in prefrontal cortex (Sohal 



 4 

et al., 2009). Synaptic inputs onto FSIs also excite their downstream pyramidal cells, 

resulting in short latency excitation followed by delayed disynaptic inhibition in those 

neurons. This feedforward inhibition produces periodic membrane potential fluctuations 

in principal cells, creating a temporal integration window where inputs arriving within the 

duration of a gamma cycle are able to summate to produce spiking. Therefore, 

feedforward inhibition and gamma oscillations promote coincidence detection in 

pyramidal neurons (Pouille & Scanziani, 2001). Consequently, any manipulation of FSI 

activity could regulate temporal integration and gamma oscillations. In Chapter 2, I will 

discuss how simple neuromodulation of FSI passive membrane properties is able to 

robustly influence synaptic temporal integration. In Chapter 5, I will focus on implications 

of FSI neuromodulation on prefrontal oscillations and behavior. 

 

1.4 Modulation of prefrontal behaviors and circuitry by serotonin 

Due to dense innervation by subcortical afferents from the median and dorsal 

raphe nuclei (Azmitia & Segal, 1978), prefrontal activity is subject to potent modulation 

by the neurotransmitter serotonin (5HT). Consistently, serotonergic depletion is known 

to impair performance in prefrontal-mediated tasks such as reversal learning (Clarke et 

al., 2004, Clarke et al., 2005), decision-making (Koot et al., 2012), and emotional 

processing (Robinson et al., 2013). Pharmacological studies have further implicated 

prefrontal serotonin receptors in working memory (Williams et al., 2002), impulsivity 

(Carli et al., 2006), and strategy switching (Baker et al., 2011). In Chapter 3, we 

describe how serotonin may regulate anxiety behavior via presynaptic effects on ventral 

hippocampal projections to PFC. In Chapter 5, I describe how serotonergic effects in 

FSIs may play a role in cognitive flexibility and anxiety. 
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Both fast-spiking interneurons and pyramidal cells in PFC express 5HT 

receptors, predominantly of the 5HT1A, 5HT2A, and 5HT2C variety (Santana et al., 

2004). The 5HT1A receptor is Gi/o coupled resulting in neuronal inhibition while the 

5HT2 receptors are excitatory through coupling to Gq. Distinct subsets of pyramidal 

neurons express one or both of the 1A and 2A receptors, leading to inhibition, 

excitation, or biphasic inhibition and excitation (Avesar & Gulledge, 2012). On the other 

hand, serotonergic regulation of prefrontal interneurons is less well understood. Some 

reports indicate that 5HT can increase the frequency of spontaneous inhibitory 

postsynaptic potentials (Zhou & Hablitz, 1999) and may increase spiking of FSIs (Zhong 

& Yan, 2011). However, others report distinct subpopulations of FSIs that are excited 

and inhibited by electrical stimulation of the raphe (Puig et al., 2010). This same group 

also indicated that systemic 5HT antagonists are able regulate the power of gamma 

oscillations (Puig et al., 2010). Despite these initial studies, there has been no rigorous 

and thorough investigation of serotonergic modulation of FSI function in PFC. In 

Chapter 2, I will thoroughly characterize the effects of 5HT on FSIs. Furthermore, in 

Chapter 4, I will characterize the effects of 5HT on synaptic inputs from three critical 

brain regions that project to the PFC: contralateral PFC, mediodorsal (MD) thalamus, 

and ventral hippocampus (vHPC). 

 

1.5 Prefrontal serotonin and interneurons in psychiatric disorders 

Importantly, prefrontal dysfunction is implicated in the etiology of many major 

psychiatric disorders, such as schizophrenia and depression. Moreover, most effective 

treatments for these disorders regulate serotonergic transmission. Selective serotonin 

reuptake inhibitors (SSRIs) remain the most commonly used and effective medicine for 
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depression and new second-generation antipsychotics block the 5HT2A receptor with 

high affinity. These drugs tend to produce the best improvement of cognitive symptoms 

while reducing extrapyramidal side effects (Meltzer & Massey, 2011) and classic 

hallucinogens such as lysergic acid diethylamide (LSD) actually activate that same 

receptor (Marek & Aghajanian, 1996).  

Notably, impairments in FSI function and gamma rhythms may also be involved 

in the pathology of schizophrenia (Uhlhaas & Singer, 2010, Lewis et al., 2012, 

Gonzalez-Burgos et al., 2015). Postmortem studies indicate that patients with 

schizophrenia have reduced levels of the GABA synthesis enzyme GAD67 in 

interneurons as well as reduced levels of PV (Hashimoto et al., 2003). With potentially 

dysfunctional FSIs, it is no surprise that one of the most common biological 

observations in patients with schizophrenia is a deficit in gamma band oscillatory power 

(Cho et al., 2003, Minzenberg et al., 2010). Interestingly, increasing prefrontal FSI 

activity in a mouse model of interneuron dysfunction was able to rescue deficits in both 

gamma oscillations and cognitive flexibility (Cho et al., 2015). 

Despite these clear connections, the relationship between serotonergic signaling 

in FSIs, prefrontal oscillations, and psychiatric disorders is not currently understood. 

This work takes critical strides into furthering our understanding of these links. In 

Chapter 3, we find a link between a subtype of serotonin receptor in PFC and anxiety 

behavior. In Chapter 5, I suggest that eliciting serotonergic signaling in FSIs may help to 

rescue cognitive deficits in a mouse model of schizophrenia. 

***** 
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The work in this dissertation aims to examine the role of serotonin signaling in 

modulating individual neurons and network activity in the prefrontal cortex as it may 

relate to psychiatric disorders. Chapter 2 deeply investigates the cellular mechanisms of 

serotonergic modulation of prefrontal FSIs (Athilingam et al., 2017). Using patch-clamp 

electrophysiology, optogenetics, two-photon microscopy guided glutamate uncaging, 

and computational modeling, we find that serotonin reduces the conductance of inward-

rectifying potassium channels leading to depolarization and increased input resistance 

and excitability. Furthermore, we find an increase in the decay time of excitatory 

postsynaptic potentials leading to an enhancement of temporal summation in the 

gamma frequency range. Finally, we suggest that this enhancement in gamma 

frequency summation leads to an increased probability of spiking of FSIs in response to 

gamma frequency inputs and results in gamma frequency inhibition in downstream 

pyramidal neurons. 

The work in Chapter 3 was done largely in collaboration with a postdoctoral 

fellow in the Sohal lab, Celia Kjaerby and examines the modulation of distinct synaptic 

inputs onto pyramidal neurons by serotonin (Kjaerby et al., 2016). Dr. Kjaerby found that 

serotonin suppresses hippocampal and callosal inputs via presynaptic 5HT1B receptors 

with no effect on thalamic inputs. Together, we discovered that activation of 5HT1B 

receptors in PFC in vivo suppresses anxiety behavior and corresponding theta 

oscillations. 

In Chapter 4, I replicate Dr. Kjaerby’s findings in FSIs and show that serotonin 

reduces hippocampal and callosal inputs while not affecting thalamic inputs. I further 

demonstrate that despite these presynaptic effects, the postsynaptic depolarization 
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caused by 5HT in FSIs (characterized in Chapter 2) outweighs presynaptic suppressive 

effects and results in 5HT eliciting an increase in FSI firing to all inputs. 

In Chapter 5, I investigate the effects of serotonergic signaling in FSIs on 

prefrontal network oscillations and behavior in vivo. Specifically, I find that activating 

serotonergic signaling pathways in FSIs reduces the power of oscillations in all 

frequency bands except for the gamma frequency range. I also find that this 

manipulation increases novelty seeking and reduces helplessness behavior in a 

depression assay. Lastly, I find that this manipulation may be able to rescue deficits in 

cognitive flexibility in a mouse model of schizophrenia. 

In Chapter 6, I helped to validate a novel caged-5HT compound that can be used 

in future studies to elicit serotonin activation in a temporally controlled manner (Cabrera 

et al., 2017). 

And finally in Chapter 7, I synthesize the findings from this dissertation and draw 

conclusions as to what this work contributes to the general body of knowledge about 

how serotonin affects prefrontal circuits and behavior and what questions remain for 

future study. 
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CHAPTER 2 
SEROTONIN ENHANCES EXCITABILITY AND GAMMA FREQUENCY TEMPORAL 

INTEGRATION IN PREFRONTAL FAST-SPIKING INTERNEURONS
 

2.1 ABSTRACT  

 The medial prefrontal cortex plays a key role in higher order cognitive functions 

like decision making and social cognition. These complex behaviors emerge from the 

coordinated firing of prefrontal neurons. Fast-spiking interneurons (FSIs) control the 

timing of excitatory neuron firing via somatic inhibition and generate gamma (30-100 

Hz) oscillations. Therefore, factors that regulate how FSIs respond to gamma-frequency 

input could affect both prefrontal circuit activity and behavior. Here, we show that 

serotonin (5HT), which is known to regulate gamma power, acts via 5HT2A receptors to 

suppress an inward-rectifying potassium conductance in FSIs. This leads to 

depolarization, increased input resistance, enhanced spiking, and slowed decay of 

excitatory postsynaptic potentials (EPSPs). Notably, we found that slowed EPSP decay 

preferentially enhanced temporal summation and firing elicited by gamma frequency 

inputs. These findings show how changes in passive membrane properties can affect 

not only neuronal excitability but also the temporal filtering of synaptic inputs.  

  

2.2 INTRODUCTION  

 The prefrontal cortex (PFC) organizes higher order cognitive functions ranging 

from decision making to social cognition (Euston et al., 2012, Dias et al., 1996, Ray and 

Zald, 2011). These complex behaviors emerge from the coordinated firing of PFC 

neurons, resulting in neuronal oscillations (Buzsáki and Chrobak, 1995). Synchronized 

oscillations of neuronal activity in the gamma frequency range (30-100 Hz) play a key 
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role in information encoding (Buzsáki and Chrobak, 1995) and prefrontal gamma 

oscillations influence the performance of tasks related to cognitive flexibility and 

attention (Cho et al., 2015; Kim et al., 2016). The neuromodulator serotonin (5HT) has 

been shown to regulate gamma power in motor cortex (Puig et al., 2010), suggesting 

that it could play a role in regulating task-dependent changes in gamma oscillations. 

Furthermore, neuropsychiatric disease associated with deficits in PFC gamma 

synchrony, including schizophrenia and depression, are currently treated with 

medications that have high affinity for serotonin receptors (Meltzer and Massey, 2011). 

Overall, this suggests that serotonergic modulation of gamma oscillations is important 

for prefrontal function; however, the cellular mechanisms by which 5HT modulates 

gamma oscillations remain elusive. 

Gamma oscillations are orchestrated by cortical fast-spiking interneurons (FSIs; 

Cardin et al., 2009; Sohal et al., 2009, Bartos et al., 2007, Bartos et al., 2002, Galarreta 

and Hestin, 2001). In contrast to neighboring excitatory cells, FSIs resonate intrinsically 

in the 30-50 Hz range (Bracci et al., 2003; Fellous et al., 2001; Pike et al., 2000). In turn, 

FSIs are more likely to generate action potentials in response to gamma-modulated 

sinusoidal waveforms (Pike et al., 2000), suggesting that action potential generation in 

FSIs may favor gamma frequency input. This process may be regulated by 5HT. 

Indeed, 5HT can increase FSI intrinsic excitability, as measured at the soma (Weber 

and Andrade, 2010; Zhou and Hablitz, 1999; Zhong and Yan, 2011), but whether this 

also changes how FSIs encode synaptic input is not known.   

 Here, we used patch clamp electrophysiology, glutamate uncaging, optogenetic 

stimulation, and compartmental modeling to investigate how serotonergic modulation of 
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FSIs can regulate the integration of synaptic inputs, particularly at gamma frequencies. 

We found that 5HT enhances the excitability of FSIs due to a depolarization caused by 

a suppression of inward-rectifying potassium channels. Furthermore, we found that this 

reduction of potassium conductance in FSI dendrites increases the time constant of 

synaptic potentials, leading to a selective enhancement of temporal summation of 

gamma frequency inputs. This made FSIs more likely to fire action potentials, 

specifically in response to gamma-frequency inputs, and resulted in more inhibition in 

the gamma frequency band in downstream pyramidal neurons. These results suggest 

that 5HT can play a role in modulating prefrontal circuit activity by enhancing the flow of 

gamma-frequency information through FSIs via modulation of passive membrane 

properties.  

 

2.3 METHODS 

2.31 Electrophysiology 

 Coronal brain slices (250 µm) including medial prefrontal cortex were made from 

adult mice aging 8 weeks or older. We used the following transgenic mouse lines: PV-

Cre (RRID: IMSR_JAX:008069), PV-Cre::Ai14 (RRID:MGI:2176738), and SERT-Cre 

(RRID: IMSR_JAX:014554). All experiments were conducted in accordance with 

procedures established by the Institutional Animal Care and Use Committee and 

Laboratory Animal Resource Center at the University of California, San Francisco. 

Slicing solution was chilled to 4°C and contained (in mM): 234 sucrose, 26 NaHCO3, 11 

glucose, 10 MgSO4, 2.5 KCl, 1.25 NaH2PO4, 0.5 CaCl2, bubbled with 5% CO2/ 95% 

O2. Slices were incubated in artificial cerebrospinal fluid (aCSF) at 32°C for 30 minutes 
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and then at room temperature until recording. aCSF contained (in mM): 123 NaCl, 26 

NaHCO3, 11 glucose, 3 KCl, 2 CaCl2, 1.25 NaH2PO4, 1 MgCl2, also bubbled with 5% 

CO2/ 95% O2.   

 Neurons were visualized using differential interference contrast or DODT contrast 

microscopy on an upright microscope (Olympus). Recordings were made using a 

Multiclamp 700B (Molecular Devices) amplifier and acquired with either pClamp or 

IgorPro (iontophoresis & uncaging experiments). Patch pipettes (2-5 MΩ tip resistance) 

were filled with the following (in mM): 130 KGluconate, 10 KCl, 10 HEPES, 10 EGTA, 2 

MgCl2, 2 MgATP, 0.3 Na3GTP. For some voltage clamp experiments, a cesium based 

internal solution was used that contained (in mM): 130 CsCH4O3S, 4 NaCl, 2 MgCl2, 

10 EGTA, 10 HEPES, 2 MgATP, 0.5 Na3GTP. For recordings of inhibitory postsynaptic 

currents (IPSCs) in pyramidal neurons, a high chloride internal solution was used that 

contained (in mM): 120 CsCl, 15 CsMeSO4, 8 NaCl, 0.5 EGTA, 10 HEPES, 2 MgATP, 

0.5 Na3GTP. All recordings were made at 32-34°C. Series resistance was 

compensated in all current clamp experiments and monitored throughout recordings. 

Recordings were discarded if Rs changed by >25%.  

 Fast-spiking interneurons were identified by fluorescent visualization of td-

Tomato (PV-Cre::Ai14 mice) or mCherry expressed by Cre-dependent viral injection 

(AAV5-hSyn-DIO-hM3D(Gq)-mCherry or AAV-DJ-Ef1a-DIO-mCherry, PV-Cre mice) or 

mCherry driven by the Dlxi12b enhancer (AAV5-Dlxi12b-mCherry, SERT-Cre mice).   

All bath-applied drugs (Tocris) were dissolved in water (3, 15, 30, or 100 µM 5HT, 10 

µM CNQX, 100 µM DL-AP5, 10 µM gabazine, 1 µM CNO, 30 µM ɑ-methyl-5HT, 2 µM 

carbachol) or DMSO (1 µM MDL100907) before being diluted in aCSF. MNI-Glutamate 
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(2.5 mM) was dissolved directly in aCSF as powder. Alexa 488 (Invitrogen) was 

dissolved in water and then diluted to 10µM in internal solution. For experiments 

including iontophoresis, the 5HT or vehicle solutions were made to pH = 4.5 using 10N 

HCl. The experimenter was not blind to pharmacological treatment.  

  

2.32 Viral injection for expression of ChR2 or fluorescent reporter  

 Viral injections were performed using standard mouse stereotactical methods. 

Mice were anesthetized for the duration of the surgery using isofluorane gas. After 

cleaning, an incision was made in the scalp, the skull was leveled, and small burr holes 

were drilled over the brain region of interest using a dental drill. Virus was injected 

through the burr holes using a microinjector (WPI) at a speed of 150 nL/minute and the 

scalp was closed using sutures or tissue adhesive (Vetbond).   

 For expression of ChR2 in serotonergic neurons, we injected a Cre-dependent 

ChR2 virus (AAV5-Ef1a-DIO-ChR2-eYFP, 1 µL) into the dorsal raphe of SERT-Cre mice 

(>p40) and waited 5-15 months for trafficking of ChR2 to the axon terminals in mPFC. In 

these mice, we additionally injected an AAV-Dlxi12b-mCherry virus (750 nL) into the 

mPFC one month before patching to label interneurons for easy identification.  

For stimulation of synaptic inputs into mPFC using ChR2, we injected a ChR2 virus 

driven by the CaMKII promoter (AAV5-CaMKII-ChR2-eYFP, 750 nL) unilaterally into 

PV-Cre::Ai14 mice and patched FSIs in the opposite hemisphere after waiting 4-5 

weeks for expression.   

 For DREADD activation of fast-spiking interneurons, we injected a Cre-

dependent virus expressing the Gq-DREADD (AAV-DJ-Ef1a-DIO-hM3D(Gq) -mCherry, 
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750 nL) or a control fluorophore (AAV-DJ-Ef1a-DIO-mCherry, 750 nL) into PV-Cre+/- 

mice and patched from fluorescent cells after waiting 5 weeks for expression.  

Dorsal raphe injection coordinates were A/P = -4.55, M/L = 0.0, D/V = -3.0. mPFC 

injection coordinates were A/P = 1.7, M/L = +/- 0.3, D/V = -2.75  

  

2.33 ChR2 stimulation  

 We stimulated ChR2 in terminals using 5ms flashes of light generated by a 

Lambda DG-4 (Sutter Instruments) high-speed optical switch with a 300 W Xenon lamp 

delivered through a 470 nm excitation filter. For stimulation of 5HT terminals, light 

flashes were delivered at 10 Hz for 10 seconds through a 40x objective. For stimulation 

of ChR2 from contralateral PFC, we delivered a train of 10 light flashes at 5 Hz.  

  

2.34 Electrical stimulation  

 mPFC synapses were stimulated using an IsoFLEX stimulator (AMPI, 200 µs 

pulse duration) via a bipolar glass stimulation electrode (Sutter) placed within 100 µm of 

the patched cell. A two second stimulus train was delivered where stimulus pulses of 

varying interstimulus intervals (5, 10, 20, 50, 100 ms) were randomly distributed in the 

train.  

  

2.35 Two-photon imaging, glutamate uncaging, and 5HT iontophoresis  

 Neurons were visualized using a two-photon imaging system (Bruker) powered 

by two femtosecond lasers (Coherent, Ultra II) as previously described (Bender and 

Trussell, 2009). Internal solution was supplemented with 10 µM Alexa 488 and dendritic 
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arbors were visualized with an 880 nm excitation source. For local application of 5HT to 

specific neuronal subcompartments or minimal 5HT application during uncaging 

experiments, borosilicate pipettes were filled with 200 mM 5HT in H2O (pH adjusted to 

4.5). Scanning interference contrast images of slice morphology and the iontophoretic 

pipette were acquired with a photomultiplier tube downstream of a 770 nm longpass 

filter. The iotophoretic pipette was positioned upstream of the application site, relative to 

the overall flow of extracellular solution, either directly above the slice, near the 

recorded somata (within 10 µm) for uncaging experiments, or in proximity to a dendrite 

(0-15 µm). 5HT was applied using a 200 nA pulses (40 nA backing current) for 5 

seconds (uncaging) or 50 ms (local iontophoresis) using an ION-100 current generator 

(Dagan).  

 To activate putative synaptic sites along FSI dendrites, 4-methoxy-7-nitroindolinyl 

-caged L-glutamate (MNI-glutamate, 2.5 mM, Tocris) was photolyzed using a 720 nm 

excitation source (0.5 ms duration, power determined empirically to produce 0.5–5 mV 

EPSPs at the soma). Five uncaging locations were chosen on a single dendrite spaced 

1 µm apart. Glutamate was uncaged at each location individually and then at all 

locations together in a burst with varying interstimulus intervals (0.12, 5, 10, 20, 50 ms). 

The sequence of uncaging events always began at the most distal dendritic location, 

approaching the soma serially. Results were averaged over 4-7 repetitions at each 

interstimulus interval before and after iontophoretic 5HT application. Trials in which 

EPSP failures were noted due to preparation drift, or in which spikes were generated, 

were discarded from analysis.  
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2.36 Computational Modeling  

Algebraic model  

 A simple double exponential voltage response (template EPSP) was created 

using the following equation: (1/normfac)* (-exp(-t/tauslow))+ exp(-t/taufast)) where 

normfac = (tauslow/taufast)^(taufast/(taufast-tauslow)) and t is time. The decay tau 

(tauslow) was set to either 15 ms (taubaseline) or 23 ms (tau5HT). The template EPSP 

was convolved 5 times at varying ISIs (0-50 ms). EPSP amplitude was calculated by 

taking the maximum of the convolved trace.  

