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 General Discussion 

The chapters that constitute this thesis aim to increase our understanding of 

excitatory connectivity and synaptic dynamics in rodent and human brains, both 

in healthy and diseased states. In this context we present new findings in acute 

human cortical and hippocampal slices and in healthy and diseased rodent 

cortical slices. In chapter 2 we have shown that human synapses display short-

term dynamics and recover faster from depression than murine synapses, 

allowing higher bandwidth encoding and more efficient transmission of 

information. We have also shown that human cells are equipped to individually 

follow signals modulated at much higher frequencies when compared to their 

murine counterparts, handling thereby higher bandwidths offered by the 

barrage of synaptic signaling. In chapter 3 we reported, for the first time at a 

cellular level, the existence of spike timing-dependent plasticity in the human 

hippocampus. In chapters 4 and 5 we studied the connectivity and synaptic 

properties in two different rodent models for mental retardation and autism. In 

chapter 4, based on the Fragile X model, we reported transient 

hyperconnectivity, coupled to differences in the speed of recovery from synaptic 

depression. Chapter 5 shows upregulated long-term microcircuit plasticity in 

the VPA rat model for autism. Put together, these studies in human and rodent 

brain impose a revision in the current understanding of synaptic depression 

and its role in information encoding, in healthy and diseased brains. In this 

chapter we will summarize these findings and briefly discuss their significance 

for the understanding of strategies employed by the brain to encode and store 

information. 

 

Synaptic dynamics and information theory 

 Information is encoded and travels in the brain in the form of action 

potentials (APs) produced by individual neurons submerged in a network of 

synaptically-connected partners. The involvement of short-term synaptic 

dynamics in information coding and transmission has been postulated and 

discussed extensively in the last decade, but lacked further experimental 

testing (Fuhrmann et al. 2002; Markram et al.; Scott, Cowan, and Stricker 

2012a). The first step in transmission of information with spikes is the 

feasibility for a change in conductance, large enough, to drive the postsynaptic 

partner to spike. A scenario where one neuron alone would drive postsynaptic 

partners is not physiologically realistic (Scott, Cowan, and Stricker 2012a). 

However, to accurately measure and quantify precise parameters of synaptic 
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kinetics and dynamics between identified neurons and postsynaptic partners, a 

reductionist approach was necessary for both synaptic plasticity and 

connectivity. Using both timing- and rate-dependent paradigms in single 

neurons in chapters 4 and 5. To measure the effects of these changes in 

synaptic kinetics and dynamics at the network level, we chose to use a rate-

coding approach for larger simulations where a postsynaptic cell is embedded. 

Regarding the information theoretical approach in Chapter 2, we incorporated 

both rate and timing-dependent analyses to examine both spiking output and 

phase modulation relative to sine wave inputs. 

 In chapter 2 we have assessed the information transfer capacity of human 

neocortical networks, based on parameters derived directly from pairs of 

human principal cells in acute brain slices. Neocortical synapses change 

behavior in an activity-dependent manner at short time scales in four distinct 

ways (Zucker and Regehr 2002; Dobrunz, Huang, and Stevens 1997; Dittman, 

Kreitzer, and Regehr 2000): Vesicle-depletion depression (VDD) (Matveev and 

Wang 2000; Markram and Tsodyks 1996), release-independent depression 

(RID), where the temporal structure of pre-synaptic activity doesn’t dictate the 

time course of depression (Brody and Yue 2000; Cowan and Stricker 2004; 

Thomson and Bannister 1999), frequency-dependent recovery (FDR)  (Dittman 

and Regehr 1998; Wang and Kaczmarek 1998) and facilitation (FAC) (Zucker 

and Regehr 2002; Thomson and Bannister 1999; Matveev and Wang 2000). We 

verify that these processes take place both in rodent and human synapses and 

fit a phenomenological model to extract measurable parameters from changes 

in membrane potential that relate to these four activity-dependent synaptic 

properties. This model, developed by Misha Tsodyks and Henry Markram 

(Tsodyks, Pawelzik, & Markram, 1998; Tsodyks & Markram, 1997) was applied 

for the first time to human synaptic connections. We show that depression 

properties inherent to mature human synapses between neocortical principal 

cells in temporal cortex confer a higher frequency processing bandwidth to 

synaptic connections, exclusively based on the speed of recovery from 

depression. 

