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ABSTRACT  
 
Parvalbumin (PV) interneurons are GABAergic inhibitory neurons that shape neuronal network 
activity and plasticity. They are involved in both developmental and adult plasticity and have 
recently been divided into subpopulations that differ in birthdate, intrinsic properties and are 
involved in different types of learning; while late born PV neurons, expressing low levels of PV, 
are required for the acquisition of new information, early born PV neurons, expressing high levels 
of PV, are involved in the consolidation of the information. PV cells can be enwrapped with 
perineuronal nets (PNNs), an extracellular matrix structure that stabilizes synapses and indicates a 
mature state of the cell. The development of PNNs correlates with the closure of critical period of 
plasticity in development, and the enzymatic removal in adulthood can reopen those periods. 
Similarly, antidepressants like fluoxetine have been proven to reopen critical periods of plasticity 
in adulthood (iPlasticity) and decrease PNN structures in PV cells. However, whether the effect of 
fluoxetine is restricted to a subpopulation of PV interneurons is unknown. In addition, no previous 
studies have yet investigated the maturity state of the PV subpopulation by analyzing its PNN 
structures.  
 
In this thesis we aimed to elucidate differences in the maturity state of the subpopulations and the 
fluoxetine effect in those. To do that, we treated a cohort of adult mice with a chronic fluoxetine 
treatment previously reported to be capable of the reopening of critical periods. Following, we 
performed an immunohistochemistry analysis to detect PV and PNN levels in the CA3b 
hippocampal area. In addition, our mice line expressed TdTomato (TdT) in PV cells which allowed 
a more sensitive detection of PV neurons. After imaging the slices with a confocal microscope, we 
analyzed the PV and PNN intensity both by manual counting and with a semi-automatic macro 
script in ImageJ software that we developed and validated. The PV intensity of control mice was 
used to divide the cells in two groups; low PV and high PV expressing cells. PNNs in those 
subpopulations in both the control and fluoxetine treated group were analyzed and statistically 
compared. The low PV subpopulation showed a significantly low PNN intensity compared to the 
high PV subpopulation, indication a plastic or immature low PV subpopulation and a mature or 
consolidated high PV subpopulation. Interestingly, fluoxetine selectively decreased the PNN 
structures in the high PV subpopulation, by bringing the PNN intensity to comparable levels found 
in the low PV network. No effect of fluoxetine in the low PV network was detected.  
 
Fluoxetine induced a change towards a plastic state in the network believed to be involved in 
memory consolidation by decreasing its PNNs structures. This discovery gives new insights on the 
understanding of antidepressant plastic actions, suggesting that a chance for strong memories to 
change could be facilitated with the drug, and explain the antidepressant’s effects when combined 
with psychotherapy. However, supplementary experiments to compare and define PV 
subpopulations and a confirmation of the selective effect of fluoxetine are needed to confirm the 
preliminary hypothesis suggested by our data.  
 
 
Keywords: Parvalbumin (PV) interneurons, Perineuronal nets (PNNs), Fluoxetine, PV 
subpopulations, memory consolidation, memory acquisition, iPlasticity, TdTomato (TdT).  
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1 INTRODUCTION 
 

GABAergic interneurons, and more specifically PV interneurons, are key regulators of the 

neuronal function. This fast spiking interneurons shape the network activity by regulating the 

activity state of pyramidal cells. Their ability to control the network activity makes them key 

players in the regulation of neuronal plasticity both during development and in adulthood. Another 

structure involved in the network plasticity regulation are the PNN structures, an extracellular 

matrix structure that stabilizes the synapses of mature PV cells. In adulthood, learning is possible, 

at least partially, due to changes in the PV network. Indeed, several evidences demonstrate that the 

configuration of those cells change with recent experiences and suggest that the PV network is 

composed by subpopulations that differ in birthdate, excitatory inhibitory balance and 

functionality. In addition, antidepressants can reactivate a juvenile-like plasticity in the adult brain 

and PV cells are believed to be key players on this phenomenon. During fluoxetine treatment, the 

PV network seems to shift towards an immature state. However, how exactly is fluoxetine 

affecting the PV network and whether its effects are specific to a PV subpopulation is unknown.  

 

In this thesis, we have examined the effects of fluoxetine on the PV networks by firstly identifying 

the subpopulations of PV interneurons and secondly, observing the effect of fluoxetine on them. 

A fluoxetine-induced shift towards an immature state of the PV network has already been proven 

by previous experiments, however, whether this effect is selective to the network responsible for 

consolidating memories, or the network responsible of learning in adulthood is unknown. Our 

results suggested that fluoxetine treatment alone can induce a decrease on the Parvalbumin 

expression levels suggesting an immature network state. Following, we proved that the effect of 

fluoxetine is restricted to the subpopulation of PV cells expressing high PV levels, showed by a 

fluoxetine-induced decrease of the PNN structures surrounding only this subpopulation. In 

addition, we developed a new semi-automatized method of fluorescence analysis for confocal 

images. The method was developed and validated for the use of this thesis and used as a second 

analysis methodology to validate our results. The experiments performed in this thesis gave us a 

new insight on the understanding of juvenile plasticity phenomena induced by fluoxetine and 

suggested new hypothesis to define antidepressants properties.  
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1.1 Neuronal plasticity  
 

Neuronal plasticity is the mechanism used by the brain to adapt its structures to the environment, 

both internal and external (Attneave et al. 1950). Plasticity can be understood as an opportunity 

for the networks to adapt to new experiences or signals (Katz and Shatz 1996). Hence, neuronal 

plasticity cannot be defined as good or bad, trophic or atrophic, adaptive or maladaptive, plasticity 

is just a way to increase both neuronal and synaptic dynamics with no specific direction (Castrén 

and Hen; Castrén and Antila 2017). It is the experience-dependent activity within the neuronal 

network that determinates which of the connections are strengthened and maintained, and which 

ones are eliminated (Changeux and Danchin 1976; Hua and Smith 2004).  

 

Plasticity is not stable during the life time of an individual. It is known that there are critical periods 

in early postnatal life that are time windows of opportunity during which major neuronal plasticity 

takes place (Berardi et al. 2000). During these early processes, neuronal plasticity is needed to 

stablish right structures and networks by a strict selective process where only the strongly active 

neurons and connections are kept, and the week ones are eliminated (Katz and Shatz 1996; 

Changeux and Danchin 1976). When those time-periods close, plasticity drops sharply. However, 

certain levels of plasticity are conserved in order to allow adult learning and processing of new 

information and experiences outside the plasticity critical period. For example, experiments show 

that LTP in the hippocampus and amygdala is required and naturally occurs during adult learning 

and memory (Sossin et al. 2008; Maren 2005).  

 

During development, neuronal networks are shaped through changes in the connection and 

networks. As described previously, there are periods of time where plasticity is highly enhanced 

in the brain, and hence, the neuronal networks are highly sensitive to the internal and external 

environment (Berardi et al. 2000; Castrén and Hen; Antila et al. 2017). There are different critical 

periods of plasticity for the different types of information processing. As shown in Figure 1, there 

is a critical window for primary functions, such as vision, or hearing, which differs in time from 

the critical period for language learning or cognitive functions (Marín 2016). 
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A specific neuronal type, the GABAergic parvalbumin (PV) interneurons, are believed to be 

essential players on the regulation of neuronal plasticity both during critical periods and in 

adulthood (Hensch 2005; Donato et al. 2013). During development, the expression of PV protein 

and maturation of the PV network coincides with the onset and closure of critical periods, 

respectively (Yazaki-Sugiyama et al. 2009; del Rio et al. 1994). In adulthood, a temporal inhibition 

of parvalbumin interneurons and consequent disinhibition of principal cells, have been shown to 

be necessary for certain types of learning (Hu et al. 2014). A description of PV interneurons and 

their role on regulating network plasticity will be further discussed in the following chapters.  

 

1.2 Parvalbumin interneurons  
 

Parvalbumin interneurons are a type of GABAergic inhibitory neurons that originate in the medial 

ganglionic eminence (Wonders and Anderson 2006). Upon maturation, they express parvalbumin, 

a calcium binding protein that makes them easily detectable in immunohistochemical analysis. In 

the hippocampus, they represent only the 2.6% of the total neuron population and a 24% of the 

inhibitory neurons (Bezaire and Soltesz 2013). Functionally, PV interneurons are fast-spiking 

neurons with a fast signal propagation capacity and are involved in both feedforward and feedback 

inhibition mechanisms (Buzsàki and Eidelberg 1981; Miles 1990; Pouille and Scanziani 2004). In 

addition, these cells are essential for the creation of gamma oscillations, a type of neuronal network 

oscillation important for information integration, attention and memory (Hu et al. 2014).  

 

Figure 1. Critical periods in 
Humans. Representation of the 
juvenile periods of plasticity. 
Plasticity is represented in the Y 
axis, and the individual age in the 
X axis. Three periods are 
illustrated; the one for sensory 
pathways, for language and for 
other cognitive functions. 
Modified from (Kandel, E.; 
Schwartz, J.; Jessel 1991)   
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Morphologically, parvalbumin interneurons are unique (Freund and Buzsáki 1996) as shown in 

Figure 2. They are highly polarized, with weakly excitable dendrites and one highly excitable axon. 

On one hand, the dendrites are long and covered densely with synapses, allowing the cell to sample 

input from a large number of principal cells (Gulyás et al. 1999; Kubota et al. 2011; Tukker et al. 

