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Abstract
By activating axons, extracellular stimulation elicits synaptic responses in patch-clamped cells. However, because axonal
signaling is both orthodromic and antidromic, extracellular stimulation may lack specificity. For example, stimulating
neocortical layer (L) 4 to recruit ascending inputs to L2/3 pyramidal cells (PCs) may also antidromically activate presynaptic
L2/3 PCs, as their descending axons traverse L4. This contaminates L4→L2/3 activation with L2/3→L2/3 responses, which is
problematic since these pathways have different properties. Using 2-photon calcium imaging, we found L2/3 PCs that
responded to L4 stimulation even after synaptic blockade, demonstrating antidromic activation. Our findings highlight
limitations of extracellular stimulation specificity in neocortex.
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Figure 1. L4 stimulation antidromically recruits L2/3 PCs.:
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(A) L4 stimulation that recruits L2/3 PCs antidromically (right) should lead to poor synaptic input specificity. (B) Sample
patched L2/3 pyramidal cell with axon descending into L4. (C) Morphological reconstruction shows stimulation electrode
relative to descending axon as well as evoked responses, inset. (D) After synaptic blockade, statistically significant
Ca2+transients elicited by extracellular stimulation (stim) persisted in sample cell 1 but not in sample cell 2. (E, F) Synaptic
blockade reduced but did not abolish L2/3 PC activity, demonstrating antidromic activation of L2/3 PCs. Stimulation of L4
thus drives spiking of candidate presynaptic cells in both L4 and L2/3. (G) We verified upper V1 layer boundaries with in situ
hybridization.

Description
The strength of connections between neurons changes in response to activity through synaptic plasticity. Synaptic plasticity is
thought to underlie learning and information processing in the brain. Because the rules of plasticity vary with synapse type
(Larsen & Sjöström, 2015; McFarlan et al., 2023), the specificity of synapse recruitment is essential in plasticity experiments.
For instance, long-term plasticity at excitatory L4→L2/3 and L2/3→L2/3 synapses relies on different molecular mechanisms
(Banerjee et al., 2014), so these synapse types must be experimentally isolated when measuring plasticity.

Classically, synapses can be recruited experimentally by extracellular stimulation, which preferentially activates axonal fibers
over somata or dendrites (Glasgow et al., 2019; Nowak & Bullier, 1998). For example, to study L4→L2/3 synapses in acute
brain slices, a stimulation electrode is placed in L4 while responses are recorded in L2/3 (Corlew et al., 2007; Varela et al.,
1997). However, L2/3 PC axons traverse L4 (Fig. 1A-C) (Mao & Staiger, 2024), meaning some L2/3 PC activity evoked by
L4 stimulation could be caused by antidromic axonal activation (Varela et al., 1997). As a consequence, it is thus possible that
some synaptic responses recorded in L2/3 following L4 stimulation are due to L2/3→L2/3 synapses, rather than the intended
L4→L2/3 synapses (Fig. 1A).

Here, we used 2-photon calcium (Ca2+) imaging of L2/3 to look for antidromic activation of L2/3 PCs following extracellular
stimulation in L4, which revealed non-specific activation of L2/3 PCs. Our findings are important for the interpretation of
electrophysiological studies of neocortical synapses.

Predictably, L4 stimulation reliably elicited calcium transients in L2/3 PCs (Fig. 1D). However, after synaptic blockade, 12/15,
or 80%, of L2/3 PCs still had statistically detectable Ca2+ transients (n = 4 acute brain slices, N = 3 mice). Unsurprisingly,
Ca2+ transients that persisted in blockade were diminished in amplitude (Fig. 1E, F), as expected from the absence of
synaptically mediated L2/3 PC depolarization and concomitant Ca2+ influx. However, the key observation here is that most
Ca2+ transients persisted in the face of synaptic blockade.

We were concerned that incorrect stimulation electrode placement caused unspecific L2/3 PC spiking. However, in situ
hybridization verified layer boundaries (Fig. 1G), ruling out this possibility.

The frequent presence of detectable Ca2+ transients in L2/3 PCs due to L4 stimulation after synaptic blockade suggests that an
appreciable fraction of L2/3 PCs were antidromically recruited. This lack of specificity in recruitment of presynaptic cells by
extracellular stimulation (Fig. 1A) suggests that more precise techniques — such as paired-patch recordings (Lalanne et al.,
2016) or two-photon optogenetics (Chou et al., 2024) — are necessary to explore neocortical circuits with synapse-type
specificity. Since plasticity varies across ascending L4→L2/3 and horizontal L2/3→L2/3 pathways (Banerjee et al., 2014), this
lack of certainty is a key problem with extracellular stimulation, unless carefully controlled for.

