
communications biology Article
A Nature Portfolio journal

https://doi.org/10.1038/s42003-025-08431-y

Directexcitatory loopand theta resonance
in the anterior cingulate-mediodorsal
thalamic circuit
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Interactions between the prefrontal cortex and the thalamus are critical for cognitive processing,
includingworkingmemory and attention. Specifically, theta oscillations in the anterior cingulate cortex
(ACC) and mediodorsal thalamic nucleus (MDT) during cognitive tasks are associated with persistent
neural activity during working memory; however, the cellular mechanisms underlying the theta
oscillations remain unclear. Using targeted patch-clamp recordings combined with neuronal
projection identification in rats, we demonstrate that there is a subcircuit of monosynaptically
interconnected ACC and MDT neurons to form a positive feedback loop. Synaptic transmission from
the ACC to the MDT exhibits short-term facilitation, particularly within the theta frequency range.
Moreover, MDT-projecting ACC neurons display a membrane potential resonance at theta
frequencies. The results show that theACC-MDTpathwayexhibits synaptic facilitation andmembrane
resonance preferentially at theta frequencies, indicating that the circuit is tuned to theta dynamics.

Theta oscillations (4–12Hz) represent a fundamental rhythm in the
mammalian brain, orchestrating neural activity across distributed networks
during various cognitive processes1. In the neocortex, theta oscillations are
particularly crucial in attention, working memory, and emotional regula-
tion, serving as a timing mechanism for information processing and neural
communication2,3. Recent studies have demonstrated that theta rhythms
facilitate the coordination of neural ensembles during decision making and
cognitive control, suggesting their role as a neural syntax for cognitive
operations4,5. The anterior cingulate cortex (ACC) and its connections with
the mediodorsal thalamic nucleus (MDT) form a critical circuit for main-
taining persistent neural activity during working memory. Optogenetic
studies have revealed that MDT-prefrontal synchrony in the theta range is
essential for the maintenance of delay-period activity. Disruption of this
synchrony impairs performance on delayed non-match-to-sample tasks6.
This finding suggests the ACC-MDT circuit as a substrate for maintaining
working memory representations. Furthermore, activation of MDT neu-
rons projecting to the prefrontal cortex enhances working memory per-
formance, indicating that specific thalamocortical pathways are critical for
maintaining cognitive representations7. Consistent with this idea, phar-
macological inactivation of either ACC or MDT impairs delay-dependent
task performance8,9. Disruption of the MDT specifically impairs the main-
tenance phase of working memory tasks, suggesting the role of MDT-
prefrontal interaction in sustaining persistent activity10.

Taken together,we speculate that theACC-MDTcircuit formsaneural
loop that is involved inmaintaining sustained activity patterns necessary for
working memory. More specifically, the bidirectional connection between
the ACC and MDTmay constitute a cortico-thalamic-cortical (CTC) loop
with unique physiological properties suitable for maintaining sustained
activity. The CTC circuit architecture exhibits distinct firing patterns and
modes of operation, with higher order thalamic nuclei, such as the MDT,
which is capable of switching between tonic and burst firing modes that
differentially affect cortical processing11. The synaptic properties of these
connections are remarkably specific, with thalamic inputs displaying target-
dependent short-term plasticity12 and distinct patterns of connectivity to
different cortical cell types13. These features may provide a specific cellular
mechanism for maintaining persistent activity in the CTC circuit.

Our previous research established a model in which rats learned to
intentionally reduce their heart rate through biofeedback training14. This
operant bradycardia was significant, reaching about a 50% reduction after
five days, and persisted long after training stopped. We identified the ACC
as crucial for this top-down control; inactivating the ACC prevented the
learned bradycardia. During the task, we observed prominent theta oscil-
lations (peaking around 7Hz) in the local field potentials of the ACC,
particularly in neurons projecting to the ventromedial thalamic nucleus
(VMT). Mimicking this rhythm, optogenetic stimulation of the ACC-to-
VMT pathway specifically at 7 Hz successfully induced bradycardia.
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This effectwas frequency-dependent, provingmore potent than stimulation
at 2 Hz or 20 Hz, and was not replicated by stimulating ACC projections to
other areas like the secondary motor cortex (M2). When the stimulation
ceased, the heart rate returned to baseline, confirming the reversibility of the
effect. Further investigation revealed that these VMT-projecting ACC
neurons also send collateral axons to the MDT. Stimulation of this ACC-
MDT pathway at 7 Hz also induced bradycardia. These findings suggest a
critical role for theta-frequency communication within the ACC-thalamic
circuits in mediating volitional heart rate control.

