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NMDA receptor antagonist 
high‑frequency oscillations 
are transmitted via bottom‑up 
feedforward processing
Jacek Wróbel , Władysław Średniawa , Aleksandra Bramorska , Marian Dovgialo , 
Daniel Krzysztof Wójcik  & Mark Jeremy Hunt *

In mammals, NMDA receptor antagonists have been linked to the emergence of high-frequency 
oscillations (HFO, 130–180 Hz) in cortical and subcortical brain regions. The extent to which 
transmission of this rhythm is dependent on feedforward (bottom-up) or feedback (top-down) 
mechanisms is unclear. Previously, we have shown that the olfactory bulb (OB), known to orchestrate 
oscillations in many brain regions, is an important node in the NMDA receptor-dependent HFO 
network. Since the piriform cortex (PC) receives major input from the OB, and can modulate OB 
activity via feedback projections, it represents an ideal site to investigate transmission modalities. 
Here we show, using silicon probes, that NMDA receptor antagonist HFO are present in the PC 
associated with current dipoles, although of lower power than the OB. Granger causality and peak-lag 
analyses implicated the OB as the driver of HFO in the PC. Consistent with this, reversible inhibition of 
the OB resulted in a reduction of HFO power both locally and in the PC. In contrast, inhibition of the 
PC had minimal impact on OB activity. Collectively, these findings point to bottom-up mechanisms in 
mediating the transmission of NMDA receptor antagonist-HFO, at least in olfactory circuits.
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Subanesthetic doses of N-Methyl-D-aspartate receptor (NMDAR) antagonists, such as ketamine have been used 
for decades to model psychosis1,2. Over the past two decades, ketamine has been found effective for the treatment 
of depression, bipolar disorder, and suicidal ideation3,4. Despite these clinical advances the fundamental brain 
networks affected by NMDAR antagonists are still only understood in part.

Local field potential (LFP) oscillations are readily observable in the brain across a wide range of frequency 
bands. Fast oscillations are considered to temporally bind information across different areas5,6, and may subserve 
a variety of functions, including cognitive functions such as memory, attention7, and consciousness. Clinical 
and preclinical findings have shown changes in gamma oscillations after administration of ketamine8–10. How-
ever, frequencies above the classical “gamma” band have been less widely investigated. Preclinical studies using 
experimental rodents have shown reliably that subanesthetic doses of NMDAR antagonists, including ketamine, 
produce coherent high-frequency oscillations (HFO) in corticolimbic brain regions11,12. Recent electrocorti-
cographic recordings show that ketamine can also increase the power of HFO monkeys13 and cats14, and in 
electroencephalography of humans15. As such, the ketamine-HFO rhythm may be a fundamental brain rhythm 
and preclinical studies represent a translatable valid way to probe this activity.

In rodents, the olfactory bulb (OB) has been identified as a physiological source of HFO associated with 
NMDAR antagonist injection16 and appears to be an integral node in the generation of this rhythm since revers-
ible inactivation of the OB can suppress ketamine-HFO both locally and in the ventral striatum16. The piriform 
cortex (PC) is the main target of excitatory OB projections, which in turn sends excitatory projections to wide-
spread corticolimbic regions17. The PC also projects back to the granule cells of the OB18 and can impact its 
circuits by controlling the “gain” of the rhythms generated there19,20. Further, recent work has shown that changes 
in oscillatory activity in OB-PC networks have been linked to depression-like behaviors in rodents, which can 
be restored by ketamine21. Indicating olfactory networks may be a functionally-relevant target for NMDAR 
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antagonists. Whether HFO associated with NMDAR blockade can be recorded from the PC, and to what extent 
OB/PC bidirectional communication influences HFO rhythmogenesis is unknown.

To address this issue, we mapped HFO across PC areas and found this rhythm predominated in the ante-
rior PC under ketamine-xylazine anesthesia. We corroborated our findings using awake rats and compared 
NMDAR antagonist-enhanced HFO in OB and anterior PC, we then investigated if reversible inhibition of one 
structure affected LFP oscillations in the other. We conclude that NMDAR antagonist HFO can be transmitted 
via bottom-up processing.

