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Abstract: Repetitive transcranial magnetic stimulation (rTMS) is an emerging treatment for brain 28 
disorders, but its therapeutic mechanism is unknown. We developed a novel mouse model of 
rTMS with superior clinical face validity and investigated the neural mechanism by which 30 
accelerated intermittent theta burst stimulation (aiTBS) – the first rapid-acting rTMS 
antidepressant protocol – reversed chronic stress-induced behavioral deficits. Using fiber 32 
photometry, we showed that aiTBS drives distinct patterns of neural activity in intratelencephalic 
(IT) and pyramidal tract (PT) projecting neurons in dorsomedial prefrontal cortex (dmPFC). 34 
However, only IT neurons exhibited persistently increased activity during both aiTBS and 
subsequent depression-related behaviors. Similarly, aiTBS reversed stress-related loss of 36 
dendritic spines on IT, but not PT neurons, further demonstrating cell type-specific effects of 
stimulation. Finally, chemogenetic inhibition of dmPFC IT neurons during rTMS blocked the 38 
antidepressant-like behavioral effects of aiTBS. Thus, we demonstrate a prefrontal mechanism 
linking rapid aiTBS-driven therapeutic effects to cell type-specific circuit plasticity. 40 
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Introduction 42 
Brain stimulation promises to revolutionize treatment of brain disorders characterized by aberrant 
circuit function1. Transcranial magnetic stimulation (TMS) is a non-invasive form of focal 44 
neuromodulation that drives neural activity in a target region using electromagnetic pulses2–4. 
TMS is the dominant form of clinical brain stimulation used to treat depression and a number of 46 
other disorders5–8. When employed to treat neuropsychiatric disorders, repetitive TMS (rTMS) 
pulse sequences are used to produce lasting changes in brain function9,10. While this is often 48 
effective, many patients fail to respond or have residual symptoms11,12, and several brain 
disorders do not have approved rTMS-based therapies. The lack of a mechanistic understanding 50 
of rTMS impedes the rational optimization of protocols that target dysfunctional circuits underlying 
specific symptoms or disorders.  52 
  
Prefrontal cortex (PFC) dysfunction is a hallmark of major depressive disorder13,14. In clinical 54 
rTMS, the coil is targeted to specific cortical regions based on theories about the brain networks 
disrupted in a particular disorder15–17. While work from preclinical models has suggested that 56 
rTMS may drive plasticity in specific cortical cell types18–22, no studies to date have identified 
causal mechanisms driving changes in behavior. As a result, it remains unclear whether rTMS 58 
drives lasting therapeutic effects by modifying specific cell types or circuits within the clinical target 
region in vivo. Progress towards discovering these circuit mechanisms has been limited by a lack 60 
of preclinical animal models of rTMS with strong face validity for how rTMS is delivered clinically. 
Recently, a prefrontal-targeted, accelerated intermittent theta burst stimulation (aiTBS) rTMS 62 
protocol, which compresses a typical 6-week treatment course to just 5 days, has been shown to 
rapidly reverse symptoms of depression and produce long-lasting effects23–25. Here we developed 64 
a novel preclinical model of rTMS and used it to discover how aiTBS drives cell-type specific 
plasticity in PFC in vivo.  66 
 
Results 68 
Establishing a novel preclinical rodent model of rTMS 
In order to study the circuit mechanisms underlying the therapeutic effects of rTMS, we needed a 70 
rodent model that allowed us to deliver clinically effective protocols and mimicked how patients 
are treated with TMS in the clinic. However, scaling rTMS coils to the smaller rodent brain poses 72 
significant challenges26,27. Prior preclinical models used anesthetized mice and oversized coils 
that likely stimulated most of the brain, or miniaturized coils that were too weak to elicit action 74 
potentials28–33. Our group recently developed and extensively validated a novel coil design that 
overcomes these limitations, enabling highly focal (<2mm), suprathreshold stimulation of a 76 
cortical subregion in the rodent brain34–37. Using this coil, we developed a system that enables us 
to combine delivery of clinical rTMS protocols with rigorous investigation of neural circuit 78 
mechanisms in the awake mouse (Fig. 1A). Our model mimics how TMS patients are treated in 
the clinic, with the head held stable and in an awake state. Indeed, rTMS delivered under 80 
anesthesia can have effects that are opposite of those observed in awake animals, underscoring 
the translational importance of brain state 28.  82 
 