2013). The synapses are both excitatory and inhibitory and derived mainly from principal cells and 

parvalbumin interneurons, respectively (Gulyás et al. 1999; Tukker et al. 2013). On the other hand, 

the axon is largely arborized and generates a massive inhibitory output when the parvalbumin cell 

is active (Bezaire and Soltesz 2013). In addition, they target the  perisomatic domain of their target 

neurons, suggesting a powerful inhibition to their targeted large population (Hu et al. 2014). The 

morphology of the cell explains a lot about the function and role in the neuronal network; when a 

single cell receives a stimulus and fires, a massive inhibition occurs in the pyramidal cell 

population, keeping them inactivated together. Thereafter, when the PV cell is not excited or 

inhibited by a feedback circuitry, the inhibition onto the targeted population is released. Hence, it 

is easy to comprehend, how these cells can be key players on the regulation of pyramidal network 

activity.  

 
 

Figure 2. Hippocampal parvalbumin 
interneuron. PV basket cell in the CA1 
region of the hippocampus. SR, stratum 
radiatum; SP, stratum pyramidale; SO, 
stratum oriens. Color code: Soma and 
dendrites are shown in black; the axon 
in red. Modified from (Hu et al. 2014)   
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1.3 Plasticity and PV interneurons 
 
As introduced previously, the duration and timing of the critical periods is regulated by the 

GABAergic interneurons. The maturation of the inhibitory network, and more specifically of 

parvalbumin interneurons is directly linked to the closure of the plasticity periods (Yazaki-

Sugiyama et al. 2009). As shown the Figure 3, PV interneurons are important regulators of 

pyramidal cell activity, and their maturation and consequent strong inhibition of their target cells 

is highly overlapped with the closure of the critical periods of plasticity. In addition, the expression 

of parvalbumin protein in those neurons and the onset of the critical periods coincide (del Rio et 

al. 1994) and blockage or alterations in Parvalbumin interneuron signaling delay or reduce critical 

periods of plasticity (Hensch 2005).   

 

How exactly the parvalbumin interneurons are regulating the opening and closure of critical 

periods is not completely understood. However, perineuronal nets (PNN), a component of their 

extracellular matrix, seems to play a key role (Takesian and Hensch 2013; Gogolla et al. 2009). 

As illustrated in Figure 3, PNNs are a specialization of the extracellular matrix that enwraps mature 

parvalbumin interneurons and stabilizes their synapses (Pizzorusso et al. 2002). The establishment 

of PNNs surrounding PV cells coincides with the closure of the critical periods (Takesian and 

Hensch 2013), and the disruption of this structure in adult can reopen these time windows of 

plasticity (Gogolla et al. 2009). Hence, PNN are believed to be one of the important molecules, if 

not the responsible one, to regulate plasticity of the network and specifically plasticity in 

parvalbumin cells.  

 

 

Figure 3. PV and PNN in critical periods of plasticity. PV 
intensity and PNN presence are illustrated during the different 
stages of the critical period. In the opening, low PV intensity 
and no PNN are detected. In the closure, a mature network is 
represented by high PV levels and PNN structures surrounding 
the cells. Modified from (Umemori et al. 2015).  
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1.3.1 Plasticity in the adult brain  
 

Plasticity significantly drops after the closure of critical periods, but it is not reduced to zero. It is 

commonly accepted that adults can learn from new experiences or environments all along their 

lifespan (Sossin et al. 2008; Maren 2005). Even if the efficiency of learning is not comparable to 

a young individual at its critical period age, adult learning occurs and its essential for survival. 

Recent studies have demonstrated that parvalbumin interneurons are key features on the plasticity 

needed for adult learning (Caroni et al. 2012; Donato et al. 2013; Donato et al. 2015; Caroni 2015). 

More precisely, the population of Parvalbumin basket cells located in the CA3 region of the 

hippocampus, has been shown to exhibit a change in state under different memory paradigms such 

as environmental enrichment (EE) or fear conditioning (FC) (Donato, Rompani, & Caroni, 2013).  

 

1.3.1.1 The hippocampus in adult plasticity  
 
The hippocampus is a major component of the brain that belongs to the limbic system and plays 

important roles in the consolidation of information from short- term to long-term memory, and in 

spatial memory (Card 2007). The hippocampus is composed by two main interlocking parts: the 

hippocampus proper (divided in the CA4, CA3, CA2 and CA1 regions) and the dentate gyrus 

(Figure 4).  

 

 
 

 

 

Figure 4. Modified drawing of the 
neural circuitry of the rodent 
hippocampus. Hippocampal 
circuitry drawing and simplified 
scheme of the main connections  
 by Santiago Ramon y Cajal. 
Modified from (Cajal 1911) 
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As previously mentioned, the PV basket cells involved in adult learning are placed in the CA3 

region of the hippocampus. This hippocampal area has strongly attracted the scientific attention 

for its role in memory processes. The brain area receive input from both the entorhinal cortex 

through the prefrontal path, and indirectly from the dentate gyrus via the mossy fiber. Thereafter, 

pyramidal cells from the CA3 region project their axons, the Schaffer collaterals, to the CA1 area. 

The CA3 highly arborized axons loop up to the apical dendrites before leaving to the CA1 region, 

creating a local circuitry that allows parvalbumin inhibitory cells located in the region to interact 

with the principal cells (Kandel, E.; Schwartz, J.; Jessel 1991). Parvalbumin interneurons receive 

excitatory input from pyramidal cells and give back an inhibitory input to either other inhibitory 

cells or to pyramidal neurons (Lorente de No 1934). This recurrent inhibition in the CA3 

hippocampal area creates both feedforward and feedback inhibitory mechanisms shown to be 

needed for adult memory processing and spatial representations (SCOVILLE and MILNER 1957; 

Breathnach 2012).  

 
1.3.1.2 PV in adult plasticity 
 

As discussed previously, PV interneurons have been proven to be essential in adult plasticity 

during learning. As shown in Figure 5, recent experience, such as environment enrichment (EE) 

or contextual fear conditioning (cFC) has been shown to alter PV cell configurations by changing 

the parvalbumin expression of the cells, the inhibitory excitatory balance onto them and the 

perineuronal networks enwrapping the interneurons, among other features (Caroni et al. 2012).  

 

Environmental enrichment is a behavioral paradigm where mice are housed with toys and tunnels 

in their cages, which is believed to enhance learning and memory. Mice undergoing environmental 

enrichment have been shown to exhibit changes in their PV hippocampal cells. A shift of the PV 

cells towards a low configuration defined as: a predominantly low PV expression and an increase 

in the inhibitory inputs onto the PV cells, has been observed under these conditions (Donato et al. 

2013). In the other hand, contextual fear conditioning (cFC), a behavioral test used to induce fear 

related to context, has been proven to induce opposite effects to the PV network. In this paradigm, 

electroshocks are induced after an auditory stimulus and/or context, to produce an association of 

the fear and the auditory stimulus and/or context. After training, the auditory stimulus and/or 

context alone induces the fear response with no need of the electroshocks. Mice that have been 
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through this behavioral test, show changes in the hippocampal PV network towards a high 

configuration with predominantly high PV expression levels and an increase on the excitatory 

input onto PV cells (Donato et al. 2013).  

 

 

 
 

 

The shifts in PV expression have been proven to directly correlate with the functionality of the 

cell: changes in the PV expression are directly linked with changes in GAD67, the primary 

synthetic enzyme for the inhibitory neurotransmitter, GABA (Donato et al. 2013). 

Complementarily, while direct stimulation of PV cells has been proven to promote high PV states 

and impede hippocampal plasticity, PV-neuron silencing has been shown to induce low PV 

network configuration and promote learning in paradigms like novel object recognition (NOR)1.  

 

Previous experimental data suggests that in adults, a low PV configuration, meaning a less active 

inhibitory network or a disinhibition of principal neurons, is necessary for learning. However, 

when memories consolidate, a high PV configuration, meaning active PV inhibition in the 

pyramidal neurons, is needed (Donato et al. 2013). This gets along with the idea that release of 

 
1 Novel Object Recognition (NOR): behavioral test used to evaluate rodent’s ability to recognize objects in the 
environment. A mouse is presented with two similar objects during the first session, and then one of the two objects 
is replaced by a new object during a second session. The amount of time taken to explore the new object provides an 
index of recognition memory (Donato et al. 2013)  

Figure 5. PV interneurons 
subpopulations changes under recent 
experience. In the left, the fraction of the 
four PV interneurons’ subpopulations for 
control, environmental enrichment (EE) 
and contextual fear conditioning (cFC) 
experimental groups, are plotted. In the 
right, the plot indicates the fraction of low 
PV and high PV neurons in the same 
experimental conditions. A significant 
increase in the % of low PV interneurons 
can be observed after EE, and opposite, an 
increase in high PV interneurons after cFC.   
Modified from (Donato et al. 2013). Values 
are mean +/- SEM, * = p<0.05, ** = 
p<0.01, *** = p<0.001.   
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inhibition onto principal neurons is needed for learning, as it happens in the critical periods (Hu et 

al. 2014). In contrast, a strong inhibition and shaping of the excitatory network has been shown to 

be needed in order to acquire or consolidate information, as it happens in the closure of the critical 

periods. In addition, PNNs surrounding PV cells have been demonstrated to be important in adult 

learning. The deposition of PNN in parvalbumin interneurons has been shown to be associated to 

persistence of fear memory, and conversely, the disruption of PNNs has been proved to make the 

fear memories more susceptible to erasure. Specifically, in the hippocampus, when PNNs are 

disrupted, contextual fear memory after fear conditioning is impaired (Khoo et al. 2019).  