  

Compartmental model in NEURON  

 Our compartmental neuronal model was adapted from a model FSI from the 

Allen Institute for Brain Science (ID#: 469610831). All channel parameters from this 

model were translated into NEURON and commands were run in the hoc language. The 

original model contained only one mechanism for passive conductance (reversal 

potential e= -61.6229). This single passive mechanism was split into two separate 

mechanisms: K+ (Kpas, eK = -107 mV)  & Na+ passive (Napas, eNa = 53 mV) and the 

values of these conductances (g) were altered while maintaining their relative 

conductances to each other until the resting membrane potential and input resistance of 

the cell matched experimental values. Dendritic diameter was set to 1.5 µm (Gulyás et 

al., 1999) and axial resistance (Ra) was set to 172 (Nörenberg et al., 2010). Five double 

exponential synapses (esyn = 0 mV) were either placed at the midpoint of one dendrite 

(96 µm from soma, 1 µm apart). Synaptic parameters (tau, weight) were modified until 

the EPSP waveform matched experimental data. In some experiments, background 
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synaptic noise was inserted as a point process into a subset of dendrites with a 

stochastic model containing fluctuating excitatory and inhibitory conductances 

(Michalikova et al. 2016). The level of background noise was varied by scaling total 

synaptic conductance to match Rin values obtained during in vivo whole-cell recordings 

of cortical FSIs (Pala & Peterson, 2015). Each model was replicated 10 times with 

random noise. To mimic the effects of 5HT in the model neuron, the conductances of K+ 

channels in the soma (Kpas, Kv3.1, SK) and dendrites (Kpas, Kv3.1, Mv2) were 

reduced by varying percentages (90-30%) and membrane potential and input resistance 

(calculated by Ohm’s law for a -50pA current step) were measured. Synapses were 

stimulated in the model alone or at varying intervals (5, 10, 20, 50ms). Tau of the single 

synaptic response was calculated by fitting an exponential to the decay of the EPSP. 

EPSP amplitude was calculated by taking the maximum of the voltage response.  

  

2.37 Immunohistochemistry  

 Brain slices obtained for electrophysiological recording were drop-fixed in 4% 

paraformaldehyde in phosphate buffered solution overnight, then rinsed with phosphate-

buffered saline (PBS), cryopreserved in 30% sucrose solution in PBS, and then re-

sectioned at 50 µm using a freezing stage microtome. Sections were rinsed in PBS and 

blocked with blocking solution (Fisher B10710) for one hour. Sections were then 

incubated in primary antibodies diluted in 0.2% TritonX-100 in PBS overnight at 4°C. 

The following primary antibodies were used: Rabbit anti-5HT (Immunostar 20080; 

1:500) and mouse anti-GFP (Invitrogen A11120; 1:500). Sections were then rinsed with 

PBS and incubated in secondary antibodies (1:250, Invitrogen: Alexa 405 goat anti-
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rabbit A31556, Alexa 488 goat anti-mouse A11029) for four hours. Finally, sections 

were rinsed and mounted (Fisher P36934). Images were obtained using a high speed 

wide-field microscope (Nikon Ti, with Andor Zyla 5.5 sCMOS) with a 10x/0.45 or 

20x/0.75 (++ 60x) Plan Apo objective. Fiji software was used to make adjustments for 

brightness and contrast. Widefield images were stitched with Fiji.  

  

2.38 Statistical Analysis  

 All data are shown as mean +/- 1 SEM. We used student’s t-test to compare 

pairs of groups if data were normally distributed (verified using Lillie test). If more than 

two groups were compared, we used ANOVA with post-hoc tests between groups 

corrected for multiple comparisons (Tukey). Sample sizes were chosen based on 

current standards in the field. No power analysis was done. 

 

2.4 RESULTS  

2.41 Activating 5HT2A receptors increases FSI intrinsic excitability   

 To determine if 5HT modulated the intrinsic properties of FSIs, we performed 

whole-cell patch clamp recordings of fluorescent neurons in PV-Cre::Ai14 mice and 

applied 5HT (30 µM). 5HT consistently depolarized FSIs by 6.1 ± 1.1 mV, from -71 ± 1.3 

mV to -66 ± 2.2 mV (Figure 2.9B, p < 0.0048, paired t-test 5HT vs. baseline, n=10; 

Figure 2.1C, p = 0.0328, 5HT n=10 vs. time-locked controls n=8, post-hoc Tukey 

comparison after one-way ANOVA with p = 0.0046 ) and increased input resistance by 

31.1 ± 6.0%, from 92.9 ± 11.5 MΩ to 121.6 ± 16.9 MΩ (Figure 2.9C, p = 0.0256, paired 

t-test 5HT vs. baseline, n=10; Figure 2.1D, p = 0.0365 5HT n=10 vs. time-locked 
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controls n=8, post-hoc Tukey comparison after one-way ANOVA with p = 0.004). We 

found this concentration of 30 µM to be sub-saturating, eliciting approximately 80% of 

the maximal response (Figure 2.10). 5HT depolarized FSIs even in the presence of 

ionotropic glutamatergic (10 µM CNQX, 100 µM DL-AP5) and GABAergic (10 µM 

SR95531) antagonists (Figure 2.1C-D, p =0.0427  for Vm & p=0.0496 for Rin, 5HT + 

syn block n=9 vs. time-locked controls n=8, post-hoc Tukey comparison after one-way 

ANOVAs with p = 0.0046 for Vrest and p = 0.0040 for Rin), but effects were blocked 

(n=7) by the 5HT2A antagonist MDL100907 (1 µM, Figure 2.1C-D, p = 0.0238 for Vm & 

p= 0.0258 for Rin, 5HT vs. 5HT + 2A antagonist post-hoc Tukey comparison after one- 

way ANOVAs with p = 0.0046 for Vrest and p = 0.0040 for Rin). Thus, 5HT signals 

through 2A receptors expressed on FSIs.  

 Changes in Vm and Rin can change neuronal firing properties. Indeed, 5HT 

increased spiking in response to somatic current injection (Figure 2.1B; Figure 2.9D, p 

=0.0277 for treatment factor, 5HT vs. baseline in repeated measures two-way ANOVA 

for firing rate vs. current curve with current and treatment as factors, n = 10; 

Supplemental Figure 1F, p = 0.0013, rheobase, 5HT vs. baseline, paired t-test, n = 10). 

No other changes in intrinsic firing properties were noted after 5HT application (Figure 

2.9G-L).   

 Two broad classes of cortical interneurons arise from the medial (MGE) and 

caudal (CGE) ganglionic eminences (Rudy et al., 2011). Interneuron classes that arise 

from the CGE, including CCK and VIP interneurons, have been shown to express 

5HT3A receptors exclusively (Lee et al., 2010); however, It is unclear whether the other 

major MGE-derived class, somatostatin-expressing interneurons (SOM), express 
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5HT2A receptors. Therefore, we made similar excitability measurements from 

fluorescently identified SOM+ neurons (Figure 2.11). Intrinsic excitability was unaltered 

by 5HT application (p =0.3374 for Vm & p = 0.1423 for Rin, paired t-test 5HT vs. 

baseline, n=6). Overall, this indicates that FSIs respond to serotonin in a unique 

manner.  

 To determine if activation of endogenous serotonergic fibers could also increase 

FSI excitability in mPFC, we expressed ChR2 in serotonergic neurons in the dorsal 

raphe nucleus. A Cre-dependent virus (AAV5-Ef1a-DIO-ChR2-eYFP) was injected into 

SERT-Cre mice, which express Cre-recombinase under the promoter for the serotonin 

transporter (Figure 2.1E). Immunohistochemistry confirmed that both ChR2 expressing 

cells in the DRN and axon terminals in mPFC contained 5HT (Figure 2.1E). After 

waiting 5+ months for trafficking of ChR2 to prefrontal terminals, whole-cell recordings 

were made from prefrontal FSIs and serotonergic terminals were stimulated with 

rhythmic flashes of light (470nm, ~2mW, 5ms flashes, 10Hz for 10 seconds). 

Endogenous 5HT release increased FSI firing rate from 10.9 ± 3.8 Hz to 29.8 ± 6.8 Hz 

(Figure 2.1F, p = 0.0345, during stimulation vs. before stimulation, paired t-test, n = 7), 

This increase was blocked by the 5HT2AR antagonist MDL100907 (Figure 2.1G, 1 µM, 

p = 0.32, during stimulation vs. before stimulation, paired t-test, n = 5).  

 Membrane depolarization can increase excitability and, therefore, neuronal firing 

in response to synaptic inputs. To further investigate effects of 5HT on FSI responses to 

synaptic inputs (as opposed to somatic current injection), we optogenetically activated 

glutamatergic inputs from contralateral mPFC while recording from FSIs (Figure 2.1H-I, 

470nm, ~2mW, 5ms flashes, 10 flashes at 5Hz). 5HT application increased the number 
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of spikes elicited by each light flash (Figure 2.1J, p < 0.0001 for both treatment and 

flash number in repeated measures two-way ANOVA, p < 0.0001 for the interaction 

term, p < 0.05 for flashes 1-8 5HT vs. baseline post-hoc comparison Bonferroni 

correction, n = 9).  

 By increasing membrane resistivity, 5HT could affect how synaptic inputs are 

filtered along FSI dendrites. To test this hypothesis, we delivered single light flashes at 

lower light power (~0.5–1mW) and recorded excitatory post-synaptic potentials (EPSPs) 

before and after 5HT application (Figure 2.1I bottom). Interestingly, EPSP amplitude did 

not change (Figure 2.1K, p = 0.1980, paired t-test 5HT vs. baseline, n = 7, Figure 2.1H). 

However, EPSPs decayed more slowly following 5HT application (Figure 2.1L, decay 

tau: baseline 10.4 ± 1.2 ms, 5HT: 17.4 ± 3.5 ms, p = 0.0367, same analysis, n = 7).  

  

2.42 5HT decreases inward-rectifying potassium channel function  

 5HT could modulate FSI intrinsic properties by regulating membrane ion 

channels. Specifically, a decrease in the overall potassium conductance, either through 

a direct effect on the channel or through channel internalization, would explain both of 

our observations: a depolarization of Vm and an increase in Rin. To determine whether 

5HT altered K+ channel function, we made voltage clamp recordings during a 

membrane potential ramp from -130 mV to -50 mV over 3 seconds. We measured the 

total whole-cell current throughout the ramp before and after 5HT application (Figure 

2.2A top). 5HT decreased the slope of the I-V curve (p = 0.0370, paired t-test 5HT vs. 

baseline, n = 7), indicating a decrease in membrane conductance. By subtracting the 

baseline I-V curve from 5HT, we calculated the I-V curve for the current modulated by 
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5HT (Figure 2.2A bottom). This current displayed inward rectification and reversed at -

99 ± 4.7 mV, very close to the predicted reversal potential for K+ in our preparation (-

101 mV). Both the 5HT-mediated current (p = 0.0007, KGluc + MDL100907 vs. KGluc, 

post-hoc Tukey multiple comparison test with one-way ANOVA with p <0.0001, Figure 

2F) and I-V curve slope change (p = 0.0401, same analysis, Figure 2.2E) were 

abolished (n=3) with pre-application of MDL100907 (1 µM) (Figure 2.2B).  

 5HT-sensitive currents reversed at potassium equilibrium and were smaller in the 

outward direction, suggesting that 5HT modulates an inward rectifying K+ channel. To 

test this, we first repeated voltage ramps using a cesium-based internal solution to block 

K+ channels (Figure 2.2C). Both the 5HT-mediated current (p < 0.0001, CsMe vs. 

KGluc, ANOVA with post-hoc Tukey multiple comparison test, Figure 2.2F) and 

changes in I-V curve (p < 0.0069, same analysis, Figure 2.2E) were absent (n=6) in 

these conditions. Secondly, we switched back to a K-based internal solution and 

blocked inward-rectifying K+ channels using Ba+ (Figure 2.2D) at a concentration that 

fully blocks Kir ion flux across the entire voltage range of the ramp (400 µM, Alagem et 

al., 2001). Again, both the I-V curve changes (p < 0.0001, BaCl2 vs. KGluc, ANOVA 

with post-hoc Tukey multiple comparison test, Figure 2.2E) and the 5HT-mediated 

current (p = 0.0107, same analysis, Figure 2.2F) were blocked (n=5). Thus, 5HT 

reduces the conductance of inward rectifying potassium channels in FSIs.  

 Reducing K+ conductance in a compartmental model of a fast-spiking 

interneuron (Figure 2.3A) also increased Vm and Rin (Figure 2.3B); a reduction of gK by 

60-70% across the cell was sufficient to recapitulate our experimental data. However, 

increased cable filtering and prolonged synaptic decay (tau) is likely due to reduction of 
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K+ channel conductance specifically in the dendrites. Indeed, when K+ channel 

conductance was systematically reduced in different subcompartments (Figure 2.3C 

soma only, 3D dendrites only, 3E both soma & dendrites), only dendritic reduction of gK 

resulted in an increase in synaptic time constant (Figure 2.3G). Interestingly, consistent 

with our experimental observations during optogenetic stimulation of inputs to FSIs 

(Figure 2.1L), no manipulation of gK affected EPSP amplitude in our model (Figure 

2.3F).  

 This last observation can be understood using a simple computational model as 

follows. According to Ohm’s law, increasing Rin might be expected to elicit an increase 

in EPSP amplitude (Vsyn=IsynRin). However, this could be countered by a decrease in 

driving force (Vm-Esyn) if the membrane depolarization from 5HT was sufficiently large. 

In fact, in our compartmental model, reducing the dendritic gK to mimic the 

experimentally observed effects of 5HT on somatic Vm and Rin caused a decrease in 

the EPSP amplitude and synaptic current when measured at the dendrite (90% of 

baseline amplitude, Figure 2.12A-C), indicating that this reduction in driving force 

dominates the dendritic response to synaptic stimulation. However, due to the increase 

in Rin, the dendritic EPSP also attenuates less as it travels towards the soma such that 

the EPSP amplitude, measured at the soma, is ultimately unchanged by this 

manipulation. As such, the effects of reducing dendritic gK on EPSP amplitude and tau 

should depend on the distance of the synapse from the soma (Figure 2.12D). Indeed, in 

our model, placing the synapse closer to the soma (< 100 µm) and reducing dendritic 

gK to match the observed effects of 5HT on Vm and Rm slightly reduced the somatic 

EPSP amplitude (Figure 2.12E). By contrast, moving the model synapse further out 
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along the dendrite (100-150 µm) did not affect the EPSP amplitude, presumably 

indicating that for a range of dendritic locations, the effects on driving force and EPSP 

attenuation cancel out. At distances furthest from the soma (> 150 µm), somatic EPSP 

amplitude was increased after reducing gK. We did consistently observe an increase in 

EPSP tau especially when the model synapse was placed far from the soma (Figure 

2.12F). These results from our computational model provide simple intuition as to how 

5HT can modulate the EPSP decay without affecting EPSP amplitude.  

 Since our modeling results suggest that 5HT acts mainly to suppress K+ 

channels located in the dendrites, we decided to test this experimentally by delivering 

5HT exclusively to the dendrites using local iontophoresis under two-photon guidance 

(Figure 2.4A). 5HT significantly increased FSI firing rate when applied immediately 

adjacent to a dendrite (Figure 2.4B, p = 0.0013, before iontophoresis vs. after 

iontophoresis, paired t-test, n=9). By computationally filtering out spikes from our traces, 

we determined that dendritic iontophoresis of 5HT elicited a 1.19 ɑ 0.69 mV 

depolarization of the soma (Figure 2.13A-B). By applying this same filtering technique to 

spike trains elicited by somatic current injection, we found that a somatic depolarization 

of 2.63 ɑ 1.57 mV of FSIs was sufficient to cause an increase in firing rate comparable 

to that observed by dendritic iontophoresis of 5HT (Figure 2.13C). This effect 

disappeared when the iontophoretic pipette was withdrawn from the dendrite (Figure 

2.4C-D, p = 0.14, same analysis, n=7). By placing the iontophoretic pipette at varying 

distances from the dendrite, we determined that 5HT only increased firing rate when the 

pipette was  < 5 µm away (space constant = 3.13 µm, Figure 2.4E). All iontophoretic 

sites were > 30 µm from the soma (Figure 2.4F), confirming that effects are due to local 
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action of 5HT at receptors on the dendrite and not due to diffusion of 5HT to the soma.  

  

2.43 5HT enhances the temporal integration of inputs at gamma frequencies  

 By prolonging the decay of synaptic potentials, 5HT could enhance the 

integration of multiple synaptic inputs within FSI dendrites. For example, 5HT could 

improve summation of a second EPSP that arrives during the period of prolonged decay 

(~10-20 ms after the first input, Figure 2.1I). This suggests that 5HT might promote 

temporal summation (and spike output) in response to inputs arriving specifically in the 

50 to 100 Hz range (i.e., in line with the prolonged decay), To test this, we first 

mimicked glutamatergic input onto FSI dendrites using 2-photon flash photolysis of 

caged-glutamate, as this technique allows precise control of the position and timing of 

synaptic activity. Slices were bathed in MNI-glutamate (2.5 mM), and glutamate was 

released at five specific sites (~1 µm apart) on FSI dendrites (720 nm 2-photon 

excitation, 0.5 ms pulses, Figure 2.5A). EPSPs were recorded at the soma before and 

after 5HT application (applied via iontophoresis directly above the slice for 5 seconds). 

5HT delivered in this manner produced increases in membrane potential, input 

resistance, and firing rate comparable to bath application (Figure 2.14). Consistent with 

ChR2 synaptic stimulation experiments (Figure 2.1H-L) and compartmental modeling 

(Figure 2.3), 5HT did not affect single EPSP amplitude (Figure 2.5C, p = 0.45, 

normalized change in amplitude: Post/Pre, one-sample t-test vs. 1, n = 39 dendrites, 25 

cells). However, 5HT did increase the time constant of the EPSPs from 14.7 ± 0.6 ms to 

18.6 ± 1.0 ms (Figure 2.5D, p = 0.0002, change in tau: Post – Pre, one-sample t-test vs. 

0, n = 39 dendrites, 25 cells). As with ChR2 synaptic stimulation, changes in EPSP 
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decay peaked 10-20 ms after stimulation (Figure 2.5E), suggesting that the summation 

of synaptic inputs arriving within this time window may be preferentially enhanced by 

5HT.  

 To examine frequency-specific effects of 5HT on temporal summation, we 

uncaged glutamate at all five sites using varying inter-stimulus intervals (0.12, 5, 10, 20, 

50 ms, Figure 2.5F), and measured the amplitude of the last EPSP as well as the total 

integrated EPSP area. As predicted, 5HT significantly promoted summation, specifically 

at the 10ms (p = 0.05, change in 5th EPSP amplitude: 5HT/Baseline, one-sample t-test 

vs. 1, n = 26 dendrites, 18 cells; p = 0.0062, change in area under curve: 5HT/Baseline, 

one-sample t-test vs. 1, n = 26 dendrites, 18 cells, Figure 2.5H) and 20ms intervals (p < 

0.05, change in 5th EPSP amplitude, same analysis as above, n = 29 dendrites, 20 

cells, Figure 2.5G; p = 0.0171, change in area under curve, same analysis as above, n 

= 29 dendrites, 20 cells, Figure 2.5H). Thus, by slowing the decay of synaptic potentials, 

5HT promotes summation of gamma frequency inputs.  

  

2.44 Computational models reproduce frequency-specific enhancement of 

summation by 5HT  

 To determine if the change in synaptic decay could fully account for the observed 

differences in temporal summation, we first used a simple algebraic model to explore 

the effect of changing the synaptic time constant independent of changes in membrane 

potential and resistivity. After creating an EPSP template using a double exponential 

equation, the decay time constant was altered to mimic the effect of 5HT (taubaseline = 

15 ms, tau5HT = 23ms) and five template EPSPs were convolved at varying intervals (0 
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– 50 ms). Consistent with experimental data, changing the tau of the EPSP decay 

promoted summation of inputs at 10-20 ms intervals more than other frequencies 

(Figure 2.6B).  

 We then implemented this change in tau in the FSI compartmental model by 

reducing gk in all compartments. To simulate our two-photon uncaging experiment, five 

model synapses along a single dendrite (1 µm apart, Figure 2.6C) were stimulated 

using varying interstimulus intervals (Figure 2.6E). A 70% reduction in gK throughout 

the neuron changed Vm, Rin, and tau by an amount comparable to the experimental 

effect of 5HT (Figure 2.6D). Furthermore, in the model, the reduction in gK and resultant 

change in tau could reproduce the frequency-specific enhancement of summation 

observed in our uncaging experiments. Specifically, inputs arriving within 10-20 ms 

were summated preferentially, as compared to higher (0-5 ms ISI) or lower (50 ms ISI) 

frequencies. Preferential summation at 10-20 ms ISIs was observed even when we 

varied synaptic strength, synapse placement on the dendritic arbor, or number of 

synapses recruited (Figure 2.15). While the same general effect was observed when all 

synapses were clustered onto the soma, we found that peak amplitudes were 

attenuated, likely due to reductions in driving force from membrane depolarization 

(Figure 2.15B-C).  Next, we included random background synaptic noise to reduce Rin 

and more closely simulate in vivo conditions. For these experiments, we included 

randomly fluctuating noise conductances that modeled both excitatory and inhibitory 

conductances on a subset of dendrites and stimulated synapses at baseline and after 

reducing K+ conductance by 70%. As expected, inclusion of noise reduced the 

measured input resistance (Figure 2.16). But even when Rin was reduced up to 33%, 
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summation remained tuned to enhancements for 10 - 20ms (Figure 2.16D). These 

values encompass those measured in vivo (47 MΩ; Pala et al., 2015), suggesting that 

serotonin enhances frequency-specific summation over a broad range of background 

activity levels.  

  

2.45 FSIs preferentially spike in response to gamma frequency inputs with 5HT  

 Preferential summation of gamma-frequency inputs could, in turn, promote 

gamma-specific FSI output. To isolate the intrinsic effect of 5HT in FSIs and avoid any 

potential off target effects of 5HT modulation at other loci within the prefrontal 

microcircuit, we took a chemogenetic approach, expressing the Gq-coupled designer 

receptor hM3D (AAV-DJ-Ef1a-DIO-h3MD(Gq)-mCherry), which is activated by the 

exogenous ligand clozapine-N-oxide (CNO), or a control fluorophore virus (AAV-DJ-

Ef1a-DIO-mCherry) in FSIs using PV-Cre+/- mice. CNO had no effect on Vm  or Rin in 

FSIs expressing only the control fluorophore (Figure 2.17). However, in FSIs expressing 

the Gq-DREADD receptor, CNO application increased Vm (Figure 2.7C; p < 0.0001, 

paired t-test CNO vs. baseline, n=7), Rin (Figure 2.7D; p = 0.0004, paired t-test CNO 

vs. baseline), and spiking (Figure 2.7B) in FSIs, and produced similar changes in Kir 

function (Figure 2.7E-F), suggesting that hM3D receptors can co-opt signaling pathways 

downstream of 5HT2A receptors and mimic the effects of 5HT on FSI physiology.   