One limitation of our study is that the relative contribution of antidromic L2/3 PC recruitment likely depends on many factors,
such as stimulation electrode type and shape, as well as stimulation strength, frequency, and placement. It is thus not possible
to assess the precise frequency of this problem in the prior literature.

The problem we highlight is particularly relevant for brain regions where axons of different cell types are intermingled, such
as in neocortical circuits. For circuits where fibres are spatially segregated — such as for Schaeffer collaterals onto CA1 PCs
in the hippocampus (Basu & Siegelbaum, 2015) or parallel fibres onto cerebellar Purkinje cells (D'Angelo, 2018) — this
problem is likely less relevant.

In summary, we highlight here an important lack of specificity in extracellular stimulation experiments. Our study thus
encourages caution in their interpretation.

Methods
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Male Emx1Cre/Cre mice (Jackson lab #005628) were crossed with female gCaMP6fflox/flox mice (Jackson Lab #028865).
Experiments were done with postnatal day (P) 15-33 male and female offspring. Artificial cerebrospinal fluid (ACSF)
containing (in mM) 125 NaCl, 2.5 KCl, 1.25 NaH2PO4, 26 NaHCO3, 1 MgCl2, 2 CaCl2, and 25 glucose was prepared and
adjusted with glucose to 338 mOsm. Mice were anesthetized with isoflurane and decapitated. The brain was removed and
placed in chilled ACSF. 300-µm coronal slices of the primary visual cortex were obtained using a Campden Instruments 5000
mz-2 vibratome (Lafayette Instrument Company, Lafayette, IN, USA). Slices were incubated in ACSF at 33°C for 10 minutes
and then kept at room temperature for >1 hour before recording.

Glass patch pipettes were pulled with a P-1000 Puller (Sutter Instrument, Novato, CA, USA). Patch pipettes (4-7 MΩ) were
filled with internal solution containing (in mM) 5 KCl, 115 K-Gluconate, 10 HEPES, 4 Mg-ATP, 0.3 Na-GTP, 10 Na-
Phosphocreatine, 0.05 Alexa Fluor 594, adjusted with KOH to pH 7.4 and with sucrose to 310 mOsm. Extracellular
stimulation pipettes were filled with ACSF. Experiments were performed at 32-34°C using a custom-modified SliceScope
(Scientifica, UK) (Abrahamsson et al., 2017).

The stimulation electrode was placed in L4. Extracellular stimulation was delivered as ten 50-V 0.1-ms-long biphasic pulses at
20 Hz using a BSI-950 stimulus isolator (Dagan Corporation, Minneapolis, MN). Two-photon excitation of gCaMP6f was
achieved using a Chameleon ULTRA II Ti-Sa laser (Coherent, Santa Clara, CA) tuned to 920 nm. Using a PCIe-6374
digitization board (NI, Austin, TX, USA) and ScanImage 2021 (MBF Bioscience, Williston, VT, USA) running in MATLAB
(The MathWorks, Natick, MA, USA), Ca2+ signals were captured as two-second-long movies at 9.6 Hz and 256×256 pixels
averaged across 10 repeats (Fig. 1D). To cover a column from the pia down to L4, movies were repeated at juxtaposed
locations.

Synaptic blockade was achieved by washing in 200 µM D/L-AP5 and 20 µM CNQX (Hello Bio). After 5 minutes, the same
locations were re-imaged.

Regions of interest corresponding to PCs with Ca2+ signals were analyzed using LineScanAnalysis (10.5281/zenodo.7853953)
running in Igor Pro 9 (WaveMetrics Inc., Lake Oswego, OR, USA). The Ca2+ transients of each region of interest were
measured as raw dG and normalized to the area immediately surrounding the region of interest.

In slice experiments, L2/3 was visually identified by the presence of relatively small PCs. L4 was defined as characteristically
dark and granular. L5 was identified by the presence of conspicuous PCs with large somata and thick apical dendrites. To
confirm the layer boundaries, we used in situ hybridization (Lein et al., 2007) to label the layers (Wang et al., 2012) in 20-µm-
thick fresh frozen coronal V1 sections from P24 mice that were not used for slice experiments (RNAscope Fluorescent
Multiplex V2 assay #323270, ACD Bio; L2/3: Rgs8 TSA Vivid 520 #515041; L4: Rorb TSA Vivid 650 #444271; L5: Etv1
TSA Vivid 570 #557891). Probes were imaged sequentially with a Zeiss LSM780 confocal microscope with objective LD
Plan-Neofluar 20×/0.40. Layer boundaries were defined as the intersection of peak-normalized fluorescent intensity profiles of
neighbouring layers (Fig. 1G).

