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Abstract 

In vivo extracellular recording of simultaneous neural responses from different neurons at the same 

time allows to understand the interaction between neurons and to determine neural dynamics in 

different brain circuits. These neural responses are transmembrane currents that can be measured 

in the extracellular space with high temporal resolution (i.e. ms) by placing electrodes extracellularly. 

Spikes or action potentials are one of the major contributors to the extracellular signal. These are 

required for effective communication across different brain areas and abnormal spiking activity is 

found in some neurological diseases. Extracting spikes from extracellular recordings is an arduous 

task that requires to reliably discern spike contributions from different neurons recorded near the 

electrode from the background electrical noise. Here, multi-unit activity (i.e. aggregate spiking 

activity of a neural population close to the electrode) is quantified to assess neural circuit dynamics 

of antipsychotic drugs in freely-moving mice in the prefronto-hippocampal circuit. Results show that 

multi-unit activity is reduced by antipsychotic drugs both in hippocampus and medial prefrontal 

cortex. Decrease in the firing rate of neuronal populations seems to be mediated mainly by the 

stimulation of serotonin 1A receptor and/or blockage of serotonin 2A receptor.  

 

Keywords: multi-unit activity, in vivo extracellular recording, spike-sorting, antipsychotic drugs, 

prefronto-hippocampal circuit               
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1. Introduction 

In the beginning of the 20th century it became possible to measure quantitively neural activity from 

brain tissue using microelectrodes (1). Neural activity can be recorded directly by measuring 

changes in membrane potential, or indirectly by quantifying signals that are related to neural activity, 

such as the magnetic field (MEG) or blood flow (fMRI) (2). Changes in membrane potential are 

mediated by the synaptic input to the neuron that lasts milliseconds and comes from dozens of 

neurons. Synaptic inputs from different neurons do not normally come altogether so changes in 

membrane potential are gradual. If synaptic inputs are sufficiently large, action potentials or spikes 

will arise. These spikes are “the language” the brain speaks as it talks the rest of the brain (3). So 

far, the golden standard to measure spiking activity to study how the brain processes different 

stimuli in vivo is by implanting intracranial electrodes. This invasive method allows both a good 

temporal and spatial resolution at the same time. For decades, the electrophysiological study of the 

brain has concentrated in recording single neurons or units and analyzing its firing rate. This method 

has led to many important discoveries of how the brain internally represents different stimuli from 

the external world (i.e. the discovery of neurons selective to orientation in V1 by Hubel and Wiesel 

in the 60s (4)). But studying the activity of few neurons is not sufficient to understand the dynamics 

of neural circuits. The brain establishes a continuous electrical communication between different 

areas that gives rise to behavior, cognition and ultimately our conscious experience (5). Thus, multi-

unit activity (MUA), the aggregate neural activity of multiple neurons close to the electrode, provides 

a good framework to gain insight into the role of a local neuronal network in brain function (6). 

 

1.1. Recording the extracellular space 

Neuronal activity in the brain generates transmembrane currents that can be measured in the 

extracellular space by extracellularly-placed electrodes with submillisecond resolution. The major 

contributor of the extracellular signal is the synaptic transmembrane current that includes spikes 

although other non-synaptic sources also shape the extracellular field (7). Spiking activity is 

extracted from the high-frequency band (>450 Hz) of the extracellular potential. The low-frequency 

(>450 Hz) component of the extracellular potential is called local field potential (LFP) and results 

from the dendritic processing of synaptic inputs (8). Although, the interpretation of LFP is difficult as 

it is a less local signal of neural activity than MUA (9).  

 

1.2. Extracellular electrodes 

The shape and the material of the electrode have a significant role on determining the types of brain 

signals you can measure. The larger the tip of the electrode, the greater the area you will record. If 
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the tip of the electrode is too large it will be impossible to isolate any neuron but if otherwise is too 

small you will not be able to detect any spike at all. The chronically implanted electrodes have low 

impedances (100-300 kΩ). The impedance is the measure of the resistance that a tissue offers to a 

current. Low impedance values are related with a large tip of the electrode. In order to record  MUA, 

multiwire electrodes such as 2-wire or stereotrodes (10) and 4-wire or tetrodes (11) are appropriate. 