We first verified the focality of stimulation in the awake mouse brain. To do so, we measured 84 
evoked motor responses when the coil hotspot – the location of the sharply focused electric field 
– was positioned over the hindlimb region of the primary motor cortex. Single pulses delivered to 86 
this region, which spans approximately 1 mm2 in the mouse brain38,39, elicited tightly time-locked 
motor responses limited to the contralateral hindlimb, confirming highly focal, suprathreshold 88 
stimulation (Fig. 1B,C). This is consistent with our previous reports, using the same coil, which 
used activity-dependent labeling and motor-evoked potentials to demonstrate similar focality34,35. 90 
To ensure precise and reliable positioning of the coil hotspot, we marked the region to be 
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stimulated using stereotaxic coordinates. The TMS coil was mounted on a fine 3-axis manipulator 92 
to allow precise targeting in head-fixed mice that were freely running on a wheel (Fig. 1A).  
 94 
While high-frequency clinical protocols are the most commonly used protocols in patients, they 
have been difficult to model in rodents because miniaturized coils tend to easily overheat26. To 96 
overcome this challenge, we surrounded our coil with a custom-designed, liquid-cooled heatsink, 
which allowed us to efficiently deliver longer clinical protocols (Fig. 1A). The coil was connected 98 
to a FDA-approved clinical stimulator capable of delivering theta burst protocols, which more 
efficiently elicit effects at lower stimulation intensities40. We utilized a recently developed aiTBS 100 
clinical protocol which targets the PFC to rapidly reverse depressive symptoms23,24,41. Our 
experiments used 1800 pulses of iTBS deployed as 10 sessions occurring once every hour, 102 
identical to the clinical protocol effective in patients (Fig. 1D)23,24,41. We delivered rTMS and sham 
treatment simultaneously, using identical side-by-side setups (Fig. S1).  104 
 
aiTBS reverses the behavioral effects of chronic stress 106 
Depression is a highly pleiotropic condition driven by both environmental and genetic factors. 
Chronic stress is a major risk factor for depression and other psychiatric disorders42,43. Animal 108 
models of chronic stress reliably induce dendritic spine loss, dorsomedial PFC (dmPFC) 
hypofunction and other cellular and circuit disturbances44–47. These changes are thought to disrupt 110 
core functions of dmPFC including motivation, effort-reward valuation, and decision-making, 
manifesting as disordered behavior46,47. Patients suffering from depression often exhibit 112 
symptoms that are thought to arise from these deficits, including low resilience in the face of acute 
stressors42,48. Recently, interventions such as ketamine and psychedelic compounds have been 114 
shown to produce rapid-acting antidepressant behavioral effects by reversing the neurobiological 
disturbances generated by chronic stress46,49,50. We hypothesized that an accelerated rTMS 116 
protocol like aiTBS may elicit similar changes.  
 118 
To better understand how rTMS drives antidepressant effects, we applied our novel rodent TMS 
system to a mouse model of chronic stress. We modeled the effects of stress using a well-120 
validated protocol: chronic administration of the steroid hormone corticosterone (CORT; Fig. 
1E)46,47,51–53. Then, using a series of behavioral tests, we examined how mice responded when 122 
exposed to acutely stressful situations. CORT reliably increased passive coping (immobility) in 
the forced swim test (FST), consistent with the decreased effortful persistence characteristic of a 124 
depression-like behavioral state (Fig. 1F). To ensure these behavioral effects were robust, we 
repeated these experiments using a different chronic stress protocol in which mice are exposed 126 
to a series of environmental stressors  (unpredictable chronic mild stress; UCMS)54,55. Similar to 
CORT, mice that experienced UCMS exhibited increased immobility  in the FST (Fig. 1F).  128 
 
Depression is highly comorbid with anxiety, and rTMS can improve symptoms of both56,57. 130 
Therefore, we also examined how CORT impacted behavior in two commonly used assays for 
anxiety-like behaviors in rodents: the elevated zero maze (EZM) and open field test (OFT). The 132 
EZM and OFT measure how much time mice spend in exposed parts of an apparatus, where they 
are more vulnerable to predation. CORT decreased the time spent in the open arms of the EZM, 134 
suggesting an increase in anxiety-like behavior (Fig. 1G). We found no behavioral effects of 
CORT in the OFT, which has less physical distinction between the safe and vulnerable areas of 136 
the arena compared to EZM (Fig. 1H). Thus, chronic CORT produced a behavioral state with 
anxiety- and depression-like features, which we could use to interrogate the potential therapeutic 138 
mechanisms underlying rTMS treatment of depression. 
 140 
We hypothesized that aiTBS targeting dmPFC would reverse behavioral deficits observed in our 
CORT model of chronic stress. To test this, mice were placed on CORT, treated with aiTBS (10 142 
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aiTBS sessions in 1 day), and then assessed for behavioral outcomes the following day (Fig. 1I). 
aiTBS treatment significantly reduced immobility in the FST compared to sham-treated controls 144 
(Fig. 1J), consistent with an antidepressant-like effect. We also observed strong trends toward 
increased time in the open arms of the EZM and in the center of the OFT following aiTBS 146 
treatment (Fig. 1K,L). To examine the overall response to aiTBS across these assays, we 
calculated a composite score based on behavior in the FST, EZM, and OFT. The results indicated 148 
that aiTBS significantly improved anxiety- and depression-like behaviors (Fig. 1M). We also 
replicated the effects of aiTBS on FST behavior in mice exposed to UCMS instead of CORT (Fig. 150 
S2). Thus, our model exhibits strong face validity for clinical rTMS and recapitulates the rapid 
therapeutic effects seen with accelerated rTMS for depression. 152 
 