L2/3 PCs were recorded in current clamp and sampled at 40 kHz using a PCIe-6323 board (NI) controlled by MultiPatch
(10.5281/zenodo.7854025) running in Igor Pro 9 (Fig. 1G). Two-photon image stacks of patched PCs were acquired at 820 nm
(Figure 1B).

Control and blockade values were statistically compared using Student’s t-test for the difference of the means (Fig. 1E). To
ensure fair comparison, laser power and detector gains were kept the same before and after synaptic blockade. Ca2+transients
were deemed detectable after synaptic blockade if a one-sample Student’s t-test compared to zero across the 10 repeats
achieved p < 0.05 significance. Since statistical comparisons did not depend on dG normalization to baseline fluorescence, we
report data as raw values (Fig. 1D-F).

Declarations

Ethics approval
Procedures were carried out in accordance with the Canadian Council on Animal Care and overseen by the Montreal General
Hospital Facility Animal Care Committee, with appropriate licenses.

Availability of data and materials
The datasets used and/or analysed during the current study are available from the corresponding author.

 

5/28/2025 - Open Access



 

Competing interests
The authors declare no competing interests.

Acknowledgements: We thank Alanna Watt, Connie Guo, Airi Watanabe, Christina Chou, and other members of the Sjöström
lab for useful help, advice, and discussion.

References
Abrahamsson T, Chou CYC, Li SY, Mancino A, Costa RP, Brock JA, et al., Sjöström PJ. 2017. Differential Regulation of
Evoked and Spontaneous Release by Presynaptic NMDA Receptors. Neuron 96(4): 839-855.e5. PubMed ID: 29033205

Banerjee A, Gonzalez Rueda A, Sampaio Baptista C, Paulsen O, Rodriguez Moreno A. 2014. Distinct mechanisms of spike
timing-dependent LTD at vertical and horizontal inputs onto L2/3 pyramidal neurons in mouse barrel cortex. Physiol Rep. 2:
e00271. 3. PubMed ID: 24760524

Basu J, Siegelbaum SA. 2015. The Corticohippocampal Circuit, Synaptic Plasticity, and Memory. Cold Spring Harb Perspect
Biol. 7 11. PubMed ID: 26525152

Chou CYC, Wong HHW, Guo C, Boukoulou KE, Huang C, Jannat J, et al., Sjöström PJ. 2025. Principles of visual cortex
excitatory microcircuit organization. Innovation (Camb) 6(1): 100735. PubMed ID: 39872485

Corlew R, Wang Y, Ghermazien H, Erisir A, Philpot BD. 2007. Developmental switch in the contribution of presynaptic and
postsynaptic NMDA receptors to long-term depression. J Neurosci. 27: 9835-45. 6. PubMed ID: 17855598

D'Angelo E. 2018. Physiology of the cerebellum. Handb Clin Neurol. 154: 85-108. 4369. PubMed ID: 29903454

Glasgow SD, Mc Phedrain R, Madranges JF, Kennedy TE, Ruthazer ES. 2019. Approaches and Limitations in the
Investigation of Synaptic Transmission and Plasticity. Front Synaptic Neurosci. 11: 20. 4. PubMed ID: 31396073

Lalanne T, Abrahamsson T, Sjöström PJ. 2016. Using Multiple Whole-Cell Recordings to Study Spike-Timing-Dependent
Plasticity in Acute Neocortical Slices. Cold Spring Harb Protoc. 2016: pdb prot091306. 4127. PubMed ID: 27250948

Larsen RS, Sjostrom PJ. 2015. Synapse-type-specific plasticity in local circuits. Curr Opin Neurobiol. 35: 127-35. 1. PubMed
ID: 26310110

Lein ES, Hawrylycz MJ, Ao N, Ayres M, Bensinger A, Bernard A, et al., Jones AR. 2007. Genome-wide atlas of gene
expression in the adult mouse brain. Nature. 445: 168-76. 14. PubMed ID: 17151600

Mao X, Staiger JF. 2024. Multimodal cortical neuronal cell type classification. Pflugers Arch. 476: 721-733. 8. PubMed ID:
38376567

McFarlan AR, Chou CYC, Watanabe A, Cherepacha N, Haddad M, Owens H, Sjöström PJ. 2023. The plasticitome of cortical
interneurons. Nat Rev Neurosci. 24: 80-97. 2. PubMed ID: 36585520