These electrodes are made of 12-25 µm microwires with exposed ends that have impedances 

around 150 kΩ.    

 

1.3. Spike-sorting        

Extracting spiking activity from extracellular recordings involves many steps (Figure 1) (12,13). This 

process-also known as spike-sorting presents the problem of reliably discerning the spike 

contributions from the neurons recorded near the electrode from the electrical noise. I will use a 

real-life situation metaphor to illustrate this challenge. We have been invited to a cocktail-party and 

there are a group of people having an interesting discussion about a new breakthrough in systems 

neuroscience. Unfortunately, we cannot fully follow-up that conversation since other people are 

talking and the room contains many things that concurrently make noise. This real-life situation is 

known as the cocktail-party problem and is the task of hearing a signal of interest in a complex 

auditory setting (14). Spike-sorting deals with extracting neural activity (i.e. signal of interest) from 

background electrical noise (i.e. complex auditory setting). 

 

 

Figure 1 | Overview of spike- sorting process. Electrodes record changes in the extracellular electrical 

potential (b) caused by action potentials of neurons in its vicinity (a). For spike detection, a band-pass filter 
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between 450-6000 Hz is used to remove the low-frequency part of the extracellular potential (c). Voltage 

thresholding is the method usually used for detection of spikes (d) although the optimal procedure is still an 

unsolved problem. Extracted waveforms need to be temporally aligned on a common feature like the position 

of the voltage peak (e). Features are extracted from every waveform and plotted in a two-dimensional space 

(f). Feature extraction is paramount for decreasing the dimensionality of the data to the most informative 

clusters. This can be done using principal component analysis. Clusters are assigned manually or 

automatically using sorting algorithms (g). Adapted from (12).     

 

2. Rationale 

In the 2nd year of my Human Biology degree I became an undergraduate student in the laboratory of 

Dr. Mª. Victoria Puig at the Hospital del Mar Medical Research Institute (IMIM) in Barcelona. The 

Puig laboratory investigates the neural dynamics underlying cognitive processes and how these are 

altered in psychiatric and neurological diseases. Since my arrival at the laboratory in 2014 Fall, I 

helped setting up the laboratory from scratch under the supervision of the laboratory senior 

postdoctoral researcher Dr. Thomas Gener and participated in multiple research and technical 

projects. In this final degree project, I review the work that I have done in my host lab to assess 

multi-unit activity (MUA) dynamics to understand the action of antipsychotic drugs in the prefronto-

hippocampal circuit, a neuronal network crucial for cognition. Here, electrode assemble, obtaining of 

in vivo extracellular recordings, data pre-processing and quantification of changes in MUA will be 

discussed.             

 

3. Objectives 

 

1. Design a method to assemble stereotrodes with similar impedances by building an electrode 

twister. 

2. Electrode implantation for chronic recordings with stereotaxic surgery and electrophysiological 

recordings in vivo in awake mice in an open field under antipsychotic drugs. 

3. Pre-processing raw data from extracellular recordings in awake mice and extract spiking 

activity by band-pass filtering the raw signal and referencing. 

4. Sort waveforms into MUA from the filtered signal using a spike sorting software by putting a 

threshold and artifact/noise removal.  

5. Quantify changes in MUA induced by antipsychotic drugs in the prefronto-hippocampal circuit.  
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Objective 1. Assembling stereotrodes 

 

To record extracellular potentials, including MUA and LFP, electrodes of low impedances (100-300 

kΩ) are needed. In my host lab, 25 µm tungsten wire FORMVAR insulated (Advent Research 

Materials, UK) was used to assemble stereotrodes. To achieve consistency in the impedance 

across different electrodes an electrode twister with Arduino technology was built (Figure 2) 

designed by Open Ephys (http://www.open-ephys.org/twister/). All the components were purchased 

and twister was assembled by welder electronic components to a circuit board and Arduino code 

was customized. With this device, the number of forward and reverse turns were controlled 

precisely. The turns generate slight tension on the wires and modify impedance since every 

mechanical manipulation of the wire affects the impedance of the electrode. Being able to monitor 

the number of turns, hence the tension on the wire, establishes a method to assemble electrodes 

with very similar impedances. This twister is currently used in my host laboratory by all the members 

of the team. To assemble the stereotrodes the following procedure was conceived (Figure 3): 

 

 

Figure 2 | Electrode twister. Top view illustration (A). Front view illustration (B). Electrode twister uses 

Arduino technology to rotate a servomotor according to the number of forward (FWD) and reverse (REV) 

turns. Changes in amount of light on the photocells are computed and this permits to have a precise count of 

the number of turns performed. 