While our previous work pinpointed the necessity of the ACC-MDT
pathways and the significance of theta rhythms, the precise cellular and
synaptic mechanisms driving these frequency-dependent effects remained
unclear. Here, we investigated whether there is a neuroanatomical con-
nection between the ACC and the MDT and examined the frequency-
dependent properties of this connection, focusingon synaptic dynamicsand
resonanceproperties.Wedemonstrated theta-frequencyspecific short-term
facilitation (STF) at ACC-to-MDT synapses and theta resonance in MDT-
projectingACCneurons. These findings suggest that theACC-MDTcircuit
is tuned to operate within the theta frequency band.

Results
STF at synaptic transmission from ACC neurons to ACC-
projecting MDT neurons
To specifically record the activity of synaptic transmission from ACC
neurons to aMDTneuronprojectingback to theACC,we injected a cocktail

of AAVdj-CaMKIIα-hChR2(H134R)-EYFP and Red retrobeads into the
ACC(Fig. 1a).This procedure allowedus to identifyEYFP(+) axonfibersof
ACCneurons andRed retrobeads (+)MDTneurons thatwere retrogradely
labeled from the ACC in acute thalamic slices (Fig. 1b). We targeted Red
retrobeads (+) MDT neurons for patch-clamp recording and optogeneti-
cally stimulated the slice. Upon blue light stimulation of ACC axon term-
inals (duration: 2.5ms; intensity: 1.5 mW on slice surface), Red retrobeads
(+)MDT neurons exhibited excitatory postsynaptic currents (EPSCs). The
EPSC onset was 5.2 ± 0.6 ms after the light illumination (n = 35 trials in 13
neurons from6mice), which is consistent with amonosynaptic delay15. The
EPSC amplitude increased gradually when stimulation was repeated,
exhibiting STF (Fig. 1c). STF occurred when the frequency of repetitive
stimulation was set at 7 Hz, which corresponds to the theta rhythm, but not
at 2 Hz, while a trend toward short-term depression (STD) occurred at
20Hz stimulation (Fig. 1d, 101.9 ± 10.9, 97.0 ± 21.1, 98.7 ± 25.8, and
93.0 ± 34.8% for 2nd, 3rd, 4th, and 5th EPSCs relative to 1st EPSC, respectively,
p = 0.50, Z =− 0.68, L = 442, Page’s trend test, n = 10 neurons from 6 mice
for 2 Hz stimulation; 136.8 ± 25.4, 154.8 ± 41.6, 179.9 ± 58.9, and
195.5 ± 67.6% for 2nd, 3rd, 4th, and 5th EPSCs relative to 1st EPSC, respectively,
p = 2.22 × 10-16, Z = 8.22, L = 695, n = 13 neurons from 6 mice for 7Hz
stimulation; 75.9 ± 22.3, 75.3 ± 27.1, 80.8 ± 28.0, and 81.5 ± 32.2% for 2nd,
3rd, 4th, and 5th EPSCs relative to 1st EPSC, respectively, p = 0.05, Z =− 1.96,
L = 427, n = 10 neurons from 6 mice for 20 Hz stimulation). In the paired-
pulse simulation paradigm in our protocol, 2nd EPSCs were already larger
than 1st EPSCs, suggesting that STF may result from facilitation of the

Fig. 1 | Synaptic transmission from ACC neurons to ACC-projecting MDT
neurons exhibits STF at 7 Hz. a The illustration depicts viral expression of ChR2
and Red retrobeads in the ACC. bThe confocal images show the injection sites in the
ACC and a patch-clamped MDT neuron (arrowhead). Red: Red retrobeads; green:
ChR2-EYFP; blue: biocytin. The right confocal images show post hoc biocytin-based

identification of the patch-clamped MDT neuron. c EPSCs evoked by five pulses of
blue light applied to thalamic slices at 2, 7, and 20 Hz. d The relative changes in the
amplitudes of EPSCs evoked by five-pulse stimulation to the first pulse-evoked EPSC
amplitude at different frequencies. n = 13 neurons from 6 mice for 7 Hz stimulation
and 10 neurons from 6 mice for 2 Hz and 20 Hz stimulation, Page’s trend test.
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presynaptic machinery16. The frequency specificity is consistent with the
idea that the interplay between the ACC and the MDT underlies theta
oscillatory resonance and that the ACC-MDT circuit is tuned to mediate
information transfer in the theta band17,18.

STD at synaptic transmission fromMDT neurons to MDT-
projecting ACC neurons
We next investigated whether ACC neurons receiving MDT inputs also
exhibit frequency-dependent synaptic properties. This hypothesis arose
from previous studies demonstrating various forms of short-term synaptic
plasticity in thalamocortical circuits19,20; first-order thalamic inputs to sen-
sory cortex are mostly depressive21,22, whereas some of the higher-order
thalamic inputs are facilitatory20,23. One study has reported that EPSCs
evoked byMDT stimulation exhibit STD during 10 Hz stimulation trains24,
but this report did not distinguish between the cell types of ACC neurons;
note that only a portion of ACCneurons project to theMDT. Therefore, we
isolated the ACC-to-MDT pathway to investigate its form of short-term
plasticity.