 It is relevant to mention that based on results in chapter 2, information 

theoretical analysis suggests that more information can be conveyed by 

neurons at higher rates in a network that recovers faster from synaptic 

depression. Despite the multitude of mechanisms that can be responsible for 

the fast recovery, we don’t assess the mechanistic properties responsible for 

the observed phenomenon in the present thesis. We test, nevertheless, whether 

individual human neurons are able to follow the higher quantity of information, 
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conveyed by their presynaptic partners. To our surprise, we also found a 

differential behavior in the fidelity of spiking modulation depth to frequencies 

up to 1.5kHz, whereas rodent neurons have a steep cutoff at 200Hz.It is 

relevant to remember that these high frequency bandwiths we test are unlikely 

to play a role in information transfer between a pair of neurons. But it is 

significant in the ability of the cell to resolve information arriving at its 

postsynaptic terminals from a barrage of several presynaptic partners. 

 In chapter 4, where we studied connectivity and synaptic properties in the 

Fragile X model of intellectual disability and autism, we reported a transient 

period of neuronal hyperconnectivity during the first two t three weeks of 

development coupled to a transient slow recovery from depression at these 

synapses. Extrapolating our findings from chapter 2, we could infer that 

impairments in the network, observed at the behavioral level could be linked to 

the low synaptic bandwidth, imposed by slow recovery from depression.  

 In conclusion, there is clear evidence that short-term synaptic dynamics 

affect information flow in the brain (Baptista, Moukam Kakmeni, and Grebogi 

2010; London et al. 2002; Scott, Cowan, and Stricker 2012b). Our study 

extended this view by showing fast recovery from depression as a feature that 

allows for higher bandwidth processing and therefore higher efficiency in 

information coding and transfer. The comparison with values extracted from 

synaptic connections from a rodent model of mental retardation and autism 

allowed us to speculate even further and relate the phenotypic impairments of 

cognitive processing to the ‘sluggish’ synapses measured between neocortical 

neurons. 

 

Hyperconnectivity versus slow synapses in autism and mental retardation 

In this thesis we studied exclusively excitatory synapses, both in healthy and 

diseased models, in humans and in rodents. It is relevant to note that the 

experimental evidence (Purpura 1974; Chapleau et al. 2009; Belmonte and 

Bourgeron 2006) on spine development abnormalities in the Fragile X model for 

mental retardation and autism points to differences in connectivity and synaptic 

dynamics in excitatory pathways. Developmental changes in synaptic dynamics 

and connectivity have been verified in WT rodents, and have been described in 

the literature (Etherington and Williams 2011). Synaptic and membrane time 

constants change with development as well as connectivity with one important 

difference in the developmental changes that we describe in chapter 4 is the 



4 
 

simultaneous disregulation of connectivity and recovery from synaptic 

depression. The hyperconnectivity we verified, between 2 – 3 postnatal weeks, 

is tightly-coupled to the slow recovery from depression and the two imbalances 

are proposed to be connected in a way to keep a functional but imbalanced 

network during this time window (with a certain dynamic range), critical for 

cortical development. The phenotype of cognitive impairment that follows may 

be a consequence of the disruption in normal connectivity and synaptic 

depression mechanisms during a critical phase in the synaptic development of 

the frontal cortex. 

Central coherence theory of autism (Happé and Frith 1996) brought forward the 

hypothesis that the inability to integrate complex information and extract a 

higher level meaning from scattered facts in autistic subjects originates in 

biological underpinnings of how information is integrated in the cortex. Our 

findings bring forward evidence at the neurophysiological level that there is 

impaired information processing on lower frequency bands but also show that 

the absolute amount of information that a developing Fragile X cortical network 

is able to process is inherently smaller when compared to a rodent control 

group counterpart (Fig 1). We speculate that certain fundamental aspects that 

give rise to the central coherence theory, such as short and long range 

connectivity, might be correlated with the impaired information processing 

during frontal cortex development. 