 We delivered a train of randomly distributed electrical stimuli (Figure 2.8G-H) 

using predefined ISIs (5, 10, 20, 50, 100 ms) through a local stimulating electrode. 

Again, we observed no measurable change in single EPSP amplitude (p = 0.1285, 

paired t-test CNO vs. baseline, n=7). Interestingly, CNO application mainly enhanced 
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EPSPs following ISIs of 10 or 20 ms (p = 0.0384 for 10ms and p = 0.0460 for 20ms, 

normalized change in EPSP integral: CNO/baseline, one sample t-test vs. 1, n = 7, 

Figure 2.7H). The increased summation at these frequencies translated into an increase 

in the probability of firing in response to inputs after 10 ms ISIs. Specifically, CNO 

increased the percentage of spikes that occurred after stimulation with 10 ms ISI 

compared to other frequencies (p < 0.0001 for treatment in ANOVA, p = 0.0022 for 10 

ms vs. 20 ms, p < 0.0001 for 10 ms vs. 50 ms, p = 0.0039 for 10ms vs. 100 ms, post-

hoc comparison with Tukey’s correction, Figure 2.7I). While the Gq-DREADD activates 

the same downstream signaling cascades, it is not clear if its localization is similar to 

that of endogenous 5HT2A receptors. Therefore, we performed similar experiments 

using a selective 5HT2A agonist ɑɑ-methyl-5HT (30 µM). Effects on FSI Vm (p = 

0.0019, paired t-test baseline vs. ɑ-methyl-5HT, n=5) and Rin (p = 0.0138, paired t-test 

baseline vs. ɑ-methyl-5HT, n=5) were similar with ɑ-methyl-5HT as with endogenous 

5HT and Gq-DREADD activation with CNO (Figure 2.18B-C). As in other experiments, 

we found that ɑ-methyl-5HT did not change the amplitude (p = 0.9591, paired t-test 

baseline vs. ɑ-methyl-5HT, n=5, Figure 2.18D), but did increase the decay time (p = 

0.0328, paired t-test baseline vs. ɑ-methyl-5HT, n=5, Figure 2.18E) of subthreshold 

EPSPs. Furthermore, we replicated our earlier findings and found that 5HT2AR 

agonism increased the percentage of spikes that occurred after stimulation with 10 ms 

and 20 ms ISIs compared to other frequencies (p < 0.001 for treatment in ANOVA, p = 

0.002 for 10 ms vs. 50 ms, p = 0.0015 for 10 ms vs. 100 ms, p = 0.0126 for 5 ms vs. 20 

ms, p = 0.002 for 20ms vs. 50 ms & 100 ms post-hoc comparison with Tukey’s 

correction, 6 cells, Figure 2.18D). Thus, serotonergic signaling in FSIs seems to 
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specifically enhance the ability of these cells to respond to gamma-frequency input.  

 Due to heavy reciprocal connectivity, FSIs are able to entrain the synchronous 

firing of neighboring interneurons and pyramidal cells, and an increased probability of 

firing in response to gamma frequency inputs in FSIs could promote gamma frequency 

inhibition in the prefrontal cortical microcircuit. Therefore, we recorded spontaneous 

inhibitory postsynaptic currents (IPSCs) in pyramidal neurons in an “active” slice 

preparation (2 µM carbachol) at baseline and after Gq-DREADD activation in FSIs with 

CNO (Figure 2.8A-B). We found that CNO dramatically increased the number of IPSCs 

recorded (p = 0.0433 paired t-test CNO vs. baseline, 5 cells, Figure 2.8C), indicating an 

overall increase in inhibition. Interestingly, we also found that the frequency of IPSCs 

shifted toward inter-event intervals of 10-20 ms (Figure 2.8D), corresponding to an 

increase in the probability of gamma frequency inhibitory events (Figure 2.8E). Thus, we 

conclude that 5HT increases gamma frequency inhibition in the prefrontal network.  

  

2.5 DISCUSSION  

 Here, we provide a detailed examination of how changes to passive membrane 

properties by a neuromodulator alter temporal integration by a neuron. We find that by 

closing potassium channels, serotonin not only increases the excitability of FSIs, but 

also promotes synaptic integration in a frequency-specific manner, leading to 

preferential enhancement of responses to gamma frequency inputs, both in terms of 

EPSP summation, spiking, and network inhibition.  

  

2.51 5HT increases FSI excitability by altering intrinsic properties  
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 We described the detailed cellular mechanism through which 5HT modulates FSI 

activity in the mPFC. Previous slice physiology studies showed that 5HT or a 5HT2A 

agonist could increase the frequency of spontaneous inhibitory post-synaptic currents 

(sIPSCs) recorded in pyramidal neurons (Weber and Andrade, 2010; Zhou and Hablitz, 

1999) and that 5HT increased firing of FSIs (Weber and Andrade, 2010; Zhong and 

Yan, 2011). Here, we showed that 5HT increased FSI input resistance, membrane 

voltage, and AP excitability in response to both somatic current injection (Figure 2.1B, 

Supplementary Figure 2.1D) and optogenetically-evoked synaptic input (Figure 2.1H-L). 

These changes in intrinsic properties reflect the reduction of an inward-rectifying 

potassium conductance in FSIs (Figure 2.2). These data may provide mechanistic 

insight into a previously observed increase in presynaptic facilitation of inhibitory 

glycinergic synapses (Mintz et al., 1989). Our results are in contrast to one study that 

found that 5HT differentially increases or decreases firing of distinct subpopulations of 

FSIs in vivo (Puig et al., 2010). However, these experiments were performed in a 

different species (rat) and in a more dorsolateral brain region (M2). Furthermore, 

systemic 5HT antagonists in that study could have influenced other cells in the network 

such that the observed effects may not reflect direct actions on FSIs.  

  

2.52 5HT promotes temporal summation of inputs arriving at gamma frequency by 

prolonging EPSP decay  

 Compared to neighboring pyramidal cells, which can respond to synaptic input 

with the generation of dendritic superlinearities (Stuart & Spruston, 2015), FSI dendrites 

tend to function more as passive filters (Abrahamsson et al., 2012). As such, changes in 
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passive membrane properties can have significant effects on integration in FSIs. Here, 

5HT-mediated suppression of dendritic Kir conductances prolonged the decay of 

synaptic potentials without changing EPSP amplitude (Figure 2.1K-L, Figure 2.5A-E). 

This provides a mechanism for promoting the summation of inputs arriving during the 

period of prolonged decay, and specifically enhancing high gamma frequency (50-100 

Hz) inputs, as compared to input at other frequencies. FSIs also exhibit subthreshold 

resonance around 30 Hz (Bracci et al., 2003; Fellous et al., 2001; Pike et al., 2000) and 

network models show that this membrane resonance contributes to network gamma 

oscillations (Moca et al., 2014). Furthermore, FSIs show enhanced firing in response to 

gamma frequency modulation of sinusoidal current injected into the soma (Pike et al., 

2000). However, no studies have explored whether synaptic integration in FSIs also 

favors gamma frequency inputs. Here, we show that the enhanced temporal integration 

of gamma frequency inputs elicited by 5HT also translates to a greater probability of FSI 

spiking by using a Gq-DREADD expressed exclusively in PV cells (Figure 2.7F-I). By 

enhancing summation of inputs at these frequencies, 5HT could further enhance an 

intrinsic preference for FSIs to fire at gamma frequencies, and thus regulate the power 

of gamma oscillations.  

  

2.53 Implications for serotonergic regulation of prefrontal circuit activity  

 FSIs play a critical role in shaping cortical circuit activity. With abundant 

reciprocal connections and highly divergent synapses onto principal pyramidal cells, 

FSIs are able to precisely control the timing of spike discharges of large populations of 

cortical neurons (Bartos et al., 2007, McBain and Fisahn, 2001, Tamas et al., 2000). 
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These properties endow FSIs with the ability to orchestrate network oscillations (Cardin 

et al., 2009; Sohal et al., 2009), specifically in the gamma frequency range, which have 

been suggested to be important for information encoding (Buzsáki and Chrobak, 1995). 

A previous study (Puig et al., 2010) found that electrical stimulation of the dorsal raphe 

of rat both increased and decreased the activity of distinct populations of FSIs in 

secondary motor cortex via 5HT2A and 5HT1A receptors respectively. Furthermore, this 

group found that blocking 5HT2ARs decreased the power of gamma oscillations, 

suggesting that 5HT2AR activation could contribute to increases in gamma oscillatory 

power. In our preparation, we did not find distinct subpopulations of FSIs with differential 

responses to 5HT; all recorded FSIs displayed an increase in membrane potential, input 

resistance, and excitability. Therefore, by regulating the temporal summation of inputs 

to FSIs and resulting FSI spiking, serotonergic actions on FSI dendrites may provide a 

substrate for regulating the power or frequency of network oscillatory activity, thereby 

enhancing information transfer to downstream structures (Sohal et al., 2009). Future 

studies should examine the effect of 5HT on FSI activity and gamma oscillations in vivo.  

 Serotonin plays a complex role in prefrontal circuits and has been implicated in a 

wide array of prefrontal cognitive tasks from rule shifting (Clarke et al., 2007, 2004; 

Baker et al., 2011) and executive control (Koot et al., 2012; Carli et al., 2006) to working 

memory (Williams and Rao, 2002) and social cognition (Passamonti et al., 2012). While 

we focus here on the role of 5HT on FSIs, 5HT receptors are also expressed on 

pyramidal neurons (Araneda and Andrade, 1991, Avesar and Gulledge, 2012) and 

5HT3a-expressing interneurons, including VIP, CCK, and others (Puig and Gulledge, 

2011). Thus, it will be interesting in future studies to determine whether serotonergic 
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regulation of one or all of these populations is important for its behavioral effects.  

  

2.54 Clinical Relevance  

 Prefrontal dysfunction is etiological to many major psychiatric disorders, including 

schizophrenia and depression (Drevets et al., 2008). Moreover, current treatments for 

these disorders often target serotonergic transmission. Selective serotonin reuptake 

inhibitors (SSRIs) remain the most commonly used treatments for depression (Risch 

and Nemeroff, 1992; Willner, 1985) and second-generation antipsychotics used in 

schizophrenia block the 5HT2A receptor with high affinity (Meltzer et al., 2003, Meltzer 

and Massey, 2011). Classic hallucinogens such as lysergic acid diethylamide (LSD) 

activate the 5HT2A receptor (Titeler et al., 1988), implicating it in psychosis. 

Additionally, patients with schizophrenia show lower levels of the 5HT2A receptor in 

PFC (Arora and Meltzer, 1991; Selvaraj et al., 2014).  

 Impairments in FSI function and gamma rhythms may also be involved in the 

pathophysiolology of schizophrenia (Gonzalez-Burgos et al., 2010, Gonzalez-Burgos et 

al., 2015; Lewis et al., 2005; Uhlhaas and Singer, 2010). Previous work from our group 

showed that optogenetic activation of FSIs at gamma frequency is able to rescue 

impairments in cognitive flexibility in mice that model key aspects of schizophrenia (Cho 

et al., 2015). Furthermore, treatment with antipsychotic drugs that act on 5HT receptors 

can reduce gamma power (Schulz et al., 2012). The precise relationship between 5HT, 

prefrontal FSIs, and schizophrenia is still unclear. However, the findings of this study 

may contribute to understanding clinical actions of second-generation antipsychotics 

through their actions on prefrontal FSIs. 



 38 

2.6 FIGURES 

 
Figure 2.1. Serotonin alters intrinsic properties to increase FSI excitability.   
A) Experimental design: we recorded from fast-spiking interneurons labeled in a PV-
Cre:: Ai14 in mPFC (top). Images of a recorded neuron in DIC and showing tdTomato 
expression (bottom). B) Example FSI responses to hyperpolarizing (-200 pA) and 
depolarizing (50 pA above rheobase) current steps at baseline and after application 
(Post, 10 min after drug wash in) of 5HT (30µM, blue), 5HT + synaptic blockers (10 uM 
CNQX, 100 uM DL-AP5, 10 uM gabazine, green), 5HT + synaptic blockers + 5HT2A 
antagonist (1uM MDL-100907, purple), or time-locked control aCSF (gray). C-D) 
Subtracted change in membrane potential (C) and percent change in input resistance 
(D) after pharmacological manipulations listed above. E) Experimental design: Cre-
dependent ChR2 was injected into the dorsal raphe of SERT-Cre mice. Top and bottom 
rows: Images of ChR2 expression and 5HT immunohistochemistry in dorsal raphe 
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injection side (top) and mPFC recording site (bottom). Confocal images of ChR2 
(green), 5HT immunohistochemistry (red), and merged. Yellow sections indicate 
overlap. Arrows point to examples of overlap. F) Top: FSIs in mPFC were injected with 
light depolarizing current to elicit spiking and ChR2 expressing terminals were activated 
with blue light (10 Hz, 10 s) to release endogenous 5HT (top). Bottom: Peristimulus time 
histograms of FSI firing rate during current step with ChR2-activated release of 5HT G) 
These experiments were repeated after washing in a 5HT2A antagonist (1 uM 
MDL100907). H) Experimental design: ChR2 was injected into one hemisphere of 
mPFC and FSIs were patched on the opposite hemisphere. I) Example traces of FSI 
responses at baseline (black) and after 5HT (blue) in response to activation of synaptic 
inputs from ChR2-expressing terminals with either a train of blue light pulses (5 Hz, 2 
mW, top) or single light flashes (0.5-1 mW, bottom). J) Number of spikes fired in 
response to each light flash in the stimulus train depicted before and after application of 
5HT. K-L) Change in amplitude (K) and decay time constant (tau, L) of synaptic 
responses before (black) and after 5HT (blue). * p < 0.05, ** p < 0.01  
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Figure 2.2. 5HT reduces conductance through inward rectifying potassium 
channels.  
A-B) Top: Current recorded during a voltage ramp (3 seconds) from -150mV to -50mV 
before (black) and after 5HT (blue) using KGluconate in the internal solution (A) and 
with pre-application of the 5HT2A antagonist MDL100907 (1 µM). Bottom: The raw 
currents from the I-V curves subtracted from each other to show the current modulated 
by 5HT. C) Top: Current in response to voltage ramp using CsMe internal solution to 
block K+ channels. Bottom: 5HT mediated current. D) Top: Current in response to same 
voltage ramp with barium chloride (400 µM) in the bath solution to block inward-
rectifying K+ channels. Bottom: 5HT mediated current. E) The change in slope of the I-V 
curves (change in conductance) from A-D. F) Quantification of charge transfer by 5HT 
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in above conditions, calculated by taking the integral of bottom traces in A-D. * p < 0.05, 
*** p <0.005  
  

 
Figure 2.3. Decreasing dendritic K+ conductance elicits change in tau of synaptic 
responses in a compartmental model.  
A) Morphology of FSI model. Black circle represents location of synapse. B) Change in 
membrane potential (left axis) and input resistance (right axis) in response to reducing 
conductance of K+ channels in both the soma and dendrites of model. Dashed black 
line indicates average effect from experimental data on Vm and Rin in response to 5HT 
application. C-E) Synaptic responses recorded at the model soma after reducing K+ 
conductance by varying amounts (30-80%) only at the soma (C), only at the dendrites 
(D), or at both the soma and dendrites (E). F-G) EPSP amplitude (F) and synaptic time 
constant (G) after reducing K+ conductance in soma (green), dendrites (purple), or both 
(blue).  
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Figure 2.4. Local 5HT iontophoresis at FSI dendrites increases FSI firing.  
A,C) Experimental design: Neurons were patched and filled with Alexa-488. 5HT was 
applied locally to the dendrite using iontophoresis (50 ms) while FSIs were injected with 
a small amount of depolarizing current to elicit spiking. DIC and overlaid fluorescent 
images with iontophoretic pipette adjacent to (A) or withdrawn from (C) dendrite. B,D) 
Firing rate in response to current injection with local 5HT iontophoresis adjacent to 
dendrite (B) or withdrawn from dendrite (D). E) Change in firing rate with iontophoresis 
(FR 1 sec before ionto pulse subtracted from FR after ionto pulse) at different distances 
from the dendrite. Solid black line in exponential fit to data. Space constant is 3.13 µm. 
F) Distances of iontophoretic sites from the soma.  
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Figure 2.5. 5HT promotes integration of synaptic inputs in a frequency-specific 
manner.  
A) Experimental design: Slices were bathed in a caged glutamate compound (MNI-
Glutamate 2.5 mM) that is only biochemically active with photolysis. Glutamate was 
uncaged at 5 locations (1 µm apart) on a dendrite individually and then at all five 
together with varying interstimulus intervals (0.12, 5, 10, 20, 50 ms). B) Amplitude-
normalized EPSP in response to single uncaging events before (black) and after 
application of 5HT (blue). C) Ratio of EPSP amplitudes (5HT / baseline) for single 
uncaging events (averaged per dendrite). Dotted line indicates no change. D) Change in 
synaptic decay time constant (tau) of single uncaging events (averaged per dendrite) 
before and after 5HT. Dotted line indicates no change. E) Difference of 5HT and 
baseline EPSP traces in B. F) Example compound EPSPs in response to uncaging at 
all five dendritic locations at varying interstimulus intervals (0.12, 20, 50ms). G-H) Ratio 
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of 5th EPSP amplitude (G, 5HT/Baseline) and charge transfer (H, 5HT/Baseline 
integral) for different interstimulus intervals. * p < 0.05, ** p < 0.01  
  

 
Figure 2.6. Modeling indicates that changing tau and reducing K+ conductance 
can modulate temporal summation.  
A) Experimental design: Single EPSPs were modeled using a double exponential with 
two different decay constants (taubaseline = 15 ms, tau5HT = 23 ms) to match the 
change in tau observed with 5HT application. These template EPSPs were convolved 
five times with varying intervals (ISI). Example traces shown here of single EPSP, 20 
ms ISI, and 50ms ISI with baseline tau (black) and 5HT tau (blue). B) The ratio of 
amplitude of the 5th EPSP (slow tau / fast tau) as a function of interval. C) Morphology 
of FSI model. Purple circles represent location of synapses. D) Comparisons of model 
(blue) and experimental (black) intrinsic properties at baseline (circles) and after 
manipulations (blue = model: reducing gK by 70%, black = experimental: application of 
5HT). E) Synapses in model were stimulated at variable interstimulus intervals (ISI). 
Example traces for compound EPSPs with 0 ms, 20 ms, and 50 ms ISIs at baseline 
(black) and after reducing gK by 70% (blue). F) The ratio of amplitude of the 5th EPSP 
(reduced gK / baseline) as a function of ISI.   
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Figure 2.7. Mimicking 5HT effects elicits preferential firing to gamma frequency 
inputs in FSIs.   
A) Experimental design:  The Gq-coupled Designer Receptor Exclusively Activated by 
Designer Drugs (DREADD) was expressed specifically in FSIs using a Cre-dependent 
virus injected into PV-Cre mice. FSIs were identified with fluorescence for patching. B) 
Example FSI responses to hyperpolarizing and depolarizing current steps at baseline 
(black) and after application of CNO to activate the Gq-DREADD (1 µM, blue). C) Top: 
Current recorded during a voltage ramp (3 seconds) from -150mV to -50mV before 
(black) and after CNO (blue). Bottom: The raw currents from the I-V curves subtracted 
from each other to show the current modulated by CNO. D-E) Changes in membrane 
potential (D) and input resistance (E) before and after CNO. F) Experimental design: A 
stimulating electrode was placed in the tissue within 100 µm of the recorded FSI and a 2 
second train of randomly distributed stimulating current pulses (200 µs) with varied 
interstimulus intervals (ISIs = 5, 10, 20, 50, 100 ms) was delivered. Example FSI 
responses to stimulus train at baseline (black) and after application of CNO (blue). G) 
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Expanded view of subthreshold responses indicated by dotted box in F. H) Change in 
single EPSP amplitude with CNO I) Normalized change in EPSP integral (CNO / 
Baseline) with CNO application for different ISIs. J) Change in the percentage of all 
spikes occurring at each ISI after CNO. * p < 0.05, ** p < 0.01 *** p < 0.005  
  

 
Figure 2.8. Mimicking 5HT effects in FSIs produces gamma frequency events in 
downstream pyramidal neurons.  
A) Experimental design: The Gq-DREADD was expressed specifically in FSIs using a 
cre-dependent virus injected into PV-Cre mice. Prefrontal slices were bathed in 
carbachol (2 µM) to induce spontaneous background synaptic activity. Non-fluorescent 
pyramidal neurons were chosen for patching using a high chloride internal solution to 
elicit inward IPSCs. CNQX (10 µM) was included in the bath to block AMPA currents. B) 
Example traces of spontaneous IPSCs recorded at baseline (black) and after wash-in of 
CNO (blue_. C) Total number of IPSC events in one minute at baseline and after CNO 
application. D) Probability distribution of inter-event intervals for IPSCs recorded at 
baseline and after CNO. E) Change in probability of inter-event intervals of different 
frequency bands. Theta = 48 Hz, alpha = 8-12 Hz, beta = 13-29 Hz, low gamma =  39-
59 Hz, high gamma = 61-100 Hz. * p < 0.05, ** p < 0.01 *** p < 0.005  
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Supplemental Figures 
 

 
Figure 2.9 – Supplement to Figure 1. Modulation of FSI intrinsic properties by 
5HT.  
A) Membrane potential (left axis) and input resistance (right axis) over time during 
application of 5HT. B-C) Membrane potential (B) and input resistance (C before 
(averaged -5 min to 0 min) and after (averaged 2 to 7 min) application of 5HT. D) FSI 
firing rate in response to depolarizing current steps. E) Single action potential (AP) of a 
recorded FSI. Arrows and dotted lines indicate how measurements were made for the 
rest of the figure panels. F) Rheobase (minimal current needed to elicit spiking) before 
(black) and after 5HT (blue). G) AP halfwidth (time for Vm to rise from point halfway 
between peak and trough to the peak and back to the halfway point) before (black) and 
after 5HT (blue). H) Afterhyperpolarization (membrane potential of AP trough) before 
(black) and after 5HT (blue). I) Spike threshold (determined by max of third derivative of 
membrane potential) before (black) and after 5HT (blue). J) Spike height (difference 
between peak and threshold) before (black) and after 5HT (blue). K) AP rise time (time 
from threshold to peak) before (black) and after 5HT (blue). L) AP fall time (time from 
peak to trough) before (black) and after 5HT (blue). *** p < 0.005  
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Figure 2.10 – Supplement to Figure 1. Dose response for 5HT  
A) Change in membrane potential with various doses of 5HT. 0 mV indicates no 
change. B) Percentage change in input resistance with various doses of 5HT. 100% 
indicates no change.  
  
