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Abstract: 

Hippocampal place fields play a key role in spatial navigation. New place fields are formed during 

exploratory behavior through long-term potentiation (LTP) and long-term depression (LTD) of 

synaptic inputs to place cells located in hippocampal CA1. Recently, a novel form synaptic 

plasticity termed behavioral time scale plasticity (BTSP) has been demonstrated to occur in CA3–

CA1 synapses in vitro. BTSP can potentiate synapses that were active several hundred milliseconds 

before or after a priming event such as a strong and prolonged somatic depolarization. This 

plasticity rule could be an important complement to well-established spike timing dependent 

plasticity (STDP) which associates neuronal inputs with outputs at a time scale less than a few tens 

of milliseconds. 

The aim of this thesis was to determine whether high frequency antidromic stimulation can act as a 

priming event that enables BTSP induction in CA1 pyramidal neurons. The underlying assumption 

was that antidromic stimulation could prime BTSP via action potential backpropagation. High 

frequency bursting of CA1 neurons in hippocampal slices was achieved with 100 Hz antidromic 

stimulation of CA1 axons in the alveus. Schaffer collaterals were stimulated 500 ms before or after 

CA1 burst firing with intensities that were subthreshold for LTP when unpaired. I found that high 

frequency firing did not enable LTP induction during either of the two experimental protocols, 

suggesting that neuronal output alone is insufficient for priming BTSP.  
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Tiivistelmä: 

Hippokampuksen paikkakentillä on keskeinen rooli spatiaalisessa navigaatiossa. Uusia 

paikkakenttiä muodostuu hippokampuksen CA1:ssa sijaitsevien paikkasolujen synapseissa 

pitkäkestoisen potentiaation (LTP) ja pitkäkestoisen depression (LTD) kautta. Äskettäin on 

osoitettu aiemmin tuntemattoman nk. käyttäytymisaikaskaalan synaptisen plastisuuden (BTSP) 

esiintyminen CA3–CA1 synapseissa in vitro. BTSP kykenee potentioimaan synapseja, jotka ovat 

olleet aktiivisia satoja millisekunteja ennen tai jälkeen viritystapahtuman, kuten esim. voimakkaan 

ja pitkittyneen somaattisen depolarisaation. Kyseinen neuroplastisuuden muoto voi täydentää 

ennestään tunnettua hermopiikkien ajasta riippuvaa plastisuutta (STDP), joka assosioi tulevia ja 

lähteviä hermosignaaleja muutamien kymmenien millisekuntien aikaskaalalla. 

Tämän tutkielman tarkoituksena oli selvittää, voiko korkeataajuinen antidrominen stimulaatio 

toimia viritystapahtumana, joka mahdollistaa BTSP:n indusoinnin CA1:n pyramidaalisissa 

hermosoluissa. Taustaoletuksena oli, että antidrominen stimulaatio muodostaa taaksepäin 

propagoivia aktiopotentiaaleja, jotka mahdollistavat BTSP:n indusoinnin dendriiteissä. CA1:n 

hermosolujen korkeataajuinen aktivointi toteutettiin niiden aksoneihin kohdistuvalla 100 Hz:n 

antidromisella stimulaatiolla. CA1:een saapuvia Schaffer collateral -hermoratoja stimuloitiin 500 

ms ennen tai jälkeen antidromisen stimulaation voimakkuuksilla, jotka eivät olisi yksinään riittäneet 

LTP:n indusointiin. Korkeataajuinen antidrominen stimulaatio ei mahdollistanut LTP:n 

muodostumista kummassakaan kahdesta tutkimusprotokollasta, mikä viittaa siihen, että 

hermosolujen omat hermoimpulssit ovat riittämättömiä BTSP:n indusoinnin mahdollistamiseksi.  
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1 Introduction 

Activity dependent changes in synaptic efficacy play a central role in the processes of learning and 

memory (Takeuchi et al., 2014). Of particular importance are long-term potentiation (LTP) and long-

term depression (LTD) of synapses, which can produce long-lasting alterations in neuronal 

information processing and storage. Considerable effort has been made to uncover the neuronal 

activity patterns that induce these forms of synaptic plasticity and the cellular processes responsible 

for their expression. Both forms of synaptic plasticity can be induced with a variety of activity patterns 

involving the pre- and postsynaptic neurons and are modulated by a wide collection of 

neurotransmitters (Feldman, 2012). Additionally, the ability of neurons to integrate inputs nonlinearly 

and exhibit feature selective synaptic plasticity is greatly enhanced by the existence of active dendritic 

conductances (Larkum, 2012). Such active conductances also enable action potential 

backpropagation, which has been demonstrated to play a key role in synaptic plasticity by carrying 

information of neuronal output to input integration sites in the dendrites (Stuart and Sakmann, 1994; 

Feldman, 2012). 