Results
Neuroanatomical distribution of HFO in the PC in ketamine‑xylazine anesthetized rats
The PC is divided into anterior and posterior regions, with anterior regions receiving greater input from the 
OB22. We first targeted the PC and olfactory tubercle (OT) using either 3.2 mm or 0.68 mm 32-channel silicon 
probes coupled with DiI staining to mark electrode positions; histology obtained in this manner can be processed 
straightforwardly with minimal dye dispersion. These experiments were carried out under ketamine-xylazine 
anesthesia where a slower 80–130 Hz rhythm corresponding to HFO in awake rats can be recorded14. Analyses of 
power revealed a significant effect of structure (one-way ANOVA p = 0.0004, F(2,21) = 11.41, p < 0.001 for both). 
Bonferroni post hoc revealed that HFO power was larger in the aPC, compared to the pPC and OT (p < 0.01 for 
both, Fig. 1A). The power of HFO tended to be larger for electrode contacts close to the lateral olfactory tract.

Given the relatively larger power of HFO in the aPC, and its greater OB innervation22 we focused our analyses 
on this subregion. Electrode track locations for 3.2 mm silicon probes implanted in the aPC and the correspond-
ing depth-profile phase data are shown in Fig. 1B (3.2 mm length, N = 7 rats). We observed phase reversal close 
to the piriform cortex. One implantation (shown in red) did not reach the piriform cortex and was not associated 

Fig. 1.   HFO in the rat piriform cortex under ketamine-xylazine anesthesia. (A) Power of HFO (80–130 Hz) 
recorded from the anterior (aPC, N = 13) and posterior area of the PC (pPC, N = 5) and olfactory tubercle (OT, 
N = 6) (one-way ANOVA p = 0.0004, F(2,21) = 11.41, p < 0.001 for both). Bonferroni post hoc revealed that HFO 
power was larger in the aPC, compared to the pPC and OT (p < 0.01 for both). (B) Tracks of 32-channel probes 
(3.2 mm, intercontact distance 100 µm) from different rats are superimposed on the same coronal section of the 
aPC and depth-profile of 80–130 Hz oscillations showing how phase changes about the pyramidal layer, each 
line represents a different rat (N = 7 rats). Note one implantation (red line) did not reach the aPC. (C) same as B 
only for 32 channels silicon probes with a contact distance of 20 µm, N = 5 rats. Note one implantation (red line) 
was in layers 1 and 2 of the aPC. (D) An example image showing the electrode tip (yellow) for a 0.68 mm silicon 
probe crossing the aPC. (E) Corresponding 80–130 Hz band-pass filtered signal. F, Current source density 
analysis from an 8 × 8 grid electrode recorded from the aPC. Note the dipole follows the profile of the aPC.



3

Vol.:(0123456789)

Scientific Reports |        (2024) 14:21858  | https://doi.org/10.1038/s41598-024-71749-w

www.nature.com/scientificreports/

with phase reversal. We examined the changes in the aPC in further detail using 0.68 mm electrodes in five rats 
(Fig. 1C). Within the PC changes in phase tended to occur at the border of layer 2/3. One rat was implanted 
below layer 3 and was not associated with a phase shift (shown in red). Images offering a broader anatomical 
context can be found in Supplementary Fig. S1 online. An example showing phase reversal of the 80–130 Hz 
band-pass filtered signal from a 0.68 mm electrode is shown in 1D and E. Next, we carried out more detailed 
LFP studies of the aPC using an 8 × 8 grid array in 5 rats. Of these, the aPC was successfully reached in 4 out of 5 
rats (one implantation was dorsal). CSD analyses revealed current dipoles close to the pyramidal layer in those 
that reached the aPC (Fig. 1F, and Supplementary Fig. S2 online).