 

1. Cut 7 cm of 25 µm thickness tungsten wire (Figure 3A). 

2. Make a loop by doubling and fastening the free ends crossing to one another with tape (Figure 

3B). 

3. The taped ends are weighted with a small clamp and the loop is hung over a thin metallic bar 

(Figure 3C). 

http://www.open-ephys.org/twister/
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4. Generation of a magnetic field by bringing closer two magnets to the small clamp and number 

of forward and reverse turns are set with the electrode twister (i.e. 14 forward and 4 reverse) 

(Figure 3D). 

5. Run electrode twister. 

6. Apply heat gun for 20 seconds on the wire to melt the FORMVAR insulation to stick the two 

wires (Figure 3E). 

7. Cut the loop gently with sharp scissors and weld each of the tips to a golden pin (Figure 3F). 

 

 

Figure 3 | Stereotrode assembly. 7 cm tungsten wire is cut (A). Loop by doubling and fastening the free 

ends with tape (B). Taped ends are weighted with a small clamp and the loop is hung over a thin metallic 

piece (C). Magnetic field is generated by bringing closer the twister magnets to the small clamp (D). Heat gun 

is applied across the tungsten wire to melt FORMVAR insulation (E). Final look of the stereotrode with golden 

pins welded (F). 

 

Objective 2. In vivo extracellular recordings 

 

Surgery 

Two mice (C57BL/F strain purchased to the PRBB Animal Facility) were anesthetized (induction 

with ketamine/xylazine and maintenance with isoflurane 0.5-4%) and placed in a stereotaxic 

apparatus. Five small craniotomies were drilled above the medial prefrontal cortex (mPFC) and the 

hippocampus (HPC). Several micro-screws were screwed into the skull to stabilize the implant and 

one on top of the cerebellum was used as a general ground. Tungsten stereotrodes were lowered 
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down into the mPFC (AP: 2.0 mm; ML: ± 0.4 mm; DV: -1.5 mm from bregma) and the HPC (AP: -2.5 

mm; ML: -2.0 mm; DV: -2.5 mm) following stereotaxic coordinates (15) and electrophysiology 

recordings of neural activity were performed in order to reliably identify areas with rich and noise-

free neural activity. Electrode impedance was measured inside the brain tissue before approaching 

the final implantation brain area. Once found the best area for the recording, the tungsten 

stereotrodes were implanted with dental cement. A total of 9 electrodes (3 in the mPFC, 3 in the 

HPC, 2 in the corpus callosum and 1 in the lateral ventricle) were implanted. The electrodes in the 

corpus callosum and lateral ventricle were placed as references. These brain areas are silent and 

very few neural activity is found. The wires were connected to an adaptor that emerged from the 

implant to facilitate the connection of the implanted electrodes to the recording system for 

behavioral evaluation. The miniature implants can be safely implanted in mice and are well tolerated 

with only minimal impact on natural behavior. After the surgery, mice had 1-week recovery period 

during which animals were extensively monitored and received analgesia (buprenorphine) and anti-

inflammatory (meloxicam) treatments. 

 

In vivo extracellular recordings 

Recording system used in my host lab is a multi-channel Open Ephys system (http://www.open-

ephys.org/) sampling at 30 kHz. An Intan RHD2132 amplifier board (Intan Technologies, USA) and 

a custom-made flexible interference cable to connect the amplifier board to the Open Ephys 

acquisition system are also used. Open Ephys is an open-source electrophysiology system that 

generates files in HDF5 format (https://www.hdfgroup.org/). The HDF5 file format allows the 

management of extremely large and complex data collections by compressing it. Sampling at 30 

kHz means that there are 30000 samples per second of data and if you consider that the recordings 

lasted 3 hours that equals to 3,24·108 samples/channel. But we are recording in 9 channels 

simultaneously so that equals to 2.92·109 samples/recording. Compressing this huge amount of 

data (file size scale in GB)  is crucial to handle it. 