Synaptic plasticity is commonly studied in hippocampal networks due to their organized anatomy and 

specialized functions in spatial navigation, memory and cognition. The discovery of hippocampal 

place cells has enabled detailed examination of the neuronal processes that produce feature specific 

firing patterns from inputs with far more generalized information content. Two features make place 

field formation a particularly useful model in researching the synaptic plasticity rules underpinning 

learning. First, every place cell tends to fire only at a particular location of a given environment, 

forming a measurable relationship that can be represented with a place field (O’Keefe, 1976). Second, 

the transformation of a silent cell to a place cell appears to be initiated when an animal is exploring 

near the location that becomes the center point of the future place field, which helps in defining the 

time window of place field formation (Monaco et al., 2014).  

Several synaptic learning rules have been suggested to underlie place field formation, including spike 

timing dependent plasticity (STDP), which has been extensively studied in a wide variety of brain 

regions and behavioral tasks (Feldman, 2012). STDP requires a precise temporal association between 

pre- and postsynaptic spiking, typically less than few tens of milliseconds (Bi and Poo, 1998). The 

strength and direction of plasticity depends on the timing and order of the two spikes: synapses where 

presynaptic spikes occur immediately before postsynaptic spikes undergo LTP while the opposite 

ordering leads to LTD (Markram et al., 1997). STDP depends critically on N-methyl-D-aspartate 
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(NMDA) receptors, voltage-gated calcium channels (VGCCs) and backpropagating action potentials, 

which are involved in carrying information about somatic activity to dendrites and altering synaptic 

Ca2+ concentration that plays a central role in guiding the signaling pathways related to plasticity (Bi 

and Poo, 1998; Feldman, 2012). NMDA receptors have also been demonstrated to underlie the 

generation of place fields, supporting the link between STDP and place field formation (Nakazawa 

et al., 2004). However, there is uncertainty about how a synaptic learning rule operating in low 

millisecond time scales could integrate relevant inputs that may arrive to the neuron up to seconds 

apart during a behavioral task, which is sometimes referred to as the distal reward problem or the 

credit assignment problem (Pawlak et al., 2010). Furthermore, STDP requires repetitive pairing of 

inputs while place field formation can occur abruptly during a single pass-through of the relevant 

location (Monaco et al., 2014). 

Apart from searching for neuromodulators that may interact with hypothesized slowly decaying 

synaptic eligibility traces left by coordinated pre- and postsynaptic activity to solve the distal reward 

problem, another line of research has focused on active dendritic mechanisms that may produce long- 

term synaptic plasticity even without tightly coordinated pre- and postsynaptic spiking (Gerstner et 

al., 2018). One such mechanism is the generation of dendritic plateau potentials that cause large Ca2+ 

influx, afterdepolarizations and somatic burst firing (Takahashi and Magee, 2009). The plateau 

potentials, or dendritic calcium spikes, are also associated with backpropagating action potentials and 

active NMDA receptors and VGCCs (Takahashi and Magee, 2009). Dendritic plateau potentials and 

action potential bursts that last up to a few hundred milliseconds have been shown to coincide with 

spontaneous place field formation in silent cells in vivo (Bittner et al., 2015). Furthermore, artificially 

induced plateau potentials through somatic depolarization are sufficient for producing a place field 

around the targeted spatial location in vivo, which implies that they play a direct role in the relevant 

processes leading to long-term synaptic plasticity (Lee et al. 2012, Bittner et al., 2015). The notion 

that emerging place fields span well into the surrounding areas that were not coincident with burst 

firing suggests that this plasticity rule is considerably less strict about the temporal relationship of 

pre- and postsynaptic activity than STDP (Bittner et al., 2017). 

Recent in vitro experiments in hippocampal CA1 pyramidal neurons have demonstrated the ability of 

strong and extended somatic depolarization to induce long-term potentiation of synapses that were 

active up to a second before or after current injection (Bittner et al., 2017). The research group coined 

the term behavioral time scale synaptic plasticity (BTSP) to refer to this synaptic plasticity rule that 

does not require strictly coincident pre- and postsynaptic firing and appears in theory to be capable 

of producing characteristic place fields in a small number of pairings (Bittner et al., 2017). BTSP was 
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also pharmacologically shown to depend on NMDA receptor and VGCC activity (Bittner et al., 2017). 