Hyperconnectivity alone does not explain hyperfunctionality 

In utero exposure to VPA leads to a high risk of developing autism (Rasalam et 

al. 2005). In chapter 5 of this thesis we used the VPA exposure model in rats to 

study microcircuit plasticity in layer 5 pyramidal cells of the somatosensory 

cortex. Our findings confirm the hyperconnectivity, previously reported by 

Rinaldi and colleagues (Rinaldi et al. 2007) and reveal upregulation of a new 

type of plasticity reported by Le Be and Markram (Le Bé and Markram 2006). By 

perfusion of low concentration of Glutamate with conventional ACSF overnight, 

we detect subtle changes in synaptic dynamics and in microcircuit structure. 

Through a mechanism still to be explored, new synaptic connections are 

formed and eliminated. We report that in the VPA model of autism and mental 

retardation, the appearance of new synaptic connections is upregulated when 

compared to the control group. Changes in microcircuit structure are 

activity=dependent (Le Bé and Markram 2006) but the mechanisms underlying 

these changes are still unknown. The presence of connectivity hyperplasticity in 

the VPA model, however, is not unexpected, since it has been shown in long 

term synaptic plasticity by Rinaldi and collaborators (Rinaldi et al. 2007). Our 
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finding extends the concept of hyperplasticity, by bringing it to the microcircuit 

structural level. 

The mechanisms behind the alterations caused by in utero exposure to VPA 

that lead to the development of autism is yet unknown. Gene expression can be 

altered in intricate ways (Milutinovic et al. 2007) as well as the expression of 

cortical interneurons, therebyaltering the balance between excitation and 

inhibition (Gogolla et al. 2009). It is therefore, premature to claim that the 

hypersensitivity and hyperfunctionality present in some individuals with autism 

spectrum disorders (ASDs) could be fully explained by the alterations in 

connectivity and plasticity observed in rodent models (Meredith et al. 2007; 

Testa-Silva et al. 2011; Qiu et al. 2011).  

The presences of hyperconnectivity, in diverse mouse models of ASDs is a 

indication that the complexity underlying the comorbidity of mental retardation 

and autism also relates to time windows of development and establishes a 

connection between function, synaptic dynamics and microcircuit structure 

(Meredith, Dawitz, and Kramvis 2012). 

 

 

Challenges to come 

The mechanisms and properties of short-term synaptic plasticity have been 

extensively documented and explored. Their relation, however, to process and 

encode information in the human cortex and in a transgenic mouse model for 

cognitive impairment and autism have been, for the first time, presented in this 

thesis. Here, we show that human synapses display distinct short-term plasticity 

features that enable neurons to process incoming synaptic information at 

higher signal bandwidths in the neocortex than in juvenile rodent neocortex. 

We also show that human neocortical principal cells display a unique ability to 

follow signal modulation, demonstrating that they are equipped, individually, to 

follow a barrage of synaptic information, at higher quantities and rates than 

rodent cells. A challenge for the future is to elucidate, either via proteomic or 

modeling approaches, which components of the human synapse allow recovery 

from depression to be faster and which cellular, presynaptic machinery or 

postsynaptic mechanisms, makes human principal cells inherently different 

from rodent cells in the response modulation depth. 
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Furthermore, we report the transient hyperconnectivity conjugated to changes 

in synaptic depression in the Fragile X mouse model for mental retardation and 

autism. It will be interesting to verify whether these changes extend to 

inhibitory pathways and whether the developmental changes continue in further 

stages of murine neocortical development. 

Finally, we hope, to have started a prolific discussion on the differences 

between active properties of human and rodent neurons, and to provoke 

further developments leading to our ultimate goal, a more accurate description 

of the human synapse. 

 

Fig. 1. Comparing functional implications of fast recovery from synaptic 

depression. 

The amplitude of excitatory postsynaptic potentials was simulated according to 

the mathematical models introduced in Tsodyks & Markram (1997)  and in 

Fuhrmann et al. (2002). 