Chronic stress models of depression are also characterized by other behavioral features, 154 
including anhedonia and reduced effortful persistence58–60. We used additional assays to test 
whether our novel model of aiTBS could ameliorate such behavioral impairments. We used the 156 
sucrose preference test (SPT) to measure behavioral anhedonia61, a proposed corollary of the 
reduced ability to experience pleasure which is a core feature of depression58. Chronic CORT 158 
administration decreased sucrose preference from a pre-stress baseline, and aiTBS reversed this 
effect (Fig. S3A-C). As an additional measure of effortful behavioral persistence beyond the FST, 160 
we used the sinking platform test60. This assay measures the propensity to retain goal-directed 
actions under adverse conditions (Fig. S3D-E). Chronic CORT decreased behavioral persistence 162 
(measured as the number of platforms climbed), and aiTBS reversed this effect (Fig. S3F-H). 
These findings indicate that dmPFC-targeted aiTBS improves the behavioral consequences of 164 
chronic stress related to both anhedonia and behavioral persistence. 
 166 
Clinical depression is frequently characterized by imbalances in the drive to approach rewarding 
stimuli and avoid aversive stimuli62, leading to maladaptive decision-making in the face of 168 
approach-avoidance conflicts62. We therefore evaluated the effects of aiTBS on stress-induced 
disruptions in the balance of reward approach and threat avoidance behaviors. We used an 170 
approach-avoidance conflict assay where mice must balance approaching a liquid reward with 
avoiding a cued footshock (Fig. S4A-C)63. Mice must balance approach and avoidance behaviors 172 
during periods of elevated threat (tone), or relative safety during inter-tone intervals (ITI). Across 
training, mice from all experimental groups displayed similar increases in avoidance and 174 
reductions in reward-seeking during the tone period (Fig. S4D). By the end of training and during 
a retrieval session without foot shocks, stressed, aiTBS-treated and non-stressed control mice 176 
had a significantly higher adaptive preference for the reward zone during the ITI compared to 
stressed, sham-treated mice (Fig. S4E-G). Therefore, aiTBS reversed the stress-induced 178 
decreases in reward-seeking behavior during approach-avoidance conflict. These changes were 
specific to intervals when the threatening cue was absent, when approach was adaptive and 180 
avoidance was maladaptive. Taken together, these findings demonstrate that a clinically effective 
aiTBS protocol can rapidly reverse multiple stress-induced behavioral deficits relevant to 182 
depression.   
 184 
aiTBS elicits cell type-specific neuromodulation 
Having developed an experimentally tractable system for studying rTMS, we sought to discover 186 
the neural mechanisms underlying the therapeutic behavioral effects of aiTBS. Patients suffering 
from depression exhibit reduced motivation to exert effort, excessive avoidance of aversive stimuli 188 
and altered encoding of emotional stimuli in PFC, amongst other deficits64. Thus, effective 
treatment with aiTBS likely alters activity in the cell types and circuits that underlie these 190 
behavioral changes. Within dmPFC, projection-defined classes of neurons play distinct roles in 
behavior, and manipulating these projections can produce distinct effects in the FST and other 192 
depression-related behaviors65–70. The PFC contains intratelencephalic (IT) and pyramidal tract 
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(PT) projection classes71,72, two non-overlapping excitatory cell types that are defined by their 194 
long-range projection targets and are highly conserved across species and between cortical 
regions73,74. IT neurons project to cortical and striatal targets, while PT neurons project to 196 
midbrain, hindbrain, striatal, and thalamic targets73,74. dmPFC IT and PT neurons receive 
markedly distinct local and long-range synaptic inputs and exhibit unique molecular profiles75–79. 198 
Growing evidence suggests that imbalanced IT/PT function in PFC may underlie neuropsychiatric 
disease states, including depression80. Thus, we hypothesized that IT and PT neurons may 200 
differentially respond to aiTBS and/or play distinguishable roles in the therapeutic effects of 
aiTBS. To test this, we recorded IT and PT neuronal activity during iTBS, followed by recording 202 
during effortful coping and encoding of appetitive and aversive stimuli. 
 204 
We reasoned that if we could detect differential effects of aiTBS on IT and PT neuron activity, this 
would generate insight into the loci of rTMS-driven circuit plasticity. To investigate this, we first 206 
used fiber photometry to record activity of  dmPFC IT and PT neurons expressing the genetically 
encoded calcium sensor GCaMP7f (Fig. 2A-C, S5). We developed a surgical approach to implant 208 
the optical fiber from the side of the brain, allowing simultaneous rTMS delivery and recording of 
neural activity (Fig. 2B). After mice received chronic CORT treatment, we measured how IT and 210 
PT neurons acutely responded during aiTBS (Fig. 2D). 
 212 
For each mouse, we recorded GCaMP fluorescence (a proxy for neural activity) during the first 
10-minute aiTBS session. When normalized to the pre-train period, iTBS elicited a ramping 214 
increase in activity for both IT and PT neurons, which persisted for at least 4 seconds into the 
intertrain interval (Fig. 2E,F). For IT neurons, the GCaMP fluorescence signal remained elevated 216 
in aiTBS-treated but not sham-treated mice for 4-8 seconds after stimulation onset, whereas 
activity in PT neurons dropped back to baseline during this period (Fig. 2E,F). To determine how 218 
the overall magnitude of signals arising from IT and PT neurons changed, we normalized 
fluorescence activity during aiTBS to the corresponding sham signals and plotted the activity 220 
across the entire 10-minute aiTBS session for each cell type (Fig. 2G). IT neurons in aiTBS-
treated mice exhibited increased activity relative to sham-treated mice throughout the 10-minute 222 
aiTBS session, whereas PT neurons exhibited a trend in the opposite direction (Fig. 2H). Thus, 
aiTBS elicits distinct activity patterns in prefrontal IT and PT cells.  224 
 