However, one open question is the potential role of backpropagating action potentials in priming 

BTSP. The protocol used by Bittner et al. (2017) caused high frequency burst firing as a response to 

somatic depolarization. It is known that backpropagating action potentials can evoke dendritic 

calcium potentials in pyramidal cells but only beyond a high critical frequency (Kampa and Stuart, 

2006). High frequency bursts could therefore be involved in inducing the dendritic plateau potentials 

that prime BTSP for temporally close subthreshold inputs. 

 

2 Aims of the study 

2.1 Research questions 

The purpose of this study was to determine whether high frequency antidromic stimulation is 

sufficient to prime BTSP in CA1 pyramidal neurons in vitro. More specifically, the main research 

question was: Does a considerably delayed pairing of orthodromic and antidromic stimulation 

produce long-term plasticity effects that are not present if either stimulation protocol is administered 

alone? This was investigated with antidromic stimulation of CA1 axons that was preceded or followed 

by subthreshold orthodromic stimulation of Schaffer collateral inputs. The assumption was that long-

lasting bursts of backpropagating action potentials that are expected to be induced by antidromic 

stimulation of the CA1 axons may initiate intracellular signaling cascades responsible for synaptic 

plasticity primarily through the activation of dendritic voltage-gated calcium channels. 

 

2.2 Hypotheses 

To isolate the synergistic effects of combined antidromic and orthodromic stimulation and to 

superficially investigate their dependence on the temporal order of inputs, four study groups were 

formed: Orthodromic control group, antidromic control group, orthodromic first experimental group 

and antidromic first experimental group. For the control groups, either orthodromic stimulation of 

Schaffer collaterals or antidromic stimulation of CA1 axons in the alveus was performed individually. 

The intention of the control groups was to confirm that both stimulation protocols alone were 

subthreshold for synaptic plasticity, as shown in an earlier study by Bittner et al. (2017). For the 

experimental groups, orthodromic stimulation was set to either precede or succeed antidromic 
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stimulation by 500 ms, which is far beyond the time window for STDP but still well within the time 

window for BTSP as shown by Bittner et al. (2017). 

Since I expected high frequency spiking to be sufficient for priming BTSP, my working hypothesis 

was that both early and late synaptic inputs would undergo LTP during the paired protocols, mirroring 

the results reported by Bittner et al. (2017). For the orthodromic and antidromic control groups, no 

alteration in EPSPs was expected in accordance with results from Bittner et al. (2017), although the 

antidromic stimulation protocol used in this study did not involve somatic current injection. 

The main null hypotheses tested by a paired two-tailed Student’s t-test were then as follows: 

Null hypothesis 1: Moderate orthodromic stimulation (10 pulses at 20 Hz) of Schaffer collaterals 

does not change the average CA1 fEPSP slope between baseline and 60–75 minutes post-protocol. 

Null hypothesis 2: High frequency antidromic stimulation (30 pulses at 100 Hz) of the alveus does 

not change the average CA1 fEPSP slope between baseline and 60–75 minutes post-protocol. 

Null hypothesis 3: Moderate orthodromic stimulation of Schaffer collaterals followed by delayed 

(500 ms) high frequency antidromic stimulation of the alveus does not change the average CA1 fEPSP 

slope between baseline and 60–75 minutes post-protocol. 

Null hypothesis 4: High frequency antidromic stimulation of the alveus followed by delayed 

moderate orthodromic stimulation of Schaffer collaterals does not change the average CA1 fEPSP 

slope between baseline and 60–75 minutes post-protocol. 

Additionally, mean relative changes in fEPSP slope and amplitude for each group were evaluated 

against each other with one-way analysis of variance (ANOVA). The null hypothesis was that the 

mean relative changes for all groups are equal. 