 

Donato et al., proposed for the first time in 2015 that parvalbumin interneurons could be composed 

by subpopulations, with distinct schedules of neurogenesis, input connectivity, output targeted 

neurons and roles in learning as shown in Figure 6. They proposed the existence of two groups 

based on cell’s birthdate: PV cells born from E9.5 to E11.5 and from E13.5 to E15.5 were classified 

as early born and late born PV neurons, respectively. The authors noticed that early born PV cells 

had predominantly high PV expression, and high excitatory input onto the cell. In contrast, late 

born PV cells expressed low PV expression levels, together with a high inhibitory input onto the 

cells. Moreover, EE only induced changes on the configuration of the late-born PV neurons 

towards a lower configuration and higher inhibition onto PV cells. In contrast, cFC induced 

opposite alterations in early born PV interneurons, whereas late-born interneurons remained 

unaffected (Donato et al. 2015).  
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Altogether, parvalbumin cells have been shown to respond to adult learning by changing their 

configuration towards different PV expression levels, excitation/inhibition ratio, and PNN 

enwrapping. In addition, different subpopulations differing in birthdate and intrinsic characteristics 

have been proposed to be responsible for different types of learning. Hence, plasticity and function 

of PV interneurons seem to be not only needed for critical periods of plasticity but also for 

processing new experiences and learning during adulthood.  

 
1.4 iPlasticity and PV interneurons  
 

Plasticity changes quantitatively and qualitatively along lifespan, as explained in the previous 

sections. During development, elevated levels of plasticity are concentrated in the so-called critical 

periods of plasticity (Berardi et al. 2000). In adulthood, some plasticity levels remain, enabling 

learning, but are low compared to those on the critical periods. However, treatment with some 

drugs, such as antidepressants, have been shown to induce juvenile-like plasticity in the adult brain, 

which resemble that observed during developmental critical periods (Maya Vetencourt et al. 2008; 

Kobayashi et al. 2010; Sale et al. 2014; Morishita and Hensch 2008). This so-called iPlasticity 

phenomenon has been observed in many plasticity paradigms when the animals are under 

antidepressant treatment like fluoxetine, a commonly used antidepressant (Umemori et al. 2018). 

Figure 6. PV interneuron subpopulations. In the left, a summarizing illustration of the PV subpopulations; Early-
born PV interneurons (E9.5 – E11.5) have high levels of excitatory and low levels of inhibitory input and express 
high PV levels. In contrast, late born PV interneurons (E13.5 – E15.5) have high inhibitory and low excitatory input 
and express low levels of PV. In the right, a representation of the % of high or low PV cells in each experiment 
condition (cFC and EE); Under cFC, only early born cells have a significant increase in PV, opposite under EE, only 
late born cells have a significant decrease in PV. Modified from (Donato et al. 2015). Values are mean +/- SEM, * 
= p<0.05, ** = p<0.01, *** = p<0.001. 
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Fluoxetine has been shown to reactivate critical periods-like plasticity in different protocols; it 

promotes a shift of ocular dominance after the deprivation of one eye, fear erasure after fear 

extinction training and aggression attenuation by resocialization during adulthood (Maya 

Vetencourt et al. 2008; Karpova et al. 2011; Mikics et al. 2017). All these properties are shaped 

in development during critical periods of plasticity and are hardly possible to alter during 

adulthood. However, when fluoxetine is administered chronically, a juvenile-like plasticity time 

window is opened, and, if fluoxetine is administered while training is provided - in this case, 

monocular deprivation, fear extinction training or resocialization – similar results to those 

observed during development can be achieved (Umemori et al. 2018).    

 

In a parallel manner, enzymatic removal of PNNs enwrapping PV cells can also reactivate the 

critical period of plasticity in the adult brain (Pizzorusso et al. 2002). Evidences support the idea 

that removal of PNNs can induce a shift of the PV network towards an immature state, leading to 

juvenile-like plasticity in the adult brain (Pizzorusso et al. 2002; Lensjø et al. 2017). In the visual 

cortex, when PNNs are removed, PV activity is decreased, and ocular dominance plasticity can be 

observed (Lensjø et al. 2017). In the hippocampus, when PNNs are removed, the contextual fear 

memory is disrupted (Hylin et al. 2013).   

 

Several studies supporting the idea of induction of immature PV networks after fluoxetine 

treatment have focused on PNNs. Karpova et al reported that the administration of fluoxetine alone 

had no effect on the total PNN, but a selective reduction of PNN neurons expressing parvalbumin 

in both the basolateral amygdala and hippocampus was observed (Karpova et al. 2011). A decrease 

in PNNs surrounding PV interneurons during fluoxetine treatment, indicating a shift of the network 

towards an immature state which correlated with a juvenile-like critical period of plasticity 

observed in the behavioral experiments, was confirmed and replicated in many other studies 

(Mikics et al.; Ohira et al. 2013; Filipović et al. 2018).  
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2 HYPOTHESIS AND OBJECTIVES 
 

The previous reported data suggest that:  

- Parvalbumin interneurons are key regulators of plasticity in both the developing and the 

adult brain. 

- Parvalbumin interneurons are divided in subpopulations that differ in birthdate and intrinsic 

characteristics and are involved in different types or states of learning. Early born PV 

neurons have high PV expression, high excitatory input and are involved in rule 

consolidation. Contrarily, late born PV neurons have low PV expression, high inhibitory 

input and involved in new information acquisition.  

- Fluoxetine reopens a juvenile-like critical period of plasticity in the adult brain by inducing 

an immature state of the PV network, indicated by lower expression of PNNs surrounding 

PV cells. 

Overall, we proposed the following scientific questions: is an antidepressant effect based on the 

induction of an immature state of a network responsible for consolidated memories? To study this, 

we proposed to elucidate how fluoxetine affects the PV subpopulations in adult mice by:  

- Dividing the PV neurons in subpopulations classified by their PV expression level. 

- Determining differences in the mature/immature states of these subpopulations by PNNs 

detection analysis.  

- Evaluating the effect of fluoxetine in the PV subpopulations by comparing the 

mature/immature changes in the subpopulations after fluoxetine treatment, through PNNs 

detection.  

 

This thesis gives new insights into the antidepressant actions and working mechanisms. Our aim 

was to collect new information on how antidepressant alter the adult brain’s networks and succeed 

to bring about mood elevation when combined with good training such as psychological therapy.  
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3 MATERIALS AND METHODS 
 

3.1 Animal model  
 
The animal model used was mice C57BL/6J. The mice used were adults around 20 weeks old and 

had a genetic modification to express TdTomato in the Parvalbumin interneurons.  

 

3.1.1 Mouse housing  
 
Mice were housed in individual ventilated cages (IVC), kept under 12h light/dark cycle and with 

ad libitum access to food and water. The animal procedures of this project were approved by the 

Experimental Animal Ethical Committee of Southern Finland and in accordance with the 

guidelines of the Directive 2010/6 3/EU.  

 

3.1.2 Cre-recombinase system  
 
Cre-Lox recombination is a site-specific recombinase technology, used to carry out modifications 

(deletions, translocations, inversions and insertions) at specific sites in the DNA of cells. It is a 

sophisticated tool for the generation of general knockouts, conditional knockouts, and reporter 

strains (Minichiello et al. 1999). The system consists of a single enzyme, Cre recombinase, that 

recombines a pair of short target sequences called the LoxP sequences. When DNA containing the 

LoxP site is incubated with Cre, specific cleavages occur within the region (Hoess and Abremski 

1985). 

 

At a DNA level, many types of manipulations can be carried out and the activity of the Cre enzyme 

can be controlled so that it is expressed in a particular cell type. To obtain a transgenic mouse with 

the Cre-recombinase system, two mice lines are needed. A mice line with Cre recombinase enzyme 

expression is crossed with a second mice line with the gene of interest flanked by the LoxP sites 

(commonly referred as “floxed” mice line). In addition, the mice expressing the enzyme Cre 

recombinase can be modified to express the enzyme only in a specific cell type, by linking the 

expression of Cre recombinase with a promotor that is only active in the cells of interest (Figure 

7). 
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For our experiments, the Cre-recombinase system was used to create TdTomato expression in 

Parvalbumin interneurons. As described before, two mice lines were needed to obtain the 

transgenic mice offspring. A mice line expressing Cre recombinase under the parvalbumin 

promotor (Hippenmeyer et al. 2005) was crossed with a mice line with containing the loxP sites. 

More specifically, the loxP site-containing mice line was genetically modified with a stop codon 

flanked by two loxP sites in the same orientation, at upstream of TdTomato on Rosa-26 locus 

(Madisen et al. 2010). Hence, in the offspring, when Cre recombinase enzyme was expressed 

(which exclusively occurs in the parvalbumin cells), the stop codon was delated and the expression 

of TdTomato protein was allowed (Figure 8).  

 

  

 

 

 

 

 

3.2 Fluoxetine treatment  
 
Mice received fluoxetine via drinking water prepared fresh twice a week. Fluoxetine was dissolved 

in tap water at a concentration of 0.08 mg/mL to achieve an approximately 10 mg/kg per day 

dosing. The experimental group had access to fluoxetine water for 3 to 4 weeks, control group had 

access to control water.  