We recorded synaptic responses evoked by optogenetic stimulation of
the axon terminals ofMDTneurons fromACC layer VI neurons projecting
to the MDT in acute neocortical slices prepared from mice injected with a
cocktail of AAVdj-CaMKIIα-hChR2(H134R)-EYFP and Red retrobeads
into the MDT (Fig. 2a, b). Blue light illumination elicited EPSCs in ACC
neurons. The EPSC onset was 5.8 ± 0.9 ms after the light illumination

(n = 43 trials in 18 neurons from 6 mice), which also corresponds to a
monosynaptic delay. However, the EPSC amplitude decreased gradually
with repeated stimulation, exhibiting STD (Fig. 2c). The STDwas observed
at stimulation frequencies of 2, 7 and 20Hz (Fig. 2d, 54.3 ± 13.6, 47.6 ± 15.2,
42.4 ± 15.0, and 41.2 ± 16.1% for 2nd, 3rd, 4th, and 5th EPSCs relative to 1st

EPSC, respectively, p = 3.55 × 10−23, Z =− 9.91, L = 654, Page’s trend test,
n = 18 neurons from 6 mice for 2 Hz stimulation; 51.1 ± 12.3, 41.1 ± 11.7,
36.9 ± 12.1, and 34.0 ± 11.3% for 2nd, 3rd, 4th, and 5th EPSCs relative to 1st

EPSC, respectively, p = 3.73 × 10−25, Z =− 10.36, L = 647 n = 18 neurons
from 6 mice for 7 Hz stimulation; 34.9 ± 12.6, 29.5 ± 13.2, 28.2 ± 13.0, and
27.0 ± 12.9% for 2nd, 3rd, 4th, and 5th EPSCs relative to 1st EPSC, respectively,
p = 1.11 × 10−17, Z =−8.56, L = 593, n = 14 neurons from 6 mice for 20 Hz
stimulation).

STD in synaptic transmission from ACC neurons to M2 neurons
Our recent work has demonstrated that ACC neurons also exhibit STF at
synaptic transmission to the VMT, another target area in the thalamus15,
raising the question of whether ACC neurons have the unique character-
istics, as an intrinsic property of the output of presynaptic neurons, that they
all exhibit STF at their axon terminals. We therefore investigated whether
STF occurs during synaptic transmission from ACC neurons to non-
thalamic regions. Because our anterograde tracing investigation revealed a
dense axonal projection from the ACC to the M2, we performed patch-
clamp recordings fromM2 layer 5/6 neurons in neocortical slices prepared

Fig. 2 | Synaptic transmission from MDT neurons to MDT-projecting ACC
neurons exhibits STD. a The illustration depicts viral expression of ChR2 and Red
retrobeads in the MDT. b The lower confocal images show the injection sites in the
MDT and a patch-clamped ACC neuron (arrowheads). The right confocal images
show post hoc biocytin-based identification of the patch-clamped ACC neuron. Red:
Red retrobeads; green: ChR2-EYFP; blue: Nissl (left) biocytin (right three). c EPSCs

evoked byfive pulses of blue light applied to theACC at 2, 7, and 20 Hz.dThe relative
changes in the amplitudes of EPSCs evoked by five-pulse stimulation to the first
pulse-evoked EPSC amplitude at different frequencies. n = 18 neurons in 6 mice for
2 Hz and 7 Hz stimulation and 14 neurons from 6mice for 20 Hz stimulation, Page’s
trend test.
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from mice injected with AAVdj-CaMKIIα-hChR2(H134R)-EYFP into the
ACC (Fig. 3a). When blue light was repeatedly applied to ACC axon
terminals, M2 neurons exhibited EPSCs with STD (Fig. 3b, c, 27.5 ± 12.3,
23.9 ± 15.2, 21.8 ± 14.9, and19.6 ± 14.5% for 2nd, 3rd, 4th, 5th EPSCs relative to
1st EPSC, respectively, p = 1.62 × 10−11,Z =−6.74, L = 371, Page’s trend test,
n = 10 neurons from 5 mice for 2 Hz stimulation; 45.1 ± 15.5, 34.3 ± 11.4,
31.8 ± 11.8, and 25.1 ± 9.7% for 2nd, 3rd, 4th, 5th EPSCs relative to 1st EPSC,
respectively, p = 1.09 × 10−15, Z =−8.02, L = 356, n = 10 neurons from 5
mice for 7Hz stimulation; 21.3 ± 7.9, 20.6 ± 5.4, 16.9 ± 7.3, and 16.2 ± 6.0%
for 2nd, 3rd, 4th, 5th EPSCs relative to 1st EPSC, respectively, p = 2.89 × 10−11,
Z =−6.65, L = 372, n = 10 neurons from 5 mice for 20Hz stimulation).
These findings suggest that STF is specific for ACC projections to thalamic
nuclei, such as the MDT and VMT.