Finally, paired pulse facilitation was examined with a paired pulse stimulation protocol containing a 

50 ms interpulse delay. The mean changes in paired pulse ratios (PPRs) between baseline and 75 

minutes post-protocol for control and experimental groups were evaluated with a paired two-tailed 

Student’s t-test. The null hypothesis was that the PPRs are unchanged. The changes in PPRs for 

control and experimental groups were also evaluated against each other with one-way ANOVA. The 

null hypothesis was that the changes in PPRs between baseline and post-protocol were equal for 

control and experimental groups. 
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3 Materials and methods 

3.1 Slice preparation 

Hippocampal slices were obtained from 11 C57BL/6N mice of either sex aged 12–18 weeks. The 

mice were anaesthetized with isoflurane and decapitated before isolation of the brain. All procedures 

were performed in accordance with the animal use and care guidelines of the University of Helsinki. 

Coronal slices of 400 µm thickness were cut on a vibraslicer in ice-cold dissection artificial 

cerebrospinal fluid (ACSF) that was bubbled with carbogen (95%/5% O2/CO2 gas mixture). The 

dissection ACSF contained 92 mM NMDG, 30 mM NaHCO3, 25 mM glucose, 20 mM HEPES, 10 

mM MgSO4, 5 mM Na-L-ascorbate, 3 mM Na-pyruvate, 2.5 mM KCl, 1.25 mM NaH2PO4 and 0.5 

mM CaCl2. Hippocampal area CA3 was cut away from the slices with a razor blade. The slices were 

incubated for 10 minutes in dissection ACSF at 34°C bubbled with carbogen. The slices were then 

maintained in storage ACSF bubbled with carbogen at room temperature for 1–12 hours before they 

were used in recordings. The storage ACSF contained 92 mM NaCl, 30 mM NaHCO3, 25 mM 

glucose, 20 mM HEPES, 5 mM Na-L-ascorbate, 3 mM Na-pyruvate, 2.5 mM KCl, 2 mM MgSO4, 2 

mM CaCl2 and 1.25 mM NaH2PO4. 

 

3.2 Electrophysiological recording 

The recordings were performed in an interface chamber that was perfused at 1–5 ml/min with 

perfusion ACSF bubbled with carbogen at 34°C. The perfusion ACSF contained 124 mM NaCl, 26 

mM NaHCO3, 15 mM glucose, 3 mM KCl, 2 mM CaCl, 1.25 mM NaH2PO4 and 1 mM MgSO4. After 

a slice was carefully placed in the interface chamber with a paint brush, it was allowed to acclimate 

for 20 minutes without disturbance. One concentric bipolar electrode was placed among Schaffer 

collaterals for orthodromic electric stimulation of CA1 neurons and a second bipolar electrode was 

placed among axons in the alveus for antidromic stimulation of CA1 neurons. A glass electrode filled 

with perfusion ACSF was placed in stratum radiatum of CA1 for local field potential (LFP) recording. 

The input resistance of the measuring electrode was 3–6 MΩ. The voltage for orthodromic stimulation 

was set to produce a field excitatory postsynaptic potential (fEPSP) response with half amplitude of 

that required to evoke a population spike. The voltage for antidromic stimulation was typically set to 

produce an LFP response that was roughly 80–90% of maximal response. However, antidromic 

stimulation was never set above 70V to limit the probability of ‘spreading depression’, a transient 
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abolition of electrical activity that occasionally followed the long antidromic stimulation trains used 

in this study. The stimulation pulse width was set to 0.1 ms. The slice was allowed to stabilize for 

another 20 minutes before baseline recording was initiated. The LFP data collection was done with 

WinLTP Digidata while signal averaging and fEPSP analysis were performed with WinLTP 

Reanalysis (WinLTP Ltd. and The University of Bristol, 2020). The sampling rate was 0.05 ms, the 

gain was 100 and the online filtering was set to 10 kHz. Single pulse sweeps were collected at 20 

second intervals and consecutive groups of three sweeps were averaged during analysis. At the 

beginning and at the end of each experiment, paired pulse sweeps with a 50 ms interpulse delay were 

collected at 20 second intervals for three minutes. 

 

 

Figure 1. Diagram of the positioning of stimulation and recording electrodes during the fEPSP 

recordings. The left and right thunderbolts represent the locations of orthodromic and antidromic 

stimulation electrodes in the stratum radiatum and the alveus, respectively. The glass electrode 

depicted in blue was placed in stratum radiatum of CA1. The red line represents the removal of CA3 

performed during slice preparation. 