 

Antipsychotic drugs action on neural activity in HPC and mPFC 

After 1-week post-surgical recovery, continuous extracellular recordings of neural activity in awake 

mice were performed. Each experiment lasted 3 hours and consisted with the procedure illustrated 

in Figure 4. In the example presented for Objectives 3, 4 and 5, freely-moving mice were recorded 

in an open field for 30 min (baseline). After, saline was injected and neural activity was recorded for 

30 min (saline). Then, 8-OH-DPAT 1.0 mg/kg (8-OH-DPAT is a selective serotonin 1 receptor (5-

HT1) agonist (16) with high affinity for subtype 5-HT1A receptor (17,18)) was injected and mice were 

recorded for 1 hour. 8-OH-DPAT changed the mice brain state and mice stopped moving 

http://www.open-ephys.org/
http://www.open-ephys.org/
https://www.hdfgroup.org/
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resembling to a sleep state. Later, WAY-100635 0.5 mg/kg (WAY-100635 is a highly selective 

serotonin 1A (5-HT1A) receptor antagonist (19)) was injected and brain activity was recorded for 1 

hour. With WAY-100635 administration, mice gradually recovered from the apparent sleep state.  

After the experiment, mice returned to their cage and had 1-week washout before next experiment. 

 

Figure 4 | Experimental protocol. Each experiment consisted in 4 phases done consecutively. Phase 1 

(baseline) and 2 (saline) lasted 30 minutes each. Phase 3 (8-OH-DPAT/Clozapine/Haloperidol/Risperidone) 

and 4 (WAY-100635) lasted 1 hour each. Arrows indicate injection. The animal received the injections while 

freely-moving in an open field. Drug concentrations: [8-OH-DPAT] = 1.0 mg/kg; [Clozapine] = 2.0 mg/kg; 

[Haloperidol] = 0.5 mg/kg; [Risperidone] = 2 mg/kg; [WAY-100635] = 0.5 mg/kg.         

 

Objective 3. Pre-processing of raw extracellular signal with MATLAB 

 

All the pre-processing of the recording was performed using MATLAB (2017a, MathWorks, USA). 

To preprocess the data from the extracellular recordings the following summarized MATLAB script 

was conceived: 

1. Extract voltage data from the HDF5 file generated with Open Ephys that contains the 

continuous raw recording (.raw.kwd). 

>>[FileName,PathName] = uigetfile('*raw.kwd','Select file to analize'); 
>>File_Path = [PathName FileName] 
>>full_data = double(h5read(File_Path,'/recordings/0/data')); 
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2. Referencing the HPC and mPFC channels subtracting the appropriate reference (HPC_Ref 

and PFC_Ref) for each channel. In the following example are just shown two channels out of 

six for simplicity. 

 

>>HPC1_refeferenced = single(HPC1-HPC_Ref); 
>>PFC1_refeferenced = single(PFC1-PFC_Ref); 

 

 

3. Apply the band-pass filter by performing a 4th order Butterworth filter between 450 Hz and 

6000 Hz. This filter removes frequencies below 450 Hz and higher of 6000 Hz. The spiking 

activity is found in the range between 450-6000 Hz. For simplicity just shown the filtering of 

two channels. A zero-phase distortion filtering by using the filtfilt function was also 

applied. To calculate the Butterworth filter coefficients, sampling frequency (Fs) is defined as 

well. Fs of the recordings was 30 kHz. 

 

>>lowcut = 450; %Lowcut frequency  
>>highcut = 3000; %Highcut frequency 
>>[b,a] = butter(2, [lowcut highcut]/(Fs/2)); 
>>HPC1_ref_filt = filtfilt(b,a,HPC1_referenced); 

>>PFC1_ref_filt = filtfilt(b,a,PFC1_referenced); 

 

4. Concatenate all the different files of the recording to have the full experiment in one single 

matrix. Each experiment was split in 12 files of 15-minute duration each for storage reasons. 