We hypothesized that the prolonged increase in IT neuron activity during an aiTBS session may 226 
potentiate activity in IT circuits to ameliorate depression-like behavior. To test this, on the day 
following aiTBS treatment, we used fiber photometry to record signals from dmPFC neurons 228 
during bouts of effortful activity in the tail suspension test (TST; Fig. 3A). We used this assay 
because the lateralized fiber optic placement was incompatible with the tight walls of the FST and 230 
other assays. Like the FST, the TST also measures effortful coping in response to an inescapable 
acute stressor. During the TST, IT neurons exhibited significantly higher activity at the onset of 232 
struggling epochs in aiTBS-treated compared to sham-treated mice (Fig. 3B-E). In aiTBS-treated 
mice, ramping IT neuron activity was evident even before the onset of struggling bouts (Fig. 3D). 234 
Moreover, there was enhanced IT activity from the onset of effortful struggling behavior to at least 
15 seconds afterward (Fig. 3E). In contrast, there was no lasting effect of aiTBS on PT neuron 236 
activity associated with the onset of struggling bout (Fig. 3B). We did not observe any significant 
changes in activity at struggling offset in either cell type (Fig. 3C).  238 
 
Based on these findings, we hypothesized that aiTBS may modulate how strongly IT or PT 240 
neurons encode effortful stress coping responses. To test this, we fit a generalized linear model 
to examine the predictive relationship between the cell type-specific activity and an automated 242 
measure of struggling vigor for each mouse. aiTBS-treated animals exhibited an increase in the 
strength of the correlation between neural signals and struggling vigor for IT, but not PT neurons 244 
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(Fig. 3F). Altogether, these results demonstrate that aiTBS drives plasticity in IT neurons that 
enhances IT neuronal activity during effortful coping behavior.  246 
 
We next investigated whether the effects of aiTBS on IT and PT neuronal activity were specific to 248 
effortful coping or generalized to other behavioral responses. To test this, we recorded GCaMP 
fluorescence from IT and PT neurons during the OFT, which had walls wide enough to be 250 
compatible with the lateral fiber. Compared to sham-treated mice, aiTBS-treated mice had 
elevated IT neuron activity preceding entries to and following exits from the center of the arena 252 
(Fig. 3G-J). In contrast, aiTBS did not drive changes in PT neuron activity in either case. 
Consistent with our TST results, these data suggest that aiTBS alters IT, but not PT, activity-254 
behavior relationships in a manner that may ameliorate depression- and anxiety-related 
behaviors.  256 
 
dmPFC projection neurons, including those that fall within IT and PT classes, differentially encode 258 
aversive and rewarding stimuli and can bias approach or avoidance of these stimuli through top-
down control of downstream brain regions81. Chronic stress can lead to pathological processing 260 
of emotional stimuli that manifests in mood and anxiety disorders64,82. We hypothesized that 
altered encoding of such stimuli may contribute to the effects of aiTBS on conflicting reward 262 
approach and threat avoidance behaviors (Fig. S4). Because the lateralized fiber implant impeded 
locomotion in the tight arena of the conflict assay, we instead used a head-fixed setup to present 264 
mice with cues that predicted an aversive or rewarding stimulus while recording activity from IT 
or PT neurons (Fig. S6). We did not observe any effect of aiTBS on IT or PT neuronal activity 266 
during either stimulus. This suggests that the aiTBS-driven behavioral effects are not a direct 
consequence of altered IT response to rewarding or aversive stimuli. This result further indicates 268 
that aiTBS does not universally increase IT neuron activity, but rather enhances engagement of 
IT neurons during specific depression-relevant behaviors. 270 
 