 

3.3 BTSP induction protocols 

Mimicking the stimulation protocol used by Bittner et al. (2017) to induce BTSP in vitro, the 

subthreshold orthodromic stimulation of Schaffer collaterals used in this study consisted of five low 

frequency spike trains repeated at 15 second intervals over the course of one minute. The trains 

contained 10 pulses at 20 Hz for the duration of half a second. The orthodromic stimulation was 
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intended to approximate the spatially tuned inputs occurring during repeated exploration of a 

particular location during a behavioral task. However, instead of providing 300 ms long depolarizing 

current pulses to the postsynaptic neurons, I stimulated their axons with 30 pulses at 100 Hz to 

replicate the high frequency bursting that is observed both during strong somatic depolarization and 

during natural place field induction in vivo. These bursts were also repeated at 15 second intervals 

over the course of one minute. A similar high frequency stimulation protocol was used by Bittner et 

al. (2015) during a behavioral task although the current was administered somatically and without 

simultaneous experimental control of presynaptic inputs. For the experimental groups, orthodromic 

stimulation was set to either precede or succeed antidromic stimulation by 500 ms. This separation 

was defined to be the delay from the last pulse of the leading train to the first pulse of the following 

train. 

 

3.4 Data analysis 

The peak fEPSP amplitude and slope were calculated using WinLTP Reanalysis. The baseline for 

each sweep was averaged from voltage data 17–2 ms before the stimulus pulse. The peak amplitude 

was identified 2–9 ms after the pulse. The maximal slope over any 0.5 ms interval was identified 1.3–

6 ms after the pulse. All sweeps were visually inspected to ensure high data quality and correct fEPSP 

analysis. Stimulation artifacts were removed from example traces manually. 

During some recordings, both slope and amplitude data demonstrated extreme drift or sustained sharp 

falls that were at least 30% in magnitude. Such recordings were truncated before inclusion to time 

series graphs by omitting all data points from the beginning of the abnormal activity until the end of 

the recording. A total of six recordings were truncated: one in the orthodromic first experimental 

group, two in the antidromic control group and three in the antidromic first experimental group. 

Statistical analysis was performed with Microsoft Excel. The amplitude and slope baselines for each 

experiment were averaged from data 15 minutes before the stimulation protocol and the effects on 

long-term plasticity were examined from averaged data 60–75 minutes after the stimulation protocol. 

The statistical tests used were paired two-tailed Student’s t-test and one-way ANOVA. 
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4 Results 

4.1 Moderate orthodromic stimulation or high frequency antidromic stimulation 

alone do not induce long-term plasticity 

Time series data from fEPSP recordings for the orthodromic control group are shown in figure 2. As 

expected, this stimulation protocol did not induce statistically significant long-term synaptic plasticity 

when administered alone. Interestingly, the time series data for both slope and amplitude indicate 

minor short-term potentiation immediately after administering the repeated 20 Hz trains, but this 

effect disappeared almost entirely during the course of the recording. The remaining potentiation for 

slope was statistically insignificant when evaluated with a paired t-test (1.061 ± 0.142, p = 0.486,  

n = 6). Similar results were obtained from amplitude data (1.015 ± 0.097, p = 0.577, n = 6). 

 

 

Figure 2. Example traces and fEPSP time series from the orthodromic control group. (A) Example 

trace of the BTSP induction protocol (average of five traces). (B) Example traces of single pulse 

sweeps before and 60 minutes after the BTSP induction protocol. (C) Time series of fEPSP slopes 

(relative to baseline average; ±SEM). The black triangle denotes the timing of BTSP induction 

protocols. (D) Time series of fEPSP amplitudes (relative to baseline average; ±SEM). 

C D 

B A 
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In the antidromic control group data presented in figure 3, the fEPSP slope and amplitude appeared 

to go through mild short-term depression that recovers within a few minutes. Afterwards, the 

amplitude continued to slightly drift upwards for the remaining duration of the recording. Beyond the 

one-hour mark post-protocol, there was a small but statistically insignificant potentiation in both slope 

(1.103 ± 0.181, p = 0.323, n = 4) and amplitude (1.180 ± 0.168, p = 0.255, n = 4). 

 

 

Figure 3. Example traces and fEPSP time series from the antidromic control group. (A) Example 

trace of the stimulation protocol (average of five traces). (B) Example traces of single pulse sweeps 

before and 60 minutes after the BTSP induction protocol. (C) Time series of fEPSP slopes (relative 

to baseline average; ±SEM). The black triangle denotes the timing of BTSP induction protocols. (D) 

Time series of fEPSP amplitudes (relative to baseline average; ±SEM). 