Intrinsic membrane properties of ACC-MDT Neurons
Next, we examined whether the ACC neurons have distinct intrinsic
properties depending on their projection target region. Red retrobeads were
injected into the MDT, and current-clamp recordings were obtained from
Red retrobeads (+) or (−) neurons in the ACC (Fig. 4a). The resting
membrane potentials did not differ between Red retrobeads (+) and (−)
neurons (Fig. 4c, −69.89 ± 2.09 and −70.01 ± 2.06mV for Red retrobeads
(−) and Red retrobeads (+), respectively, p = 0.61, U = 214.5,
Mann–Whitney U test, n = 14 neurons in 7mice and 14 neurons in 6 mice,
respectively). We injected rectangular current pulses with amplitudes ran-
ging from−120 pA to 400 pA in steps of 40 pA into the neurons to examine

their voltage responses (Fig. 4b). Input capacitances (Rin), which were cal-
culated frommembrane time constants and input resistances, did not differ
between Red retrobeads (+) and (−) neurons (Fig. 4c, 190.7 ± 88.1 and
173.6 ± 72.0 MΩ for Red retrobeads (−) and Red retrobeads (+), respec-
tively, p = 0.80, U = 209, Mann–Whitney U test, n = 14 neurons in 7 mice
and 14 neurons in 6 mice, respectively), nor did the mean rates of spikes
evoked by the current pulses differ. (Fig. 4c, 7.1 ± 1.4 and 7.5 ± 1.6 Hz for
Red retrobeads (−) and Red retrobeads (+), respectively, p = 0.56,U = 218,
Mann–WhitneyU test, n = 15 neurons in 7mice amd 15 neurons in 6mice,
respectively).

Because MDT neurons receiving ACC inputs exhibit STF, we inves-
tigated the dynamic integrative properties of MDT-projecting ACC neu-
rons, which remain uncharacterized despite their potential role in theta
rhythm generation. We injected an oscillatory current of uniform ampli-
tude, gradually increasing in frequency from0 to 20Hzover a period of 10 s,
into Red retrobeads (+) or (−) ACC neurons25,26. The membrane potential
was adjusted to approximately −70mV to ensure consistent activation
levels of the hyperpolarization-activated current (Ih), and the stimulus
amplitude was calibrated to produce a consistent ~5mV voltage shift at
stimulus onset. Voltage responses at subthreshold potentials often exhibit a
band-pass filter-like resonance characteristic in which the membrane
potentials follow a specific frequencywell. Indeed, themembrane potentials
of both Red retrobeads (+) and (−) neurons showed resonance-like
behaviors, but the impedance in Red retrobeads (+) neurons was higher
across all frequency bands than those in Red retrobeads (−) neurons,

Fig. 3 | Synaptic transmission from ACC neurons to M2 neurons exhibits STD.
aThe left illustration depicts viral expression of ChR2 in theACC. The right confocal
images show post hoc biocytin-based identification of a patch-clamped M2 neuron
(arrowhead). Red: biocytin; green: ChR2-EYFP; blue: Nissl. b EPSCs evoked by five

pulses of blue light applied to theM2 at 2, 7, and 20 Hz. c The relative changes in the
amplitudes of EPSCs evoked by five-pulse stimulation to the first pulse-evoked EPSC
amplitude at different frequencies. n = 10 neurons in 5 mice, Page’s trend test.
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indicating that Red retrobeads (+) neurons were more sensitive to external
oscillatory currents (Fig. 5a, b, p = 6.60 × 10−69, F(1,5858) = 3316.1, ANOVA).
In both Red retrobeads (+) and (−) neurons, the resonance peaked in the
theta range, and the impedance at the peak frequency did not differ between
them(Fig. 5c, 237.1 ± 58.6 and 237.0 ± 53.2MΩ for Red retrobeads (−) and
Red retrobeads (+), respectively, p = 0.85, U = 102, Mann–Whitney U test,
n = 10 neurons in 5mice for Red retrobeads (+) neurons, n = 10 neurons in
4 mice for Red retrobeads (−) neurons, respectively). However, the peak
frequencies of Red retrobeads (+) neurons was higher than that Red ret-
robeads (−) neurons (Fig. 5c, 3.1 ± 0.9 and 4.1 ± 1.1 Hz for Red retrobeads
(−) and Red retrobeads (+), respectively, p = 1.37 × 10−2, U = 72,
Mann–Whitney U test, n = 10 neurons in 5 mice for Red retrobeads (+)
neurons, n = 10 neurons in 4 mice for Red retrobeads (−) neurons,
respectively). Moreover, in Red retrobeads (+) neurons, phase lags, which
refer to the delay between the applied stimulus and the resulting voltage
response, were closer to zero than those of Red retrobeads (−) neurons
(Fig. 5d, p = 1.81 × 10−98, F(1,5858) = 460.83, ANOVA). This tendency held
true at a phase lag of 7 Hz (Fig. 5e,−45.7 ± 9.8° and−32.8 ± 11.1° for Red
retrobeads (−) andRed retrobeads (+), respectively,p = 3.12 × 10−2,U = 76,
Mann–Whitney U test, n = 10 neurons in 5 mice for Red retrobeads (+)
neurons, n = 10 neurons in 4 mice for Red retrobeads (−) neurons,
respectively). Therefore, Red retrobeads (+) neurons respond accurately
with a small delay to theta frequency inputs.