Coherent HFO in the OB and aPC after NMDAR receptor blockade in freely moving rats
Having shown that the aPC is a good candidate for NMDAR antagonist-HFO we next carried out recordings 
in awake rats chronically implanted with electrodes in the OB and aPC (for information on tracks after elec-
trodes, please refer to Supplementary Fig. S3 online). Here, we report the results of LFP oscillations recorded 
simultaneously in the OB and aPC of sixteen freely moving rats. Figure 2A shows the typical pattern of LFP 
recordings from the OB and aPC after 0.15 mg/kg MK801 (i.p.). In awake rats, spontaneous HFO (130–180 Hz) 
are present as a small bump in the power spectra of LFPs recorded from the OB, but largely absent in the aPC. 
Notably, changes in field potential oscillatory activity after systemic injection of MK801 primarily affected the 
HFO band without marked changes in other frequency bands (Fig. 2B). LFP oscillations recorded in monopolar 
field potentials are not always generated at the recording site but can propagate passively from remote areas23. 
This is also the case for NMDAR antagonist-HFO24]. One way to address this issue is to examine the bipolar 
signal which removes in-phase volume conducted activity arising outside of the recording sites. To address this, 
we derived the bipolar signal from two monopolar recordings (interelectrode distance up to 1 mm). Analysis 
of the derived-bipolar signal confirmed that MK801 significantly increased the power of HFO in both the OB 
and aPC (inserts in Fig. 2B). Data showing HFO power, in simultaneous monopolar LFP from the OB and aPC, 
approximately 30 min after MK801 injection are shown in Fig. 2C (Wilcoxon matched-pairs test, p = 0.0009). 
Analysis of the relationship between changes in HFO power in the OB and aPC after MK801 injection revealed 
a positive correlation (p < 0.05) in 15 of 16 rats (Fig. 2D, this analysis was conducted on changes in HFO power 
in the OB and aPC specifically during the post-MK801 time period, scatter shows all individual rats). Coher-
ence measures the phase relationship and strength of coordination between oscillations recorded from different 
sources. In the context of analyzing brain rhythms, it can be used as an index of functional connectivity. We 
observed strong coherence at the HFO band in the OB and aPC after injection of MK801 which was relatively 
weak at baseline. Figure 2E shows the mean coherence spectra at baseline and after MK801. Coherence values 
for individual rats for the 130–180 Hz band are also shown at baseline and after MK801 (p < 0.001, paired t-test).

Consistent with others, we observed slow oscillatory respiration rhythms (1–10 Hz), visible in the raw LFP 
which were similar in the OB and PC21,25,26. Fast oscillations in olfactory regions are known to be modulated by 
much slower rhythms (1–10 Hz). In the mammalian OB, these oscillations are usually in the band 1–10 Hz and 
are typically associated with nasal respiration rhythm27–30. We found that HFO, after NMDAR blockade, was 
modulated by slower oscillations recorded locally in the OB and aPC (see autocomodulograms of OB and aPC 
activity, Fig. 2F1). This is consistent with findings from other brain regions including cortical and basal ganglia 
regions31–35. We next examined if slow oscillations recorded in the OB could modulate HFO recorded in the 
aPC. We found cross-frequency coupling of the MK801-enhanced HFO to 1–10 Hz oscillations both locally, 
in the OB and aPC (p < 0.0001 for the OB, p = 0.004 for the aPC, paired t-tests) . We also found HFO in the 
aPC was modulated by slow oscillations recorded in the OB (p = 0.0002 for the OB-PC, paired t-test, Fig. 2F2). 
Additionally, the visualization of the comodulograms for the baseline condition in the OB and aPC is available 
in Supplementary Fig. S4 online.

Relationship between HFO in the OB and aPC
We examined functional connectivity between the OB and aPC using Granger causality (GC). We observed 
strong directionality for the HFO band in the OB-aPC direction. This was significant when comparing baseline 
values to post MK801 (p < 0.0001, paired t-test, Fig. 3A). We also observed small but significant increases in 
the aPC-OB direction (p = 0.0003, paired t-test, Fig. 3B). Of note, a distinct spectral peak representing the low-
gamma (40–60 Hz) band was visible in the aPC-OB direction.