  

A B 

C D 
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4.2 Pairing orthodromic stimulation to delayed antidromic stimulation does not 

induce long-term plasticity 

In the orthodromic first experimental group, Schaffer collaterals were stimulated 500 ms before the 

antidromic stimulation of CA1 axons, and the recorded data are shown in figure 4. Interestingly, the 

time series data were very similar to those obtained from the antidromic control group. There was a 

small short-term depression immediately after BTSP induction protocol that was followed by a small 

upward drift in both slope and amplitude. This is in stark contrast to the results obtained by Bittner et 

al. (2017) who measured strong short-term potentiation that remained stable throughout the recording 

with their somatic depolarizing current injection protocol. In my recordings, the long-term 

potentiation of slope (1.183 ± 0.120, p = 0.083, n = 6) and amplitude (1.186 ± 0.145, p = 0.161,  

n = 6) were insignificant. It appears that pairing the two stimulation trains in this manner provides 

rather small synergistic effects over antidromic stimulation alone. 

 

 

Figure 4. Example traces and fEPSP time series from the orthodromic first experimental group. (A) 

Example trace of the stimulation protocol (average of five traces). (B) Example traces of single pulse 

sweeps before and 60 minutes after the BTSP induction protocol. (C) Time series of fEPSP slopes 

(relative to baseline average; ±SEM). The black triangle denotes the timing of BTSP induction 

protocols. (D) Time series of fEPSP amplitudes (relative to baseline average; ±SEM). 

A B 

C D 
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4.3 Pairing antidromic stimulation to delayed orthodromic stimulation results in a 

transient potentiation of synaptic response 

In the antidromic first experimental group, CA1 axons were stimulated 500 ms before the stimulation 

of Schaffer collaterals, and the recorded time series data are shown in figure 5. This protocol produced 

a visible fEPSP slope potentiation that lasted for about 30 minutes, although it was statistically 

insignificant even during the interval of 15–30 minutes after protocol (1.170 ± 0.084, p = 0.118,  

n = 6). The effect dissipated somewhat by the one-hour mark and is quite poorly reflected in the 

amplitude data. The remaining potentiation for slope (1.155 ± 0.188, p = 0.267, n = 4) and amplitude 

(1.108 ± 0.155, p = 0.286, n = 4) were weaker than in the other experimental group. 

 

 

Figure 5. Example traces and fEPSP time series from the antidromic first experimental group. (A) 

Example trace of the stimulation protocol (average of five traces). (B) Example traces of single pulse 

sweeps before and 60 minutes after the BTSP induction protocol. (C) Time series of fEPSP slopes 

(relative to baseline average; ±SEM). The black triangle denotes the timing of BTSP induction 

protocols. (D) Time series of fEPSP amplitudes (relative to baseline average; ±SEM). 

 

A B 

C D 
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4.4 Changes in synaptic efficacy were not significantly different among the groups 

The statistical analyses of averaged fEPSP slope and amplitude for all control and experimental 

groups are presented in table 1. As mentioned in earlier sections, none of the variables were 

statistically significant. 

 

Table 1. Statistical analysis of average fEPSP slope and amplitude relative to baseline for each 

control and experimental group 60–75 minutes after BTSP induction protocol. 

Stimulation protocol n 

Slope 

(rel.) SEM 

Paired 

t-test 

Amplitude 

(rel.) SEM 

Paired 

t-test 

Orthodromic control 6 1.061 0.142 0.486 1.015 0.097 0.577 

Antidromic control 4 1.103 0.181 0.323 1.180 0.168 0.255 

Orthodromic first 6 1.183 0.120 0.083 1.186 0.145 0.161 

Antidromic first 4 1.155 0.188 0.267 1.108 0.155 0.286 

 

The results from one-way ANOVA for slope and amplitude data are listed in tables 2 and 3, 

respectively. As shown earlier, the mean changes in fEPSP slope and amplitude at the one-hour mark 

from all groups were relatively close to each other (less than 20% difference). Although the measured 

variance was not particularly high, the differences in means among the groups were not statistically 

significant. In other words, the null hypothesis that the mean relative changes for all groups are equal 

cannot be rejected. 

 

Table 2. One-way ANOVA of fEPSP slope relative to baseline for all groups 

 60–75 minutes after BTSP induction protocol. 

Source of variation (slope) SS df MS F p-value F-crit 

Between Groups 0.050 3 0.017 0.144 0.932 3.239 

Within Groups 1.854 16 0.116       

Total 1.904 19         
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Table 3. One-way ANOVA of fEPSP amplitude relative to baseline for all groups  

60–75 minutes after BTSP induction protocol. 