In panels a and b we calculate the information content in post synaptic 

responses (PSR) for a model of probabilistic synapses, as a function of the 

presynaptic firing rate. Information content in human PSRs is not only higher on 

its maximum, but it also peaks at a higher frequency and displays a higher 

dynamic range. Including the black trace based on the numbers obtained in 

chapter 4 for the recovery from synaptic depression, we illustrate the possible 

cognitive implications of our finding. 

 

 

 

 



7 
 

References 

Baptista, M S, F M Moukam Kakmeni, and C Grebogi. 2010. “Combined effect of 

chemical and electrical synapses in Hindmarsh-Rose neural networks on 

synchronization and the rate of information.” Physical review. E, Statistical, 

nonlinear, and soft matter physics 82 (3 Pt 2) (September): 036203. 

http://www.ncbi.nlm.nih.gov/pubmed/21230157. 

Belmonte, Matthew K, and Thomas Bourgeron. 2006. “Fragile X syndrome and 

autism at the intersection of genetic and neural networks.” Nature 

neuroscience 9 (10) (October): 1221-5. doi:10.1038/nn1765. 

http://www.ncbi.nlm.nih.gov/pubmed/17001341. 

Brody, D L, and D T Yue. 2000. “Release-independent short-term synaptic 

depression in cultured hippocampal neurons.” The Journal of 

neuroscience  : the official journal of the Society for Neuroscience 20 (7) 

(April 1): 2480-94. http://www.ncbi.nlm.nih.gov/pubmed/10729328. 

Le Bé, Jean-Vincent, and Henry Markram. 2006. “Spontaneous and evoked 

synaptic rewiring in the neonatal neocortex.” Proceedings of the National 

Academy of Sciences of the United States of America 103 (35) (August 29): 

13214-9. doi:10.1073/pnas.0604691103. 

http://www.pubmedcentral.nih.gov/articlerender.fcgi?artid=1559779&tool=

pmcentrez&rendertype=abstract. 

Chapleau, Christopher A, Jennifer L Larimore, Anne Theibert, and Lucas Pozzo-

Miller. 2009. “Modulation of dendritic spine development and plasticity by 

BDNF and vesicular trafficking: fundamental roles in neurodevelopmental 

disorders associated with mental retardation and autism.” Journal of 

neurodevelopmental disorders 1 (3) (September): 185-96. 

doi:10.1007/s11689-009-9027-6. 

http://www.pubmedcentral.nih.gov/articlerender.fcgi?artid=2788955&tool=

pmcentrez&rendertype=abstract. 

Cowan, Anna I, and Christian Stricker. 2004. “Functional connectivity in layer IV 

local excitatory circuits of rat somatosensory cortex.” Journal of 

neurophysiology 92 (4) (October): 2137-50. 

http://www.ncbi.nlm.nih.gov/pubmed/15201316. 

Dittman, J S, A C Kreitzer, and W G Regehr. 2000. “Interplay between 

facilitation, depression, and residual calcium at three presynaptic 

terminals.” The Journal of neuroscience  : the official journal of the Society 

for Neuroscience 20 (4) (February 15): 1374-85. 

http://www.ncbi.nlm.nih.gov/pubmed/10662828. 



8 
 

Dittman, J S, and W G Regehr. 1998. “Calcium dependence and recovery kinetics 

of presynaptic depression at the climbing fiber to Purkinje cell synapse.” 

The Journal of neuroscience  : the official journal of the Society for 

Neuroscience 18 (16) (August 15): 6147-62. 

http://www.ncbi.nlm.nih.gov/pubmed/9698309. 

Dobrunz, L E, E P Huang, and C F Stevens. 1997. “Very short-term plasticity in 

hippocampal synapses.” Proceedings of the National Academy of Sciences of 

the United States of America 94 (26) (December 23): 14843-7. 

http://www.pubmedcentral.nih.gov/articlerender.fcgi?artid=25125&tool=p

mcentrez&rendertype=abstract. 

Etherington, S. J., and S. R. Williams. 2011. “Postnatal Development of Intrinsic 

and Synaptic Properties Transforms Signaling in the Layer 5 Excitatory 

Neural Network of the Visual Cortex.” Journal of Neuroscience 31 (26) (June 

29): 9526-9537. doi:10.1523/JNEUROSCI.0458-11.2011. 

http://www.ncbi.nlm.nih.gov/pubmed/21715617. 