 

Figure 7. Steps involved in the generation of a Cre-loxP 
mouse model. A mouse line expressing Cre under the 
control of a tissue-specific promoter is crossed with a floxed 
mouse line in which the target gene is flanked by loxP sites 
(◂). In the resulting offspring, the target gene is deleted only 
in tissues where Cre is expressed, leaving a single loxP site 
at the point of deletion. In other tissues, the target gene 
remains floxed and theoretically functional. (Davey and 
MacLean 2006). 

Figure 8. Configuration of Cre-
reporter construct inserted into the 
Rosa26 locus. When Cre is present in 
the cells, the stop codon flanked by two 
loxP sites is delated and expression of 
TdTomato is allowed. 
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According to previous publications, this protocol of chronic fluoxetine administration enables the 

achievement of mice plasma levels within the therapeutic range in humans (Rantamäki et al. 2007; 

Karpova et al. 2011). In order to avoid the bitter taste of fluoxetine, which could compromise the 

drinking behavior, we added saccharine to the water as a sweetener. Saccharine was dissolved at 

a 1mg/mL concentration in both normal and control drinking water bottles, since the effect of the 

sweetener if only added to the threated mice, could also induce a bias between the groups.  

 

More precisely, twice a week, control and fluoxetine drinking water bottles where prepared 

following the protocol illustrated in Figure 9. Firstly, with an accurate scale, 2 g of saccharine and 

160 mg of fluoxetine were aliquoted in 10 mL tubes and 1.5 mL Eppendorf, respectively, and 

transferred to the animal facility. Once inside the animal facility, two beakers labeled as “Normal” 

and “Fluoxetine” were filled up to 2L with clean water. Then, the saccharine was added to each 

beaker while washing the tube in the water and ensuring the complete dissolution. Using a spoon, 

the water and saccharine were mixed until the water was translucid and no particles of saccharine 

floating or in the bottom of the beaker were observed. Following, the normal water, now with 

saccharine, was aliquoted into up to 10 empty new bottles and labeled with numbers from N1 to 

N10. If changed twice a week, 200 mL of water per bottle was enough.   

 

After preparing normal water bottles, the fluoxetine mix was prepared. Firstly, the 160 mg of 

fluoxetine previously aliquoted were transferred to the water containing saccharine. Again, 

complete dissolution was archived by washing the tube with the water and mixing properly with 

the spoon. As before, the mix was aliquoted into 10 empty bottles. Finally, the bottles containing 

fluoxetine were enwrapped by aluminum foil, due to light sensitivity of fluoxetine, and numbered 

from F1 to F10.  
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The amount of normal and fluoxetine water was prepared depending on the animals that we had at 

the moment. We always kept two backup bottles which were used by the animal caretakers in case 

some bottle run out of water before the preparation of new fresh treatment.  

 

3.3 Sample processing 
 
3.3.1 Fixation 
 
Before fixation, the mice were anesthetized with a lethal dose of pentobarbital (0,2 mL) by 

intraperitoneal injection. After a deep anesthetic state, the perfusion was carried out with a 4% 

(w/v) PFA in PBS pH 7.4.  

 

3.3.1.1 The setup 
 
To prepare the room for the perfusion surgery, a working space was set up under a fume hood as 

follows; a polystyrene foam plate with a hole in the middle was place on top of a plastic container 

above the sink. This setting was used to avoid the toxic PFA used in the surgery, to go directly 

into the sink. Instead, the PFA was collected in the plastic container under the polystyrene foam 

and transferred to specific PFA waste bottles when the experiments were completed.  

 

Figure 9. Fluoxetine and normal water bottle preparation; Solutions 
prepared for treatment and control drinking bottles. 
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Next to the plate, the peristaltic pump similar to the one illustrated in Figure 10 was connected, 

turned on, and set to transfer 4 mL/min. The peristaltic pump is a machine used to transfer a liquid 

at a certain speed. As shown in the picture, there is a tube with two extremes. One extreme of the 

tube is submerged inside the desired liquid (PFA or PBS) and the other extreme is connected to a 

perfusion needle that will be introduced into the mice heart during the surgery. With this 

mechanism, our solution of interest can be introduced to the mouse body at the speed that we 

desire.  

 
Still under the hood, a container filled with ice was placed to keep the PFA bottle as cold as 

possible. Next to the PFA bottle, we positioned a bottle containing PBS 1X and the necessary 

surgical instruments.  

To be prepared for immediate brain post-fixation after the dissection, 10 mL tubes filled with 7mL 

of PFA and labeled with the mice ID were prepared and placed in the ice container. Finally, empty 

Eppendorf tubes to collect the mice tails for posterior genotypic analysis were labeled with the 

mice ID.  

 

3.3.1.2 The surgery  
 
Before starting, peristaltic pump tube was filled with PBS. Once the whole tube was filled with 

PBS, the peristaltic pump was stopped, and the tube extreme was transferred from the PBS to the 

PFA bottle very carefully to avoid air bubbles.  

 

The first mouse was anesthetized with 0,2 mL of pentobarbital by intraperitoneal injection. Once 

the mouse was asleep, the anesthetic state was checked by using the toe and tail pinch-reflex 

Figure 10. Peristaltic Pump. Machine used for transferring PBS and 
PFA during perfusion. The pump allows the flow of the liquid into the 
animal body, in a fixed desired speed. Sourced from 
https://www.drifton.eu/shop/11-industrial-tube-pumps/2053-v6-6l-
peristaltic-pump/  
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method. In order to continue to the following step, the animal had to be completely unresponsive. 

The mouse was placed on its back and each limb was fixed down to the polystyrene foam plate 

with pushpins. One more, the withdrawal reflexes were checked to make sure the mouse was deep 

anesthetized. Before starting any incision, a small tail sample was taken and stored in the 

Eppendorf tubes for posterior genotyping analysis.  

 

The surgery began with a midline skin incision from the thoracic inlet to the pelvis (Figure 11a). 

By grasping and lifting with forceps the skin close to the incision area with one hand, the incision 

was easily performed with the other hand. To proceed, the tip of the sternum was grasped to 

facilitate a lateral incision through the skin and abdominal wall beneath the rib cage. At this stage 

the liver was very close to the incision site and extreme attention in order not to damage the organ 

was essential to ensure a good perfusion. Thereafter, a small incision was made in the diaphragm 

which appeared as a membrane blocking the access to the thoracic cavity. The heart and the lungs 

are located just above the diaphragm and can be difficult to identify before removing the 

diaphragm. Therefore, the tip of the scissors was kept as far from the heart and lungs as possible. 

Subsequently, the diaphragm incision was enlarged along the entire length of the rib cage till the 

thoracic cavity was expose (Figure 11b). Once the diaphragm was removed, the countdown started 

for the heart to stop beating. Therefore, from this moment on we were specifically focused and 

fast to complete the surgery within the minimum time needed.  

 

Once the pleural cavity was exposed, the scissors were placed along one side of the ribs and after 

carefully displacing the lungs, a cut through the rib cage up to the clavicular bone was made. 

Symmetrically, a cut in the contralateral site was executed. After this, the tip of the sternum was 

clamped with the hemostat tool and place it over the animal’s head, exposing the mediastinal cavity 

and proportionating a direct and clear view of the heart.  

 

The exposed heart was gently grasped by the right ventricle with a rounded tip forceps, lifted it to 

the midline and slightly placed out of the chest. Immediately after, the perfusion needle bounded 

to the perfusion machine was introduced into the apex of the left ventricle with a small incision 

(Figure 11c). The left ventricle can be differentiated from the right ventricle by its thicker muscle 

and its lengthier pink color. The incision was done very carefully and in a specific direction 
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through the left ventricle. If the incision was not straight or too deep the needle could cross to the 

right ventricle and create a hole between ventricles, or damage the atriums, respectively. Both 

mistakes would result in a bad perfusion if not fixed immediately. Therefore, it was good to learn 

and train the direction and deepness of the incision before starting the surgery.  

 

Finally, the peristaltic pump was turned on and the flow started. Immediately after, the right atrium 

was cut with scissors to allow the perfusate to exit the circulation (Figure 11d). As explained in 

the setup, the tub was filled with PBS and connected to the PFA bottle. Therefore, the PBS stored 

in the tube flowed and clear all the blood of the circulatory system until the PFA started to flow 

into the body and started the fixation.  

 

 
 

 

 

 

 

 

 

 

 

Finally, the mice were closely observed for signs of good perfusion. The best indicators were; the 

yellow color of the liver and the “dancing move”. The dancing move is a movement of the pelvis 

and tail induced by the PFA flow and the fixation process. Once the dance move was observed, 

the mice were perfused for 15 to 20 minutes.  

 

3.3.1.3 Dissection procedure  
 
Firstly, the head was removed using a pair of scissors. Next, a midline incision along the skin from 

the neck to the nose was performed to expose the skull. To facilitate the following steps, the head 

was held with one hand by the ears. With the head fixed with one hand, the remaining neck muscles 

was removed with blunt scissors to expose the base of the skull. Thereafter, the scissors were 

a b c d Figure 11. Perfusion 
procedure. Illustrated 
steps of a perfusion 
surgery. Adapted from 
(Gage et al. 2012) 
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introduced into the foramen magnum and a small cut was done in direction to the distal edge of 

the posterior skull surface. The skull around the cerebellum was cleared away by pealing it softly 

with the forceps. Then, the cut was expanded with a dorsal incision from the dorsal distal posterior 

corner to the distal frontal edge of the skull. Once more, the skull around the cut was peeled away 

with the blunt forceps. When performing a cut, the scissors were placed pointing opposite to the 

tissue in order to avoid damaging the soft brain tissue with the sharp scissor’s tip.  