Source of variation (amplitude) SS df MS F p-value F-crit 

Between Groups 0.107 3 0.036 0.372 0.774 3.239 

Within Groups 1.541 16 0.096       

Total 1.648 19         

 

No definitive conclusions can be drawn from the data with regard to the ability of high frequency 

spiking in priming BTSP due to the statistical uncertainty arising from a low number of recordings. 

Even though the null hypothesis cannot be rejected, the possibility of biologically relevant synaptic 

plasticity cannot be ignored either because of large confidence intervals. Regardless, the measured 

effect sizes of the two experimental groups were not materially different from those of the two control 

groups one hour after BTSP induction protocol. This suggests that delayed pairing of the two neuronal 

events does not have synergistic effects on long-term plasticity. 

 

4.5 Paired pulse facilitation was slightly strengthened after control and experimental 

BTSP induction protocols 

Paired pulse facilitation can be used to infer changes in transmitter release probability and, by 

extension, the presence of presynaptic plasticity. Presynaptic plasticity is known to play a role in 

some forms of short-term and long-term potentiation at CA1 synapses (Lauri et al., 2007). Hence, the 

paired pulse ratios (PPRs) of the fEPSP slopes were studied before and 75 minutes after the various 

stimulation protocols. There was a small and statistically significant (p < 0.01) increase in PPRs after 

control and experimental BTSP induction protocols (table 4). 

 

Table 4. Statistical analysis of PPRs relative to baseline for control and experimental groups 

75 minutes after BTSP induction protocol. 

Stimulation protocol n Baseline PPR SEM 

Post-protocol 

PPR SEM 

Paired 

t-test 

Control groups 10 1.528 0.024 1.602 0.029 0.003 

Experimental groups 10 1.527 0.041 1.622 0.058 0.009 
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The relative increases in the PPRs between baseline and post-protocol were 4.8% and 6.2% for the 

control groups and the experimental groups, respectively. One-way ANOVA of the changes in PPR 

reveals that there was no statistically significant difference between the two categories (table 5). 

 

Table 5. One-way ANOVA of PPR changes relative to baseline for control and experimental 

groups 75 minutes after BTSP induction protocol. 

Source of variation SS df MS F p-value F-crit 

Between Groups 0.0008 1 0.0008 0.342 0.567 4.414 

Within Groups 0.0419 18 0.0023    

Total 0.0427 19     

 

Finally, example traces of the paired pulse stimulation protocol and a box plot of PPRs from fEPSP 

slope data are shown in figure 6. 

 

 

 

Figure 6. Paired pulse facilitation. (A) Example traces of paired pulse stimulation with 50 ms delay 

from the orthodromic control group before and 75 minutes after the BTSP induction protocol (average 

of nine traces). (B) Box plot of PPRs in the control and experimental groups. 

 

  

A B 
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5 Discussion 

BTSP is a recently identified synaptic plasticity rule capable of inducing long-term potentiation of 

synapses up to seconds before or after a priming event such as a strong and extended somatic 

depolarization (Bittner et al., 2017). BTSP is NMDA receptor and VGCC dependent and appears to 

produce dendritic plateau potentials that are typically recorded during spontaneous place field 

emergence (Bittner et al., 2017). The strong somatic depolarization used to induce BTSP by Bittner 

et al. (2017) was associated with high frequency burst firing in the cell soma, which may activate the 

dendritic mechanisms responsible for BTSP via action potential backpropagation. The aim of this 

thesis was to investigate whether high frequency antidromic stimulation is sufficient to prime BTSP 

in CA1 pyramidal neurons. I found that the antidromic stimulation protocol used in this study did not 

produce statistically significant LTP of synaptic inputs arriving half a second before or after the 

priming event. 

There are multiple possible reasons for why antidromic stimulation failed to prime BTSP in this study 

ranging from specific experimental conditions to larger biological mechanisms at play. I will reflect 

on such potential discrepancies in the next subsection before moving on to discuss the implications 

of my results with regard to spatial learning and memory. 

 

5.1 Methodological limitations 

The antidromic stimulation protocol used in this study was intended to produce backpropagating 

action potentials that would interact with the synapses activated through orthodromic stimulation. 