Fuhrmann, Galit, Idan Segev, Henry Markram, and Misha Tsodyks. 2002. 

“Coding of temporal information by activity-dependent synapses.” Journal 

of neurophysiology 87 (1) (January): 140-8. 

http://www.ncbi.nlm.nih.gov/pubmed/11784736. 

Gogolla, Nadine, Jocelyn J Leblanc, Kathleen B Quast, Thomas C Südhof, Michela 

Fagiolini, and Takao K Hensch. 2009. “Common circuit defect of excitatory-

inhibitory balance in mouse models of autism.” Journal of 

neurodevelopmental disorders 1 (2) (June): 172-81. doi:10.1007/s11689-

009-9023-x. 

http://www.pubmedcentral.nih.gov/articlerender.fcgi?artid=2906812&tool=

pmcentrez&rendertype=abstract. 

Happé, F, and U Frith. 1996. “The neuropsychology of autism.” Brain  : a 

journal of neurology 119 ( Pt 4 (August): 1377-400. 

http://www.ncbi.nlm.nih.gov/pubmed/8813299. 

London, Michael, Adi Schreibman, Michael Häusser, Matthew E Larkum, and 

Idan Segev. 2002. “The information efficacy of a synapse.” Nature 

neuroscience 5 (4) (April): 332-40. 

http://www.ncbi.nlm.nih.gov/pubmed/11896396. 

Markram, H, A Gupta, A Uziel, Y Wang, and M Tsodyks. “Information processing 

with frequency-dependent synaptic connections.” Neurobiology of learning 

and memory 70 (1-2): 101-12. doi:10.1006/nlme.1998.3841. 

http://www.ncbi.nlm.nih.gov/pubmed/9753590. 



9 
 

Markram, H, and M Tsodyks. 1996. “Redistribution of synaptic efficacy between 

neocortical pyramidal neurons.” Nature 382 (6594) (August 29): 807-10. 

doi:10.1038/382807a0. http://www.ncbi.nlm.nih.gov/pubmed/8752273. 

Matveev, V, and X J Wang. 2000. “Implications of all-or-none synaptic 

transmission and short-term depression beyond vesicle depletion: a 

computational study.” The Journal of neuroscience  : the official journal of 

the Society for Neuroscience 20 (4) (February 15): 1575-88. 

http://www.ncbi.nlm.nih.gov/pubmed/10662847. 

Meredith, Rhiannon M, Julia Dawitz, and Ioannis Kramvis. 2012. “Sensitive time-

windows for susceptibility in neurodevelopmental disorders.” Trends in 

neurosciences 35 (6) (June): 335-44. doi:10.1016/j.tins.2012.03.005. 

http://www.ncbi.nlm.nih.gov/pubmed/22542246. 

Meredith, Rhiannon M, Carl D Holmgren, Meredith Weidum, Nail Burnashev, and 

Huibert D Mansvelder. 2007. “Increased threshold for spike-timing-

dependent plasticity is caused by unreliable calcium signaling in mice 

lacking fragile X gene FMR1.” Neuron 54 (4) (May 24): 627-38. 

doi:10.1016/j.neuron.2007.04.028. 

http://www.ncbi.nlm.nih.gov/pubmed/17521574. 

Milutinovic, Snezana, Ana C D’Alessio, Nancy Detich, and Moshe Szyf. 2007. 

“Valproate induces widespread epigenetic reprogramming which involves 

demethylation of specific genes.” Carcinogenesis 28 (3) (March): 560-71. 

doi:10.1093/carcin/bgl167. 

http://www.ncbi.nlm.nih.gov/pubmed/17012225. 

Purpura, D P. 1974. “Dendritic spine ‘dysgenesis’ and mental retardation.” 

Science (New York, N.Y.) 186 (4169) (December 20): 1126-8. 

http://www.ncbi.nlm.nih.gov/pubmed/4469701. 

Qiu, Shenfeng, Charles T Anderson, Pat Levitt, and Gordon M G Shepherd. 