Discussion
Our anatomical and electrophysiological investigation revealed that ACC-
projectingMDTneuronsmake synapseswithACCneurons and thatMDT-
projecting ACC neurons make synapses with MDT neurons. Because we
could not perform dual patch-clamp recordings from ACC and MDT
neurons within thalamocortical slices, we could not demonstrate the exis-
tence of direct monosynaptic loops between ACC andMDT neurons at the
single cell level, but at the cell population level, it is evident that there is a
reciprocal loop between theACCandMDT regions. Transmission from the
ACC to the MDT exhibited STF in synaptic responses to 7Hz stimulation,

but not vice versa. Although we failed to find other active neural mechan-
isms that might underlie theta oscillations in the ACC-MDT circuit, the
resonance properties of MDT-projecting ACC neurons were consistent
with the amplification of theta oscillations.

We found that MDT neurons also exhibited STF for synaptic inputs
from the ACC. In contrast, M2 neurons exhibited STD for inputs from the
ACC.Therefore, short-termplasticityofACCefferents is different ina target-
dependentmannerbetweencorticocortical and corticothalamic connections.
STD is usually common in corticocortical connections, but a recent studyhas
reported that STF also occurs in corticocortical L6-to-L5 connections in the
primary somatosensory cortex27, suggesting that STFandSTDarenot simply
distributed in a dichotomous manner, but are complexly incorporated into
cortical circuits. We also found STD at MDT-to-ACC synapses. VIP (+)
inhibitory neurons in layer 1 of the prefrontal cortex exhibit STF in response
toMDTactivation28. Thus, thedisynaptic feedforward inhibition viaVIP (+)
inhibitory neurons may shape thalamocortical STD.

Theta oscillations in the ACC-MDT circuit are unlikely to arise solely
from intrinsic membrane properties of MDT-projecting ACC neurons.
Instead, our results highlight circuit-based resonance mechanisms as a
plausible basis for the generation of theta oscillations. To test this resonance
hypothesis, we used frequency-increasing sinusoidal current stimulation, a
technique for assessing neuronal frequency preferences29. Our analysis
revealed that Red retrobeads (+) neurons had smaller phase lags in their
membrane responses than Red retrobeads (−) neurons at all frequencies
tested, including theta frequencies, suggesting that MDT-projecting ACC
neurons respond faithfully to external perturbations. Since ACC-to-MDT
neural projections show STF in the theta frequency band, it is possible that
theMDTneural circuit is prone to firing in the theta oscillation rhythm.We
thus propose that when this oscillatory activity returns to the ACC through
the closed ACC-MDT circuit, the circuit is more likely to be entrained to
theta frequencies due to the input sensitivity of MDT-projecting ACC
neurons. In otherwords, theCTC loop between theACCandMDTmay act
as a reverberatory circuit that is optimally configured so that ACC neurons
respond to and process theta frequency inputs, and the ACC output is

Fig. 4 | Intrinsic membrane properties did not differ between MDT-projecting
and other ACC neurons. a The left illustration depicts viral expression of Red
retrobeads in the MDT. The right confocal images show post hoc biocytin-based
identification of a Red retrobeads (+) ACC neuron recorded (arrowhead) Red: Red
retrobeads; green Biocytin; blue: Nissl. b Representative voltage response of Red

retrobeads (+) and (−) neurons. Current pulses were−80,−40, 0,+40, and+120.
c Resting membrane potentials, input resistance and firing rate of Red retrobeads
(+) and (−) neurons measured by pulse current injection. n = 14–15 Red retrobeads
(+) neurons in 7 mice and 14–15 Red retrobeads (−) neurons in 6 mice,
Mann–Whitney U test.
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effectively relayed and amplified by MDT neurons via STF. This idea is
consistent with previous findings on theta activity associated with behavior
across brain regions1, as well as theories that propose frequency-selective
mechanisms in neural circuits2. Taken together, our results suggest that the
ACC-MDT circuit is specifically tuned to operate at theta frequency as a
unified system through a combination of resonance in ACC neurons and
synaptic dynamics in MDT neurons1.