 

Once the brain was exposed, a lateral cut between the eyes of the mouse was done to detach the 

olfactory bulbs from the skull. The brain was gently lifted from the head and the remaining nerves 

were cut. Before proceeding, the presence of the dura matter layer was carefully checked. This 

layer is very sharp and can easily cut the brain when lifting it from the head. Therefore, if any dura 

matter was detected, it was carefully cut out of the brain. Finally, the brain was detached from the 

head and put into the corresponding tube filled with PFA for post fixation.  

 

3.3.2 Post-fixation and storage 
 
We kept the brain with PFA solution in the 10 mL tubes overnight at 4ºC. After one night, we 

dried the brain to make sure no remaining PFA was left and transferred into a tube filled with PBS 

and 0.04% azide (NaN3). The tube with the brain and PBS + azide was stored in the fridge waiting 

to be sectioned.  

 

3.3.3 Sectioning  
 
The brain was fixed inside an agar cube and sectioned coronally in 40 Pm sections with a Leica 

Vibratome.  

 

3.3.3.1 Agar preparation  
 
The agar was prepared at a concentration of 2-4% in PBS. A mix containing 3 g of agar (in powder) 

in 100mL of PBS was regularly prepared and re-used for a maximum of 4 days. To achieve a 

complete dissolution, the agar powder and the PBS were warmed up in the microwave several 

times while softly mixing with a spoon. Once the mix was transparent and no apparent agar 
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molecules were visible, the solution was left to chill down at room temperature. When the agar 

was cold enough but still liquid, it was poured into a well of a 12-well plate. 

 

3.3.3.2 Agar block containing the brain sample 
 
The brain was transferred and dried out from its containing solution by delicately rolling it against 

a tissue paper with the help of blunt tweezers. Once dry, a straight cut in the middle of the 

cerebellum was done to separate the posterior half of the cerebellum from the rest of the brain. 

Like that, a smooth surface to fix the brain inside the agar cube was created (Figure 11). To ensure 

a clean cut, a sharp razor blade was used and thrown away every time, using a new one for each 

brain.  

 

 

 

 

 

 

 

 

 

 

Immediately after pouring the agar into the 12-well plate well, the brain was gently introduced into 

the well with blunt tweezers. The created flat surface of the cerebellum was orientated facing the 

well bottom, as shown in Figure 13. Once the totality of the flat surface was in contact with the 

well-floor and the brain was confirmed to be straight, the tweezers were smoothly removed, 

avoiding making bubbles or moving the tissue from its location. After careful checking of the brain 

position, the preparation was left to cool down for a few minutes at room temperature and 

transferred to the fridge once it reached room temperature. 

Figure 12. Cerebellum cut. 
Straight cut in the middle of 
the cerebellum to produce a 
good surface to hold the brain 
inside the agar cube.  
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Once the agar solidified, it was carefully pushed out of the well, obtaining an agar cube containing 

the brain. The excessive agar was removed with a cutting plate, creating a smaller cube with the 

intact brain inside.  

 

3.3.3.3 Vibratome and sectioning  
 
The brain was fixed with superglue to the vibratome plate upright with the cerebellum facing down. 

Several minutes of waiting were needed to ensure the glue was completely dry and the brain fixed 

(Figure 14).  

 

 

 

 

 

 

 

 

 

a b 

1 

2 

Figure 13. Introduction 
of the brain into the agar 
cube. Agar containing the 
brain sample. a.1 Prepared 
agar, a.2 brain inside the 
agar in a 12-well plate. b 
brain inside the agar cube, 
the black line indicates the 
straight surface created 
before.  
   
 
 

Figure 14. Fixation of the cube to the vibratome plate with superglue. 
Agar cube containing the brain fixed in the plate before introduced in the 
vibratome plate container.    
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During the waiting time, 6 Eppendorf tubes were aliquoted with 1 mL of PBS + 0.04% azide 

(NaN3). NaN3 works prevent bacterial growth and to conserve the brain slices.  

Once the glue was dry, the plate was fixed into its container and filled up with PBS. Finally, the 

vibratome was turn on, the cutting distance was set to 40 Pm and a new cutter plate was replaced 

to the machine.  

To make the cutting process easier, the Leica vibratome allows the user to set a cutting window. 

Once set, the machine goes back and forward in a small distance window where our agar cube is 

placed as shown in Figure 15. Following, the plate was introduced into the PBS solution and 

adjusted close to the surface of the agar cube. The machine created 40Pm slices of our cube 

containing both the brain and the agar. Therefore, for every slice obtained, the tissue was separated 

from the agar and transferred into one of the Eppendorf tubes with a small brush. Every following 

slice was then transferred to an Eppendorf tube in a serial way, obtaining in the end, 6 similar 

subseries of the brain slices.    

 

 

 

 

 

 

 

 

 

 

 

 

3.3.4 Staining and mounting  
 
To begin with, sections were transferred with a brush into a 24-well plate. Each well was carefully 

labeled with a resistant marker with the mice ID. To avoid mistakes, the plate was labeled with the 

staining protocol title, in this case “Immunostaining for PV, WFA (PNN lectin) for PV-TdTomato 

mice”. 

Figure 15. Vibratome set to cut. Vibratome with the agar cube containing 
the brain placed in the cutting plate.    
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When all sections were transferred, the samples were washed twice for 5 minutes in PBST (1x 

PBS, 0.2% Triton X-100) at room temperature. After washing, the slices were blocked for 30 

minutes with a blocking buffer containing 3% of Bovine Serum Albumin (BSA) and 10% of 

Normal Goat Serum (NGS). The blocking step was used to block non-specific binding of 

secondary antibodies made in goat. When the blocking was completed, the incubation with the 

primary antibody was initiated. The primary antibody mix was composed of guinea pig anti-PV 

(mPV; Swant) (1:1000 dilution) antibody to detect Parvalbumin, and WFA conjugated with biotin 

(1:200 dilution) to detect PNN. The dilutions were done in PBST in a single solution mix. In 

addition, the mix was complemented with 0.04% of azide (NaN3) in order to preserve the antibody 

mix after usage for future experiments. The incubation was carried out overnight at 4ºC in a shaker.   

 

The following day, the primary antibody mix was collected, and the secondary antibody mix was 

left to incubate for 1 hour at room temperature. This secondary antibody mix was composed of 

Donkey anti-guinea pig Alexa 488 (1:500 dilution) antibody for PV primary antibody detection, 

and ZyMAX streptavidin conjugated with Alexa Fluor633 (1:500 dilution) for the detection of 

biotin attached to the WFA for the detection of PNN structures. The dilutions were done in PBST 

in a single solution mix.  

To finalize the immunohistochemical protocol, the samples were washed 3 times 10 minutes in 

PBST. During the mounting process, the plate was stored with 0.1M Phosphate buffer without 

sodium chloride (PB) at 4ºC. 

 

For the mounting, the slices of a well were transferred into a large petri dish containing PB. A few 

drops of gelatin were added to the PB in order to facilitate the mounting process. Thereafter, a 

mounting slide was labeled and introduced into the PB medium. The slices were then mounted 

onto the slide by softly rolling them against the wet glass with a brush. Once all the slices of a well 

were mounted onto the glass, a few drops of Mounting Medium were added, and a coverslip was 

carefully placed on top of the slide with the help of a pair of tweezers. When placing the coverslip, 

air bubbles can be created easily. Hence, the coverslip was mounted as slowly as required to avoid 

bubbles to ensure good quality confocal images.  
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Once mounted, the Mounting Medium was left polymerizing for 24 hours at room temperature and 

finally, nail polish was applied on the edges for a better preservation of the samples. Slides were 

then stored at 4ºC until imaged.  

 

3.4 Confocal Imaging  
 
Zeiss LSM 700 confocal microscope was used. Three or four 9-11 z stack images were taken from 

each animal. 10 X objective lens were used, and the images were 1024x1024 pixels size. We used 

excitation of 488nm laser for Green (PV), 555nm laser for red (TdTomato), 639nm laser for blue 

(PNN). Laser power and gain were adjusted to get enough signal but avoid saturation. 

 

3.5 Analysis  
 
3.5.1 Manual 
 
The confocal images obtained were analyzed manually with ImageJ-win64 software (Wayne 

Rasband, National Institutes of Health, USA) and Microsoft office excel. The intensity of the three 

markers; Parvalbumin (PV), TdTomato (TdT) and Perineuronal nets (PNN) was analyzed 

individually in each cell. Background measurements were used to correct the fluorescence 

intensity in every measurement.  

 

3.5.1.1 Cell numbering  
 
An essential part of the manual analysis was to be able to track back all our measurements once 

the analysis was completed. Hence, to identify the individual cells and correlate them with the 

measurements at the end of the analysis, we firstly assigned numbers to each cell in every image. 

A merged image of the three fluorescence of the immunostaining was done with the ImageJ-win64 

software, which allowed to first obtain one single stacked confocal image with the maximum 

intensity of the fluorescence for each of the staining, and then a merge of the three pictures (or 

color channels) in one single image. After this, the cells were assigned different numbers with 

Paint software (Figure 16).  
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3.5.1.2 Fluorescence intensity calculation  
 
We created a way to easily and objectively analyze the fluorescence intensity of the two different 

immunostaining antibodies (PV and PVV) and TdTomato. ImageJ-win64 software was used to 

analyze and edit the images, and Microsoft office excel to store and do a basic preliminary data 

analysis. PV, TdTomato and PNN fluorescence intensity were measured as follows. 