However, since I did not measure how far the action potentials backpropagated into the dendritic tree 

during antidromic stimulation, it is possible that they invaded dendrites weakly and therefore failed 

to support the Ca2+ inflows required for synaptic plasticity. It has been shown that rigidly timed 

stimulation trains produce substantially less consistent action potential backpropagation than 

physiological spike trains with equivalent average spike rate (Williams and Stuart, 2000). 

Backpropagation failures could also be exacerbated due to the widespread and synchronous nature of 

unspecific axonal stimulation that may cause network effects which are not encountered in a patch 

clamp setting or during spontaneous activity. However, high frequency stimulation has been 

experimentally demonstrated to produce robust action potential backpropagation and moderate Ca2+ 

inflows above a critical frequency of around 100 Hz in layer 5 pyramidal cells (Larkum et al., 1999). 
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In addition to activating CA1 pyramidal neuron axons, the antidromic stimulation used in this study 

likely had off-target effects on cells in stratum oriens due to current spread from the alveus. Although 

the stimulating electrode was placed at least 500 µm away from the CA1 neurons being recorded, a 

subpopulation of interneurons and basal dendrites extending from the CA1 pyramidal neurons being 

recorded may have been affected. However, the relevance of these off-target effects on BTSP is 

difficult to assess since mixed excitation and inhibition could be expected. 

 

5.2 Role of action potential backpropagation in BTSP 

My results suggest that backpropagating action potential bursts that are induced by high frequency 

antidromic stimulation are insufficient for priming BTSP, which is useful for defining the role of 

backpropagation in processes that may rely on BTSP such as place field formation. Backpropagating 

action potentials have been found to be important in many forms of synaptic plasticity and their effects 

on Ca2+ conductance via NMDA receptors and VGCCs are extensively studied. The extent of 

backpropagation in the dendritic tree can be tightly controlled with coincident inhibitory and 

excitatory inputs, intrinsic excitability, and fine-tuned firing patterns during action potential bursts, 

which makes it a versatile signal in guiding plasticity (Short et al., 2017). Although action potential 

initiation typically requires integration of a large number of dendritic excitatory inputs, they can be 

generated ectopically and therefore do not entail a strict correlation with membrane potential in the 

apical dendrite or even the soma (Schmitz et al., 2001).  The results of this study imply that either 

backpropagating action potential bursts do not guide place field formation or, more likely, require 

other coincident factors such as prolonged somatic or dendritic depolarization to activate plasticity 

related signaling. This interpretation is supported by the ineffectiveness of artificial high-frequency 

spiking in producing position-specific firing during in vivo conditions (Bittner et al., 2015). 

How might somatic depolarization aid the invasion of backpropagating action potentials into the 

dendritic tree? One possibility is the increased inactivation of dendritic A-type K+ channels. Transient 

A-type K+ channels tend to be more common in distal dendritic branches where they act to prevent 

large rapid depolarization events such as action potentials and plateau potentials (Hoffman et al., 

1997). Somatic depolarization has been recently shown to markedly inactivate A-type K+ channels in 

the proximal apical dendrite of CA1 pyramidal neurons and strongly enhance dendritic spike 

propagation (Bock and Siegelbaum, 2021). The combination of enhanced action potential 

backpropagation and prolonged plateau potentials may have very large effects on dendritic calcium 

currents. 
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5.3 Role of BTSP in place field formation 

BTSP is a promising discovery that appears to explain how artificial somatic depolarization can be 

used to produce and modify individual place fields as reported in several in vivo studies (Lee et al., 

2012; Bittner et al., 2015; Diamantaki et al., 2018; Robinson et al., 2020). BTSP may also explain 

spontaneous place field emergence and other neural phenomena that span into behavioral time scales, 

although there are still a number of open questions regarding its inducibility and versatility without 

artificial intervention. For instance, spontaneous place field formation has been shown to rely heavily 

on processes that induce LTD such as α-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid 

(AMPA) receptor endocytosis (Ashby et al. 2021). Whether BTSP can induce LTD with alternative 

patterns of somatic depolarization or synaptic activity remains to be investigated, but it seems 

plausible that BTSP can activate such processes with varying levels of Ca2+ accumulation similarly 

to other plasticity mechanisms. Nevertheless, an increased understanding of both artificially and non-

artificially induced forms of BTSP will be useful in interpreting the results from neuromodulatory 

experiments that aim to clarify the mechanisms behind place field formation and other neural 

processes that rely on behavioral time scale integration of synaptic inputs. 
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