Recent studies of projection-specific molecular profiles provide a
context for interpreting the distinct phase response properties. Projection
neurons in the prefrontal cortex exhibit distinct transcriptional signatures
depending on their downstream targets, characterized by specific ion
channel expression patterns30,31. Indeed, cortical neurons projecting to
thalamic nuclei express specific combinations of voltage-gated ion channels,
particularly those involved in rhythmic activity32. Distinct transcriptional
profiles are also identified between subpopulations of cortical neurons

defined by their projection targets, suggesting molecular specialization
based on these targets33. Thus, the reduced phase delay we observed in
MDT-projecting neurons likely reflects their unique molecular profile.
These neurons express specific combinations of HCN channel subunits,
with specific HCN1/HCN2 ratios that can tune their frequency response
properties34,35, which may contribute to their heightened sensitivity to theta
frequency inputs. Furthermore, long-range, thalamus-projecting neurons
also express specific voltage-gated potassium ion channel subtypes that
significantly modulate their resonance properties36. The distribution of
voltage-gated calcium channels also demonstrates projection specificity,
contributing to both membrane resonance and synaptic properties37.
Thalamus-projecting cortical neurons possess a distinctive set of ion
channels that support their specific firing patterns and frequency
responses38,39. Therefore, the molecular specialization may underlie the
unique frequency response in MDT-projecting ACC neurons.

Fig. 5 | MDT-projecting ACC neurons exhibit membrane resonance at theta
frequencies. a Representative voltage responses (top traces) of Red retrobeads (+)
and (−) neurons stimulated by oscillatory currents with increasing frequency
(bottom traces). Arrowheads indicate peak voltage responses. b Impedances versus
current frequencies. Thick lines and shaded areas indicate mean and SD, respec-
tively. n = 10 Red retrobeads (+) neurons in 5 mice and 10 Red retrobeads (−)
neurons in 4 mice, ANOVA. cMaximum impedance and peak frequency of Red

retrobeads (+) and (−) neurons. n = 10 Red retrobeads (+) neurons in 5 mice for
neurons and 10 Red retrobeads (−) neurons in 4 mice, Mann–Whitney U test.
d Phase lags versus current frequencies. n = 10 Red retrobeads (+) neurons in 5mice
and 10 Red retrobeads (−) neurons in 4 mice, ANOVA. e Phase lags of Red retro-
beads (+) and (−) neurons at the frequency of 7 Hz. n = 10 Red retrobeads (+)
neurons in 5 mice and 10 Red retrobeads (−) neurons in 4 mice, Mann–Whitney
U test.
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We demonstrated that the CTC loop between the ACC and MDT
potentially amplifies theta oscillations. Although speculative, the CTC loop
may support attention to a sensory stimulus; that is, ACC neurons receive
relayed sensory input fromMDT neurons and serve as a gateway for sensory
information into the CTC loo40. To attend to a sensory stimulus, increased
activity of specific layer 5/6 pyramidal neurons (e.g., MDT-projecting ACC
cells) would amplify and maintain activity within the relevant CTC loops,
thereby facilitating selective, sustained attention. However, several important
considerations regarding circuit architecture warrant further discussion.
While our findings suggest the involvement of the CTC loop in theta
enhancement, the precise cellular mechanisms underlying this phenomenon
require careful interpretation due to the complex organization of thalamic
inputs to different cortical layers and cell types within the ACC19,20. Indeed, we
cannot definitively conclude that this enhancement occurs only through
direct reciprocal connections between the ACC-MDT loop. Recent studies
have revealed that thalamic inputs exhibit distinct patterns of connectivity
within cortical circuits. While thalamic afferents contact corticothalamic
neurons, evidence suggests that their primary targets may be other popula-
tions of cortical neurons24,41. MDT inputs preferentially connect to layer 5
corticocortical neurons compared to layer 5 corticothalamic neurons. This
selective targeting pattern suggests that the observed theta enhancement may
involve local cortical circuitry13. The prefrontal cortex contains diverse
populations of projection neurons distributed across multiple cortical layers,
including corticocortical neurons that project to the contralateral
hemisphere28,42. The complex architecture of these circuits is further com-
plicated by layer-specific differences in synaptic properties and temporal
dynamics43. This architectural complexity raises the possibility that theta
enhancement arises from activation of local cortical circuits that receive some
thalamic input44, including corticocortical neurons as well as other cortical
populations that do not project to the thalamus45. Future studies using cell
type-specific manipulations will be critical to dissecting the contributions of
direct and indirect pathways to theta enhancement. Understanding these
circuit-specific mechanisms will provide important insights into how thala-
mocortical interactions regulate cortical rhythms and associated cognitive
functions.