 

>>HPC1_ref_filt_full = []; 

>>PFC1_ref_filt_full = []; 

>>for i = 1:size(num_files,1) 
>>    load (char(num_files(i,1))); 
>>    HPC1_ref_filt_full = [HPC1_ref_filt_full,HPC1_ref_filt]; 
>>    PFC1_ref_filt_full = [PFC1_ref_filt_full,PFC1_ref_filt]; 
>>end 

 

The critical issue of referencing 

Referencing is a critical issue for spike-sorting. Referencing electrodes were placed in very 

silent brain areas close to HPC and mPFC (see above). Referencing permits to remove 

common electrical noise from neural activity. The optimum reference for each area was 

chosen based on visually inspecting referenced HPC and PFC channels and decide which 

reference combination leaded to the best signal-to-noise ratio (i.e. highlight spikes over 

background noise) in HPC and PFC separately. 
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To perform spike-sorting a commercial software called Offline Sorter (OFS) (Plexon, USA) was 

used. This software does not support HDF5 Open Ephys file format so a new method to convert 

HDF5 Open Ephys files into a file format compatible with OFS was needed. NeuroExplorer (Nex 

Technologies, USA) provided with MATLAB scripts to read and write NeuroExplorer data files 

(.nex). These .nex files are compatible with OFS but code was modified since there was no direct 

method to convert HDF5 to .nex.  

1. Generate n empty .nex files for the total number of channels. In the following example, there 

are 2 channels. 

 

>>nexFile_HPC1_Referencedfl = nexCreateFileData(Fs); 
>>nexFile_PFC1_Referencedfl = nexCreateFileData(Fs); 

 

 

2. Add filtered data to the empty .nex files. time_interval is defined as a vector  linearly 

spaced of the length of the recording in sec according to the total number of samples. 
 

 

>>nexFile_HPC1_Referencedfl = nexAddContinuous(nexFile_HPC2_Referencedfl, 

time_interval(1), Fs, single(HPC1_ref_filt_full), 'HPC1_ref_filt_full'); 
>>nexFile_PFC1_Referencedfl = nexAddContinuous(nexFile_PFC1_Referencedfl, 

time_interval(1), Fs, single(PFC1_ref_filt_full), 'PFC1_ref_filt_full'); 

 

 

3. Write and save .nex files. 

 
>>writeNexFile(nexFile_HPC1_Referencedfl, [filename 'HPC1.nex']); 

>>writeNexFile(nexFile_HPC1_Referencedfl, [filename 'PFC1.nex']); 

 

 

Objective 4. Sorting multi-unit activity 

 

Once generated the .nex file compatible with OFS software, a set of parameters for spike detection 

were defined: 

1. Set the time windows of the waveform including waveform length, prethreshold 

period and dead time (minimum time between extracted waveforms). To calculate that we 

visually inspected the recording looking for multiple spikes and then we adapted the time 

window to the duration of the longest spike (Figure 5). 
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Figure 5 | Defining time window for waveform detection. To calculate the waveform length used to 

detect waveforms we select one waveform and we compute the length. Waveform length was 

adapted to the duration of the longest spike. 

2. Set a voltage threshold. The threshold level determines the trade-off between missed 

spikes (false negatives) and the number of noise/artifact events that cross the threshold 

(false positives). Ideally, the threshold is set to optimize the ratio of false positives to false 

negatives. If the recording noise level is small compared to the amplitude of the spikes (i.e. 

high signal-to-noise ratio), these errors will be close to zero (13). To detect MUA a low 

threshold is applied to get the maximum spikes from the maximum number of neurons. This 

presents some pitfalls since the signal detected is very close from the background noise and 

some false positives might be detected although the number of false negatives would be 

reduced. Voltage threshold was set at twice the voltage of the background noise line (Figure 

6). That is 3 standard deviations (σ) from the background noise mean. 

 

 

Figure 6 | Setting voltage threshold. Frist, the background noise line was set which in the following 

example is at -20 mV (A). The final voltage threshold was set at twice the background noise line which for 

this channel is -40 mV (B). The red line shows the voltage threshold.  
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After defining these parameters, all waveforms that crossed the threshold were automatically 

detected (Figure 7A). Offline Sorter classifies the different waveforms based mainly on principal 

component analysis (PCA) (Figure 7B). The idea behind PCA is to find an ordered set of orthogonal 

basis vectors based on different features from spike shapes that capture the directions in the data of 

the largest variation. Most of the information about the spike shapes is captured by the first 3 

principal components (13). Then waveforms are clustered manually by drawing an arbitrary shape in 

PCA feature space around a visible cluster or group of data objects (i.e. waveforms) (Figure 7C). 