Given that the main OB projects ipsilaterally to the PC we predicted the relationship between HFO in the 
OB/PC on ipsilateral and contralateral sides would be different. We analyzed the 130–180 Hz band-pass filtered 
signal in simultaneously recorded LFPs from the OB (both sides) and aPC (one side). Bursts of HFO recorded 
from the left and right sides of the OB were marked by single events. In all rats (N = 16) we observed HFO in the 
aPC were organized when triggered on HFO events from the OB of the ipsilateral side (Fig. 3C), but became dis-
organized when triggered on HFO events from the contralateral OB (Fig. 3D). Analyses of group effects (Fig. 3E) 
showed no difference in the amplitude of HFO recorded from the ipsilateral or contralateral OB (p = 0.1646, 
unpaired t-test), but HFO amplitude was markedly reduced in the aPC when triggered on the contralateral OB 
(p = 0.0011, unpaired t-test). We next examined the temporal relationship between HFO in the OB and aPC on 
the ipsilateral sides by calculating the RMS of the 130–180 Hz envelope. This visualization aims to highlight 
the temporal dynamics in the two brain regions after normalizing the data. The z-scoring ensures that both OB 
and aPC signals are on the same scale, meaning that the observed differences in their envelopes are not due to 
differences in absolute amplitudes, but rather to differences in relative dynamics. Figure 3F shows average bursts 
of HFO in the OB and aPC and their corresponding envelopes from a single rat. We found bursts of HFO in 
the OB and aPC were coherent in 13 of 16 rats. In three rats bursts of HFO in the OB and aPC were not coher-
ent, in those rats nasal respiration rhythm in the OB was phase reversed and HFO bursts although present but 
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Fig. 2.   Coherent NMDAR antagonist HFO in the OB and aPC after MK801 injection in freely moving rats. (A) Examples of 
130–180 Hz band-pass filtered signals and the corresponding raw LFPs recorded simultaneously from the OB and aPC after 0.15 mg/
kg MK801 (please note the same scale for all signals). (B) Mean power spectra (N = 16 rats) of monopolar LFPs recorded from the 
OB and aPC analyzed for 60 s at baseline (BL) and 29–30 min post systemic injection of MK801. Insert, shows the bipolar-derived 
signal for the same data. (C) Comparison of HFO power in the OB and aPC post systemic injection of MK801, p = 0.0009, Wilcoxon 
matched-pairs test. (D) Group mean values of HFO in the OB and aPC post MK801 showing a positive correlation and Spearman rank 
values for the individual rats. Averages were computed from 60 windows (30 seconds each) totaling 1800 seconds (30 minutes) post 
MK801 i.p. (E) Coherence spectra calculated at baseline and post MK801. The adjacent plot shows the maximum coherence for the 
130–180 Hz band at baseline and after MK801 for each rat (p < 0.001, paired t-test). F1, Representative comodulograms post MK801 
showing slow oscillations (1–10 Hz) can modulate the 130–180 Hz band recorded locally in the OB and PC. The third example shows 
slow oscillations in the OB (1–10 Hz) can modulate 130–180 Hz band in the PC. F2, Modulation indices for individual rats at baseline 
and post MK801, p < 0.0001 for the OB), p = 0.004 for the PC, p = 0.0002 for the OB-PC (paired t-tests).
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Fig. 3.   Ipsilateral transmission of NMDAR antagonist HFO in the OB to the aPC. (A,B) Mean Granger plots before and after 
injection of MK801 for the OB > aPC and aPC > OB directions. Adjacent plots show the values for the 130–180 Hz band at baseline 
(BL) and post MK801 (paired t-test, OB > PC, p < 0.0001; PC > OB, p = 0.0003) (N = 16 rats). Plots showing peak Granger values for 
the 130–180 Hz band at baseline and after injection of MK801 for individual rats. (C,D) Example amplitude plots showing HFO the 
relationship between HFO in the OB and PC from the ipsilateral and contralateral sides. Each row represents a separate sweep of HFO 
when triggered on the OB from the ipsilateral or contralateral side. Note HFO between the OB and PC is remarkably stable when 
triggered on the ipsilateral OB, but disorganized when triggered on HFO from the contralateral OB. (E) Mean power of HFO from 
the ipsilateral or contralateral OB (unpaired t-test, p = 0.1646), and mean power of HFO from the aPC when triggered on OB HFO 
from either side (unpaired t-test, p = 0.0011). The bottom panel shows two plots: the left plot (F) shows the averaged z-scored HFO 
envelopes recorded from the OB and PC across 13 LFP recordings from the same hemisphere (ipsilateral), and the right plot (G) shows 
the time delay between the OB and PC envelope peaks, demonstrating that in most cases the PC envelope peak occurs later than the 
OB envelope peak (PC lagged behind the OB by 1.1 + 0.6 ms, mean + SD).
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had different temporal dynamics between the structures (see Supplementary Fig. S5 online for examples). The 
mean HFO envelope from the OB and aPC of 13 rats where HFO is shown in Fig. 3G. The associated scatter plot 
shows consistent time delays, and indicates a lead-lag relationship. In most cases, the aPC peak occurs shortly 
after the OB peak (aPC lagged behind the OB by 1.1 + 0.6 ms, mean + SD). The time lags vary in a few record-
ings displaying near-zero or even slightly negative values, indicating that in some cases, the aPC peak occurred 
almost simultaneously or slightly before the OB peak.