Our framework, in which the interplay between theta-frequency
synaptic facilitation and specific resonance properties creates a circuit
preferentially tuned to theta oscillations, leads to several specific and testable
predictions regarding the functional relevance of ACC and MDT theta
oscillations. More specifically, if the theta-tuned resonance mechanism is
indeed critical for cognitive functions such as working memory, then
selective manipulation of the key components identified here should yield
predictable behavioral and physiological results. First, if it is possible to
artificially enhance or disrupt theta oscillations usingChR2 stimulation, this
may lead to some changes in cognitive function. Second, targeted manip-
ulations that alter the ion channels (plausiblyHCNor specificpotassium ion
channels) responsible for the observed resonance peak near theta should
disrupt network-level theta coherence betweenACCandMDTinvivo. Such
disruption, achieved by shifting the resonance frequency or increasing the
phase delay, is predicted to correlate directlywith deficits in performance on
tasks requiring robust ACC-MDT theta synchrony.

In conclusion, our study provides evidence for frequency-selective
propertiesof theACC-MDTcircuit, characterizedby reducedphasedelay in
MDT-projecting ACC neurons and STF in MDT-projecting ACC neurons
specifically at theta frequency. While these findings provide crucial insights
into the cellular basis of corticothalamic theta oscillations, future investi-
gations employing simultaneous in vivo recordings and behavioral assess-
ments will be essential to fully elucidate the functional significance of this
circuit architecture.

Methods
Animal ethics
All animal experiments were approved by the Animal Experimentation
Ethics Committee of the University of Tokyo (approval number: P4-2) and

were conducted in accordance with the institution’s guidelines for the care
and use of laboratory animals. The experimental procedures were per-
formed in accordance with the Basic Guidelines for the Proper Conduct of
Animal Experiments and Related Activities in Academic Research Institu-
tions issued by the Ministry of Education, Culture, Sports, Science and
Technology (NoticeNo. 71, 2006), the Standards for Breeding,Housing and
Anesthesia of Laboratory Animals issued by the Ministry of Environment
(Notice No. 88, 2006), and the Guidelines for Animal Disposal Methods
issued by the Prime Minister’s Office (Notice No. 40, 1995). For in vitro
patch-clamp recordings, 29 male ICR mice (RRID: IMSR_CRL:022, SLC,
Japan), aged 3 to 5 weeks and weighing between 10 and 20 g preoperatively,
were used. Mice were individually housed and maintained on a 12-h light/
12-h dark cycle, with lights turned off at 7:00 AM.

Virus injection
Amouse was placed on a stereotaxic frame and a 1 cmmidline incision was
made from the interocular area to the cerebellum. For bilateral viral delivery,
two craniotomies of ~0.5mm in diameter were made over the ACC and
MDT regions, respectively. The dura mater was carefully dissected. A total
of 100 nL AAVdj-CaMKIIa-ChR2-EYFP (7.28 × 10¹³ vg/ml, #26969,
Addgene, USA) and 100 nL Red retrobeads (Lumafluor, Inc., USA) were
injected bilaterally (at a rate of 100 nL/min) into the ACC (coordinates: AP:
2.0mm,ML: ±0.5 mm, DV: 1.2 mm) or MDT (coordinates: AP:−0.9 mm,
ML: ±0.3 mm, DV: 2.3mm) using a glass micropipette. Data collection
began two weeks after surgery to allow time for the mice to recover and for
full expression of viral proteins.