aiTBS reverses stress-related dendritic spine deficits in a cell type-specific manner 272 
Converging evidence indicates that synaptic remodeling underlies both the emergence of 
depression and its resolution with effective treatment83. Atrophy of prefrontal dendritic structure, 274 
including decreased density of dendritic spines and postsynaptic proteins is a hallmark finding in 
depression84. These changes are recapitulated in rodent models of chronic stress44,45, and mPFC 276 
spine loss correlates with deficits in behaviors that require mPFC85,86. Effective antidepressant 
therapies can augment synapse function, promote new synapse formation and restore lost 278 
dendritic spines49,83,87–89. In some cases, dendritic spine elaboration is required for antidepressant 
behavioral responses46. Spine elaboration is an activity-dependent process, downstream of 280 
excitatory synaptic plasticity mechanisms proposed to mediate the effects of rTMS9,18,19,90–95.  
 282 
We hypothesized that aiTBS-driven elaboration of dendritic spines may underlie the increased 
activity we observed in IT neurons during depression-related behavior. To explore this, we used 284 
a viral-genetic strategy96 to sparsely and brightly label the dendrites of either IT or PT neurons 
(Fig. 4A). Mice with cell type-specific labeling were exposed to chronic CORT and treated with 286 
aiTBS. We then imaged fluorescently labeled dmPFC IT and PT neurons using confocal 
microscopy (Fig. 4B,C) and quantified spine density on apical and basal dendrites, which receive 288 
synaptic input from distinct sources97 (Fig. 4D-G). 
 290 
Mice exposed to chronic CORT exhibited reduced dendritic spine density on both IT and PT 
neurons compared to non-stressed controls (Fig. 4D-G). In IT neurons, aiTBS treatment partially 292 
reversed loss of dendritic spines on both apical and basal dendrites (Fig. 4E). In contrast, aiTBS 
had no effect on PT neuron spine density (Fig. 4G), indicating that aiTBS-driven spine elaboration 294 
was specific to IT neurons. These data suggest that, like other rapid-acting antidepressant 
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manipulations46,49,87–89, aiTBS may drive activity-dependent processes that promote restoration of 296 
lost dendritic spines. Our data further indicate that the effects of aiTBS are cell type-specific and 
could reflect strengthening or restoration of lost synaptic inputs onto IT neurons, potentially 298 
augmenting IT neuron engagement and IT circuit-mediated behavioral functions.  
 300 
Suppressing the activity of IT neurons during aiTBS blocks its antidepressant behavioral 
effect 302 
Our findings suggest IT neurons are uniquely responsive to aiTBS, showing increased activity 
over the course of a stimulation session and enhanced activity the following day. Thus, we 304 
hypothesized that activation of these neurons during aiTBS may be necessary for subsequent 
changes in depression-related behavior. To test this, we used chemogenetics to selectively 306 
suppress IT neuron activity during aiTBS. We first expressed the inhibitory DREADD (designer 
receptor exclusively activated by designer drugs) hM4Di98 specifically in dmPFC IT neurons (Fig. 308 
5A, S7). We then injected mice with the hM4Di ligand clozapine-N-oxide (CNO) to suppress the 
activity of these neurons during aiTBS. To evaluate the effectiveness of this strategy, we injected 310 
a subset of mice with CNO prior to a single 10-minute aiTBS session. Afterwards, we examined 
expression of the immediate early gene Fos, a marker of recent neuronal activity (Fig. 5B). In 312 
mice injected with CNO, we observed an ~75% reduction in Fos expression in hM4Di-expressing 
IT neurons compared to mCherry-only controls (Fig. 5B). This indicates that our chemogenetic 314 
manipulation effectively suppressed aiTBS-driven activity in IT neurons.  
 316 
Next, to test whether IT activation is required to generate the antidepressant effects of aiTBS, we 
chemogenetically suppressed activity in IT neurons throughout the entire course of aiTBS 318 
treatment (Fig. 5C). In mCherry control animals, aiTBS but not sham treatment significantly 
reduced immobility during the FST compared to the pre-TMS baseline (Fig. 5D). This aligns with 320 
our previous behavioral effect in the FST and confirms that the effect is not eliminated by CNO 
itself. In contrast, in mice expressing hM4Di in IT neurons, aiTBS did not affect immobility relative 322 
to the pre-TMS baseline (Fig. 5D). In line with this, mice expressing hM4Di exhibited a smaller  
change in immobility from pre to post aiTBS treatment compared to mCherry controls (Fig. 5E). 324 
Thus, suppressing the activity of IT neurons during aiTBS treatment is sufficient to prevent 
antidepressant-like changes in effortful coping behavior. Together our findings demonstrate that  326 
clinical rTMS protocols such as aiTBS drive cell type-specific modifications in IT projection 
neurons and aiTBS-driven activation of this projection class is required to reverse a behavioral 328 
deficit associated with chronic stress.  
 330 
 
Discussion 332 
Non-invasive brain stimulation promises to treat brain disorders by resolving disturbances in 
circuit function, but how specific circuits or cell types are affected is not known. Our study 334 
establishes a novel rodent model of rTMS and sheds light on the cell type-resolved antidepressant 
mechanism of aiTBS. We discovered that aiTBS, the first rapid rTMS protocol for depression, 336 
rescues behavioral deficits induced by chronic stress via a cell type-specific neural mechanism. 
Compared to PT cells, IT cells are uniquely sensitive to aiTBS, showing a gradual increase in 338 
activity across a session. A single day of aiTBS restores lost dendritic spines and enhances neural 
activity during effortful behavior in prefrontal IT, but not PT, neurons. Neural activity in local 340 
prefrontal IT neurons is required during rTMS to produce the antidepressant-like behavioral 
effects of aiTBS.    342 
 
This study represents a significant advance in our understanding of how rTMS can modulate 344 
specific cortical cell-types to produce clinically useful effects. Prior studies revealed that rTMS 
modifies gene expression and produces structural and functional changes reminiscent of synaptic 346 
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long-term potentiation (LTP) or depression (LTD)18,19,99–101. In some cases these effects were 
specific to excitatory or inhibitory neurons18–22,102,103. While important, these early studies were 348 
based on models that lacked clinical face validity because they used non-clinical protocols, 
anesthetized animals, were not focal and suprathreshold, or investigated non-clinical targets. Our 350 
work overcomes these limitations and links cell-type specific neural activation during rTMS to 
subsequent behavioral effects. IT and PT projection classes are a highly conserved circuit 352 
architecture across cortical regions and between species73,74. We find that IT neurons are uniquely 
responsive to aiTBS-driven plasticity. Their unique response properties may arise as a function 354 
of their specific local and long range connectivity, molecular expression profiles, or synaptic 
properties72,75–79,104. The extent to which each of these features contribute remains to be explored. 356 
Our findings are highly consistent with a companion manuscript co-submitted with this report, 
which provides additional evidence that aiTBS selectively modulates IT circuits105. 358 
 