Reversible inhibition of the OB reduces the power of HFO locally and in the aPC in freely mov‑
ing rats
Given that classical gamma in the PC can be driven by input arising from the OB21,26, and that our analyses 
suggested that the OB was driving HFO in the aPC, we hypothesized that inactivation of the OB would reduce 
HFO power in the aPC. This was tested using a pharmacological approach by infusing the GABA-A receptor 
agonist, muscimol, which produces reversible inhibition (N = 8). The OB is neuroanatomically confined and we 
used a low volume (0.5 µl per side) of infusion to limit possible spread. Muscimol infusion to the OB produced 
an almost immediate reduction in the power of MK801-enhanced HFO locally in the OB and in the aPC. By 
contrast, saline infusion had no obvious effect. Spectrograms from a representative rat and complete time-courses 
are shown in Fig. 4A,B. Comparison of HFO power 5–10 min post-infusion, for muscimol versus saline, revealed 
a significant reduction (p = 0.0078, Wilcoxon matched-pairs test, both for the OB and aPC) that was consistent 
for all rats. Reductions in HFO power, in the OB correlated with changes in the aPC.

Some previous studies12,31 but not all36 have shown that the power of HFO correlates with beam breaks. Given 
that HFO were absent from the OB and aPC (after muscimol infusion) we were interested to examine whether 
there were obvious changes in locomotor activity. Analysis of beam break activity (Fig. 4C) revealed no differ-
ences in MK801-enhanced locomotor activity which was similar (paired t-test, p = 0.5869) for both muscimol 
and saline-infused controls (Fig. 4D).

Fig. 4.   Reversible inhibition of the OB reduces NMDAR antagonist-enhanced HFO power in the aPC. (A,B) 
Microinfusion of muscimol to the OB reduces MK801-enhanced HFO power (130-180 Hz) in both the OB and 
aPC. Spectrograms and time courses show a reduction in HFO power after OB microinfusion of the GABA-A 
receptor agonist muscimol in the OB and aPC (N = 8). Microinfusion of muscimol and saline is indicated 
by an arrow. Before-after plots present HFO power for individual rats 5–10 min after OB musicmol infusion 
(Wilcoxon matched-pairs test, p = 0.0078 for both). (C) Examples of rats locomotor activity (beam breaks) after 
OB saline or muscimol infusion. (D) Bar chart representing a comparison of total beam breaks 30 min post 
saline or muscimol infusion (paired t-test, p = 0.5869).
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Reversible inhibition of the aPC does not affect HFO power in the OB in freely moving rats
The PC is one of the major recipients of OB efferents and sends reciprocal excitatory projections back to inhibi-
tory granule cells of the OB where they can modulate the activity of mitral/tufted cells19,37. In this way, the PC 
is considered to serve as a gain control for OB activity. To examine the effect of cortical feedback to the OB, we 
reversibly inhibited aPC using muscimol (N = 10) or TTX (N = 6). We found muscimol 5–10 min. post-infusion 
to the aPC did not significantly affect the power of MK801-enhanced HFO within the aPC (p = 0.1055, Wilcoxon 
matched-pairs test), nor did it affect HFO power in the OB (p = 0.2754, Wilcoxon matched-pairs test). Taken 
as a whole there were no group differences however, as shown in the individual rats there was a large spread of 
data. Spectrograms from a representative rat and complete time-courses are shown in Fig. 5A,B. Towards the end 
of the experiment there was a small reduction in HFO power in the aPC which reached significance at 25 min. 
(p = 0.0098, Wilcoxon matched-pairs test).

Muscimol is a GABA-A receptor agonist which increases inhibition at the site of infusion. As such, local 
infusion of muscimol would be expected to primarily reduce PC output, without markedly affecting afferent 
input. Axons of mitral and tufted cells travel along the lateral olfactory tract to innervate the PC. Given the weak 
effect of muscimol infusion to the aPC we next examined the effect of the sodium channel blocker, TTX, which 
suppresses both input to the PC and its output by blocking action potential propagation. A subgroup received 
TTX infusion to the aPC. In contrast to muscimol, we observed an immediate reduction in MK801-enhanced 
HFO power in the aPC (p = 0.0313, Wilcoxon matched-pairs test) without affecting the power of HFO in the OB 
which remained high (p = 0.0938, Wilcoxon matched-pairs test, Fig. 5C,D).