In vitro patch-clamp recordings
Acute slices were prepared from 5-week-old ICR mice expressing ChR2 and
Red retrobeads. Mice were anesthetized with isoflurane and decapitated. The
brain was rapidly removed and submerged in ice-cold oxygenated (95% O2/
5% CO2) modified artificial cerebrospinal fluid (aCSF) containing 27mM
NaHCO3, 1.5mM NaH2PO4, 2.5mM KCl, 0.5mM ascorbic acid, 1mM
CaCl2, 7mM MgSO4, and 222.1mM sucrose. Coronal brain blocks con-
taining the ACC, MDT and M2 were sliced at a thickness of 300 μm at a
speed of 0.1mm/s using a vibratome (VT1200S, Leica, Germany) in ice-cold
oxygenated modified aCSF. The slices were then transferred to oxygenated
artificial cerebrospinal fluid at 35 °C, consisting of 127mM NaCl, 1.6mM
KCl, 1.24mM KH2PO4, 1.3mM MgSO4, 2.4mM CaCl2, 26mM NaHCO3,
and 10mM D-glucose, and were incubated in the fluid for at least 30min.
Whole-cell patch-clamp recordings were conducted in a submerged chamber
perfused with oxygenated artificial cerebrospinal fluid at a rate of 3–4ml/min
at 32 °C. Voltage-clamp recordings were obtained from visually identified
by infrared differential interference contrast microscopy. Patch pipettes
(3–6 MΩ) were filled with a solution containing 127mM CsMeSO4, 8mM
CsCl, 10mM HEPES, 1mM MgCl2, 10mM phosphocreatine-Na2, 4mM
MgATP, 0.3mMNaGTP, and 0.2mMEGTA (pH 7.2–7.3, 280–295mOsm).
The signals were then amplified and digitized at a sampling rate of 20 kHz
using a MultiClamp 700B amplifier and a Digidata 1440A digitizer, con-
trolled by pCLAMP 10.3 software (Molecular Devices, USA). ChR2 was
stimulated using a light-emitting diode (LED) (LEX2-LZ4, Brain Vision,
Japan). Light pulses had a duration of 2.5ms and an intensity of 1.5mW. For
repetitive stimulation, five pulses at 2, 7, and 20Hz were applied every 15 s.
For current-clamp recordings, patch pipettes (4–8MΩ) were filled with a
potassium-based solution containing 120mM potassium gluconate, 5mM
KCl, 10mM HEPES, 10mM disodium phosphocreatine, 2mM Mg-ATP,
0.1mMNa2-GTP, 0.2mMEGTA and 0.2% biocytin. Red retrobeads-positive
and -negative neurons in ACC were injected with a step current injection for
800ms (−120 pA to 480 pA, 40 pA steps) to determine intrinsic action
potential properties. The impedance amplitude profile (ZAP) stimulus con-
sisted of applying a pseudo-sinusoidal current of constant amplitude that
increased linearly in frequency from 0 to 20Hz over a 10-s period. This
protocol was repeated 10 times for each neuron, and the resulting membrane
voltage responses were averaged for impedance analyses.
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Histology
Following each experiment, brain slices were postfixed by immersion in 4%
PFA overnight. The free-floating sections were blocked with 5% bovine
serum albumin (BSA, 01863-77, Nacalai Tesque, Inc., Japan) and 0.3%
Triton X-100 in PBS for 1 h at room temperature and then incubated
overnight at 4 °C with streptavidin-conjugated Alexa Fluor 647 (RRID:
AB_2341101, 1:1000, 016-600-084, Jackson Immuno Research Labora-
tories, Inc., USA), anti-GFP antibody (RRID: AB_300798, 1:1000, ab13970,
abcam, Japan) and NeuroTrace 435/455 blue Fluorescent Nissl stain
(1:1000, N21479, Thermo Fisher Scientific Inc., USA). The sections were
further incubated with Alexa Fluor 488-conjugated donkey anti-chicken
IgG (RRID: AB_2340375, 1:1000, 703-545-155, Jackson Immuno Research
Laboratories, Inc., USA) for 1.5 h at room temperature and mounted on
slides with VECTASHIELD Vibrance Antifade Mounting Medium (H-
1700, Vector Laboratories, Inc., USA). The sections were imaged using a
laser scanning confocal microscope (A1-HD25, Nikon, Japan) equipped
with a 10× air objective (CFIPlanApoLamda S 10×,NA0.45,Nikon, Japan)
and a 20× air objective (CFI Plan Apo VC 20×, NA0.75, Nikon, Japan).

Statistics and reproducibility
Data were analyzed offline using custom MATLAB (R2017b, Mathworks,
USA) programs. All statistical analyses comparing a single sample and a
specific value or comparing two samples were performed using Student’s t
test or one-way analysis of variance (ANOVA). Pooled data are presented as
mean ± SD unless otherwise noted. In box plots, the median is indicated by
the center line, the upper and lower quartiles by the box borders, and the
10–90% quantiles by the whiskers. p < 0.05 was considered statistically
significant.All statistical testswere two-tailed.The Jonckheere trend testwas
used to assess increasing and decreasing trends in the data.

Spikes were detected as peaks during periods with Vm greater than
10mV in raw 20-kHz traces of whole-cell recordings. The impedance
profile and phase-lag curves were derived by calculating the ratio of the Fast
Fourier Transform (FFT) of the voltage response to the Fast Fourier
transformof the stimulus26,46. The phase of the impedance denotes the phase
shift between the voltage and current waves. To avoid distortion at low
frequencies, frequencies below 0.2 Hz were excluded from the impedance
and phase profile plots. The strength of resonancewasmeasured as the ratio
of the peak impedance to the impedance at 0.5 Hz.

Computer code
The codes that support the findings of this study are available from the
following link: https://figshare.com/articles/dataset/data_for_Yoshimoto_
et_al_2025/29362343.

Reporting summary
Further information on research design is available in the Nature Portfolio
Reporting Summary linked to this article.

Data availability
The data that support the findings of this study are available from the
following link: https://figshare.com/articles/dataset/data_for_Yoshimoto_
et_al_2025/29362343.

Code availability
The codes that support the findings of this study are available from the
following link: https://figshare.com/articles/dataset/data_for_Yoshimoto_
et_al_2025/29362343.
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