Firstly, the cell perimeter was selected using the selection tool. The selected area was then analyzed 

by the software for two channels: the red standing for the TdTomato (Figure 17a), and the green 

for anti-PV antibody (Figure 17b). Secondly, an area of the background was selected from 

somewhere near the cell, where there was no signal. Again, the background area was analyzed for 

both the TdTomato and the PV channel (Figure 17c and 17d).  

The analysis of PNNs was a bit different due to the structure of the marker. PNN is a net 

enwrapping the cell, and it appears as a ring. Therefore, first, the all PNN (outer rim) was selected 

and analyzed (Figure 17e). Secondly, the inner rim around the hole inside the PNN was selected 

and analyzed (Figure 17f). Finally, as in the PV and TdTomato measurements, a background area 

was selected from somewhere near the cell (Figure 17g).  

 

 

Figure 16. Merge of the three-stacked 
confocal image with the maximum intensity 
of fluorescence of each of the staining. The 
cells have been assigned numbers from 1 to 17. 
PV (green), TdT (red) and PNN (blue) staining. 
Scale bar 100 Pm. 10 X objective lens. 
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For each area, several measurements were analyzed such as; the area, the mean gray value or the 

integrated density. The area was expressed in square pixels. The mean gray value or average gray 

value within the selection represents the sum of the gray values of all the pixels in the selected area 

divided by the number of pixels. Finally, the integrated density was also analyzed as the sum of 

the values of the pixels in the image or selection, equivalent to the product of the area and mean 

gray value. 

The results were transferred to an excel sheet and the intensity of fluorescence or CTCF (Corrected 

Total Cell Fluorescence) was calculated with a formula defined in the ImageJ-win64 manual.  

For both Parvalbumin and TdTomato intensity calculation, we used the following formula:   

CTCF = Integrated Density - (Area of selected cell x Mean fluorescence of background readings) 

 

To calculate the CTCF of the PNN, we adapted the formula as follows:  

CTCF = (Integrated Density outer rim PNN – Integrated Density inner rim PNN) – ((Area of outer rim 

PNN – Area of inner rim PNN) x Mean fluorescence of background readings) 

7g 

b c 

f 

Figure 17. Fluorescence intensity calculation. (a) Analysis of TdTomato cell fluorescence. (b) Analysis of PV cell 
fluorescence. (c) Analysis of TdTomato staining background. (d) Analysis of PV staining background. (e) All cell PNN 
fluorescence analysis “outer rim”. (f) Analysis of the PNN fluorescence in the “inner rim”. (g) Analysis of PNN staining 
background. Scale bar 20 Pm. 10 X objective lens.  
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3.5.2 Macro  
 
An important challenge of immunohistochemical analysis is the image processing and calculation 

of fluorescence intensity. Manual analysis, as described previously, can be very time-consuming 

and after long numbers of images a human bias in the results can happen. However, manual 

analysis allows an accurate selection of the ROI (Region of Interest) that comes with the biological 

knowledge or training of the observer. Sometimes, shapes can be complicated and not very clear 

differentiated from the background. 

Therefore, in this thesis, we decided to combine a set of Macro scripts in Macro language together 

with a data analysis pack composed by shell and Python scripts to re-analyze the data. The 

combination of the macro and data analysis pack allowed us to easily and rapidly reanalyze our 

data and validate our results by two different methods of image analysis; manual and semi-

automatized.  

 

3.5.2.1 The Macro  
 
The set of macros used is a user-friendly way to analyze confocal images. It is composed by a 

combination of menu boxes with multiple choices that guide you through the whole process. The 

software allows the user to adjust some settings that can vary according to the experimental 

conditions such as the scale, the minimum and maximum size of the particles or the circularity 

index. Subsequently, Z-stacks can be created if needed and images are analyzed one by one with 

a short user intervention to set mask thresholds and review and correct the automatic ROI 

selections generated by the software (Fig. 18).  

 

 

 

 

 

 

 

 

 

Figure 18. Macro. Screenshot of a regular macro 
screen where the cells are selected in black and the 
software asks the user to correct the threshold before 
proceeding.  
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3.5.2.2 Data management (Unix and Python) 
 
The combination of a macro script together with a Python and Unix language commands creates a 

simple, reliable, and fast tool to obtain data from the images and directly merge it in a single excel 

file, which is immediately ready to be statistically analyzed. Moreover, the Python script allows 

the colocalization of the analyzed particles by comparing the X and Y coordinates in the center of 

the selection throughout the different markers or channels. The code allows the user to set a 

permission level for detecting coincidence of the coordinates in case the colocalized structures in 

the different channels do not share an exact center location. Once the analysis is completed, a 

single “.csv” file is generated, set to be opened with excel software.  

 

3.6 Statistical analysis  
 
The statistical analysis was done with Microsoft office excel (Version 16.23, Microsoft Office 365 

ProPlus) and GraphPad Prism (Version 6 for Mac, GraphPad Software, San Diego California 

USA).  

The statistical tests used were Two-way ANOVA, T-test, Chi-square and Shapiro-Wilk. The p 

values were considered significant if p<0.05.  
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4 RESULTS  
 

4.1 Experimental design  
 
As illustrated in Scheme 1, we treated mice for 4 weeks with fluoxetine, perfused them with 

paraformaldehyde and analyzed the samples with immunohistochemistry and posterior imaging 

analysis. Four mice were treated with fluoxetine and 5 controls with water. Several slices were 

stained and 3 images per mice were analyzed. For every image, two posterior analysis were 

performed; manual analysis of fluorescence intensity, and macro or semi-automatized analysis of 

fluorescence. For every experimental condition, animal and image, we got replicates of the results 

with the two different ways of analyzing. Therefore, in the following subsections, the results are 

always presented as double figures.  

 

 
 

 

 

 

4.2 Immunohistochemistry of PV, TdTomato and PNN 
 
In order to identify the PV network and its maturity state, we stained brain samples with PV and 

PNN antibodies. We specifically imaged the CA3b hippocampal area in order to create comparable 

results to the ones obtained in previous literature such as (Donato et al. 2015). 

 

As previously mentioned, the mice expressed TdTomato in the PV cells, which facilitated the 

identification of the neuron type. Surprisingly, as shown in Figure 19, PV and TdTomato staining 

significantly differ in some cells. Hence, TdTomato allowed us to identify PV cells that once have 

Scheme 1. Experimental design timeline. Schematic representation of the experiment’s steps performed. Flx = 
fluoxetine group and CTRL = control group.  

(20 weeks old mice) 
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expressed Parvalbumin, but that at the moment of perfusion, were either not expressing the protein 

or expressing it at under-detectable levels.   

 

PNNs were clearly labeled surrounding the PV cells and the beginning of their neurites, being 

stronger in some cells and weaker or not-existent in others.   

 

    
 

 

 

 

Slightly stronger and more frequent PNN structures were detected in images from control mice 

compared to the ones treated with fluoxetine. However, when counted and statistically analyzed, 

neither manual nor macro analysis showed significant differences in PNNs between control and 

fluoxetine treated groups (Figure 20). Still, a tendency for PNN intensity decrease after fluoxetine 

treatment was observed.  

Figure 19. PV, PNN staining and TdTomato fluorescence images. In the left an image of a control-treated mouse 
and in the right an image of a fluoxetine-treated mouse. PV and TdTomato are expressed in the cell body in green 
and red, respectively. PNNs are labeled in blue and surround the cell as a component of the extracellular matrix. 
Red rectangle; analyzed area, CA3b hippocampal region. Scale bar 100 um. 10 X objective lens.   

CONTROL FLUOXETINE 
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The results obtained with the manual and the macro analysis showed similar results, with a slightly 

higher sensitivity to detect differences in the manual analysis. The differences in the scales of y 

axes are explained by the different methods used to subtract the background. As explained in the 

materials and methods section, in the manual analysis we subtracted the background of every cell 

by using a background area nearby. In contrast, for the macro analysis, the background of the 

whole image was subtracted before starting the cell intensity analysis through the method of 

“rolling ball background subtraction” in ImageJ software. Hence, it is reasonable to observe 

different absolute numbers in the y axis of the plots. However, this difference is not important, 

since our objective is to compare the differences between the groups and not the absolute value of 

the PNN intensity.  

 

Regarding the PV levels, a significant decrease in PV intensity in the fluoxetine treated group was 

observed. As previously explained, fluoxetine has been shown to induce an immature state of the 

network, that according to our hypothesis, would be represented by a decrease in the PV intensity 

and the PNN structures. As shown in Figure 21, PV intensity is significantly decreased in the 

fluoxetine treated group when compared to the control.   
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Figure 20. PNN intensity is not significantly different between normal and fluoxetine treated groups. In the 
left, the manual analysis of images shows a slight tendency of decreasing PNN intensity in the fluoxetine treated 
group. In the right, the macro analysis shows a lower tendency of PNN decrease in the fluoxetine group. None of 
the tendencies are significantly different. * = p<0.05, ** = p<0.01, *** = p<0.001 in T-test.  
 

Manual Analysis  Macro Analysis  
 



 38 

 
 

 

 

 

Again, the results analyzed manually and with the macro were similar. However, absolute values 

are not comparable due to the differences in background subtraction and intensity calculation.  