 
 
 

 
Figure 2.11 – Supplement to Figure 1. 5HT does not change membrane potential 
or input resistance of SOM interneurons.  
A) Experimental design: We recorded from somatostatin (SOM)-expressing 
interneurons labeled in a SOM-Cre:: Ai14 in mPFC. Example somatostatin (SOM)-
expressing interneuron responses to hyperpolarizing and depolarizing current steps at 
baseline (black) and after application of 5HT (blue).  
B-C) Membrane potential B) and input resistance (C) over time during application of 
5HT   
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Figure 2.12 – Supplement to Figure 3. 5HT-induced dendritic depolarization 
reduces synaptic driving force in compartmental model.  
A) Experimental design: Synapse was stimulated on dendrite and response was 
recorded at site of synapse in either voltage clamp or current clamp. B) EPSP traces 
recorded in current clamp at dendrite at baseline and after reducing gK to mimic 5HT. 
C) EPSC traces recorded in voltage clamp at dendrite with varying holding potentials 
and reducing gK. D) Experimental design: Synapse was placed at varying distances 
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from soma (5-200 µm) on a single dendrite and EPSP was recorded at the soma at 
baseline and after reducing gK. E-F) Change in EPSP amplitude (D) and tau (D) due to 
gK reduction as a function of distance from soma are shown.  
 
 
 

  
Figure 2.13 – Supplement to Figure 4. Dendritic 5HT iontophoresis depolarizes 
neuron sufficiently to induce observed change in firing rate.  
A) Average membrane potential recorded at the soma during dendritic iontophoresis 
with spikes removed via median filtering. Blue line indicates time of iontophoresis. B) 
Change in membrane potential in the 2 seconds preceding and following iontophoresis. 
C) Number of spikes fired in response to somatic square current injections versus 
change in membrane potential (computed by removing spikes from traces). Dotted lines 
on the y-axis indicate the firing rates pre (~10 Hz) and post (~18 Hz) iontophoresis. 
Dotted lines on the x-axis display the change in membrane potential required to elicit 
those firing rates. A depolarization of 2 - 3 mV is sufficient to change an FSI’s firing rate 
from 10 to 18 Hz.  
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Figure 2.14 – Supplement to Figure 5. Broad 5HT iontophoresis over the slice 
produces typical 5HT effects.  
A) Experimental design: FSIs were patch clamped and an iontophoretic pipette 
containing 5HT (200 mM, pH = 4.5) or vehicle control solution (aCSF, pH = 4.5) was 
hovered just above the slice. B-D) Left panels: change in membrane potential (B), input 
resistance (C), and firing rate (D) in response to iontophoresis (5 sec) of either 5HT 
(blue) or vehicle control (black) over time. Right panels: Quantification change in 
parameters before (-100 to 0 sec) or after (0 to 150 sec) iontophoresis. * p < 0.05, ** p < 
0.01  
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Figure 2.15 – Supplement to Figure 6. Model is robust to changes in synaptic 
parameters.  
A) Experimental design: Five synapses were placed either on the same dendrite (1 µm 
apart, arrowhead, black), separate dendrites (blue), or soma (green). The synapses 
were stimulated at varying interstimulus intervals (0, 5, 10, 20, 50 ms) and voltage 
responses at the soma were recorded.   
B) The ratio of amplitude of the 5th EPSP (Reduced gK / Baseline) as a function of 
interval for different synapse locations.   
C) Example traces for compound EPSPs with 0 ms, 20 ms, and 50 ms ISIs at baseline 
(black) and after reducing gK by 70% (blue) with synapses placed either on the soma 
(green) or separate dendrites (blue).   
D) The ratio of amplitude of the 5th EPSP (Reduced gK / Baseline) as a function of 
interval for different numbers of synapses (on same dendrite) activated.   
E) The ratio of amplitude of the 5th EPSP (Reduced gK / Baseline) as a function of 
internal for varying synapse weights.  
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Figure 2.16 – Supplement to Figure 6. Background synaptic noise does not 
change summation enhancement.  
A) Experimental design: Synaptic noise was included at various levels in a subset of 
dendrites of the compartmental model and synapses in model (Figure 6C) were 
stimulated at variable ISIs. Example traces for compound EPSPs at baseline (black, 
left) and after reducing gK by 70% (blue, middle) when initial input resistance was 45 
MΩ to closely match in vivo conditions. Gray traces are single example trials. B-C) 
Comparisons of model (colored) and experimental (gray) intrinsic properties at baseline 
(circles) and after manipulations (colored = model: reducing gK by 70%, black = 
experimental: application of 5HT). D) The ratio of amplitude of the 5th EPSP (Reduced 
gK / Baseline) as a function of interval for different levels of synaptic noise to change 
baseline Rin.   
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Figure 2.17 – Supplement to Figure 7. CNO has no effect on FSIs not expressing 
DREADD.  
A-B) Change in membrane potential (A) and input resistance (B) over time with 
application of CNO in FSIs that either express the Gq-coupled DREADD, hM3D(Gq)-
mCherry (blue) or a control fluorophore, mCherry (black). CNO application begins at 
time 0.  
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Figure 2.18 – Supplement to Figure 7. 5HT2A agonist increases probability of FSI 
firing in response to gamma frequency inputs.  
A) Experimental design: A stimulating electrode was placed in the tissue within 100 µm 
of the recorded FSI and a 2 second train of randomly distributed stimulating current 
pulses (200 µs) with varied interstimulus intervals (ISIs = 5, 10, 20, 50, 100 ms) was 
delivered. Example FSI responses to stimulus train at baseline (black) and after 
application of the 5HT2A agonist ɑ-methyl-5HT (blue). B-C) Change in membrane 
potential (B) and input resistance (C) with application of ɑ-methyl-5HT. D-E) Change in 
amplitude (B) and tau (C) for subthreshold events with application of ɑ-methyl-5HT. F) 
Change in the percentage of all spikes occurring at each ISI after CNO. * p < 0.05, ** p 
< 0.01 *** p < 0.005  
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CHAPTER 3  
SEROTONIN 1B RECEPTORS REGULATE PREFRONTAL FUNCTION  

BY GATING CALLOSAL AND HIPPOCAMPAL INPUTS
 

3.1 ABSTRACT 

Both the medial prefrontal cortex (mPFC) and serotonin play key roles in anxiety, 

however, specific mechanisms through which serotonin might act on the mPFC to 

modulate anxiety-related behavior remain unknown. Here, we use a combination of 

optogenetics and synaptic physiology to show that serotonin acts presynaptically via 5-

HT1B receptors to selectively suppress inputs from the contralateral mPFC and ventral 

hippocampus (vHPC), while sparing those from mediodorsal thalamus. To elucidate 

how these actions could potentially regulate prefrontal circuit function, we infused a 5-

HT1B agonist into the mPFC of freely behaving mice. Consistent with previous studies 

that have optogenetically inhibited vHPC-mPFC projections, activating prefrontal 5-

HT1B receptors suppressed theta-frequency (4-12 Hz) mPFC activity, and also reduced 

avoidance of anxiogenic regions in the elevated plus maze. These findings suggest a 

potential mechanism, linking specific receptors, synapses, patterns of circuit activity, 

and behavior, through which serotonin may regulate prefrontal circuit function including 

anxiety-related behaviors. 

 

3.2 INTRODUCTION 

The medial prefrontal cortex (mPFC) is an associational cortical region receiving 

a wide range of inputs from sensory cortices as well as contralateral mPFC, and is 

connected to limbic areas such as thalamus, hippocampus, and amygdala (Ishikawa 

and Nakamura, 2006; Miller and Cohen, 2001; Vertes, 2004; Verwer et al., 1997). 
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Serotonin is believed to play an important role in regulating prefrontal function, since 

mPFC receives dense serotonergic innervation from the raphe nuclei (Groenewegen 

and Uylings, 2000; Hajós et al., 1998). Nevertheless, specific mechanisms through 

which serotonin might act on the mPFC to regulate network function remain largely 

unknown. In mPFC, as well as other forebrain regions, serotonin is generally believed to 

modulate circuit function through postsynaptic effects (Crino et al., 1990; de Almeida 

and Mengod, 2008; Santana et al., 2004). The postsynaptic effects of serotonin are 

mediated in large part by 5-HT1A receptors, such that most prefrontal neurons are 

inhibited by serotonin (Araneda and Andrade, 1991; Béïque et al., 2004; Zhong and 

Yan, 2011). However, serotonin can also regulate presynaptic neurotransmitter release. 

The identity of presynaptically located serotonin receptors remains largely unknown, but 

has been suggested to comprise 5-HT1A, 5-HT1B, and/or 5-HT2A receptors (Murakoshi 

et al., 2001; Tanaka and North, 1993; Troca-Marín and Geijo-Barrientos, 2010; Zhou 

and Hablitz, 1999). 

 Recent studies suggest that the mPFC may guide anxiety-related behaviors 

through interactions with the ventral hippocampus (vHPC) (Ciocchi et al., 2015). 

Specifically, theta-frequency synchronization between these two regions increases in 

aversive environments (Adhikari et al., 2010). At the level of single neurons, mPFC 

neurons that encode aspects of anxiety-related behavior tend to phase-lock to ongoing 

theta-frequency activity in the hippocampus (Adhikari et al., 2011). This suggests that 

vHPC inputs to mPFC may transmit theta-frequency activity that encodes anxiety-

related signals, and indeed, theta frequency activity in the mPFC seems to actively 

inhibit the exploration of anxiogenic regions (Adhikari et al., 2010). Conversely, 
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optogenetically suppressing vHPC inputs to mPFC elicits anxiolytic effects by 

suppressing theta-frequency synchronization between the vHPC and mPFC (Padilla-

Coreano et al., 2016). Thus, if serotonin does act presynaptically to control transmitter 

release, it could potentially gate afferent inputs from limbic regions such as the vHPC to 

mPFC and thereby regulate behavior. 

 To explore such a role for serotonin, we first investigated the effects of serotonin 

receptor activation on callosal, hippocampal, and MD thalamic projections to the mPFC, 

then explored how these synaptic effects might impact circuit physiology and anxiety-

related behavior. We found that by activating presynaptic 5-HT1B receptors, serotonin 

selectively inhibits callosal and hippocampal inputs to mPFC, and that prefrontal 

infusion of a 5-HT1B receptor agonist suppresses prefrontal theta oscillations and elicits 

anxiolytic effects. These findings define – at the levels of synaptic function, in vivo 

electrophysiology, and behavior – a circuit mechanism through which prefrontal 5-HT1B 

receptors can acutely suppress ventral hippocampal inputs and thereby potentially 

regulate theta-frequency activity and anxiety-related behavior. 

 The medial prefrontal cortex (mPFC) is an associational cortical region receiving 

a wide range of inputs from sensory cortices as well as contralateral mPFC, and is 

connected to limbic areas such as thalamus, hippocampus, and amygdala (Ishikawa 

and Nakamura, 2006; Miller and Cohen, 2001; Vertes, 2004; Verwer et al., 1997). 

Serotonin is believed to play an important role in regulating prefrontal function, since 

mPFC receives dense serotonergic innervation from the raphe nuclei (Groenewegen 

and Uylings, 2000; Hajós et al., 1998). Nevertheless, specific mechanisms through 

which serotonin might act on the mPFC to regulate network function remain largely 
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unknown. In mPFC, as well as other forebrain regions, serotonin is generally believed to 

modulate circuit function through postsynaptic effects (Crino et al., 1990; de Almeida 

and Mengod, 2008; Santana et al., 2004). The postsynaptic effects of serotonin are 

mediated in large part by 5-HT1A receptors, such that most prefrontal neurons are 

inhibited by serotonin (Araneda and Andrade, 1991; Béïque et al., 2004; Zhong and 

Yan, 2011). However, serotonin can also regulate presynaptic neurotransmitter release. 

The identity of presynaptically located serotonin receptors remains largely unknown, but 

has been suggested to comprise 5-HT1A, 5-HT1B, and/or 5-HT2A receptors (Murakoshi 

et al., 2001; Tanaka and North, 1993; Troca-Marín and Geijo-Barrientos, 2010; Zhou 

and Hablitz, 1999). 

Recent studies suggest that the mPFC may guide anxiety-related behaviors 

through interactions with the ventral hippocampus (vHPC) (Ciocchi et al., 2015). 

Specifically, theta-frequency synchronization between these two regions increases in 

aversive environments (Adhikari et al., 2010). At the level of single neurons, mPFC 

neurons that encode aspects of anxiety-related behavior tend to phase-lock to ongoing 

theta-frequency activity in the hippocampus (Adhikari et al., 2011). This suggests that 

vHPC inputs to mPFC may transmit theta-frequency activity that encodes anxiety-

related signals, and indeed, theta frequency activity in the mPFC seems to actively 

inhibit the exploration of anxiogenic regions (Adhikari et al., 2010). Conversely, 

optogenetically suppressing vHPC inputs to mPFC elicits anxiolytic effects by 

suppressing theta-frequency synchronization between the vHPC and mPFC (Padilla-

Coreano et al., 2016). Thus, if serotonin does act presynaptically to control transmitter 
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release, it could potentially gate afferent inputs from limbic regions such as the vHPC to 

mPFC and thereby regulate behavior. 

To explore such a role for serotonin, we first investigated the effects of serotonin 

receptor activation on callosal, hippocampal, and MD thalamic projections to the mPFC, 

then explored how these synaptic effects might impact circuit physiology and anxiety-

related behavior. We found that by activating presynaptic 5-HT1B receptors, serotonin 

selectively inhibits callosal and hippocampal inputs to mPFC, and that prefrontal 

infusion of a 5-HT1B receptor agonist suppresses prefrontal theta oscillations and elicits 

anxiolytic effects. These findings define – at the levels of synaptic function, in vivo 

electrophysiology, and behavior – a circuit mechanism through which prefrontal 5-HT1B 

receptors can acutely suppress ventral hippocampal inputs and thereby potentially 

regulate theta-frequency activity and anxiety-related behavior. 

 

3.3 METHODS 

All experiments were conducted in accordance with protocols approved by the 

Administrative Panels on Laboratory Animal Care at the University of California, San 

Francisco. 

 

3.31 Slice electrophysiology and optogenetics 

We expressed hChR2-eYFP in neurons within mPFC, MD thalamus, and vHPC 

using a previously described AAV5 vector encoding hChR2-eYFP under control of the 

CaMKIIα promoter (37). After waiting at least 4-6 weeks, we prepared 250 μm coronal 

slices from 8-12 week-old wild-type C57BL/6 male mice, and made whole cell 
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recordings using patch pipettes filled with a Cs-methanesulfonate based solution from 

pyramidal neurons in layer V of infralimbic or prelimbic cortex (contralateral to the site of 

virus injection). We stimulated ChR2 in axon terminals using flashes of 470 nm light 

delivered to the slice through a 40x objective.  

 

3.32 Drug infusion 

We implanted stainless steel dual guide cannulas bilaterally into mPFC. One week later, 

we infused drug through a stainless steel internal cannula projecting 1.5 mm beyond the 

tip of the guide cannula in a volume of 0.5 μL saline at a rate of 150 nL/min (EPM 

experiments) or 50 nL/min (LFP recording). 

 

3.33 Local field potential recording 

50 kΩ impedance tungsten electrodes were attached to the right arm of a dual guide 

cannula and implanted in mPFC. Two stainless steel screws acting as reference and 

ground were implanted above cerebellum. The electrode and screws were attached to a 

head mount using conductive wire and the set-up was cemented down. Mice recovered 

for one week before recording/infusion sessions, and signal was acquired using an EEG 

monitoring and acquisition system (Pinnacle Technology).  

 

3.34 Behavior 

C57BL/6 male mice were kept in a 12-h light/12-h dark cycle with ad libitum access to 

food and water. The elevated plus maze (EPM) consisted of two open and two closed 

arms (arm length: 50 cm; width: 6 cm) extending from a central platform, and the open 
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field was 50 x 50 cm. Mice were infused with drug and placed in the center of the EPM 

and the head and body of the mouse was tracked (ANYmaze software) for 15 min.  

 

3.4 RESULTS 

3.41 Serotonin suppresses synaptic input to prefrontal pyramidal neurons in a 

projection-specific manner 

To investigate how serotonin affects various inputs to pyramidal neurons in 

prefrontal cortex, we made whole-cell recordings (voltage-clamped at -70 mV) from 

layer V pyramidal neurons and examined how serotonin wash-in affected EPSCs 

elicited by optogenetic stimulation of terminals from the contralateral mPFC, vHPC, or 

MD thalamus (Figure 3.1A). We expressed ChR2 in one hemisphere of the mPFC, 

vHPC, or MD thalamus, and used light flashes (470 nm; light intensity adjusted to yield 

an EPSC three times the size of the smallest possible evoked EPSC) to stimulate the 

terminals. To minimize possible contamination from polysynaptic responses, we 

measured the EPSC amplitude 1.5 ms after light stimulation (zoomed trace, Figure 

3.1B). Evoked EPSCs were blocked by application of 1 μM of the voltage-sensitive 

sodium channel blocker, TTX (Supplementary Figure 3.5). 

We found that 5 min after wash-in, 30 μM serotonin reduced the initial amplitude 

of EPSCs evoked by optogenetic stimulation of terminals from contralateral mPFC by 

almost half (46 ± 9% reduction; p < 0.01; Figure 3.1B). Input from vHPC was similarly 

reduced by 36 ± 7% (p < 0.01; Figure 3.1C). However, no effect of serotonin application 

was observed for EPSCs evoked by stimulation of MD thalamic terminals (p > 0.05; 

Figure 3.1D). Thus, serotonin suppresses specific inputs to PFC (Figure 3.1E). As a 
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control, we confirmed that this reduction in EPSC amplitude (induced by activation of 

callosal terminals) was not simply an artifact due to time-dependent effects (Figure 

3.1F). The suppressing effect of serotonin was also dose dependent: 1 μM reduced 

callosal EPSCs by 23 ± 7%, 3 μM serotonin elicited a near-maximal effect (44 ± 7% 

suppression), and the effect saturated at 10 and 30 μM, which reduced EPSCs by 51 ± 

8% and 53 ± 12%, respectively (Figure 3.1G). 

 

3.42 Serotonin suppresses synaptic input through the 5-HT1B receptor 

Next, we sought to understand which 5-HT receptors mediate this synaptic 

suppression. We specifically studied the effects of agonists for 5-HT1A (100 nM 8-OH 

DPAT), 5-HT1B (300 nM CP 93129), and 5-HT7 (10 nM LP-44) receptors on callosal or 

vHPC EPSCs. Importantly, we also performed control recordings with no drug wash-in. 

This allowed us to confirm that drug-induced changes in EPSC amplitude were not 

simply artifacts of time-dependent rundown. For each experiment, Figure 3.2 shows the 

EPSC amplitude (normalized to the baseline EPSC amplitude at the beginning of each 

experiment) as a function of time; the time course observed during drug application is 

superimposed over the time course observed during control experiments (no drug). To 

determine whether drug application was associated with a statistically significant 

change in EPSC amplitude, we compared the EPSC amplitude during drug application 

to the average of the amplitude measured before and after drug application. For callosal 

inputs, the normalized EPSC amplitude during application of the 5-HT1B agonist, CP 

93129, was 58 ± 5% of the baseline amplitude. This was significantly smaller than the 

average of the amplitudes during the pre- and post-drug periods, which was 87 ± 6% of 
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baseline (p < 0.01; Figure 3.2B). Notably, the reduction observed during CP 93129 

application was almost identical to the one observed during application of 3 μM 

serotonin (pre/post amplitude: 85 ± 4%; amplitude during 5-HT application: 57 ± 6%; p < 

0.05; Figure 3.2A). For vHPC input, the amount of EPSC suppression was again very 

similar for 3 μM 5-HT (pre/post: 77 ± 4%; 5-HT: 56 ± 8%; p < 0.05; Figure 3.2E) and the 

5-HT1B receptor agonist, CP 93129 (pre/post: 84 ± 3%; CP 93129: 50 ± 4%; p < 0.001; 

Figure 3.2F). Notably, the reductions in EPSC amplitude observed during application of 

CP 93129 and 5-HT were not observed during control recordings (no drug). Specifically, 

for both callosal and vHPC EPSCs, we observed 40-50% reductions in EPSC amplitude 

immediately following drug application, whereas at the same time points in control 

recordings, we observed only minimal amounts of rundown. In control recordings, 

normalized EPSC amplitudes were 86 ± 4% and 88 ± 7% of baseline for callosal and 

vHPC EPSCs, respectively (amplitude of callosal EPSCs: p < 0.001 for CP 93129 vs. 

control and p < 0.01 for 5-HT vs. control; Figure 3.2D and Figure 3.6E; amplitude of 

vHPC EPSCs: p < 0.001 for CP 93129 vs. control and p < 0.05 for 5-HT vs. control; 

Figure 3.2H and Figure 3.6E). Importantly, as can be seen by comparing the time 

course of EPSC amplitudes in control conditions vs. during drug application, in every 

case, the suppression of callosal or hippocampal EPSCs by 5-HT or CP 93129 was 

reversible, and the EPSC amplitudes returned to control levels after 4-5 min of drug 

washout. 