There is growing interest in understanding the circuit changes that produce rapid resolution of 360 
depression46,49,106,107. Depression is characterized by heterogeneous disturbances in cognitive 
and emotional brain networks that can arise at the intersection of genetic and environmental 362 
factors, including chronic stress13,43,108,109. It is important to note that rodent behavioral assays 
cannot directly prove relevance to symptoms of depression, but we used assays that evoke 364 
cognitive and emotional processes disrupted in chronic stress. The PFC is a critical hub in these 
networks and is highly sensitive to chronic stress. Hypofunction of prefrontal projection neurons 366 
and the resulting aberrant activity patterns are a point of convergence for factors that promote or 
alleviate depressed states46,67,69.  368 
 
Our findings suggest IT neurons are a novel target for the development of precision medicine 370 
interventions for depression and other conditions, by selective modulation using aiTBS or other 
brain stimulation strategies. It is possible that different stimulation protocols, or combination of 372 
rTMS with pharmacologic agents, will drive distinct effects, promoting plasticity in other cell types. 
In the clinic, combining rTMS with modulation of dopaminergic and noradrenergic activity via 374 
psychostimulants may enhance antidepressant outcomes110,111. This suggests combination 
therapy may promote plasticity in circuits that may not otherwise respond to rTMS. Beyond 376 
depression, aiTBS and other rTMS protocols are being studied in the treatment of other 
neurological and psychiatric disorders, including addiction, schizophrenia, dementia, and chronic 378 
pain 112. Our work sets the foundation for the discovery of noninvasive cell-type specific treatment 
protocols that are targeted to dysfunctional circuit elements of these unique symptoms and 380 
disorders. 
 382 
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Supplementary Materials 
Document S1: Figs. S1 to S7 and Table S1 830 
 
 832 
STAR Methods 
EXPERIMENTAL MODEL 834 
Male and female C57BL/6 (Jackson Laboratories #000664 or #005304) or MORF3 mice (Jackson 
Laboratories #035403) at least 8 weeks of age were used for all experiments. Mice were 836 
maintained on a 12-hour light cycle (lights on 7am-7pm) in a temperature- and humidity-controlled 
animal facility. All animal procedures were approved by the University of California, Los Angeles 838 
Chancellor’s Animal Research Committee.  
 840 
METHOD DETAILS 
Surgery 842 
Mice were anesthetized with 3% isoflurane until loss of righting reflex and transferred to a 
stereotaxic surgical setup, where anesthesia was maintained with 1-2% isoflurane. The scalp was 844 
cleaned with three alternating swabs of betadine and 70% ethanol. 2% Lidocaine was injected 
under the scalp as a local anesthetic. A small incision was made in the scalp. For viral injections, 846 
a small hole was drilled above the injection target and a hamilton syringe loaded with virus was 
lowered to the correct stereotaxic coordinate. Virus was pressure injected at 100nL/minute, and 848 
following completion of the injection the syringe was left in place for 7 minutes and then slowly 
removed from the skull. Coordinates used for injections were as follows, in mm relative to bregma: 850 
dmPFC: AP 1.45, ML ±0.35, DV -1.85; PAG: AP -4.0, ML -0.45, DV -3.0; CLA/AI: AP 1.3, ML -
3.25, DV -4.2.  852 
 
While animals were on the stereotaxic rig, we used stereotaxic coordinates to mark the location 854 
for targeting of the TMS coil hotspot. For motor response experiments, a small marker dot was 
placed above the approximate hindlimb region of the motor cortex using stereotaxic coordinates 856 
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(AP -1.0, ML +1.5) to use for alignment of the magnet. For dmPFC stimulation and behavioral 
experiments in Figures 1, 5, and S2-4, the dot was placed at AP 1.45mm, ML 0mm (on the 858 
midline) to promote bilateral stimulation. For unilateral fiber photometry and dendritic spine 
experiments in Figures 2-4, and S6, the dot was placed at AP 1.45mm, ML -0.35mm to stimulate 860 
above the tip of the fiber optic cannula.  
 862 
All mice were also implanted with skull bars to allow head fixation during sham or TMS treatment. 
To do so, muscles on the posterior region of the skull were carefully removed with scissors and a 864 
scalpel blade to reveal the skull surface. Light scoring of the skull was performed with a drill, and 
the area was cleaned with ethanol. A 3D-printed plastic skull bar was then positioned posterior to 866 
the skull and cemented in place with metabond (Patterson Dental Company, 5533559, 5533492, 
S371). Care was taken to avoid buildup of metabond near the site of stimulation. Mice were pre- 868 
and then post-operatively treated with subcutaneous injections of carprofen (50mg/kg) daily for 
three days following surgery. 870 
 