Discussion
Our experiments causally link activity in the OB with NMDAR antagonist-enhanced HFO in the PC. Although 
PC projections can directly influence activity in the OB, this input is not chiefly associated with the modulation 
of NMDAR antagonist HFO. Together our findings suggest bottom-up transmission of HFO, at least within 
olfactory networks.

The PC is a trilaminar paleocortex involved in olfactory processing. It receives direct input from mitral/tufted 
cells of the OB which travel along the olfactory tract and synapse with apical dendrites of pyramidal cells in layer 
1 of the PC38. The PC projects back to granule cells of the OB, and in this way can modulate ongoing activity in 

Fig. 5.   Reversible inhibition of the aPC does not reduce HFO power in the OB. (A,B) Spectrogram and time 
courses showing HFO power in the OB and aPC (N = 10). Microinfusion of muscimol and saline is indicated by 
an arrow. Plots present HFO power for individual rats 5–10 min after muscimol or saline infusion to the aPC 
(Wilcoxon matched-pairs test, p = 0.1055 for the OB, p = 0.2754 for the aPC). (C,D) Microinfusion of 10 ng/
μl TTX to the aPC reduces MK801-enhanced HFO power (130–180 Hz) locally but not in the OB (N = 6). 
Spectrogram and time courses show HFO power after aPC microinfusion of the sodium channel blocker TTX 
in the aPC and OB (N = 10). Plots present HFO power for individual rats 5–10 min after TTX or saline infusion 
to the aPC (Wilcoxon matched-pairs test, p = 0.0313 for the OB, p = 0.0938 for the aPC).
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the OB. We assessed the relative contribution of these regions in the generation of NMDAR antagonist-HFO 
using muscimol, a GABA-A receptor agonist that causes rapid and reversible suppression of neuronal activity 
by enhanced hyperpolarization. Muscimol infusion to the OB produced immediate and parallel reductions in 
HFO power in both the OB and aPC. In contrast, infusion to the aPC had relatively weak effects. As such, at 
least within the OB-PC circuit NMDAR antagonist-HFO reflects a bottom-up, rather than top-down, direction 
of information flow. These findings are also in line with studies showing higher frequencies, e.g. gamma, utilize 
bottom-up communication, whereas top-down communications tend to be associated with lower frequencies, e.g. 
theta and beta39. Bottom-up activity is usually “stimulus-driven” and in line with this nares blockade attenuates 
NMDAR antagonist-HFO35. Additionally, in ketamine-xylazine anesthetized rats NMDAR antagonist HFO were 
largely unaffected by surgical excision of large parts of the PC and surrounding structures14, in line with the find-
ings reported here. The OB is known to receive direct top-down input from at least two other regions, the lateral 
entorhinal cortex and the anterior olfactory nucleus40 as well as neuromodulatory midbrain input. Our findings 
do not exclude the possibility that other regions may exert top-down modulation of NMDAR antagonist-HFO.

The feedforward-projecting neurons involved in the broadcast HFO from the OB arise from the mitral/EPL 
layer of the bulb. The axons of mitral/tufted (M/T) cells from these layers travel along the lateral olfactory tract 
and form symmetric synapses with the dendrites of PC pyramidal cells at layer 1. M/T cells differentially project 
to the PC, with M cells being PC-oriented and T cells olfactory tubercle-oriented41. Rhythmic spiking of M cells 
would be expected to produce transient shifts in the membrane potential of targets within the PC, reflecting the 
input it receives. As might be expected the power of HFO in the PC was coherent with OB activity and at least 
an order of magnitude smaller. Bursts of HFO in the OB and PC were coherent in most rats. This coherence 
indicates a strong coupling between the OB and the PC when the OB electrode is located to capture mitral layer 
activity. Activity in the OB peaked slightly before the PC envelope, which is consistent with previous analyses 
showing that OB activity tends to lead PC activity, particularly within the same hemisphere. This relationship 
indicates the OB’s role in driving or influencing oscillatory activity in the PC, helping in the synchronization of 
processes within the hemisphere. In three rats, HFO bursts were still present in the OB and PC but exhibited 
different temporal dynamics. These were associated with reversal of nasal respiration rhythm phase in the OB 
channel and indicate that the precise location of the electrode within the OB can influence the observed relation-
ship between OB and PC activity.