OFS assigns all waveforms inside the arbitrary shape to a cluster. Manual clustering allows full 

control of the sorting process (i.e.  indicate manually which waveforms should be assigned to each 

unit). 

 

Figure 7 | Frist steps in spike-sorting with Offline Sorter. Waveforms that crossed the threshold are 

automatically detected (A). Full recording PCA1 (x-axis) and PC2 (y-axis) feature space of detected 

waveforms (B). Manual clustering by drawing an arbitrary shape in two-dimensional feature space (C).  

 

To sort spikes, a narrow time window (1s) was used to limit clusters in the feature space that 

belonged to spikes by visually inspecting waveform shape. Extracellular spikes are triphasic (Figure 

8). Then, a wider time window (60s) was used to add spikes to the cluster by drawing shapes. 

Complete time segments that coincided with the animal manipulation during the injection were 

removed from further analysis. Later, timestamps and continuous data in a new .nex file were 

exported for MUA quantification using MATLAB. This procedure was repeated for 6 channels per 

recording (3 in the mPFC and 3 in the HPC) for a total of 8 experiments (4 experiments/animal). 

That equals to 48-channel spike-sorting. Figure 9 shows the total waveforms sorted into MUA 
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(Figure 9A) and the two-dimensional feature space with the MUA cluster (Figure 9B) of a single 

HPC channel.  

 

 

Figure 8 | Extracellular spike waveform shape. Extracellular spikes are triphasic (colors represent each of 

the 3 phases). The negative phase (orange) of the extracellular spike coincides with the depolarization. The 

positive phase (red) corresponds to the neuron hyperpolarization.  

 

Figure 9 | Waveforms sorted into MUA (A). PCA two-feature space with MUA cluster (B).  

 

Objective 5. Quantifying multi-unit activity changes under antipsychotic effects   

 

To quantify MUA changes induced by antipsychotics, mean firing rate (FR) at 5-seconds time 

window across the recording (φ) was quantified. FR normalization at each time window was done by 

calculating the Z-score. Z-score was calculated by computing the mean FR (�̅�) and the standard 

deviation (σ) of the baseline (30 min) and then subtracting the mean FR of the baseline from the 

mean FR at each time window divided by the standard deviation of the baseline: 

Z-score (FR) =
�̅� − 𝜑

𝜎
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Mean Z-score of HPC and mPFC separately at each 5-second time window was plotted. In Figure 

10 the average (n=2) MUA changes in HPC (Figure 10A) and in mPFC (Figure 10B) under 8-OH-

DPAT and WAY-100635 are pictured. 8-OH-DPAT dramatically decreases the FR rate both in HPC 

and in mPFC and WAY-100635 reverses this effect fully. Although, a recovery tendency appears 

before the administration of the drug.  

 

 

Figure 10 | 8-OH-DPAT suppresses firing rate and WAY-100635 reverses these effect in both HPC (A) 

and PFC (B). Z-score normalized firing rate 3-hour recording. Shaded area depicts s.e.m. throughout (n=2). 

Dashed-line show injection: saline (S), 8-OH-DPAT (D), WAY-100635 (W).  

 

In Figure 11, average MUA changes (n=2) induced by different antipsychotics both typical and 

atypical (see Table 1 for classification) and 8-OH-DPAT in HPC (Figure 11A) and mPFC (Figure 

11B) are shown. Results show that antipsychotic drugs reduce firing rate in the prefronto-

hippocampal circuit through serotonin modulation. But different mechanisms might be involved to 

explain the decrease in firing rate.  
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Figure 11 | Mean MUA firing rate Z-scores of antipsychotic drugs and 8-OH-DPAT at HPC (A) and 
mPFC (B). Error bars depict s.e.m. (n=2). Mean MUA is calculated 30 min after injection with a 15-minute 
time window. 

 

Antipsychotic drug Class 5-HT receptor mainly targeted Mechanism of action 

Clozapine atypical 5-HT2A partial antagonist 

Haloperidol typical 5-HT2A silent antagonist 

Risperidone atypical 5-HT2A inverse agonist 

 

Table 1 | Antipsychotic drug classification. For review of antipsychotic drugs mechanisms of action see 
(20,21).    