To confirm that the effects of CP 93129 reflect specific actions on 5-HT1B 

receptors, we carried out additional experiments in which we first applied 10 μM of the 

5-HT1B receptor antagonist, SB 216641, for 20 min. Applying CP 93129 in the 
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presence of SB 216641 blocked the CP 93129-induced suppression of callosal input 

(EPSC amplitude in SB 216641, pre/post: 83 ± 6%; CP 93129 + SB 216641: 78 ± 3%; 

n.s.; Figure 3.2C). For vHPC input, CP 93129 still caused a slight reduction in EPSC 

amplitude (SB 216641, pre/post: 73 ± 3%; CP 93129 + SB 216641: 64 ± 5%; p < 0.01; 

Figure 3.2G). However, for both callosal and vHPC input, the EPSC suppression 

induced by CP 93129 alone was significantly larger than that elicited by CP 93129 in the 

presence of SB 216641 (p < 0.01 for callosal input, Figure 3.2D; p < 0.05 for vHPC 

input, Figure 3.2H), confirming that the EPSC suppression was mediated largely by 5-

HT1B receptors. 

In contrast to the effects of the 5-HT1B receptor agonist CP 93129, the 5-HT1A 

and 5-HT7 receptor agonists, 8-OH DPAT and LP-44, respectively, had no consistent 

reversible effects on EPSC amplitudes elicited by either callosal (8-OH DPAT, pre/post: 

72 ± 8%; drug: 82 ± 2%; n.s.. LP-44, pre/post: 80 ± 10%; drug: 82 ± 4%; n.s., Figure 

3.2D, Figure 3.6A,B) or vHPC terminal stimulation (8-OH DPAT, pre/post: 75 ± 4%; 

drug: 76 ± 4%; n.s.. LP-44, pre/post: 84 ± 4%; drug: 86 ± 4%; n.s.. Figure 3.2H, Figure 

3.6C,D). 

 

3.43 Serotonin suppresses synaptic input via presynaptic inhibition 

To investigate whether this 5-HT1B receptor-mediated EPSC suppression 

reflects presynaptic mechanisms, we first measured the paired pulse ratio (PPR) for 

pairs of EPSCs evoked via optogenetic stimulation of callosal or vHPC terminals using 

interflash intervals (IFI) of 50 ms (Figure 3.3A and F). We measured the PPR during 3-



 71 

min wash-in of 5-HT (3 μM), CP 93129 (300 nM), and CP 93129 in combination with the 

5-HT1B receptor antagonist SB 216641 (10 μM). 

For callosal terminals, 5-HT and CP 93129 increased PPR to 118 ± 2% and 117 

± 4% of control, respectively (p < 0.01; Figure 3.3B and C). This effect could be washed 

out for CP 93129 (drug versus post-drug: p < 0.05). Pre-application of the 5-HT1B 

receptor antagonist, SB 216641, blocked the PPR increase induced by CP 93129 (p < 

0.05; Figure 3.3D and E). For vHPC terminals, there was a no effect of 3 μM 5-HT 

application on PPR (Figure 3.3G). CP 93129 did significantly increase the PPR 

compared to the pre-drug period (114 ± 4%; p < 0.05; Figure 3.3H) and this effect was 

reversed during drug wash-out (drug versus post-drug: p < 0.01). The CP 93129 

induced increase in PPR was blocked by pre-application of SB 216641 (Figure 3.3I and 

J).  

Of course, measurements of PPR may be imperfect in optogenetic experiments, 

because PPR in this setting is an amalgamation of short-term synaptic dynamics, i.e., 

depression/facilitation, and ChR2 inactivation. Therefore, to more strongly establish a 

presynaptic locus for the effects of serotonin, we also performed a quantal analysis of 

synaptic responses by recording asynchronous unitary EPSCs (uEPSC) elicited by 

optogenetic stimulation of either callosal or vHPC terminals after replacing calcium in 

the external solution with strontium (Sr2+, 2 mM) (Figure 3.3K). Light intensity was 

adjusted to produce an EPSC of ~200 pA, and analysis of uEPSCs started 50 ms after 

each flash. uEPSCs from each recorded cell were collected following 120 light 

stimulations (delivered with a 3 second inter-stimulus interval), both before and following 

serotonin and CP 93129 wash-in. After washing in serotonin, we observed a reduction 
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in the frequency of uEPSCs following each stimulus delivered to callosal terminals (p < 

0.05; Figure 3.3M), with no change in uEPSC amplitude, rise time, or decay time 

(Figure 3.3L and Figure 3.7). We observed a similar effect when stimulating terminals 

from vHPC: serotonin reduced uEPSC frequency (p < 0.05; Figure 3.3O), but had no 

effect on uEPSC amplitude or kinetics (Figure 3.3N and Figure 3.7). We confirmed that 

the selective 5-HT1B receptor agonist CP 93129 (300 nM) elicits a similar, selective 

reduction in uEPSC frequency, without affecting the amplitude or kinetics of uEPSCs 

evoked by vHPC terminal stimulation (Figure 3.7). 

 

3.44 Local infusion of a 5-HT1B receptor agonist into mPFC reduces innate 

anxiety 

To determine whether this 5-HT1B receptor-mediated inhibition of callosal and 

hippocampal inputs to mPFC could regulate anxiety-related behavior, we infused the 5-

HT1B receptor agonist, CP 93129, into the mPFC of freely moving mice while 

measuring anxiety-related behavior using the EPM. The EPM consists of two open and 

two closed arms. The open arms are exposed to the external environment so increased 

time spent in the open arms is commonly interpreted as reflecting reduced levels of 

innate anxiety (Figure 3.4A). CP 93129 (4.3 ng in 0.5 μL, 150 nL/min) or saline (0.5 μL) 

was infused bilaterally into the mPFC through an implanted guide cannula. 1 min after 

the internal infusion cannula was removed, the animal was placed in the EPM for 15 

min. Compared to saline, CP 93129 increased the time mice spent in open arms during 

the first 5-min of the EPM (the period during which most open arm exploration occurs). 

There was no difference during the two subsequent 5-min bins, during which both 
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groups of animals spent much less time exploring the open arms (Figure 3.4A). We also 

tested the effect of CP 93129 infusion on behavior in the open field (10 min), and no 

difference in the distance moved was evident for the first 6 min of the test (Figure 3.4B). 

In addition, CP 93129 had a slight tendency to increase time spent in the center of the 

open field for the first 2 min of the test (p = 0.14; Figure 3.8A). 

 

3.45 Local infusion of a 5-HT1B receptor agonist suppresses mPFC theta power 

To investigate possible circuit mechanisms that might link the 5-HT1B receptor-

mediated suppression of hippocampal input to this ability of 5-HT1B agonists to reduce 

anxiety-related avoidance in the EPM, we implanted animals with integrated guide 

cannulas/tungsten electrodes and recorded local field potentials (LFP) in mPFC 

continuously during 10 min infusion of the 5-HT1B receptor agonist, CP 93129 (4.3 ng 

in 0.5 μL, 50 nL/min) or saline (Figure 3.4C), while the animal was in a resting cage. We 

compared the LFP power at various frequencies for the 4 min periods leading up to the 

start of infusion, and following the end of infusion, for both saline and CP 93129 

infusions (Figure 3.4D and E). Compared to saline infusion, infusion of CP 93129 was 

associated with reduced power (ANOVA on the log-transformed power post-

infusion/pre-infusion: treatment: p < 0.01; treatment x frequency band interaction: p < 

0.01). A selective reduction in theta (4-12 Hz) as well as alpha and beta (12-30 Hz) 

power was evident (Figure 3.4D and E; p < 0.05). There was no significant change in 

power at lower (1-4 Hz) or higher frequencies (30-100 Hz). 

Of course, it is possible that the behavioral and electrophysiological effects of 5-

HT1B receptor agonist infusion reflects actions other than the 5-HT1B receptor-
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mediated suppression of synaptic input that we have described. To address this 

possible concern in we confirmed that in contrast to serotonin itself, 5-HT1B receptor 

agonist application does not alter the intrinsic properties of layer V pyramidal neurons in 

mPFC (Figure 3.8A). 

 

3.5 DISCUSSION  

We investigated whether serotonin modulates specific inputs to the mPFC, and if 

so, whether this might enable specific prefrontal serotonin receptors to regulate anxiety-

related behavior. We found that serotonin acts presynaptically via 5-HT1B receptors to 

suppress callosal and hippocampal inputs, but not those from the MD thalamus. Then 

we found that activating 5-HT1B receptors within the mPFC increased the exploration of 

anxiogenic regions of the EPM, while also suppressing mPFC power in the theta, alpha, 

and beta frequency bands. 

 

3.51 Serotonin acts presynaptically through 5-HT1B receptors 

For callosal projections, both serotonin and the 5-HT1B receptor agonist, CP 

93129, increased the PPR and reduced the frequency of uEPSCs observed in Sr2+, 

without affecting their amplitude or kinetics, all of which is consistent with a presynaptic 

site of action. For vHPC terminals, the 5-HT1B receptor agonist, CP 93129, elicited a 

statistically significant increase in PPR. The effect of serotonin on the PPR of vHPC 

inputs was not statistically significant, but both serotonin and CP 93129 reduced the 

frequency of uEPSCs elicited by vHCP inputs in Sr2+, without affecting their amplitude 
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or kinetics. Taken together, these effects are consistent with a presynaptic locus for the 

actions of serotonin. 

Serotonin has been shown to reduce excitatory input to layer V visual neurons 

elicited by local electrical stimulation while increasing the PPR and reducing the 

frequency of spontaneous excitatory events (Murakoshi et al., 2001). A similar 

presynaptic effect of serotonin has been observed for excitatory inputs to prefrontal 

pyramidal neurons elicited via electrical stimulation of the corpus callosum or subcortical 

white matter (Tanaka and North, 1993; Troca-Marín and Geijo-Barrientos, 2010). Using 

optogenetics to overcome the limitations of electrical stimulation, which can activate 

fibers from multiple sources in both anterograde and retrograde directions, we found 

that serotonin acts presynaptically to suppress callosal and hippocampal inputs to layer 

V pyramidal neurons, but not those from MD thalamus. The absence of an effect of 

serotonin on inputs from MD thalamus is in contrast to a study in somatosensory cortex 

of neonatal (postnatal day 5-9) mice showing that serotonin reduces excitatory synaptic 

input elicited by electrical stimulation of internal capsule (Laurent et al., 2002). However, 

differences in optogenetic vs. electrical stimulation, brain regions being studied, and 

developmental stage may explain these discrepancies. 

 

3.52 Serotonin targets specific cells and synapses within the mPFC 

Our finding that serotonin acts with specificity at the level of inputs to the mPFC 

fits well with earlier studies showing that serotonin acts with a similar specificity with 

respect to its postsynaptic actions on mPFC neurons. In the mPFC, postsynaptic 

serotonin receptors are differentially expressed by various subtypes of layer V 
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pyramidal neurons that project to different targets (Avesar and Gulledge, 2012; 

Stephens et al., 2014). Thus, serotonin is well poised to dynamically regulate the flow of 

information both into and out of the mPFC, thereby coordinating its participation in 

distributed brain networks. Notably, we found that serotonin modulates presynaptic 

terminals in the mPFC via 5-HT1B receptors, but that these receptors fail to elicit 

obvious postsynaptic effects, which instead appear to be mediated by 5-HT1A and 5-

HT2A receptors. This makes it possible to selectively target these various pre- and 

postsynaptic effects using specific serotonin receptor agonists or antagonists. 

 

3.53 Serotonin regulates the flow of anxiety-related information through the 

mPFC 

As described in the Introduction, the mPFC receives input from many sources 

including the hippocampus (Hoover and Vertes, 2007) and is reciprocally connected 

with the amygdala and other limbic areas (Vertes, 2004). Thus the mPFC is well 

positioned to connect contextual information with appropriate anxiety behavior. A recent 

study that recorded from mPFC neurons found firing patterns consistent with a model in 

which these neurons utilize vHPC inputs to guide avoidance behaviors in the EPM 

(Adhikari et al., 2011). In particular, vHPC projections to the mPFC appear regulate 

anxiety-related behavior by transmitting theta-frequency (4-12 Hz) activity, since 1) both 

the firing of mPFC-projecting cells within the vHPC and theta-frequency synchronization 

between the vHPC and mPFC increase in anxiogenic environments (Adhikari et al., 

2010; Ciocchi et al., 2015), and 2) optogenetically suppressing mPFC inputs from vHPC 

(but not from MD thalamus) decreases open arm avoidance by desynchronizing vHPC 
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and mPFC theta activity (Padilla-Coreano et al., 2016). In this context, our findings that 

5-HT1B receptors suppress vHPC input to mPFC, theta-frequency (4-12 Hz) activity in 

mPFC, and avoidance behaviors in the EPM, suggest that serotonin may suppress the 

ability of vHPC input in order to drive theta-frequency activity in mPFC and thereby elicit 

avoidance behaviors. This model, in which serotonin suppresses long-range inputs to 

the mPFC, is also consistent with a recent study showing enhanced functional 

connectivity between the mPFC and subcortical networks in a mouse model of 

serotonin deficiency (Dzirasa et al., 2013). 

 

Of course, the intra-mPFC infusion of CP 93129 may target other 5-HT1B 

receptors, e.g., possible autoreceptors on serotonergic fibers, in addition to 5-HT1B 

receptors on the presynaptic terminals of fibers from the vHPC or contralateral mPFC. 

We do know that 5-HT1B receptor activation is sufficient to suppress vHPC inputs to 

mPFC, and that such suppression elicits anxiolytic effects, but we cannot rule out the 

possibility that other, possibly unknown effects of prefrontal 5-HT1B receptors, 

contribute as well. 

 

3.6 CONCLUSION 

Elucidating the role of prefrontal serotonin in brain network function requires 

connecting specific serotonin receptors with their cellular and synaptic effects, then 

understanding how these shape circuit physiology in ways that could impact behavior. 

Here, we have described a mechanism through which 5-HT1B receptors can 

presynaptically suppress specific sources of input to the mPFC, as well as a known 
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circuit-level electrophysiological correlate of anxiety (mPFC theta oscillations). Our 

results are consistent with a model in which the mPFC integrates inputs from various 

limbic sources in order to direct affective behavior, and suggest that by acting as a 

gatekeeper, serotonin may be able to powerfully modulate this process. 
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3.7 FIGURES 

 

Figure 3.1. Serotonin suppresses afferent input to mPFC layer V pyramidal 
neurons from the contralateral mPFC and vHPC, but not MD thalamus. a. 
Experimental design: AAV5-CaMKIIα-hChR2-eYFP was injected unilaterally into medial 
prefrontal cortex (mPFC), ventral hippocampus (vHPC), or mediodorsal (MD) thalamus. 
Whole cell voltage clamp recordings were obtained from layer V pyramidal neurons in 
mPFC. Postsynaptic currents were evoked by 470 nm light flashes activating ChR2 
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expressing terminals (red). Low-power images show ChR2-eYFP expression at the 
injection site, and the high-power images show ChR2-eYFP within axon terminals in 
mPFC (scale bar: 50 μm). b. Postsynaptic responses of layer V pyramidal neurons to 
activation of callosal terminals by single light flashes in voltage clamp. Below, a 
magnified example trace shows how we measure EPSC amplitude 1.5 ms after EPSC 
initiation to minimize possible contamination from polysynaptic responses. Wash-in of 
30 μM serotonin (5-HT) reduces the amplitude of evoked excitatory postsynaptic 
currents (EPSCs). Gray traces represent data from individual experiments and black / 
red traces represent averages across experiments. Scaled responses at baseline (pre) 
and following 5 min of serotonin wash-in are shown at the right. c. 30 μM serotonin (5-
HT) reduced the amplitude of EPSCs evoked by vHPC terminal stimulation. d. There 
was no effect of 5-HT on the responses of layer V pyramidal neurons to activation of 
MD thalamic terminals. e. The relative amplitudes of optogenetically evoked EPSCs 
following 5-HT wash-in for projections from the mPFC, vHPC, or MD thalamus. f. 
Responses to callosal stimulation did not change simply as a function of time. g. The 
relative EPSC amplitude as a function of serotonin concentration (EPSCs evoked by 
callosal stimulation). Data are represented as mean ± SEM. *p < 0.05; **p < 0.01. n = 
11 for callosal stimulation; n = 14 for MD thalamus; n = 11 for vHPC; n = 6 for time 
control; n = 4 for dose-response. 
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Figure 3.2. Serotonin suppresses callosal and ventral hippocampal input to mPFC 
through the 5-HT1B receptor. a. Excitatory postsynaptic currents (EPSCs) in mPFC 
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layer V pyramidal cells were recorded in response to optogenetic stimulation of callosal 
terminals and during 3-min wash-in followed by wash-out of 3 μM 5-HT. Relative EPSC 
amplitude (normalized by the initial amplitude) is plotted as a function of time (red line). 
The dark red bar above the trace shows the time of 5-HT application. The labels ‘a’, ‘b’ 
and ‘c’ below the trace indicate the periods used to calculate EPSC amplitude during 
the pre-drug period (‘a’), immediately following 5-HT application (‘b’), and the post-drug 
period (‘c’). The timecourse of EPSC amplitudes during control recordings (no drug) is 
superimposed for comparison (gray line, ‘ctrl’). The summary graph (right) shows the 
average EPSC amplitude during the pre- and post-drug periods (‘a+c’) compared to the 
period immediately following 5-HT application (‘b’). Top: individual (gray) and mean 
(black/dark red) traces are shown for pre-drug, drug, and post-drug periods. b. Similar 
to a, but shows effects of the 5-HT1B receptor agonist, CP 93129 (300 nM) on callosal 
EPSC amplitude. c. Similar to a, but shows that the effect of the 5-HT1B receptor 
agonist, CP 93129 (300 nM), on EPSC amplitude is blocked in the presence of the 5-
HT1B receptor antagonist, SB 216641 (10 μM). d. Summary graph comparing callosal 
EPSC amplitudes during application of each drug combination. Callosal EPSCs were 
suppressed (relative to control recordings) by 5-HT and CP 93129 (CP), and the effect 
of CP 93129 was blocked by pre-application of SB 216641 (SB). e-g. Similar to a-c, but 
shows effects of 5-HT (e), CP 93129 (f), and CP 93129 + SB 216641 on EPSCs evoked 
by optogenetic stimulation of vHPC terminals. h. Summary graph comparing the effects 
of various drugs on vHPC EPSC amplitude. 5-HT and CP 93129 (CP) suppressed 
EPSC amplitude (relative to control recordings). CP 93129 alone suppressed EPSCs to 
a larger extent than CP 93129 + SB 216641 (SB). Data are represented as mean ± 
SEM. *p < 0.05; **p < 0.01; ***p < 0.001. Callosal input: n = 5 for 5-HT; n = 4 for control; 
n = 8 for CP 93129; n = 5 for CP 93129 + SB 216641; n= 7 for 8-OH DPAT; n = 5 for 
LP-44. vHPC input: n = 6 for 5-HT; n = 8 for control; n = 6 for CP 93129; n = 9 for CP 
93129 + SB 216641; n = 8 for 8-OH DPAT; n = 11 for LP-44. 
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Figure 3.3. 5-HT1B receptors increase the paired pulse ratio and reduce the 
frequency of asynchronous unitary events elicited by stimulation of callosal or 
vHPC terminals. a. mPFC pyramidal cell responses to pairs of light flashes activating 
callosal terminals with interflash intervals (IFI) of 50 ms before and after wash-in of 
serotonin (5-HT) or the 5-HT1B receptor agonist, CP 93129. Gray traces represent data 
from individual cells and black / red traces represent averages across experiments. b. 3 
μM 5-HT increased the PPR of EPSCs evoked by activation of callosal terminals with 
(IFI: 50 ms). c. For callosal terminals, PPR was also increased in response to wash-in of 
CP 93129 (300 nM), and returned to baseline levels following wash-out. d. There was 
no effect on PPR when CP 93129 application was preceded by application of SB 
216641 (10 μM). e. Summary graph showing the drug-induced change in PPR of 
EPSCs evoked by optogenetic stimulation of callosal projections (relative to the pre-
drug period). The PPR increase following CP 93129 (CP) wash-in was blocked following 
pre-application of SB 216641 (SB). f. Example of pyramidal cell responses to pairs of 
light flashes (IFI: 50 ms) activating vHPC input in response to serotonin (5-HT) and CP 
93129. G. For vHPC input, 5-HT (3 μM) elicited a non-significant increase in the PPR 
(IFI: 50ms). h. For vHPC input, CP 93129 reversibly increased PPR. i. Pre-application of 
SB 216641 blocked the effect of CP 93129 on the PPR of responses to vHPC input. j. 
Summary plot for vHPC terminals: the CP 93129-induced increase in PPR was blocked 
by pre-application of SB 216641. k. Example traces showing asynchronous unitary 
EPSCs (uEPSC) induced by photostimulation of callosal terminals in ACSF in which 
Ca2+ has been replaced with 2 mM Sr2+. l. There was no difference in callosally 
induced uEPSC amplitude following wash-in of 5-HT. m. For uEPSCs elicited by 
callosal terminal stimulation, the cumulative probability plot of inter-event intervals is 
shifted to the right following serotonin application. The summary plots show that the 
frequency of uEPSCs is lower in 5-HT. n. vHPC stimulation-induced uEPSCs did not 
show a change in amplitude following 5-HT application. o. The frequency of uEPSCs 
evoked by vHPC terminal stimulation is reduced following 5-HT wash-in as shown in the 
cumulative probability and summary plot. Data are represented as mean ± SEM. *p < 
0.05, **p < 0.01; PPR: n = 6/8/5 for callosal terminals; n = 5/6/8 for vHPC terminals. 
uEPSC: n = 11 for callosal terminals; n = 12 for vHPC. 
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Figure 3.4. Intra-mPFC infusion of a 5-HT1B receptor agonist reduces innate 
anxiety and mPFC theta power. a. Left: experimental set-up. Freely moving mice were 
infused with saline +/- a 5-HT1B receptor agonist through a guide cannula implanted 
bilaterally in the mPFC. Following infusion, the animal was placed in an elevated plus 
maze (EPM) for 15 min. Right: infusion of the 5-HT1B receptor agonist, CP93129 (4.3 
ng in 0.5 μL), increased time spent in the open arms of the EPM compared to saline 
infused mice. b. There was no effect of CP 93129 infusion in distance moved in the first 
6 min of the open field test. c. Experimental set-up. A tungsten electrode was attached 
to a bilateral guide cannula and implanted within the mPFC. Local field potentials (LFP) 
were recorded continuously during infusion and power spectra for 4-min pre- and post-
infusion periods were compared. Example traces showing recordings before and after 
infusions of saline are shown. d. The logarithm of the ratio between the pre- and post-
drug power spectra for saline (black) and CP 93129 (red) infusion are shown. e. The 
summary plot shows the mean log ratio power for saline and CP 93129 infusions in 
different frequency bands. Theta (4-12 Hz) and beta (12-30 Hz) are selectively reduced 
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following CP 93129 infusion. Data are represented as mean ± SEM. *p < 0.05. EPM: n 
= 4 for saline and n = 5 for CP 93129; LFP: n = 11 for saline and n = 8 for CP 93129. 
 