The OB differentially projects to anterior and posterior regions of the PC38,42. Spatially we observed an ante-
rior–posterior gradient in HFO power which was stronger in the anterior PC, indicative of predominant HFO 
drive from the OB.

Although NMDAR antagonist-HFO can be recorded in the PC, is it actually generated at this site? This is a 
fundamental issue that permeates all LFP recordings. With respect to NMDAR antagonist-HFO, there are con-
flicting reports concerning whether the generation of NMDAR antagonist-HFO is restricted to a few specific 
regions, or is more widespread24,33,43,44. We showed previously that infusion of TTX to the PFC or caudate did 
not affect HFO power, suggesting HFO recorded in those regions was not locally generated24. Given that mus-
cimol infusion to the aPC produced only weak effects, it could be argued that HFO was not generated in this 
region. To address this issue we infused TTX, which in contrast to muscimol, also inhibits passing fibers and 
axonal input to the infused area45. We found that TTX, but not muscimol, produced an immediate reduction in 
HFO power in the aPC. We interpreted this effect to be due to the additional effect TTX has on passing fibers, 
in particular affecting transmission at the presynaptic axon terminals of M/T cells to pyramidal cell dendrites 
in superficial layer 1 of the aPC. Muscimol infusion to the aPC would leave this synaptic activity largely intact, 
and as such NMDAR antagonist-HFO remained at high amplitude. Our findings from CSD analyses show that 
there is a dipole associated with HFOs in the aPC. There is modeling and in vivo evidence that dipoles recorded 
in extracellular potentials can be generated by action potentials. These can become prominent in areas of dense 
axonal branching46. Indeed, in our studies, CSD changes were more pronounced in anterior regions of the PC, 
closest to the lateral olfactory tract. Together we interpret these findings to mean that NMDAR antagonist-HFO 
in aPC is not generated by an intrinsic PC network (compared to OB) but arises, at least in part, through axonal 
input originating from the OB. Therefore, in contrast to the OB, HFO in the PC would have only a limited con-
tribution to information processing within this region.

In summary, our study reveals that NMDAR antagonist-enhanced HFO can be transmitted in a bottom-up 
manner. Our findings suggest that while HFO are recorded in the PC, their primary generation occurs through 
axonal input from the OB rather than intrinsic PC networks. This highlights the significance of OB-driven activ-
ity in shaping activity within the PC, and likely other areas, providing valuable insights into how drugs, such as 
ketamine, can affect fundamental brain activity.

Methods
Acute experiments
Seventeen male Wistar rats (250–350 g) were initially anesthetized using isoflurane and placed in a stereotaxic 
frame. Burr holes were drilled above specific coordinates: the OB (anteroposterior [AP] + 6.0–6.7 mm, medi-
olateral [ML] ± 0.5 mm, dorsoventral [DV] 3–3.5 mm), and additional holes were drilled over one or two other 
structures: anterior PC (AP + 0.5–2 mm, ML + 4–5 mm, DV 8.0 mm), posterior PC (AP -1–2 mm, ML 5–6 mm, 
DV 8.5 mm), or olfactory tubercle (OT, AP + 1–2 mm, ML + 1–2 mm, DV 8 mm). Isoflurane anesthesia was 
replaced by ketamine-xylazine anesthesia (ketamine 100 mg/kg + xylazine 10 mg/kg) as previously14. For each 
rat a silicon probe electrode was implanted in the OB (16-channel linear probe, A1 × 16-10 mm-100–177) as a 
reference structure since we have shown previously HFO occurs in the OB under ketamine-xylazine anesthesia. 
We obtained recordings from the PC/OT using 32 channel probes recording from up to two structures per rat 
(A1 × 32-Edge-10 mm-20–177 or A1 × 32-10 mm-100–177, NeuroNexus, USA). Before recordings, the probes 
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were dipped in a 5% solution of DiI (Sigma, Poland) dissolved in DMSO (Sigma, Poland). LFP data were acquired 
using a SmartBox (NeuroNexus, USA) and NeuroNexus proprietary software. When a second olfactory structure 
was recorded, the 32-channel probe was removed and recoated with DiI and inserted into a different olfactory 
structure. In a separate group of 5 rats an 8 × 8 “grid” (A8 × 8-10 mm-200–200–177) probe was aimed at the aPC 
and a 16-channel probe in the OB. At the end of the recordings rats were killed by an overdose of anesthesia and 
brain tissue was processed for histology.