Nowak LG, Bullier J. 1998. Axons, but not cell bodies, are activated by electrical stimulation in cortical gray matter. I.
Evidence from chronaxie measurements. Exp Brain Res. 118: 477-88. 5. PubMed ID: 9504843

Varela JA, Sen K, Gibson J, Fost J, Abbott LF, Nelson SB. 1997. A Quantitative Description of Short-Term Plasticity at
Excitatory Synapses in Layer 2/3 of Rat Primary Visual Cortex. The Journal of Neuroscience. 17: 7926-7940. 7. DOI:
10.1523/jneurosci.17-20-07926.1997

Wang F, Flanagan J, Su N, Wang LC, Bui S, Nielson A, et al., Luo Y. 2012. RNAscope: a novel in situ RNA analysis platform
for formalin-fixed, paraffin-embedded tissues. J Mol Diagn. 14: 22-9. 15. PubMed ID: 22166544

Funding: S.A. has been awarded stipends from HBHL and the RI-MUHC. A.S. received funding from CIHR PG PJT-178281,
NSERC DG RGPIN-2020-07073, CFI-JELF EG 38053, FRQS CB, FRQS EJC, HBHL/CFREF, and the RI-MUHC. P.J.S was
funded by a Donald S. Wells Distinguished Scientist award, the MGH Foundation, CFI LOF 28331, CIHR PGs 191969,
191997, and NSERC DG 2024-06712.

 Supported by Canadian Institutes of Health Research (Canada) PJT-178281 to Aparna Suvrathan.
 Supported by Natural Sciences and Engineering Research Council (Canada) RGPIN-2020-07073 to Aparna Suvrathan.

 Supported by Canada Foundation for Innovation (Canada) 38053 to Aparna Suvrathan.
 Supported by Fonds de Recherche du Québec - Santé (Canada) to Aparna Suvrathan.

 Supported by Canada Foundation for Innovation (Canada) 28331 to P. Jesper Sjöström.
 Supported by Canadian Institutes of Health Research (Canada) 191969 to P. Jesper Sjöström.

 

 

5/28/2025 - Open Access

https://www.ncbi.nlm.nih.gov/pubmed/29033205
https://www.ncbi.nlm.nih.gov/pubmed/24760524
https://www.ncbi.nlm.nih.gov/pubmed/26525152
https://www.ncbi.nlm.nih.gov/pubmed/39872485
https://www.ncbi.nlm.nih.gov/pubmed/17855598
https://www.ncbi.nlm.nih.gov/pubmed/29903454
https://www.ncbi.nlm.nih.gov/pubmed/31396073
https://www.ncbi.nlm.nih.gov/pubmed/27250948
https://www.ncbi.nlm.nih.gov/pubmed/26310110
https://www.ncbi.nlm.nih.gov/pubmed/17151600
https://www.ncbi.nlm.nih.gov/pubmed/38376567
https://www.ncbi.nlm.nih.gov/pubmed/36585520
https://www.ncbi.nlm.nih.gov/pubmed/9504843
https://doi.org/10.1523/jneurosci.17-20-07926.1997
https://www.ncbi.nlm.nih.gov/pubmed/22166544


 

Supported by Canadian Institutes of Health Research (Canada) 191997 to P. Jesper Sjöström.
 Supported by Natural Sciences and Engineering Research Council (Canada) 2024-06712 to P. Jesper Sjöström.

Author Contributions: Linn K. Dragsted: investigation, writing - original draft, writing - review editing, methodology,
conceptualization, formal analysis, visualization, data curation, validation. Shawniya Alageswaran: methodology,
investigation, writing - review editing, visualization, formal analysis, data curation, funding acquisition, validation. Aparna
Suvrathan: writing - review editing, supervision, resources, funding acquisition, methodology. P. Jesper Sjöström:
conceptualization, funding acquisition, methodology, project administration, software, supervision, writing - original draft,
writing - review editing, resources, validation, visualization, data curation, formal analysis, investigation.

Reviewed By: Aaron Nichols

History: Received February 11, 2025 Revision Received May 8, 2025 Accepted May 23, 2025 Published Online May 28,
2025 Indexed June 11, 2025

Copyright: © 2025 by the authors. This is an open-access article distributed under the terms of the Creative Commons
Attribution 4.0 International (CC BY 4.0) License, which permits unrestricted use, distribution, and reproduction in any
medium, provided the original author and source are credited.

Citation: Dragsted LK, Alageswaran S, Suvrathan A, Sjöström PJ. 2025. Extracellular stimulation in neocortex lacks
specificity. microPublication Biology. 10.17912/micropub.biology.001539

 

5/28/2025 - Open Access

https://doi.org/10.17912/micropub.biology.001539