 

 
 
Figure 3.5 - Supplemental Figure. Tetrodotoxin blocks EPSCs induced by ChR2- 
expressing terminals. 5 min wash-in of the voltage-sensitive sodium channel blocker, 
tetrodotoxin (TTX, 1 μM) blocks excitatory postsynaptic currents (EPSCs) in mPFC 
pyramidal neurons induced by activation of channelrhodopsin (ChR2) expressed in 
ventral hippocampal terminals. Data are shown as mean ± SEM. n = 3. 
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Figure 3.6 - Supplemental Figure. No effect of 5-HT1A or 5-HT7 receptor 
activation on evoked callosal or ventral hippocampal EPSCs. Excitatory 
postsynaptic currents (EPSCs) in mPFC layer V pyramidal cells were recorded in 
response to optogenetic stimulation of callosal (A, B, E) or ventral hippocampal (C, D, 
E) terminals. In addition to each experimental condition, we also made recordings in 
control conditions to assay for possible time-dependent drift in the baseline, and these 
measurements of control responses (gray traces) have been superimposed on the 
experimental traces in each panel (A-D). A. The yellow trace shows callosal EPSC 
amplitudes before, during, and after application of the selective 5-HT1A receptor agonist 
8-OH DPAT (100 nM). As shown by the bar graph to the right, there was no difference 
between the average EPSC amplitude during the period immediately following 
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application of 8-OH DPAT (‘b’), and the average of the pre and post-applications 
periods (‘a+c’). B. The brown trace shows callosal EPSC amplitudes before, during, and 
after application of the selective 5-HT7 receptor agonist LP-44 (10 nM). As shown by 
the bar graph to the right, there was no difference between the average EPSC 
amplitude during the period immediately following application of LP-44 (‘b’), and the 
average of the pre and post-applications periods (‘a+c’). C. The yellow trace shows 
ventral hippocampal EPSC amplitudes before, during, and after application of the 
selective 5-HT1A receptor agonist 8-OH DPAT (100 nM). As shown by the bar graph to 
the right, there was no difference between the average EPSC amplitude during the 
period immediately following application of 8-OH DPAT (‘b’), and the average of the pre 
and post-applications periods (‘a+c’). D. The brown trace shows ventral hippocampal 
EPSC amplitudes before, during, and after application of the selective 5-HT7 receptor 
agonist LP-44 (10 nM). As shown by the bar graph to the right, there was no difference 
between the average EPSC amplitude during the period immediately following 
application of LP-44 (‘b’), and the average of the pre and post-applications periods 
(‘a+c’). E. Bar graphs comparing control (no drug) responses to optogenetic stimulation 
of callosal (left) or ventral hippocampal (right) terminals during the period when drug 
would have been washed in (‘b’) to the average of the pre / post-drug application 
periods (‘a+c’). In each case, data is based on control recordings in the absence of any 
actual drug application. Data are represented as mean ± SEM. Callosal input: n = 4 for 
control; n= 7 for 8-OH DPAT; n = 5 for LP-44. vHPC input: n = 8 for control; n= 8 for 8-
OH DPAT; n = 11 for LP-44. 
 
 

 
Figure 3.7 - Supplemental Figure. 5-HT and the 5-HT1B receptor agonist, CP 
93129, reduces the frequency of asynchronous unitary events without affecting 
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amplitude, rise time or decay time. A. Asynchronous unitary EPSCs (uEPSC) 
induced by photostimulation of callosal and ventral hippocampal (vHPC) terminals in 
ACSF containing Sr2+ instead of Ca2+ was recorded. No change in rise time or decay 
time was observed following wash-in of 30 μM 5-HT. B. uEPSC induced by 
photostimulation of vHPC terminals was recorded in two cells before and after wash-in 
of 300 nM CP 93129. The frequency of uEPSCs responded with a pronounced 
reduction with no apparent effect on amplitude and kinetics. Data are represented as 
mean ± SEM. 5-HT: n = 11 for callosal terminals; n = 12 for vHPC; CP 93129: n = 2 for 
vHPC. 
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Figure 3.8 - Supplemental Figure. Effect of 5-HT1B receptors on intrinsic 
properties in layer V pyramidal neurons and on open field enter zone exploration. 
A. Top: Example traces showing the responses of a layer V pyramidal neuron to current 
injections (-250 pA and 450 pA). Application of 3 μM serotonin hyperpolarizes the 
resting membrane potential (Vrest) and reduces the input resistance (Rin) of layer V 
pyramidal neurons in prefrontal cortex. In addition, there is a trend towards a reduction 
in the size of the h-current induced sag and rebound during/following a hyperpolarizing 
current pulse. The interspike-interval (ISI) did not change. Middle panel: More 
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pronounced effects are evident after applying 30 μM serotonin. The resting membrane 
potential, input resistance, and size of the h-current-induced sag/rebound are all 
reduced. Bottom panel: Application of the 5-HT1B receptor agonist CP 93129 (300 nM) 
did not disrupt any of the intrinsic effects elicited by serotonin. B. Freely moving mice 
were infused with saline +/- a 5-HT1B receptor agonist through a guide cannula 
implanted bilaterally in the mPFC. Following infusion, the animal was placed in an open 
field for 10 min. Infusion of the 5-HT1B receptor agonist, CP93129 (4.3 ng in 0.5 μL), 
had a tendency to increase time spent in the center of the open field during the first two 
minutes compared to saline infused mice (p = 0.14). Data are represented as mean ± 
SEM. *p < 0.05, **p < 0.01. 3 μM serotonin: n = 4; 30 μM serotonin: n = 7; CP 93129: n 
= 7. Open field: saline: n = 5; CP 93129: n = 3. 
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CHAPTER 4 
INPUT-SPECIFIC MODULATION OF EXCITATORY SYNAPSES  

ONTO PREFRONTAL FAST-SPIKING INTERNEURONS
 

4.1 INTRODUCTION 

The firing of an individual neuron is determined by the integration of synaptic 

inputs from multiple different sources. In the prefrontal cortex (PFC), neurons receive 

inputs from a variety of cortical and subcortical structures, which are thought to 

potentially encode different streams of information. For example, theta-synchronized 

projections from the ventral hippocampus (vHPC) have been implicated in anxiety 

behavior (Adhikari et al., 2010, Padilla-Coreano et al., 2016), while connections 

between the mediodorsal thalamus (MD) and PFC are thought to play a role in working 

memory (Parnaudeau et al., 2013, Bolkan et al., 2017). The corpus callosum, on the 

other hand, carries projections from the contralateral cortex and is critical for bilateral 

integration of information. By regulating different types of synapses differentially, 

neuromodulators may be able to bias the circuit towards specific types of information 

during different contexts, allowing the circuit to flexibly adapt to changing environmental 

demands. 

Serotonin (5HT) has been shown to modulate synapses both presynaptically and 

postsynaptically in the PFC. Presynaptic 5HT2A receptors can increase NMDA 

transmission at thalamocortical synapses (Barre et al., 2016). Yet others have found 

that 5HT reduces synaptic responses from callosal inputs (Troca-Marin et al., 2014) and 

reduce AMPA-mediated EPSCs via the 5HT1A receptor (Yuen et al., 2014). Recently, 

we found (Chapter 3) that 5HT differentially modulates synaptic responses from distinct 

brain regions, reducing callosal and hippocampal inputs via presynaptic 5HT1B 
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receptors while sparing thalamic inputs (Kjaerby et al., 2016). However, all of these 

studies have limited their observations to synapses onto excitatory pyramidal neurons in 

prefrontal cortex. Here, I repeat experimental procedures from our previous 

investigation and examine serotonergic effects on projection-specific excitatory 

synapses in fast-spiking interneurons (FSIs). In line with our previous observations, I 

found that 5HT presynaptically reduced the amplitude of excitatory postsynaptic 

currents evoked by stimulation of callosal and hippocampal inputs without altering 

thalamic inputs. Despite these presynaptic changes, 5HT increased FSI firing in 

response to all these inputs, suggesting that postsynaptic effects play a larger role in 

determining FSI output. 

 

4.2 METHODS 

4.21 Electrophysiology 

Coronal brain slices (250 µm) including medial prefrontal cortex were made from 

adult mice aging 8 weeks or older. We used the following transgenic mouse line: PV-

Cre::Ai14 (RRID:MGI:2176738). All experiments were conducted in accordance with 

procedures established by the Institutional Animal Care and Use Committee and 

Laboratory Animal Resource Center at the University of California, San Francisco. 

Slicing solution was chilled to 4°C and contained (in mM): 234 sucrose, 26 NaHCO3, 11 

glucose, 10 MgSO4, 2.5 KCl, 1.25 NaH2PO4, 0.5 CaCl2, bubbled with 5% CO2/ 95% O2. 

Slices were incubated in artificial cerebrospinal fluid (aCSF) at 32°C for 30 minutes and 

then at room temperature until recording. aCSF contained (in mM): 123 NaCl, 26 
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NaHCO3, 11 glucose, 3 KCl, 2 CaCl2, 1.25 NaH2PO4, 1 MgCl2, also bubbled with 5% 

CO2/ 95% O2.   

Neurons were visualized using differential interference contrast or DODT contrast 

microscopy on an upright microscope (Olympus). Fast-spiking interneurons were 

identified by fluorescent visualization of td-Tomato (PV-Cre::Ai14 mice). Recordings 

were made using a Multiclamp 700B (Molecular Devices) amplifier and acquired with 

pClamp. Patch pipettes (2-5 MΩ tip resistance) were filled with the following (in mM): 

130 KGluconate, 10 KCl, 10 HEPES, 10 EGTA, 2 MgCl2, 2 MgATP, 0.3 Na3GTP. All 

recordings were made at 32-34°C. Series resistance was compensated in all current 

clamp experiments and monitored throughout recordings. Recordings were discarded if 

Rs changed by >25%.  

5HT (Tocris) was dissolved in water (30 µM) before being diluted in aCSF and 

applied in the bath. The experimenter was not blind to pharmacological treatment.  

  

4.22 Viral injection for expression of ChR2 

Viral injections were performed using standard mouse stereotactical methods. 

Mice were anesthetized for the duration of the surgery using isofluorane gas. After 

cleaning, an incision was made in the scalp, the skull was leveled, and small burr holes 

were drilled over the brain region of interest using a dental drill. Virus was injected 

through the burr holes using a microinjector (WPI) at a speed of 150 nL/minute and the 

scalp was closed using sutures or tissue adhesive (Vetbond).   

For expression of the optogenetic protein channelrhodopsin (ChR) in neurons 

that project to PFC, we injected a virus encoding ChR2 under the CaMKII promoter to 



 99 

ensure expression in excitatory projection neurons (AAV5-CaMKII-ChR2-eYFP) into 

contralateral PFC (cPFC, 750 nL), mediodorsal (MD) thalamus (320 nL), or ventral 

hippocampus (vHPC, 500 nL) of PV-Cre::Ai14 mice and waited 4-6 weeks for trafficking 

of ChR2 to the axon terminals in mPFC. 

Contralateral PFC coordinates were A/P = 1.7, M/L = 0.3, D/V = -2.75. MD 

thalamus injection coordinates were A/P = -1.7, M/L = +/- 0.3, D/V = -3.45. vHPC 

injection coordinates were A/P = -3.3, M/L = 3.2, D/V = -4.0.  

 

 4.23 ChR2 stimulation  

We stimulated ChR2 in terminals using 5ms flashes of light generated by a 

Lambda DG-4 (Sutter Instruments) high-speed optical switch with a 300 W Xenon lamp 

delivered through a 470 nm excitation filter. For stimulation of ChR2 terminals in voltage 

clamp, 2 light flashes were delivered with an interstimulus interval of 50 ms. For 

stimulation of ChR2 terminals in current clamp, 10 light flashes were delivered at 

varying frequencies (5, 10, 20, 30, 40 Hz) through a 40x objective.  

 

4.3 RESULTS 

4.31 5HT suppresses callosal and hippocampal inputs to FSIs presynaptically 

 To study the effect of 5HT on excitatory synapses onto FSIs in prefrontal cortex, 

we selectively expressed channelrhodopsin (ChR2) in projections neurons from either 

the contralateral PFC (cPFC), mediodorsal thalamus (MD), or ventral hippocampus 

(vHPC) in PV-Cre::Ai14 mice (Figure 4.1A,F,K). After waiting 4-6 weeks for expression, 

we performed whole cell patch clamp recordings from fluorescently identified FSIs. We 
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stimulated ChR2-expressing axon terminals from one of the aforementioned projections 

and recorded excitatory postsynaptic currents (EPSCs) at baseline and after application 

of 5HT (30 µM, Figure 4.1B,G,L). Consistent with our previously work in Chapter 2, we 

found that 5HT depolarized all neurons recorded, indicated by an increase in the 

negative holding current required to keep the cells at -70 mV (p < 0.001 for cPFC, MD, 

and vHPC, paired t-test baseline vs. 5HT, Figure 4.1E,J,O). We also found that 5HT 

suppressed the amplitude of EPSCs in cPFC (p = 0.0312, paired t-test baseline vs. 

5HT, n=6, Figure 4.1C) and vHPC (p = 0.0769, same test, n=5, Figure 4.1M) but not MD 

thalamus (p = 0.4609, same test, n=8, Figure 4.1H). We next calculated the paired-

pulse ratio (EPSC2 amplitude / EPSC1 amplitude), which is often used as an indicator 

of changes in presynaptic release probability, and found an increase in paired-pulse 

ratio (PPR) for both cPFC (p = 0.0307, paired t-test baseline vs. 5HT, n=6, Figure 4.1D) 

and vHPC (p = 0.0391, same test, n=5, Figure 4.1N) inputs, suggesting that presynaptic 

release probability is decreased at these synapses. 

 

4.32 5HT increases FSI firing in response to all inputs 

 Next, we switched to current clamp to investigate how the cumulative effects of 

5HT (presynaptic and postsynaptic) would influence FSI action potential generation in 

response to synaptic inputs. We optogenetically stimulated presynaptic terminals from 

cPFC, MD, and vHPC with 10 light flashes at five different frequencies (5, 10, 20, 30, 40 

Hz) at baseline and after 5HT application (Figure 4.2A,C,E). Regardless of projection, 

we observed an increase in FSI firing in response to presynaptic stimulation, with higher 

frequency stimulation eliciting higher firing rates (Figure 4.2 B,D,F). 
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4.4 DISCUSSION 

 Here, we described how serotonin is able to modulate specific types of inputs 

onto prefrontal fast-spiking interneurons without altering the overall output of these 

neurons. Specifically, we found that serotonin suppresses the amplitude of synaptic 

responses to stimulation of callosal and hippocampal inputs, findings that are consistent 

with previous studies in pyramidal neurons (Troca Marin et al., Kjaerby et al., 2016). 

Due to the observed increase in paired-pulse ratio, we conclude that this suppression is 

due to a presynaptic reduction in release probability. Furthermore, we would expect this 

effect to be a result of presynaptic activation of 5HT1B receptors, consistent with our 

previous findings (Kjaerby et al., 2016). Also consistent with previous work, we found 

that serotonin did not have an effect on projections from the mediodorsal thalamus.  

 However, despite this projection-specific modulation of synaptic responses, we 

also found that serotonin increased the firing of FSIs regardless of input. Previously 

(Chapter 2), we characterized intrinsic changes to FSI passive membrane properties 

that resulted in increased excitability of these neurons (Athilingam et al., 2017). 

Specifically, serotonin reduces conductance of inward-rectifying potassium channels to 

increase input resistance and membrane potential. In the experiments described here, it 

seems that this postsynaptic increase in excitability wins out over any presynaptic 

changes. In our earlier study (Chapter 2), we additionally found that increases in FSI 

firing were more enhanced for gamma frequency inputs (Athilingam et al., 2017). We 

were unable to stimulate at high gamma frequencies due to the kinetic limitations of 

channelrhodopsin here. However, consistent with our earlier findings, we observed that 

higher frequency stimulation does indeed elicit a larger change in firing rate. Therefore, 
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we conclude that serotonin functions to tune FSIs to gamma frequency inputs, 

regardless of source. 

 

4.5 FIGURES 

 

Figure 4.1. Serotonin modulates excitatory synapses in a projection-specific 
manner. A,F,K) Experimental design: AAV-CaMKII-ChR2-eYFP was injected into one 
contralateral prefrontal cortex (A), ipsilateral mediodorsal thalamus (F), or ipsilateral 
ventral hippocampus (K) in PV-Cre :: Ai14 mice. After waiting for expression, slices of 
PFC were taken and PV+ neurons were patched in the opposite hemisphere. Confocal 
image of injection sites and prefrontal slices. B,G,L) Example EPSCs in response to 
stimulation of ChR2-expressing afferents with blue light pulses (5 ms) at baseline in 
aCSF and after application of 30 µM 5HT. Gray traces are individual examples. Colored 
traces are average. Overlay displays traces overlaid. C,H,M) Quantification of evoked 
EPSC amplitude at baseline in aCSF and after 5HT application for each projection. 
D,I,N) Quantification of paired-pulse ratio in aCSF and after 5HT application for each 
projection. Paired-pulse ratio was quantified by dividing the amplitude of the second 
EPSC by the amplitude of the first EPSC. E,J,O) Quantification of holding current 
required to hold neurons at -70 mV at baseline and after application of 5HT. 
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Figure 4.2 5HT increases FSI firing in response to synaptic stimulation regardless 
of input. A,C,E) Experimental design: FSI membrane potential fluctuations were 
recorded in current clamp during stimulation of ChR2 afferents from contralateral PFC 
(A), mediodorsal thalamus (C), or ventral hippocampus (E). Afferents were stimulated 
with 10 light pulses (5 ms) at 5 different frequencies (5, 10, 20, 30, 40 Hz). Black traces 
are baseline in aCSF and blue traces are in the presence of 30 µM 5HT. B,D,F) 
Quantification of FSI firing rate in response to synaptic stimulation of different 
projections at different frequencies. 
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CHAPTER 5 
SEROTONERGIC MODULATION OF PREFRONTAL  

OSCILLATIONS AND BEHAVIOR
 

5.1 INTRODUCTION 

 Fast-spiking interneurons (FSIs) are critical for the coordination of network 

oscillatory activity, specifically in the gamma frequency range (Buzsáki and Chrobak, 

1995). These oscillations have been shown to enhance information transfer (Sohal et 

al., 2009) and may play a role in orchestrating prefrontal-dependent behaviors such as 

cognitive flexibility (Cho et al., 2015; Kim et al., 2016). Specifically, optogenetic 

activation of FSIs has been shown to rescue deficits in gamma oscillations and rule-

shifting behavior in a mouse model that mimics some symptoms of schizophrenia (Cho 

et al., 2015). Therefore, modulation of FSIs and gamma oscillations could represent a 

mechanism by which circuits flexibly regulate behavioral output. 

 I previously found that serotonin (5HT) preferentially enhances the summation of 

gamma frequency input in FSIs, leading to spiking and downstream inhibition in the 

gamma frequency range (Athilingam et al., 2017, Chapter 2). Therefore, it is possible 

that 5HT could regulate the power of network oscillations by modulating FSI intrinsic 

excitability and responses to gamma frequency inputs. 

 Furthermore, 5HT has been implicated in a wide range of prefrontal-dependent 

behaviors (Baker et al., 2011, Carli et al., 2006, Clarke et al., 2004, Clarke et al., 2005, 

Koot et al., 2012, Robinson et al., 2013, Williams et al., 2002). Since most 

antidepressant drugs increase 5HT levels by blocking reuptake, it may also be involved 

in the etiology of depression (Risch & Nemeroff, 1992). Interestingly, drugs that 

increase GABAergic transmission are commonly used to treat anxiety. The line between 
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anxiety and depression is blurry; often drugs meant to treat one can also be used to 

treat the other. Therefore, the intersection of 5HT and inhibition could present valuable 

insight into the etiology of these disorders. 

In Chapter 2, I thoroughly dissected the cellular effects of serotonin (5HT) in fast-

spiking interneurons (FSIs), demonstrating that serotonin increases gamma frequency 

temporal summation due to changes to passive membrane properties. Furthermore, I 

showed that eliciting Gq-signaling using a Gq-coupled DREADD is able to perfectly 

replicate serotonergic effects. Here, I use this tool to explore the consequences of these 

effects in vivo. I found that Gq-activation in FSIs increases FSI activity in vivo and 

results in an attenuation of low-frequency oscillations while leaving gamma-frequency 

oscillations in tact. Interesting, I found preliminary evidence suggesting that this 

manipulation may be able to rescue cognitive flexibility deficits in a mouse model that 

presents symptoms of schizophrenia. Furthermore, I find that this manipulation 

increases novel object exploration time and reduces immobility time in the forced swim 

test, suggesting that these effects may also play a role in anxiety behavior. 

 

5.2 METHODS 

5.21 Stereotaxic surgery for viral injections and implants 

 Viral injections were performed using standard mouse stereotactical methods. 

Mice were anesthetized for the duration of the surgery using isofluorane gas. After 

cleaning, an incision was made in the scalp, the skull was leveled, and small burr holes 

were drilled over the brain region of interest using a dental drill. Virus was injected 

through the burr holes using a microinjector (WPI) at a speed of 150 nL/minute and the 
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scalp was closed using sutures or tissue adhesive (Vetbond). All experiments were 

conducted in accordance with procedures established by the Institutional Animal Care 

and Use Committee and Laboratory Animal Resource Center at the University of 

California, San Francisco.   