For fiber photometry experiments, skin and muscle tissue behind the eye was carefully removed 872 
on the side of the skull directly lateral to the target location. A drill was used to clear away bone 
on the side of the skull, and a 4mm long 400nm optic fiber was slowly inserted through this hole 874 
from the lateral direction until it reached the coordinate for dmPFC. Tissue surrounding the fiber 
insertion site was dried using compressed air. The fiber was then cemented in place with 876 
metabond followed by installation of a skull bar as above. 
 878 
Chronic Stress 
Chronic corticosterone administration 880 
Corticosterone (Sigma) was dissolved in 100% ethanol at 10mg/mL, and this was diluted with 
drinking water from the animal facility to achieve a final concentration of 0.1mg/mL. Mice received 882 
this solution in their home cages in place of normal water for 14 days. Control animals received 
normal drinking water, consistent with previous studies46. 884 
 
Unpredictable Chronic Mild Stress 886 
Mice were exposed to two stressors daily for 21 days. Stressors included restraint stress (1-2hr), 
removal of bedding (2-4hr), ¼ inch of lukewarm water in place of bedding (1-2hr), wet bedding 888 
(1-2hr), tilted cage (2-4hr), rapid air flow in cage (10min), light cycle disturbance (overnight), and 
food/water restriction (overnight). Stressors were randomized, and the same stressor was never 890 
presented on two consecutive days55. 
 892 
Behavioral Experiments 
Open Field Test & Elevated Zero Maze 894 
Mice were gently placed in the corner of an open field arena (50x50cm) facing the wall of the 
arena. Mice were allowed to explore the arena for 10 minutes while their behavior was recorded 896 
with an overhead camera. Mice were then removed from the arena, briefly placed in their home 
cage, and then placed at the entry to the closed arm of the EZM. Mice were allowed to explore 898 
the EZM for 10 minutes while their behavior was recorded with an overhead camera. Mice were 
then returned to their home cage. The OFT and EZM were cleaned with 70% ethanol between 900 
each mouse. Time spent in specific zones for each assay was quantified using Biobserve Viewer 
software. 902 
 
Forced swim test 904 
2-liter glass beakers were filled with 25-26°C water and placed against a white background in a 
dimly lit room. Mice were gently lowered into the water and their behavior recorded during a 6-906 
minute window from the side of the beaker. Mice were then removed from the beakers, dried, and 
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placed back in their home cage. Water was changed between each animal. Immobility during the 908 
last 4 minutes of the assay was quantified using DBscorer113, which classifies struggling behavior 
by calculating the change in the area of the frame taken up by the mouse across time. To ensure 910 
consistent baseline levels of immobility in mice undergoing FST both before and after aiTBS 
(Figures S1 and 5), only mice with more than 56.5% immobility on the pretest were used for 912 
subsequent aiTBS or sham treatment. This was equivalent to 1 standard deviation below the 
mean immobility of all stress mice in Figure 1E. 914 
 
Sucrose preference test 916 
Mice were placed in individual chambers (25cm L x 10cm W x 12.5 cm H) with two glass drinking 
bottles (Bio-Serv #9019/9015) suspended on one short end of the chamber61. Mice were water 918 
deprived for 20 hours before each habituation and test session. Mice were first habituated to the 
setup for 4 hours with both bottles filled with normal drinking water. Mice were then placed back 920 
in the chamber for another 4 hour habituation session, this time with 1% sucrose in one of the 
bottles. The following day the testing session began. Mice were given free choice between normal 922 
drinking water and 1% sucrose in water for 4 hours. The position of the bottles were switched 
halfway through to eliminate effects of a potential side preference. Bottles were weighed before 924 
and after the 4 hour session, and sucrose preference was calculated as (grams sucrose solution 
consumed) / (total liquid consumed) x 100. 3 test sessions were run before CORT administration, 926 
and the average sucrose preference across these sessions was considered the baseline sucrose 
preference. For these animals, CORT administration was extended to 18 days to account for the 928 
potential loss of stress effects once the CORT was removed for water deprivation. Following 
CORT, mice were water deprived for one day and another habituation session was performed 930 
with 1% sucrose in one of the bottles, followed by a test session one day later. Mice were treated 
with aiTBS or sham the following day. One day after aiTBS or sham treatment, mice were given 932 
another habituation session with 1% sucrose in one of the bottles, followed by a final test session 
the next day. 934 
 