Chronic experiments
Sixteen male Wistar rats (250–350 g) were anesthetized using isoflurane and placed in a stereotaxic frame. Rats 
(N = 8) were implanted with a pair of tungsten electrodes (125 μm, Science Products, Germany) and 22 gauge 
stainless steel guides (Bilaney, Germany) in the OB (AP + 6.7, ML ± 0.5, DV 3–3.5 mm) and unilaterally with 
an electrode in the aPC (AP + 0.5, ML + 4.5, DV 8.0 mm). Two of these rats had an additional guide in the aPC. 
A separate group of rats (N = 8) had electrodes implanted bilaterally in the OB and an electrode guide complex 
in the aPC. The guides and electrode complexes, along with the screws, were secured to the skull using dental 
cement, which formed a socket that stabilized the screws and electrodes. A screw posterior to the bregma (above 
the cerebellum) was used as a reference/ground in all cases. Ethics permission: All experiments were conducted 
in accordance with the European community guidelines on the Care and Use of Laboratory Animals (86/609/
EEC) and approved by the 1st Local Ethics Committee for Animal Experiments in Warsaw, Poland (permission 
number 1159/2021). All experiments were conducted in accordance with ARRIVE guidelines.

Recording
One week after surgery, rats were placed in an arena (44 × 50 × 42 cm). LFPs were recorded through a JFET pre-
amplifier, amplified 1000 × , filtered 0.1–1000 Hz (Model 1700 Differential AC amplifier, A-M Systems, USA), 
and digitized at 5 kHz (Micro1401, CED, Cambridge, UK). Horizontal locomotor activity was assessed by pho-
tocell beam breaks (Columbus Instruments, USA). Rats were recorded for 2 days prior to the main experiment 
to habituate them to the recording chamber. Occasional muscle artifacts were visible in the LFP recordings (see 
Supplementary Fig. S6 online).

Drug infusion
Briefly, 30 min post i.p injection of 0.15 mg/kg MK801 (Sigma, Poland) the animal was disconnected from 
the equipment and gently restrained to infuse the selected substance through the implanted cannulas using an 
infusion pump (Harvard Apparatus, USA). Stylets were removed from the guide and a 28 gauge infusion needle 
(Bilaney, Germany) was inserted and descended by hand 1 mm below the tip of the guide. Infusions were car-
ried out at a rate of 0.5 µl/min. Muscimol (0.5 µg/0.5 µl, Sigma, Poland) or saline (0.5 µl) was infused to the OB 
(N = 8 rats) and aPC (N = 8 rats) groups. A subgroup of the aPC group (N = 6 rats) received TTX (10 ng/0.5 µl) 
post 0.15 mg/kg MK801.

Histology
At the end of the study rats were killed by an overdose of pentobarbital. Brains were fixed using 4% paraformalde-
hyde (Sigma, Poland) and preserved using 30% sucrose (Sigma, Poland). For the acute experiments, using silicon 
probes under ketamine-xylazine, the electrode placements were determined based on the DiI track visualized 
using a fluorescent microscope in the bright-field and dark-field sections (20–30 µm). Electrolytic lesions were 
made for the chronically implanted rats and electrode locations were determined on 35 µm Cresyl violet (Sigma, 
UK) stained sections prepared using a cryostat.

Data analyses
LFP recordings stored in Spike2 format were imported into Python using the Spike2IO class from the Neo 
library. We converted raw LFP data from SMR to MNE-Python format. Data were filtered within the frequency 
range of 130 Hz to 180 Hz or 80 Hz to 130 Hz (for ketamine xylazine recordings) using a finite impulse response 
(FIR) MNE-filter with defined transition bandwidths of 2 for both high and low frequencies. Python was used to 
calculate power and phase analyses, current source density47,48 and coherence, comodulation, Granger causality 
and modulation indices for OB and aPC recordings. For full details see Supplementary Methods.

Statistics
All groups were tested using the Shapiro–Wilk’s test for normality. If the data was normally distributed we used 
a one-way ANOVA followed by Bonferroni’s post-hoc test or paired and unpaired Student t-test. If data were 
not normally distributed, we used the Wilcoxon test followed by post-hoc testing. In all cases, differences were 
considered significant when p ≤ 0.05.

Data availability
The datasets used and analyzed during the current study are available from the corresponding author on reason-
able request.
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