 For DREADD activation of fast-spiking interneurons, we injected a Cre-

dependent virus expressing the Gq-DREADD (AAV-DJ-Ef1a-DIO-hM3D(Gq)- mCherry, 

200 nL at 5 depths = 1000 nL total) or a control fluorophore (AAV-DJ-Ef1a-DIO-

mCherry, 200 nL at 5 depths = 1000 nL total) into PV-Cre mice. mPFC injection 

coordinates were A/P = 1.7, M/L = +/- 0.3, D/V = -2.00, -2.25, -2.50, -2.75, -3.00. For 

these experiments, we waited 5 weeks for expression of the DREADD. 

 For in vivo calcium imaging (fiber photometry) experiments, we injected a cre-

dependent virus expressing the genetically-encoded calcium indicator gCamp6f (AAV5-

hSyn-FLEX-gCamp6f) into the same PV-Cre mice. For these experiments, we injected 

gCamp6f 2 weeks after DREADD injection so that gCamp would express for 3 weeks 

before testing. 

 For photometry and local field potential (LFP) recordings, we attached a tungsten 

electrode (50 kΩ impedance) to a photometry light fiber (400/430 µm inner/outer 

diameter, 0.48 NA, 2.75 mm length, Doric Lenses) using heat-shrink wrap and super 

glue and inserted the unilateral implant into the right mPFC after injection of gCamp6f. 

An additional reference tungsten electrode was placed into the left mPFC. A conductive 

stainless steel screw was inserted into the skull over the cerebellum (A/P = -4.5, M/L = 

1.0) to serve as a ground. The electrodes and ground screw were attached to a 

headstage using silver wire and silver paint and the whole implant was secured to the 
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mouse’s skull with Metabond adhesive and dental cement. The surgery was performed 

at the same time as gCamp6f injection and the mice were allowed to recover for 3 

weeks before testing. 

 

5.22 In vivo DREADD activation 

Mice were administered 1 mg/kg clozapine-N-oxide (CNO, Tocris) at a volume of 

10 mL/kg or an equivalent volume of saline. Mice were handled and habituated to the 

injection for three days prior to any testing. Behavioral tests or recordings were 

performed 25 - 30 minutes following injection to allow time for DREADD activation. 

 

5.23 In vivo calcium imaging  and analysis 

We recorded in vivo calcium signals using an integrated fiber photometry system 

(Doric Lenses, Quebec City, QC, Canada) which emits 405 nm (to measure control 

background autofluorescence of gCamp) and 465 nm (to measure gCamp 

fluorescence) via a single 400 µm optical fiber (Doric) that is coupled to the implanted 

optical fibers. Fluorescence signals were collected and focused onto a visible femtowatt 

silicon photoreceiver (Newport, Irvine, CA). The output was directed to RZ5P Processor 

(Tucker Davis Technologies, Alachua, FL) and recorded with Synapse (TDT) software 

on a PC. 

 The 465 nm fluorescence signal was normalized to the 405 nm signal. The first 5 

minutes of the recording were categorized as the “Baseline” period. A 5 minute period 

after 30 minutes was characterized as the “Post” period. The average normalized signal 

was computed for each period using custom MATLAB code. 
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5.23 Local field potential recording and analysis 

Differential EEG was recorded at 2 kHz (and later downsampled to 1 kHz) from 

mice using a time-locked video EEG monitoring system (Pinnacle Technology). The 

PFC signal was recorded as the difference between left and right prefrontal electrodes. 

The first 5 minutes of the recording were categorized as the “Baseline” period. A 5 

minute period after 30 minutes was characterized as the “Post” period. The power 

spectra of the two periods were computed and the power for frequency values within 

defined frequency bands (Theta 4-8 Hz, Alpha 9-12 Hz, Beta 13-30 Hz, Low Gamma 

31-59 Hz, High Gamma 61-100 Hz)  was summed for comparison. Analysis was 

performed with custom MATLAB (Mathworks, Natick, MA) code. 

 

5.25 Behavioral assays 

Novel object exploration. A novel object (50 mL blue falcon tube cap) was 

dropped into their home cage and mice were allowed to freely explore their home cage 

and the novel object for 5 minutes. Novel object interaction time was scored manually 

as the number of seconds a mouse spent directly interacting with the object using its 

nose. 

 

Forced swim test. A 10 cm diameter beaker was filled with water (32 degrees 

celsius) 15 cm high (2 cm from the top). Mice were slowly lowered into the beaker and 

video recorded for 10 minutes. Only minutes 2 thru 6 were analyzed. Immobility time 

was scored manually as the number of seconds a mouse was not actively swimming, 
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defined by lack of movement of the hind limbs. Small movements of single limbs 

required for floatation were included in immobility time.  

 

Elevated Plus Maze. Mice were placed into an elevated plus maze for 10 

minutes. Two arms of the maze were enclosed with walls while the other two were 

open. Time spent in the open arms, closed arms, and center zones were computed 

using a custom MATLAB script. 

 

Open Field. Mice were placed into an open arena measuring 50 cm x 50 cm for 

10 minutes. Distance travelled and time spent in the perimeter zone and center zone 

were computed using a custom MATLAB script. The center zone was defined as a 

square measuring 30 cm x 30 cm in the middle of the field. 

 

Social 3 chamber assay. The apparatus used for this task consists of 3 

chambers. During the habituation stage, the mouse is contained in the middle chamber 

for 10 minutes with no access to the other chambers. During stage 1, an juvenile mouse 

of the same gender as the test mouse is placed under a wire cage in one side chamber 

and an empty wire cage is placed in the other chamber. The test mouse is allowed to 

explore all three chambers of the apparatus for 10 minutes. Time spent in the empty 

cage chamber versus the mouse chamber was computed using custom MATLAB script. 

During stage 2, a new juvenile mouse of the same gender as the test mouse is 

introduced into the empty wire cage and the test mouse is again allowed to explore all 
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three chambers for 10 minutes. Time spent with the familiar mouse versus the novel 

mouse was computed.  

 

Rule-shifting task. Rule shifting assay was performed as previously described 

(Cho et al, 2015). Briefly, mice are shaped to dig to the bottom of a cup filled with 

odored (garlic or coriander) digging medium (kitty litter or sand) to find a small peanut 

butter chip. During the initial association phase, mice must learn to associate a stimulus 

from one of the modalities (e.g. garlic) with a reward. After reaching an 80% criterion, 

the rule is changed (rule shift phase) so a stimulus from the other modality (e.g. sand) is 

rewarded. Mice must complete trials until they again reach 80% criterion. Perseverative 

errors are characterized as errors during the rule shift where the mouse digs in the 

previously rewarded cup. Random errors are errors that were never previously 

rewarded. 

 

5.3 RESULTS 

5.31 Gq activation in FSIs increases FSI activity 

 To confirm that serotonin increases the activity of FSIs in vivo, we performed 

calcium imaging and utilized a Gq-coupled DREADD that I previously validated as 

perfectly mimicking the effects of 5HT in FSIs (Chapter 2). This technique limits 

activation exclusively to FSIs and prevents off-target effects at other loci within the 

prefrontal microcircuit. We injected cre-dependent viruses encoding for the Gq-

DREADD (AAV-DJ-Ef1a-DIO-hM3D(Gq)-mCherry) and calcium indicator gCamp6f 

(AAV5-hSyn-FLEX-gCamp6f) and implanted a photometry light fiber into the medial 
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PFC of PV-Cre mice (Figure 5.1A). Consistent with our in vitro work (Chapter 2), we 

found that activation of the Gq-DREADD with CNO (1 mg/kg) increased gCamp6f 

fluorescence compared to saline controls (Figure 5.1B, p = 0.0268 t-test SAL vs. CNO), 

suggesting that Gq-signaling increases the activity of FSIs in vivo. 

 

5.32 Gq activation in FSIs attenuates power of low-frequency oscillations 

 Our previous work showed that 5HT and Gq-signaling in FSIs increased gamma 

frequency temporal summation and FSI spiking in response to gamma frequency inputs. 

Since FSIs control the power of gamma oscillations in vivo, we recorded local field 

potentials (LFP) to examine if Gq-activation altered the power of network oscillatory 

power. We observed a trend (Figure 5.1C-D) suggesting that CNO reduces the power of 

low frequency oscillations (Theta 4-8 Hz, Alpha 8-12Hz) without changing the power of 

higher frequencies (Beta 13-30 Hz, Low Gamma 31-59 Hz, High Gamma 61-100 Hz). 

 

5.33 Gq activation in FSIs rescues cognitive flexibility deficits in mice that model 

key aspects of schizophrenia 

 Previous work from our lab showed that deficits in FSI function in Dlx5/6+/- mice 

are correlated with reduced gamma oscillation power and reduced performance in a 

rule-shifting task (Cho et al., 2015). In that study, optogenetic activation of FSIs at 

gamma frequency was able to rescue both oscillatory and behavioral deficits. I 

previously demonstrated that 5HT increased gamma frequency temporal summation 

and led to increased gamma frequency inhibition in downstream neurons (Athilingam et 

al., 2017, Chapter 2). Therefore, we hypothesized that serotonergic effects in FSIs may 
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also rescue cognitive inflexibility. We bilaterally injected Dlx5/6+/- mice or littermate 

controls  with the Gq-DREADD (AAV5-Ef1a-DIO-hM3D(Gq)-mCherry) and tested them 

on a rule-shifting task 5 weeks later (Figure 5.2A). Consistent with previous work, 

saline-injected Dlx5/6+/- mice trended toward learning the rule-shift slower than CNO-

injected littermate controls, due to increased perseverative errors (Figure 5.2B). 

Interestingly, CNO seemed to rescue the deficit in Dlx5/6+/- mice, bringing their 

performance to the level of their wild-type littermates. All groups performed similarly on 

the initial association. 

 

5.34 Gq activation in FSIs increases novel object exploration time and reduces 

immobility in forced swim test 

 Lastly, we asked whether increasing FSI activity via Gq-activation could change 

the behavior of wild-type mice. We performed a battery of assays to test behaviors 

associated with anxiety, depression, locomotion, and social interaction. We first found 

that CNO increased the amount of time that mice spent exploring a novel object in their 

homecage (Figure 5.3A, p = 0.03 t-test SAL vs. CNO). Next, we found that CNO 

reduced immobility time in the forced swim test, a common assay of depression (Figure 

5.3B, p = 0.006 t-test SAL vs. CNO). We also observed a trend for increased open-arm 

exploration time in the elevated plus maze (Figure 5.3C), though this did not reach 

significance. These three assays suggest that serotonergic effects in FSIs could 

potentially mediate anxiety behavior. We did not observe any changes in locomotion as 

measured by distance travelled in the open field (Figure 5.4A, p = 0.32 t-test CNO vs. 

SAL) or social behavior (Figure 5.4B).  
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5.4 DISCUSSION 

 Here, we examined the effects of serotonergic signaling in prefrontal FSIs on 

network oscillations and behavior in vivo. We found that eliciting serotonergic signaling 

in FSIs increases FSI activity and reduces the power of low frequency network 

oscillations in vivo. Furthermore, we found suggestive evidence that these effects may 

rescue cognitive deficits in mice that model key aspects of schizophrenia and reduce 

anxiety behaviors in wild-type mice. 

 

5.41 Serotonergic effects increase FSI activity in vivo and reduce the power of 

low-frequency oscillations while leaving gamma power intact  

We show for the first time using fiber photometry calcium imaging that the 

downstream signaling effects of 5HT increase FSI activity in vivo. This is consistent with 

our previous work in vitro demonstrating that serotonin depolarizes and increases the 

excitability of FSIs (Athilingam et al., 2017 - Chapter 2) and increases the frequency of 

inhibitory events in downstream pyramidal neurons (Athilingam et al., 2017 - Chapter 2, 

Weber and Andrade, 2010; Zhou and Hablitz, 1999).  

Since gamma-frequency optogenetic activation of FSIs in vivo increases the 

power of gamma oscillations (Sohal et al., 2006), we predicted that chemogenetic 

activation would elicit a similar effect. Instead, we found that Gq-activation reduced low-

frequency oscillatory power while leaving gamma power intact. Increasing inhibitory 

signaling via administration of benzodiazepine has been shown to decrease the power 

of oscillatory power across all frequency bands (Scheffzük et al., 2013). Here, it is 

interesting to note that gamma oscillatory power is conserved while the power in other 
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frequency bands is reduced. We previously found that Gq-activation preferentially 

enhanced the summation of gamma frequency inputs in FSIs and promoted gamma 

frequency inhibition in downstream pyramidal cells. Therefore, it is possible that this 

5HT-mediated gamma enhancement in FSIs leads to selective filtering of gamma 

frequency information in the prefrontal network. This is consistent with evidence 

suggesting that serotonin receptors may be involved in prefrontal-mediated behaviors 

(Clarke et al., 2004, Baker et al., 2011), which often require gamma oscillations (Cho et 

al., 2015).  

 

5.42 Serotonergic effects in FSIs may rescue cognitive flexibility deficits in a 

mouse model of schizophrenia 

We found evidence to suggest that eliciting serotonergic signaling in FSIs may 

rescue cognitive flexibility deficits. Previous work showed that mice heterozygous for 

Dlx5/6, transcription factors that regulate FSI development, exhibited poor performance 

in a rule-shifting task that was rescued by gamma-frequency optogenetic stimulation of 

FSIs (Cho et al., 2015). We found that Gq-DREADD activation of FSIs in these same 

mice was also able to rescue these behavioral deficits. This manipulation is an 

interesting extension of previous work because it points to a chemical manipulation that 

is capable of rescuing cognitive inflexibility behavior. Designing a drug that selectively 

targets 5HT receptors on FSIs may be a more tractable avenue for therapy than 

performing optogenetics in humans. 

 

5.43 Serotonergic effects in FSIs may mediate anxiety behavior 
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In our battery of behavioral assays, we found consistent evidence that activating 

serotonergic signaling in FSIs may reduce anxiety behavior in mice. We first found that 

mice injected with CNO to activate Gq-signaling to mimic serotonergic effects in FSIs 

spent more time interacting and investigating a novel object in their home cage. We 

next found that mice spent less time immobile during the forced swim test. Immobility 

during the forced swim test is often thought to be an indication of helplessness. And 

lastly, we observed a trend that mice spent more time in the open arms of an elevated 

plus maze, a commonly used measure of anxiety. Taken together, these results point to 

a potential anxiolytic effect of 5HT acting on prefrontal FSIs. Furthermore, this is 

consistent with our previous knowledge about the roles of serotonin and inhibition in 

anxiety and depressive behaviors. Selective serotonin reuptake inhibitors (SSRIs), 

which increase serotonin levels in the brain, are the most efficacious and commonly 

used treatment for depression. Furthermore, GABAergic agonists are the most 

commonly prescribed anxiolytics. Considering this and the hypothesized functions of the 

mPFC in anxiety and depression, it is logical that serotonergic activation of prefrontal 

inhibition could elicit anxiolytic effects. We also previously showed (Kjaerby et al., 2016, 

Chapter 3) that prefrontal 5HT1B receptors reduce ventral hippocampal inputs to the 

mPFC which are thought to carry anxiety information. In that same study, we found that 

5HT1B receptor activation reduce the frequency of theta oscillations, a biomarker of 

anxiety. Here, we also found a reduction of prefrontal theta-frequency oscillations. 

Together, this suggests that serotonin may act at many loci within the mPFC 

microcircuit to elicit anxiolytic effects. 
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5.5 FIGURES 

 

Figure 5.1. Chemogenetic activation of Gq-coupled receptors in FSIs increases 
FSI activity and reduces low frequency oscillations. 
A) Experimental design: A Cre-dependent virus encoding the Gq-DREADD was injected 
bilaterally into mPFC of PV-Cre mice. Two weeks later, a Cre-dependent calcium 
indicator virus (AAV5-Ef1a-DIO-gCamp6f) was injected into the right mPFC and an LFP 
electrode coupled to an optical fiber was implanted. After 3 weeks, photometry and LFP 
recordings were performed with administration of saline (gray) or CNO (blue). B) 
Baseline-normalized change in calcium fluorescence in saline versus CNO injected 
mice. C) Example LFP recordings. D) Baseline-normalized change in power in different 
frequency bands: theta 4-8 Hz, alpha 9-12 Hz, beta 13-30Hz, low gamma 31-59 Hz, 
high gamma 61-100 Hz. 
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Figure 5.2. Gq-DREADD activation could attenuate cognitive flexibility deficits in a 
mouse model of schizophrenia. 
A) Experimental design: Mice perform a rule-shifting task where they first learn to 
associate one modality (odor or texture) with reward (initial association, IA). After 
reaching 80% criterion, the reward modality is switched (rule shift, RS). 
B) Number of trials needed to reach criterion during the initial association (IA trials) or 
rule shift (RS). Number of errors during IA and RS, the latter also split into type of error: 
perseverative and random. 
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Figure 5.3. Gq-DREADD activation of prefrontal FSIs may reduce anxiety 
behavior. 
A) Top: Experimental design: Mice were allowed to explore their homecage and a novel 
object (blue 50 mL falcon tube cap) was placed in their cage for 5 minutes. Bottom: 
Time spent exploring by novel object by saline (gray) and CNO (blue) injected mice. 
B) Top: Experimental design: Mice were placed in large beaker of water and immobility 
time was measured. Bottom: Time spent immobile in saline versus CNO injected mice. 
C) Top: Experimental design: Mice spent 10 minutes exploring an elevated plus maze. 
Bottom: Time spent in center area and closed/open arms by mice injected with saline or 
CNO. 
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Figure 5.4. Gq-DREADD activation of FSIs has no effect on locomotion or social 
interaction. 
A) Left: Distance travelled in 10 minutes in open field by saline versus CNO injected 
mice. Right: Time spent in center versus perimeter zones of open field in 10 minutes. 
B) Experimental design: Mice are allowed to explore a three-chamber box for 10 
minutes. In stage 1, one side has an empty cage and the other side has a juvenile 
mouse in a cage. In stage 2, the empty cage contains a novel juvenile. 
C) Time that mice spend in respective chambers of the three chamber box during stage 
1 (mouse, empty) and stage 2 (familiar, novel). 
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CHAPTER 6 
A VISIBLE LIGHT-SENSITIVE CAGED SEROTONIN

 
6.1 ABSTRACT 

 Serotonin, or 5-hydroxytryptamine (5HT), is an important neurotransmitter in the 

nervous system of both vertebrates and invertebrates. Deficits in 5HT signaling are 

responsible for many disabling psychiatric conditions, and its molecular machinery is the 

target of many pharmaceuticals. We present a new 5HT phototrigger, the compound 

[Ru(bpy)2(PMe3)(5HT)]2+, where PMe3 is trimethylphosphine. As with other ruthenium-

bipyridyl based caged compounds, [Ru(bpy)2(PMe3)(5HT)]2+ presents activity in the 

visible region of the spectrum. We characterize and discuss the photochemical 

properties of the caged compound, and demonstrate its use by modulating the 

excitability of mouse prefrontal principal neurons.  

 

6.2 INTRODUCTION 

A caged compound, or phototrigger, is a molecule reversibly bound to or "caged 

within" a protecting group that restricts its interactions with cell-membrane receptors, 

proteins, or other molecules. Entities that have been caged include ions, [1] acids, [2] 

bases, [3] neurotransmitters, [4] fluorophores, [5,6] small-molecule drugs, [7] gene 

inducers [8,9] and even nucleic acids [10] and proteins [11,12]. Phototriggers are light-

sensitive, and will release the caged molecule upon irradiation with light of the proper 

wavelength, [13] thus removing the restrictions for the caged entity to interact normally 

with its targets. As the uncaging spot size can be precisely determined by focusing a 

low-power laser, this technique can have very high spatial and temporal resolution, 

making it of great advantage in biological research, for it allows the delivery of 
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molecules without mechanically acting on the preparation, a problem usually associated 

with more invasive techniques like microinjection.  

Most common caged compounds comprise an organic protecting group, usually a 

nitrobenzyl [14] or nitroindonilyl [15] which are active in the UV region and therefore can 

damage the biological tissue. Therefore, new kinds of organic-based protecting groups 

have been developed, such as coumarine derivatives, which can extend the 

photoactivity to the violet region, thus reducing cell damage. [16] 

  As we have shown in recent years, ruthenium-bipyridyl coordination complexes 

yield excellent phototriggers suitable for neurophysiology studies. They present unique 

properties, including nanosecond photoreaction kinetics through heterolytic 

photocleavage with no secondary reaction products, [7,17] and sensitivity to visible light 

in the blue and green regions. [3,6,7,18-20] As an important advantage over other 

photoprotective groups, Ru-bipyridyl phototriggers can be used in a two-photon regime. 