 

4.3 Establishing subpopulation’s thresholds  
 
 
PV intensity was calculated both manually and with the macro and plotted as a distribution analysis 

or histogram. As shown in Figures 22 and 23, the PV intensity did not show a normal distribution 

and separate peaks of intensity distribution were observed. The population was divided in two by 

using the mean intensity number, in other words, we summed the maximum and minimum PV 

intensity observed and divided this number by 2. The resulting number was used as a threshold to 

classify the PV cells in the low or high PV group. To decide this subpopulation threshold, only the 

data coming from control mice was used. Fluoxetine treated mice data was not used and is not 

represented in the histogram plot. The thresholding procedure for the manual and macro analyzed 

results was done independently.  

 

 

 

 

Contro
l

Fluoxe
tin

e
0

1000000

2000000

3000000

4000000

Manual Analysis
PV

 in
te

ns
ity

Contro
l

Fluoxe
tin

e
0.0

5.0×106

1.0×107

1.5×107

Macro Analysis

PV
 in

te
ns

ity

Figure 21. PV intensity is significantly different between normal and fluoxetine treated groups. In the left, the 
manual analysis of images shows a significant decrease in PV intensity after fluoxetine treatment. In the right, the 
macro analysis shows the same result. The control group is labeled in black and the fluoxetine group in grey.  
* = p<0.05, ** = p<0.01, *** = p<0.001 in T-test.  
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Figure 22. PV distribution manual analysis and subpopulation division. No normal distribution plot as a 
histogram. In the left, the histogram distribution and in the right, the histogram distribution with the subpopulation 
division in red rectangles. The value 9369259 (Max-Min/2) was used as the middle point separating the two 
subpopulations.  

Figure 23. PV distribution macro analysis and subpopulation division. No normal distribution plot as a 
histogram. In the left, the histogram distribution and in the right, the histogram distribution with the subpopulation 
division in red rectangles. The value 19287096 (Max-Min/2) was used as the middle point separating the two 
subpopulations. 
 

Manual Analysis  

Macro Analysis  
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The distribution plots or histograms of PV intensity were again similar in the manual and the macro 

analysis. Neither data followed a gaussian distribution (Shapiro-Wilk test showed a p value of 

<0.0001 in both manual and macro analysis). In this case PV intensity is represented in the X axis, 

where we can see a difference in absolute values when comparing the data from manual and macro 

analysis. Once more, this is due to a difference in the intensity calculation between these methods.  

 

4.4 PNN and PV in PV subpopulations of fluoxetine and normal treated 
groups  

 
Next, the average PNN intensity was analyzed separately in each of the different experimental 

groups: control and fluoxetine, and in the high and low PV intensity groups (Figure 24).   
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Figure 24. PNN levels 
change under fluoxetine 
treatment only in the high 
PV subpopulation. PNN 
intensity is represented in 
the Y axis, and the two 
subpopulations in the X 
axis. L_PV stands for Low 
PV and H_PV stands for 
High PV. The upper image 
is the manual analysis and 
the bottom image is the 
macro analysis. The control 
group is labeled in black and 
the fluoxetine group in grey.  
* = p<0.05, ** = p<0.01, 
*** = p<0.001 in Two-way 
ANOVA.  
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In both manual and automatized analysis, a difference in the PNN intensities between the two 

subpopulations was observed (Figure 24). In the control group, the subpopulation of low PV 

interneurons showed a lower PNN intensity compared to the high PV subpopulation, which exerted 

high PNNs intensities. Therefore, low PV interneurons seem to be part of a more immature or 

plastic network displaying low PNN intensities in comparison with the more mature high PV 

intensity subpopulation.  

 

However, when fluoxetine was administrated, changes in PNN intensities between fluoxetine 

treated and control mice were only observed in the high PV subpopulation, while the other 

subpopulation remained unchanged. The high PNN levels expressed in the high PV subpopulation 

of control mice dropped significantly in the fluoxetine treated group to levels comparable to those 

observed in the low PV subpopulation. Hence, an increase of plasticity or “dematuration” of the 

network was induced by fluoxetine, and selectively observed only in the high PV intensity 

subpopulation.   

 

Once more, the macro and the manual analysis showed very similar results. The manual, as seen 

in previous experiments, showed a higher sensitivity to detect differences compared to the macro 

analysis. However, both results were significant and showed the same trends.  

 

4.5 PV and PNN positive cells in PV subpopulations of Fluoxetine and 
control mice  

 
 
Finally, PNN in PV cells as a dichotomic value, present or not present, was analyzed. All the PV 

positive cells (meaning both the PV and/or TdTomato positive cells) were considered in the 

analysis, separately in the low and high PV groups, and we checked for the presence or absence of 

PNNs, this time, independently of the PNN intensity.  

 

Firstly, PV percentage of cells classified in either low or high PV populations was slightly different 

(Figure 25). While in the control group, a 90% of the cells were classified as low PV and the 

remaining 10% as high PV, 95% of the cells were low PV and only the 5% felt into the high PV 

classification in the fluoxetine group. A Chi square test was performed to determine whether there 
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was a significant difference between the percentage of low PV cells between control and fluoxetine 

groups, and the same test was subsequently performed to test the differences in the percentage of 

high PV cells between control and fluoxetine groups. The Chi square test did not reveal any 

significant differences at the 0.5 critical alpha level. Therefore, no significant differences were 

reported between any of the groups.  

As shown in Figure 25, in both control and fluoxetine groups low PV subpopulations expressed 

similar distributions; 69% of the PV cells were also PNN positive in the control group, whereas in 

the fluoxetine group, the 71% showed to be double positive. Hence, no effect of fluoxetine in the 

PNN expression was found in the low PV subpopulation, as reported above for the PNN intensity 

analysis. Finally, in the high PV subpopulation, fluoxetine reduced the number of PV cells 

containing PNNs. In the control group, 93% of the PV positive cells were also positive for PNNs. 

However, after fluoxetine administration the number of PV cells surrounded by PNNs dropped to 

80% (Figure 25). Again, two Chi square test were performed to check the differences in low PV 

cell’s percentages of double positive cells between the control group and fluoxetine group, and in 

the high PV cell’s percentages of double positive cells in the two groups. However, no significant 

differences were found between the groups.  
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Figure 25. Percentage of PNN 
positive cells among the PV 
positive cells. In the left the plot 
illustrating both low and high 
subpopulations of the control 
group, and in the right the 
subpopulation’s results of the 
fluoxetine group.  
The percentage under the chart 
titles represent the percentage of 
cells corresponding to this 
subpopulation classification.  
Number of double PV and PNN 
positive cells are labeled in 
black, PV positive cells not 
expressing PNNs are labeled in 
grey.  
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4.6 Macro and Manual methods comparation  
 

As previously explained, manual analysis of confocal images is intense and time-consuming. The 

macro we developed in this thesis allowed us to speed the process from one week of analysis to 

approximately two hours. However, good functioning and accuracy of the macro had to be tested 

to ensure the closest possible results between the two methods (Figure 26).   
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Figure 26. Manual and macro analysis of a single confocal image. In the top left part of the figure we can see a 
merged image of the CA3 region of the hippocampus stained with TdTomato (red), Parvalbumin (green) and PNN (blue) 
antibodies.  In addition, cells have been numbered from 1 to 10. In the top right, the manual analysis of the image is 
displayed. Following the same color code, we can observe for each cell (numbered from 1 to 10 in the X axis) the 
intensity of the marker detected. In parallel, in the bottom of the figure, a plot on the macro analysis of the cell is 
represented.  
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As presented in Figure 26, accurate results of the markers intensity in the cells were achieved by 

both methods, manual and macro. As previously explained, the absolute values between the two 

tests do not coincide due to a difference in the background subtraction methodology used. Hence, 

the interpretation has to be done by comparing the marker differences between groups. If we give 

a close look, the three markers follow the same pattern in the cells. For example, in both analysis, 

cell number 3, cell number 9 and cell number 2 show the highest intensity for TdT, PV and PNN, 

respectively. In contrast, the lowest levels observed for the markers are, in both methods, cell 

number 8, cell number 4 and cell number 5/7 for TdT, PV and PNN, respectively. In addition, 

when comparing the plots with the image, we can directly see that the results clearly represent 

reality. However, in the macro analysis, we could only detect 71.6% of cells detected manually. 

Hence, a significant number of cells were only detected with the manual analysis and not in the 

macro, which may explain the increased sensitivity of manual analysis to detect significant 

differences in the results.  
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5 DISCUSSION 
 

PV interneurons have been proven to be essential for the regulation of neuronal network activity 

regulation during both development and adulthood (Hensch 2005; Donato et al. 2013). As 

previously discussed, the maturation state of PV neurons correlates with a decrease of the network 

plasticity; while highly mature networks surrounded by PNN structures are necessary for the 

closure of critical periods, the disruption of this extracellular matrix synapse stabilizer leads to a 

reopening of critical periods of plasticity (Pizzorusso et al. 2002; Takesian and Hensch 2013; 

Gogolla et al. 2009). In adulthood, small amount of plasticity has been shown to exist and it is 

needed for learning. Whereas a low active inhibitory PV cell configuration is necessary for new 

information acquisition, a high active PV state is needed for consolidation of information (Donato 

et al. 2013). In addition, PV network had been classified into subpopulations that differ in 

birthdate, excitatory/inhibitory input balance and other features (Donato et al. 2015). The relation 

between those PV subpopulations and their PNN levels, indicating the maturity state of the 

network, has never been studied. Hence, we performed an experiment to evaluate the levels of PV 

and PNN expression, by dividing the PV cells to subpopulations and analyzing their PNN 

structures. We confirmed that low PV cells are a part of a more immature state by showing low 

levels of PNNs surrounding them. In contrast, high PV cells were confirmed to be part of a mature 

or less plastic network by expressing high PNN structures.  