2011. “Circuit-specific intracortical hyperconnectivity in mice with deletion 

of the autism-associated Met receptor tyrosine kinase.” The Journal of 

neuroscience  : the official journal of the Society for Neuroscience 31 (15) 

(April 13): 5855-64. doi:10.1523/JNEUROSCI.6569-10.2011. 

http://www.pubmedcentral.nih.gov/articlerender.fcgi?artid=3086026&tool=

pmcentrez&rendertype=abstract. 

Rasalam, A D, H Hailey, J H G Williams, S J Moore, P D Turnpenny, D J Lloyd, and 

J C S Dean. 2005. “Characteristics of fetal anticonvulsant syndrome 

associated autistic disorder.” Developmental medicine and child neurology 

47 (8) (August): 551-5. http://www.ncbi.nlm.nih.gov/pubmed/16108456. 



10 
 

Rinaldi, Tania, Karina Kulangara, Katia Antoniello, and Henry Markram. 2007. 

“Elevated NMDA receptor levels and enhanced postsynaptic long-term 

potentiation induced by prenatal exposure to valproic acid.” Proceedings of 

the National Academy of Sciences of the United States of America 104 (33) 

(August 14): 13501-6. doi:10.1073/pnas.0704391104. 

http://www.pubmedcentral.nih.gov/articlerender.fcgi?artid=1948920&tool=

pmcentrez&rendertype=abstract. 

Scott, Pat, Anna I Cowan, and Christian Stricker. 2012a. “Quantifying impacts of 

short-term plasticity on neuronal information transfer.” Physical review. E, 

Statistical, nonlinear, and soft matter physics 85 (4 Pt 1) (April): 041921. 

http://www.ncbi.nlm.nih.gov/pubmed/22680512. 

———. 2012b. “Quantifying impacts of short-term plasticity on neuronal 

information transfer.” Physical review. E, Statistical, nonlinear, and soft 

matter physics 85 (4 Pt 1) (April): 041921. 

http://www.ncbi.nlm.nih.gov/pubmed/22680512. 

Testa-Silva, Guilherme, Alex Loebel, Michele Giugliano, Christiaan P J de Kock, 

Huibert D Mansvelder, and Rhiannon M Meredith. 2011. “Hyperconnectivity 

and Slow Synapses during Early Development of Medial Prefrontal Cortex in 

a Mouse Model for Mental Retardation and Autism.” Cerebral cortex (New 

York, N.Y.  : 1991) (August 19). doi:10.1093/cercor/bhr224. 

http://www.ncbi.nlm.nih.gov/pubmed/21856714. 

Thomson, A M, and A P Bannister. 1999. “Release-independent depression at 

pyramidal inputs onto specific cell targets: dual recordings in slices of rat 

cortex.” The Journal of physiology 519 Pt 1 (August 15): 57-70. 

http://www.pubmedcentral.nih.gov/articlerender.fcgi?artid=2269491&tool=

pmcentrez&rendertype=abstract. 

Tsodyks, M, K Pawelzik, and H Markram. 1998. “Neural networks with dynamic 

synapses.” Neural computation 10 (4) (May 15): 821-35. 

http://www.ncbi.nlm.nih.gov/pubmed/9573407. 

Tsodyks, M V, and H Markram. 1997. “The neural code between neocortical 

pyramidal neurons depends on neurotransmitter release probability.” 

Proceedings of the National Academy of Sciences of the United States of 

America 94 (2) (January 21): 719-23. 

http://www.pubmedcentral.nih.gov/articlerender.fcgi?artid=19580&tool=p

mcentrez&rendertype=abstract. 

Wang, L Y, and L K Kaczmarek. 1998. “High-frequency firing helps replenish the 

readily releasable pool of synaptic vesicles.” Nature 394 (6691) (July 23): 



11 
 

384-8. doi:10.1038/28645. 

http://www.ncbi.nlm.nih.gov/pubmed/9690475. 

Zucker, Robert S, and Wade G Regehr. 2002. “Short-term synaptic plasticity.” 

Annual review of physiology 64 (January): 355-405. 

doi:10.1146/annurev.physiol.64.092501.114547. 

http://www.ncbi.nlm.nih.gov/pubmed/11826273. 

 