[17, 21-24]  Ruthenium phototriggers were also used for general delivery of drugs, 

toward application in therapy. Turro and Bonnet have shown the versatility of Ru(II) 

polypyridines for caging nitriles and thioethers.[25-27]  A similar strategy using the 

photoredox properties of the Ru(II) polypyridyl chemistry was used by Ford and Santana 

da Silva to release nitric oxide (NO) by visible light, both directly or mediated by energy 

transfer processes from molecular antennas.[28-29] 

Ruthenium phototriggers are very stable at room temperature, both as a solid or in 

physiological solutions when kept in the dark, minimizing dark leakage of the caged 

biomolecule, one of the most common drawbacks of nitrobenzyls and similar caging 

groups. 
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 Serotonin is one of the most important neuromodulators in a very wide range of 

animal phyla. It modulates basic behaviours such as feeding and mating, [30] and 

imbalances in its physiology lead to debilitating psychiatric conditions in humans, such 

as obsessive compulsive disorder, panic disorder, or major depression. [31] For this 

reason, the serotonergic system is the target of many pharmaceuticals such as tricyclic 

antidepressants (TCAs) selective serotonin reuptake inhibitors (SSRIs) and 

monoaminooxidase inhibitors (MAOIs), and even many recreational drugs. [32] 

Discerning the effects of 5HT on its various receptor and cellular subtypes and 

understanding its interactions with other systems of neurotransmitters would be greatly 

aided by a caged 5HT. As serotonin does not exhibit a carboxylate group, most 

strategies used to cage neuroactive aminoacids cannot be extended directly to cage 

this amine. Currently, two of the commercially available caged serotonins are NPEC-

5HT and BHQ-O-5HT,  which use the phenol group of the 5HT for anchoring the 

photoremovable protecting group and are active under UV light (365 nm). While the first 

shows negligible absorption in two-photon regime [33] and has a very slow response 

time in the hundreds of milliseconds, [34] BHQ-O-5HT can also be used at 740 nm (2P) 

with good quantum yields. [35,36] Other caged 5HT compounds have been described, 

showing dissimilar performances. [36-40] 

 We report the synthesis and chemical properties of the complex 

[Ru(bpy)2(PMe3)(5HT)]+2, which releases 5HT upon absorption of visible light, and 

demonstrate its use by modulating the excitability of mouse prefrontal principal cells that 

have previously been shown to be regulated by 5HT. [41] 
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6.3 METHODS 

6.31 Syntheses 

All chemicals were purchased from Sigma-Aldrich and used as received without 

further purification. Ru(bpy)2Cl2 was synthesized according to literature [45] and from 

this [Ru(bpy)2(PMe3)(Cl)]PF6 was obtained as previously described. [17] 

Syntheses of [Ru(bpy)2(PMe3)(5HT)]Cl2: 207 mg (320 µmol) of 

[Ru(bpy)2(PMe3)(Cl)]PF6 were dissolved in 2 ml acetone and 10 ml water. The mixture 

was stirred with Cl--loaded Dowex ion exchange resin during 15–30 minutes. After 

evaporation of acetone the resultant solution of [Ru(bpy)2(PMe3)(Cl)]Cl was heated at 

70 C to obtain the aquo complex [Ru(bpy)2(PMe3)(H2O)]Cl. Then 320 mg (1500 µmol) 

of serotonin hydrochloride salt were introduced under N2 atmosphere in a Schlenk flask 

and the pH was raised to 9-10 by adding 1400 µL of NaOH 1 M. When the formation of 

serotonin complex was confirmed by UV-visible spectroscopy, the mixture was cooled in 

an ice bath and HCl 1 M was added to lower the pH and prevent possible oxidation of 

serotonin by air during the subsequent procedures. The solution was filtered and after 

the addition of 1500 µL of KPF6 0.5 M the complex [Ru(bpy)2(PMe3)(5HT)](PF6)2 

precipitates as an orange powder. Anal. Calcd. for C, 41.47; H, 3.90; N, 8.79. Found: C, 

41.2; H, 4.1; N, 8.5.  For the purification of the serotonin complex, hexafluorophosphate 

anion was interchanged for chloride using Dowex-22 ion exchange resin. The complex 

was reprecipitated with KPF6 0.5 M at pH 3, the anion interchanged again and pH 

adjusted between 7–8.  The lyophilized complex [Ru(bpy)2(PMe3)(5HT)]Cl was 

characterized by NMR spectroscopy. 1H-NMR (D2O, K2CO3) δ, ppm = 8.78 (1H, d, 

bpy), 8.57 (1H, d, bpy), 8.36 (1H, d, bpy), 8.13 (1H, d, bpy), 8.10 (1H, t, bpy), 7.99 (1H, 
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d, bpy), 7.94  (1H, d, bpy), 7.83 (1H, t, bpy), 7.79 (1H, t, bpy), 7.69 (1H, t, bpy), 7.64 

(1H, t, bpy), 7.36 (1H, t, bpy), 7.31 (1H, d, bpy), 7.29 (1H, d, bpy), 7,19 (1H, d, J=8.5 Hz, 

5HT), 7.13 (1H, t, bpy), 6.95 (1H, t, bpy),  6.89 (1H, s, 5HT), 6.63 (1H, dd, J=8.5 Hz and 

J=2 Hz, 5HT), 6.21 (1H, d,  J=2 Hz, 5HT), 3.57 (1H, t, 5HT), 2.65 (1H, t, 5HT), 2.61-2.47 

(2H, m, 5HT), 2.42 (1H, m, 5HT), 1.76 (1H, m, 5HT), 0.92 (9H, d, PMe3). 

 

6.32 Spectroscopic Measurements and Photolysis 

The optical bench used for UV-Vis measurements consists, briefly, of a set of 

collinear lasers directed towards a four-faceted cuvette, stirred and thermostated at 25 

C. The solution’s absorbance is monitored perpendicularly to the laser path by an 

OceanOptics PC2000 diode-array spectrophotometer run by OOIChem sofware.  

Quantum yield measurements of photouncaging were performed recording full 

absorption spectra while the photoreaction occurs. Then, the quantum yield of 

photolysis (PD) was adjusted as a parameter in order to fit the equation 1 to the 

measured spectra. 

NMR spectra were obtained with a 500 MHz Bruker AM-500. The compound was 

photolyzed inside the unopened NMR test tube with an own-designed illuminator (see 

supporting information, Figure S2) using an array of high power LEDs centered at 450 

20 nm FWHM. 

 

6.33 Voltammetry 

Cyclic voltammetry was recorded at 100 mV/s scan rate in acetonitrile solution 

and tetrabutylammonium salt as supporting electrolyte, using a three-electrode 
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potentiostat based on an operational amplifier TL071 in current-voltage configuration. A 

Pt wire with a diameter of 500 m was used as a working electrode and acquisition 

software was written in QuickBasic 4.5. Ferrocene was used as internal reference. 

 

6.34 Electrophysiology. Slice Preparation. 

Coronal brain slices (250 µm) containing medial prefrontal cortex were made 

from a P45 C57BL/6 male mouse. Slicing solution was chilled to 4°C and contained (in 

mM): 234 sucrose, 26 NaHCO3, 11 glucose, 10 MgSO4, 2.5 KCl, 1.25 NaH2PO4, 0.5 

CaCl2, bubbled with 5% CO2/ 95% O2. Slices were incubated in artificial cerebrospinal 

fluid (aCSF) at 32°C for 30 minutes and then at room temperature until recording. ACSF 

contained (in mM): 123 NaCl, 26 NaHCO3, 11 glucose, 3 KCl, 2 CaCl2, 1.25 NaH2PO4, 

1 MgCl2, also bubbled with 5% CO2/ 95% O2.  

 

6.35 Serotonin Uncaging & Patch Clamp Electrophysiology 

[Ru(bpy)2(PMe3)(5HT)]Cl was applied as a powder to the aCSF bath solution 

(100 µM) and was photolysed by 1 photon excitation with a single 5 ms light flash of a 

470 nm LED (~3.6 mW). 

Neurons were visualized using DODT contrast microscopy on an upright 

microscope (Bruker). Recordings were made using a Multiclamp 700B (Molecular 

Devices) amplifier and acquired with IgorPro. Patch pipettes (2-5 MΩ tip resistance, 

Schott 8250) were filled with the following (in mM): 130 KGluconate, 10 KCl, 10 HEPES, 

10mM Tris-phosphocreatine, 1.1 EGTA, 2 MgCl2, 2 MgATP, 0.3 Na3GTP, and 0.1 
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Alexa-594. All recordings were made at 32-34°C. Series resistance ranged from 10-15 

MΩ and pipette capacitance was compensated. 

Current pulses were applied through the somatic patch pipette for 

electrophysiological characterization (-300 and +150 pA in 250 ms duration). The 

neuron that displayed voltage sag at step onset and rebound at step offset when 

hyperpolarized (indicative of high expression of HCN channels) was identified as a 

putative corticopontine (CPn) projecting neuron [41, 42, 46]. The neuron lacking 

significant sag and rebound was identified as a putative commissural (COM) projecting 

neuron [41, 42, 47]. A 9 s positive current step was then applied to elicit spiking during 

uncaging trials (100 and 75 pA in CPn and COM cells, respectively). 1 µM MDL100907 

(stock in DMSO), a potent 5HT2A receptor antagonist, was applied before uncaging for 

some experiments.  

 

6.4 RESULTS AND DISCUSSION 

The complex [Ru(bpy)2(PMe3)(5HT)]2+ is yellow-orange in color. Its water 

solubility is well above the tens of millimolar range. No decomposition was detected in 

samples stored in the dark for months at room temperature either dry or in solution. 

Water solutions of this complex present a metal to ligand charge transfer (MLCT) band 

with a molar extinction coefficient () of 6718 M-1 cm-1 and an absorption maximum in 

the visible range at 447 nm. Its synthesis is a simple one-pot reaction and the photolysis 

is fast and clean, as depicted in Scheme 1. 

Figure 6.2 shows the 1H-NMR spectra of the complex (top) and of its partial 

photolysis (bottom). In the first, unphotolyzed spectrum, the aromatic region shows the 
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expected 8 doublets and 8 triplets that are characteristic of the bipyridines in a cis 

octahedral complex of the form [Ru(bpy)2(L1)(L2)]n+, and the four aromatic signals of 

5HT. In the aliphatic region (Figure 6.2b), besides the PMe3 signal at 0.92 ppm the two 

aliphatic signals for the amine and methylenes group of coordinated 5HT can be seen 

between 3.60 and 1.71 ppm. The fact that proton signals of amine group can be seen in 

a D2O solution at 3.57 ppm and 2.65 ppm and the shift and splitting of the methylene 

signals indicates the coordination of serotonin to the metal atom through its amine 

nitrogen. Also visible in the first spectrum are the set of signals corresponding to the 

trans configuration of the complex, although in much smaller proportion. The subtle 

differences in the photochemical behaviour of the cis and trans configurations of the 

complex are negligible in the scope of this work, and no further distinction between 

these isomers will be made, although a full characterization of both isomers should be 

needed for any biomedical uses. 

Once irradiated inside the NMR tube for 60 seconds, the photolysis progressed 

around 40%. The signals of the bipyridines in the original complex appear diminished, 

while a new set of signals corresponding to the aquo-complex are evident. In the 

aliphatic region, the two characteristic triplets of the methylenes of free 5HT appear at 

3.17 ppm and 2.98 ppm (Figure 6.2, signals a and b). Furthermore, amine protons are 

rapidly exchanged for deuterium and these signals are not present in the free 5HT. The 

signal from PMe3 protons is now shifted to higher fields and corresponds to that of the 

newly formed aquo complex.  

 To measure the quantum efficiency of photolysis, a water solution of the complex 

was irradiated with a 8.56 mW, 405 nm (violet) diode laser at pH = 7 and T = 24 °C. 
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Figure 6.3 shows the UV-Vis spectra during the progression of the photolysis reaction. 

As is deduced from the presence of an isosbestic point at 434 nm, the reaction yields 

just one absorbing product and proceeds to completion in around 12 minutes. The 

spectrum of the photoproduct corresponds to that of the aquo complex 

[Ru(bpy)2(PMe3)(H2O)]2+ accordingly with the known photochemistry of the complexes 

of the form [Ru(bpy)2(PMe3)(L)]n+ in water at neutral pH. [17, 22, 23] At pH>12 a 

broader and red-shifted absorption spectrum is obtained, which corresponds in this 

case to the hydroxo complex [Ru(bpy)2(PMe3)(OH)]+. 

 The progression of the photoreaction is shown in Figure 6.4 as the amount of 

photoreleased 5HT versus the total number of photons absorbed. Although the quantum 

efficiency of the phototrigger can be directly obtained from the initial slope of this graph, 

a more precise value was obtained by fitting the complete curve, as described below. 

Given the power of the irradiation beam, its optical path, and the amount of 

complex in the solution, it is possible to calculate the differential amount of product as:  

(1) 

where np is the number of the moles of uncaged product, Ibeam is the intensity of the 

incident light in Einsteins/s, AbsT  and AbsR are the total solution's absorbance and the 

reactant's absorbance, respectively, andPD is the quantum yield of photouncaging. The 

expression has nonlinear factors, and adjusting the value ofPD by iterating a finite 

differences algorithm over the entire obtained spectra converges to the unique solution 

for the integrated expression of equation 1. 

Cyclic voltammetry was used to further characterize the synthesized complex. 

Figure 6.5 shows a cyclic voltammogram of [Ru(bpy)2PMe3(5HT)]+2 recorded in 



 132 

acetonitrile. Ferrocene was used as internal reference. The Ru(III)/Ru(II) couple is 

observed at 1.07V vs. NHE (0.67 V vs. Fc/Fc+). Other two irreversible processes are 

evident at higher potentials and correspond to the oxidation of the coordinated amine, a 

behaviour also found in all other similar compounds. [17] 

To confirm the biocompatibility of this complex and evaluate its performance as a 

serotonin phototrigger, a series of electrophysiology experiments in acute brain slices 

were performed. 

In the mouse prefrontal cortex, separate populations of pyramidal neurons that 

project either subcortically to the pons (corticopontine, CPn) or to the contralateral 

cortex (commissural, COM) differentially express Hyperpolarization-activated cyclic 

nucleotide–gated (HCN) channels. HCN channel expression can be assessed 

electrophysiologically by hyperpolarizing neurons in current clamp recordings. HCN 

channels activate slowly over 10s of ms in response to neuronal hyperpolarization. 

Thus, cells with high HCN expression levels (e.g., CPn neurons) respond to 

hyperpolarization with a characteristic “sag” during and “rebound” following current 

pulses as the voltage overshoots steady-state membrane potential in each direction. 

This overshoot is indicative of the delayed activation and closure of HCN channels. [42] 

COM neurons express lower levels of HCN and display little to no sag, while CPn 

neurons express high levels of HCN and display significant sag. 5HT has differential 

effects on firing properties in these pyramidal neuron classes. [41] In CPn neurons, 5HT 

reduces neuronal excitability through 5HT1A-dependent signaling. In COM neurons, this 

5HT1A-dependent reduction in excitability is often followed by a slower, 5HT2A-
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dependent increase in activity. [41]  As such, 5HT uncaging should result in both 

reductions and delayed increases in these two cell classes. 

To determine whether uncaging of [Ru(bpy)2(PMe3)(5HT)] could alter pyramidal 

cell firing rates, we made recordings from COM and CPn neurons in mouse prefrontal 

cortex. When the caged-5HT was added to the slice in the dark, we observed no 

change in electrophysiological measures including resting membrane potential and 

input resistance, suggesting that the RuBi-5HT is not toxic in its caged form. 

Consistent with previous work, firing rate was lowered by 5HT uncaging in a CPn 

neuron. [41] A neighboring COM neuron exhibited a characteristic biphasic modulation 

of firing rate after [Ru(bpy)2(PMe3)(5HT)] uncaging with an initial depression of firing 

rate followed by a brief increase in firing (Figure 6.6E). In a subsequent experiment, we 

selectively blocked the delayed excitation with the 5HT2A receptor antagonist (1 µM 

MDL 100907). This experimental design thus provided an internal control that 5HT 

photolysis occurred (by the generation of the initial decrease in firing rate) while also 

demonstrating that changes in firing rate were indeed due to activation of 5HT receptors 

(by blocking the increase in firing rate with MDL 100907).  

 

6.5 CONCLUSION 

We have developed [Ru(bpy)2(PMe3)(5HT)]2+, a ruthenium bipyridil-based 5HT 

phototrigger which has its absorption maximum well into the visible range. Due to its 

absorption spectrum, 5HT can be released by irradiating with readily available low-

power visible wavelength laser diodes at 405, 445 and even 532 nm. The photoprocess 

is very clean, showing no sign of other photoproducts besides free serotonin and the 
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corresponding aquo complexes, as is expected from the known photochemistry of this 

kind of compound. Its redox potential lays into the expected values for a complex of this 

family, and is highly related with the position of the MLCT band [43]. However, its 

quantum efficiency of photorelease is somewhat lower that expected. The analog 

complexes [Ru(bpy)2PMe3(Dopa)]+ (Dopa = dopamine)[23] and 

[Ru(bpy)2PMe3(GABA)]+ present the same absorption [44] but three times more activity 

than [Ru(bpy)2PMe3(5HT)]+, suggesting that some degree of recaptation after 

uncaging may be occurring.  On the other hand, the sensitivity of this new caged 

serotonin is high enough to allow clean and fast uncaging in biological models, as is 

demonstrated by confirming neuronal characterization experiments while uncaging with 

a 5 ms 470nm LED light source.  

This phototrigger can be used with harmless visible light instead of UV light as is 

needed with the more traditional organic protecting groups. The water solubility of its 

chloride salt [Ru(bpy)2(PMe3)(5HT)]Cl2 is around 200 mM, much higher than needed 

for biological experiments, and the excellent stability of its solutions at neutral pH has 

been confirmed. 
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6.6 FIGURES 

 

Figure 6.1. Coordination reaction schematic. Coordination reaction between 

serotonin and [Ru(bpy)2(PMe3)(H2O)]2+ (forward) and the clean, one step photorelease 

reaction (reverse) releasing serotonin upon light absorption. 

 

 

Figure 6.2. 1H-NMR spectra of a 5 mg/mL solution of [Ru(bpy)2(PMe3)(5HT)]Cl in 

D2O before irradiation (upper trace); and after 60 s irradiation with 525 nm Green LED 

inside the NMR tube (lower trace). Note that after irradiation appear the triplets a and b, 

characteristics of free serotonin. 
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Figure 6.3. Subset of UV-Vis spectra of [Ru(bpy)2(PMe3)(5HT)]2+ acquired in aqueous 

solution at  pH=7 while irradiating with a 405 nm laser diode. The arrows indicate 

photolysis progress.  

 

 

Figure 6.4 Progression of the UV-Vis spectra during a photolysis reaction against 

absorbed photons. The continuous line is the theoretical fit according to equation 1. 

The initial slope of the curve represents the quantum yield PD  = 0.034. 
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Figure 6.5. Cyclic voltammogram of [Ru(bpy)2PMe3(5HT)]+2 recorded in acetonitrile 

at 100 mV/s on Pt wire electrode in CH3CN containing 100 mM TBAPF6 as supporting 

electrolyte. 
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Figure 6.6. Validation of Ruby-5HT in mouse cortical neurons. A) Schematic 

indicating location of recorded neurons in coronal slice from mPFC of mouse. B) Two-

photon z-stack image of recorded neuron filled with Alexa-594. C) Voltage responses of 

putative CPn neuron to hyperpolarizing and depolarizing current steps. D-F) A 

depolarizing current step was delivered to the CPn neuron to elicit spiking. Top: Firing of 

CPn neuron at baseline (D), using a pulse of blue light (470nm, 5ms, 3.6mW) to release 

5HT (E), and with 5HT uncaging in the presence of a specific 5HT2A receptor 

antagonist (1 µM MDL100907, F). Bottom: Peristimulus time histograms of firing rate of 

the neuron in 200ms bins. G) Voltage responses of putative COM neuron to 

hyperpolarizing and depolarizing current steps. H-I) Top: Firing of COM neuron at 

baseline (H) and with uncaging of 5HT (I). Bottom: Peristimulus time histograms of firing 

rate of the neuron in 200ms bins. 
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CHAPTER 7 
CONCLUDING REMARKS

 
 

The work presented here provides critical new insight into the function of 

serotonergic modulation in the prefrontal microcircuit. In this dissertation, I thoroughly 

elucidated the effects of serotonin on subclasses of interneurons derived by the medial 

ganglionic eminence. Specifically, I found that 5HT produces distinct excitatory effects 

in fast-spiking interneurons (FSIs) that express parvalbumin (PV) but not somatostatin 

(SOM)-expressing interneurons. By reducing conductance through inward-rectifying 

potassium channels, 5HT increases the input resistance and membrane potential of 

FSIs (Chapter 2). Furthermore, these effects result in prolonged decay of synaptic 

potentials that promote temporal summation of and spiking in response to gamma-

frequency synaptic inputs. Overall, this increase in FSI excitability causes FSIs to fire 

more in response to any input, overriding serotonergic presynaptic suppression of some 

inputs (Chapter 4). I further found that these effects increased gamma frequency 

inhibition in pyramidal neurons (Chapter 2) which could explain my observation that 

gamma frequency power was left unchanged while lower frequencies were suppressed 

in vivo (Chapter 5). Together, these findings suggest that 5HT may tip the prefrontal 

circuit to prefer gamma frequency inputs.  

 Furthermore, gamma frequency oscillations are associated with prefrontal 

behaviors such as cognitive flexibility (Cho et al., 2006, Cho et al., 2015). Here, I show 

preliminary evidence that eliciting serotonergic signaling in FSIs is able to increase FSI 

activity in vivo and rescue cognitive flexibility deficits in a mouse model of interneuron 

dysfunction that mimics many symptoms of schizophrenia (Chapter 5). This lends more 
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evidence to the idea that modulating interneuron function can regulate behavior and 

specifically points to FSI 5HT receptors as a promising target for pharmaceutical 

development. 

 Lastly, I characterize a role for prefrontal serotonin in mediating anxiety behavior. 

In Chapter 3, I discuss how serotonergic suppression of ventral hippocampal inputs 

onto excitatory pyramidal neurons via presynaptic 5HT1B receptors may reduce anxiety 

behavior. I also provide preliminary evidence that eliciting serotonergic signaling in FSIs 

could also reduce anxiety behavior (Chapter 5). Moreover, in both studies I observed a 

reduction in prefrontal theta frequency oscillatory power, a suggested biomarker of 

anxiety (Adhikari et al., 2011). Together, these studies suggest that prefrontal serotonin 

may attenuate anxiety through actions at many loci within the circuit.  

 This work provides critical insight into the actions of serotonin in the prefrontal 

microcircuit and suggests potential roles in both behavior and disease. Many questions 

remain as to whether the effects discovered here are actually required for behaviors or 

disrupted in disease states. Future work should aim to knock out 5HT2A receptors 

specifically from prefrontal FSIs or 5HT1B receptors from presynaptic ventral 

hippocampal inputs and examine any changes in prefrontal oscillations and behavior. 

Furthermore, it would be interesting to study the effects described here in the context of 

other models of schizophrenia, depression, or anxiety. And finally, future work could 

examine whether psychiatric drugs (i.e. antipsychotics, antidepressants, anxiolytics) 

influence any of the effects described here. This work adds critical information to our 

knowledge of psychiatric illness and could play a role in the development of 

therapeutics.  
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