 

Importantly, PV interneurons have been proven to be implicated in iPlasticity, the mechanism 

through which antidepressants induce a juvenile-like plasticity period in the adult brain (Castrén 

2005). In our experiments, the effects of fluoxetine administration suggest an induction of PV 

immature network state which allows plasticity that could then lead to learning if guided by 

training. In addition, our data proves that fluoxetine treatment induces an immature state of the 

network which is selectively affecting cells with high PV and PNN expression.  

 

5.1 Fluoxetine treatment induces a decrease in parvalbumin levels  
 

Our results support previous data in the literature suggesting that chronic fluoxetine treatment 

induces an immature state of the PV network (Umemori et al. 2018). In our experimental setting, 
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a significant decrease on the PV intensity in the cells was observed in the fluoxetine group when 

compared to the controls. In addition, this difference was significant in both the macro and manual 

results. Hence, our experiment suggests an effect of fluoxetine alone, which would induce an 

immature state of the PV network, showed by a decrease of the expression of Parvalbumin protein 

in the PV cells.  

 

5.2 Low PV subpopulation network shows an immature or plastic state 
compared to the high PV subpopulation network. 

 

As previously mentioned, PV cells can have different configuration states; low or high PV intensity 

groups that belong to different subpopulations, late and early born cells, respectively. On one hand, 

a low PV configuration had been defined by low PV expression levels and low levels of GAD67 

suggesting  low activity function and high inhibitory input onto the PV neurons themselves, and 

consequently a disinhibition of the principal neurons network (Donato et al. 2013; Donato et al. 

2015). In addition, our experiments add a new information to the definition; low PV cells express 

low PNN structures surrounding their somas and dendrites. This suggests that low PV cells are 

immature and have not yet stabilized strongly their synapses. This result is consistent with the idea 

that the low PV network is needed for new information acquisition (Donato et al. 2015). The 

literature has also suggested that a low activity of the inhibitory network and the consequent 

disinhibition onto pyramidal cells is needed for learning to happen (Hu et al. 2014). The observed 

natural plastic state of the low PV network correlates with the experiments that have reported an 

induced low PV configuration and promotion of learning by a silencing of the PV cells. In addition, 

environmental enrichment that promotes new information acquisition in adult brain, has been 

shown to only alter the late born or low PV cell subpopulation, by shifting their state towards a 

lower PV configuration (Donato et al. 2013).   

 

On the other hand, high PV configuration has been defined by cells expressing high levels of PV, 

highly activity and with a high excitatory input that consequently strongly inhibits the excitatory 

neuron population (Donato et al. 2013). Our study showed high levels of PNN structures 

surrounding this subpopulation in control mice, suggesting a mature and stabilized network. This 

high stability state of the network could be the reason why these neurons are not involved in new 
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information acquisition but, however, they are essential for consolidation of the information like 

observed in cFC experiments (Donato et al. 2013). Indeed, PNN deposition in PV cells has been 

directly linked with the persistence of fear memory, which is susceptible to erasure if PNN is 

disrupted (Khoo et al. 2019). Hence, the high PV configuration is defined as a mature neuron 

involved in memory consolidation, which could be guided by the deposition of PNN stabilizing 

the synapses like it happens in the closure of critical periods.   

 

5.3 Fluoxetine induces plasticity selectively to the high PV subpopulation 
 

As discussed in previous sections, fluoxetine induces a juvenile-like critical period of plasticity in 

the adult brain by shifting the PV network towards a plastic state (Castrén 2005). One approach to 

study the neuronal plasticity state is by observing the PNN structures surrounding the cells. In a 

preliminary set of experiments, a slight but not significant decrease of PNN structures surrounding 

PV cells after fluoxetine treatment was observed. This results is consistent with the study of 

Karpova et al. (Karpova et al. 2011), where they detectd a significant decrease in PNN surrounding 

PV neurons when fluoxetine was administrated chronically.  

 

However, after grouping PV neurons in subpopulations classified by their PV intensity levels, a 

significant difference in PNNs was detected. Under fluoxetine treatment, neurons classified into 

the high PV subpopulation showed a significant decrease in their surrounding PNNs. In addition, 

PNN levels in this group went from being extremely high compared to the low PV subpopulation, 

down to levels comparable to those in the low PV group after fluoxetine treatment. Our data 

suggests that high PV cells are part of a mature network with stabilized synapses. Likewise, the 

literature suggests that the early born subpopulation of PV neurons, defined by high PV levels, is 

responsible for memory consolidation and not involved in other types of learning (Donato et al. 

2015). Furthermore, removal of PNNs leads to memory consolidation impairments where fear 

memories are not protected and susceptible to erasure (Khoo et al. 2019). Thus, fluoxetine seems 

to have its effects only in the high PV subpopulation, by transforming this mature network 

responsible for protecting or consolidating memories to an immature network with a plasticity 

state similar to the low PV network, responsible for new information acquisition.  
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Additionally, learning has been linked to a disinhibition of the excitatory network (Hu et al. 2014). 

The high PV neurons are usually strongly inhibiting pyramidal cells that they control. However, 

we observed that, when fluoxetine is given, the percentage of neurons classified as high PV 

neurons decreases. These data suggest that fluoxetine treatment may be reducing both PV and 

PNN expression and thereby inducing an immature state of the network used for memory 

consolidation. 

 

5.4 Macro analysis is a reliable and fast method to analyze fluorescence 
intensity 

 
As previously mentioned in the materials and methods section, fluorescence analysis in confocal 

images is a highly time-consuming procedure. However, manual analysis allows the most accurate 

and reliable analysis of the data. With the aim to faster analyze the data of this thesis we developed 

a reliable, accurate and fast way to analyze immunohistochemistry images that can be useful for 

other future research and experiments managing big amounts of image data. The development of 

the set of macros in combination with the shell and python script allowed us to get reliable results 

by speeding up the analyzing process more than 14-fold. We created a method to analyze big 

amounts of data, without any hand management of the code, output data or final information. In 

addition, our software uses a high user interaction, where many parameters can be adapted to the 

experimental setting, making from this macro a powerful tool to do image analysis for the 

researcher community.   

 
In contrast, we only achieved a 71.6% of cell detection when compared to the manual analysis 

counting. However, this was the first attempt to use the macro with real data and was used only as 

a secondary method to validate our results. Hence, there is place for improvement both in the code 

and in the instructions for the user. The cell detection problem could be easily solved by training 

the user to better adjust the thresholds and correct the selections in case some cells are missing. In 

addition, machine learning techniques could be used to train the code to better recognize the cells 

or markers.  
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5.5 Experimental discussion  
 
We endeavor to perform and design the experiments in a high-quality and professional manner, 

however, some aspects of them have place for improvement. The criticism of our own results 

helped us see the weak points of the study and improve ourselves for the future.  

 

Firstly, the experimental groups used for the experiment were not equal, we used 4 mice for the 

fluoxetine treated group and 5 for the control group. This experimental design mistake happened 

due to a different original plan that shifted along with the progression of this thesis.  

 

Secondly, as an observation but not a mistake, our classification of PV cells in two groups 

regarding their PV levels in the immunohistochemistry analysis, cannot be directly compared to 

the results obtained by Donato et al, where they also differentiate PV cells in subpopulation groups. 

We defined a classification that seems to be linked or similar to their classification. However, in 

order to assure a comparable classification, developmental studies with BrdU marking of the cell’s 

birthdate should be checked to complement the data. These experiments have already been started 

and will be further continued. 

 

Regarding the analysis of immunofluorescence, the absolute values of intensities of PNNs differ 

from the manual to the macro analysis. This is only due to the fact that different methods of 

background subtraction are used and, therefore, the absolute values change. However, the 

important thing in those analyses is not the absolute values, but the comparison between the 

experimental groups in each experiment. Moreover, PV and TdTomato labeling was not always 

overlapping. As previously explained in the results section, TdTomato single positive cells may 

represent PV cells that either once expressed PV but not any longer do, or cells that expressed it 

in undetectable levels. The failure to detect TdTomato in some PV cells could be explained by a 

low fluorescence emission, since TdTomato was detected by its own fluorescence reactivity and 

was not labeled by antibodies. Nevertheless, TdTomato was used only to amplify the amount of 

PV cells detected. Hence, the differences in PV and TdTomato expression levels is not a problem 

since TdTomato intensity levels was irrelevant for the analysis.  
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Finally, I would like to point out that the significant results were obtained in a relatively small 

experimental group. High PV interneurons represented a 10% of the PV population in the control 

group and only a 5% of the PV population of the fluoxetine treated group. Hence, it could be 

possible that a low number of cell replicates in this group biased the results in the reduction of 

PNNs observed. However, low variation in the groups were observed and hence, statistically 

significance was achieved.  

 

6 CONCLUSION 
 

Overall, our results suggest a selective effect of fluoxetine treatment on the PV network 

subpopulations. Fluoxetine induces a plasticity state in the high-PV subgroup normally involved 

in consolidation and protection of fear memories from erasure. This mechanism could be a new 

explanation of fluoxetine antidepressant properties. It could explain how the induced plasticity 

together with a psychotherapeutic treatment can bring about mood recovery and improve other 

depression related symptoms. However, a better experimental design, an increased replicates 

number, and supplementary experiments such as neurons brithdate tracing, are needed to 

corroborate the preliminary hypothesis that this thesis suggests.  
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