 

4. Discussion 

The serotonergic system is involved in many brain functions due to the widespread serotonin 

receptor distribution across the whole neuroaxis (22). Serotonergic system is the target of many 

drugs used to treat brain diseases such as schizophrenia or depression and are also used as 

recreational drugs. Frontal lobe and hippocampal formation are two of the richest brain areas in 

serotonergic terminals and serotonin receptors (particularly 5-HT1A and 5-HT2A subtypes). This 

widespread distribution and high density of serotonergic axons in the prefronto-hippocampal circuit 

suggest an important role of serotonin in cognitive function depending upon this circuit. 

Downregulation of serotonergic activity (i.e. stimulation of 5-HT1A and blockade of 5-HT2A) in mPFC 

decrease impulsivity and perseveration (23), and its upregulation with 8-OH-DPAT show 

anxiolytic/antidepressant effects in animal models (24). In situ hybridization studies in the rat PFC 

have shown that 50% of pyramidal neurons (excitatory) and 20-30% of GABAergic interneurons 

(inhibitory) express 5-HT1A and/or 5-HT2A receptors (25). Additionally, 30% of fast-spiking 

parvalbumin-expressing interneurons (inhibitory) in the PFC express 5-HT1A or 5-HT2A receptors 
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(26). So prefronto-hippocampal circuit is largely modulated by serotonin (27,28). 5-HT1A is known to 

mediate inhibitory neurotransmission (29) whereas 5-HT2A mediate mainly excitatory transmission 

(30). Systemic administration of selective 5-HT1A agonists suppresses the firing rate of serotonergic 

neurons in raphe nuclei as well as in HPC (31,32) but these agents seem to have a more complex 

effect in PFC affecting different neural populations distinctively (33). On the other hand, in vitro 

recordings of pyramidal neurons in PFC slice have revealed that activation of 5-HT2A receptor 

depolarizes the cells recorded (34,35). Blockage of 5-HT2A by clozapine and haloperidol reduces 

firing rate and with an inverse agonist (risperidone) firing rate is decreased as well as shown in 

Figure 11. 8-OH-DPAT decreases firing rate mediated by activation of 5-HT1A (inhibitory). This effect 

is reversed with the administration of WAY-100635 as shown in Figure 10 but WAY-100635 do not 

produce the same reversal effect with clozapine, risperidone and haloperidol (data not shown). 

These effects are observed both in HPC and mPFC which suggests that communication between 

these brain areas is impaired with antipsychotic drugs. Further research would be needed to 

determine if firing rate reduction has directionality (i.e. if one are firing rate reduction causes the 

same effect on the other area) or if these reported effects happen simultaneously in both areas and 

also if changes in cognitive function (i.e. learning and memory) occur with the administration of 

antipsychotic drugs.      

 

5. Conclusions 

 

1. Electrode twister permits a precise control of the number of turns and tension of the tungsten 

wire. This new method allowed to assemble electrodes with very similar impedances. With the 

construction, I learned some basics of electronics and how to assemble electrodes from 

scratch. Electrodes assembled with the twister are used daily for extracellular recordings in my 

host lab. 

2. Appropriate electrode implantation is crucial to have good signal-to-noise ratio in extracellular 

recordings a posteriori.  

3. Band-pass filtering between 450-6000 Hz and referencing provides good signal for spike-

sorting. NeuroExplorer file format conversion allowed us to perform spike-sorting using OFS. 

4. Spike-sorting is “an art” as much as a science and it involves a large manual and subjective 

component. It is crucial to report electrical noise during recordings to remove it from analysis. 

Clustering by drawing arbitrary shapes is very subjective but it permits a full control of the 

spike-sorting process.  

5. Typical and atypical antipsychotics reduce MUA both in HPC and mPFC in mice. Serotonergic 

system exerts a spiking activity modulation that changes brain states in the prefronto-

hippocampal circuit in mice. Changes in cognition are being assessed in my host lab. These 
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combined results will shine light on how serotonergic system and antipsychotic drugs 

modulate cognition. Results presented in this project will be published in a high-impact journal 

in 2017. 
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