Sinking platform test 936 
An abbreviated version of the sinking platform test60 was performed to allow the rapid assessment 
of persistence behavior shortly after the administration of CORT and subsequent aiTBS 938 
treatment. A 32-gallon plastic container 22” in diameter (Brute H-1045) was filled with 
approximately 10 inches of 32°C water. A custom-built platform 3.35”x4.8” was positioned level 940 
with the surface of the water in the locations described in Figure S3D. Locations were varied 
around the tank, with some located in the center of the tank. On the first day, mice were first 942 
exposed to four escape trials, in which climbing the platform resulted in removal from the tank. 
The same day, a progressive ratio was introduced consisting of an increasing number of failure 944 
trials prior to the final escape trial. A failure trial consisted of sinking the platform and repositioning 
it after the mouse climbed it, requiring the mouse to swim to the new location. The second day, 946 
two additional training sessions were performed with 4 and 7 failure trials before the escape trial, 
respectively. Latency per platform during training was calculated as the total time swimming prior 948 
to climbing the final platform divided by the number of platforms climbed. After these sessions, 
the same day, mice were subjected to a test session consisting of exclusively failure trials. The 950 
total number of platforms climbed within 5 minutes was reported for each mouse. Mice were 
treated with TMS the following day, and the day 2 protocol was repeated, with two training 952 
sessions followed by a final test session.  
 954 
Approach-avoidance conflict assay 
Mice were food deprived for 4 days prior to the beginning of habituation, receiving free food 956 
access for 1 hour per day. Behavior was performed in an operant chamber with a shock floor 
(Lafayette Instruments). One quarter of the floor was covered by a plexiglass platform, and in the 958 
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opposite corner from this platform was a reward pump. The reward pump, fitted with an IR sensor, 
was set to deliver rewards following head entry at a randomized variable interval schedule 960 
averaging 30 seconds per interval, regardless of tone presentation, as previously described63. 
Mice were habituated to the setup and reward delivery during the final two days of CORT 962 
administration to allow for the immediate start of training following aiTBS or sham treatment. The 
day after treatment, mice received 3 baseline tones with no shock followed by 9 tones which co-964 
terminated with a 2-second mild foot shock (0.13mA). Tones were 4kHz, 70dB, and 30 seconds 
in length and were separated by randomized intervals between 80 and 150 seconds. Reward 966 
delivery continued on the variable interval schedule regardless of tone presentation. On the 
second day of training, mice received 9 additional tone-shock pairings. On the retrieval day, three 968 
tones were presented without foot shocks. Videos of behavior were obtained using a Point Gray 
Chameleon3 camera (Teledyne FLIR). Point-tracking was performed in DeepLabCut114, and 970 
behavior was analyzed using BehaviorDEPOT115. Retrieval videos for two mice (one sham, one 
aiTBS) were irreversibly corrupted due to technical difficulties and were not able to be analyzed. 972 
 
Transcranial Magnetic Stimulation 974 
The rodent TMS coil was assembled as previously described and validated34–36. It was connected 
to a MagStim Rapid2 Plus1 stimulator, which was used to power the coil and deliver clinical 976 
stimulation protocols. To prevent overheating of the magnet during chronic, high-frequency 
stimulation, sheets of copper were placed directly against the four long sides of the coil housing, 978 
and ¼ inch copper tubing was wrapped around the magnet as shown in Figure 1A. This setup 
was designed to optimize heat transfer between the liquid in the copper tubing and the epoxy-980 
coated coil. An aquarium pump was submerged in a solution of 30% CaCl2 in water maintained 
at -40°C and was used to pump this solution through the copper tubing beginning at the start of 982 
the stimulation session. This maintained the surface of the magnet at approximately room 
temperature for the duration of a stimulation session. 984 
 
For motor response measurements, awake mice were scruffed in a way that largely immobilized 986 
their limbs, and the hotspot of the magnet was positioned over the marked coordinate. Fine 
adjustments in head position were made until reliable left hindlimb movement was obtained with 988 
single pulses. The magnet intensity was then adjusted to find the minimum threshold at which 
50% of pulses resulted in motor responses, which is how motor threshold is assessed in humans. 990 
Across five mice, we estimated the motor threshold to be between 50 and 55% of the maximum 
stimulator output. 992 
 
For chronic treatment, mice were head-fixed on a running wheel by clamping surgical hemostats 994 
onto their skull bars and gently placing these hemostats into a custom 3D-printed hemostat 
holder. Mice were habituated to head fixation for at least two days prior to treatment. Prior to each 996 
stimulation session, the stereotaxic marker dot indicating the position of dmPFC was aligned to a 
dot indicating the focal ‘hotspot’ of the TMS coil using a fine 3-axis manipulator. The coil was then 998 
lowered such that the epoxy coating at the ‘hotspot’ of the magnet pressed directly against the 
mouse’s skull. 1000 
 
The TMS coil produces an audible clicking noise and slight vibrations during stimulation. To 1002 
ensure sham-treated animals had an identical experience to experimental animals, with the 
absence of magnetic stimulation, sham mice were always run simultaneously on an identical head 1004 
fixation setup directly adjacent to the setup for TMS-treated animals (Fig. S1). This ensured nearly 
identical auditory stimuli between groups. In addition, the lid of a 50mL conical tube, which has a 1006 
texture similar to the epoxy coating of the real magnet, was pressed directly against the head of 
the sham mouse. To account for mechanical sensations during stimulation, the heavy cable 1008 
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connecting the TMS coil to the stimulator was draped over the sham coil to produce identically-
timed vibrations which were transmitted through the sham coil. 1010 
 
Accelerated iTBS was performed using clinically identical stimulation parameters as previously 1012 
described23,24,41. Ten 50Hz bursts of 3 pulses, separated by 200ms intervals, were delivered within 
a two second window. We refer to this as a ‘train’. Trains were delivered every 10 seconds for a 1014 
total of 60 trains across a 10-minute stimulation session. 10 sessions were delivered throughout 
the treatment day, with a session occuring once per hour. The stimulation intensity was 1016 
maintained at 42% of the maximum stimulator output, in line with clinical iTBS, which is typically 
delivered at a power between 80 and 90% of the motor threshold. Mice were returned to their 1018 
home cage between stimulation sessions. 
 1020 
Fiber Photometry 
To record neural activity in IT and PT neurons, 200nL of AAVrg-Ef1a-mCherry-IRES-Cre 1022 
(Addgene #55632, 2.2x1013 vg/mL) was injected in either right dmPFC or left PAG, respectively. 
400nL of AAV1-Syn-FLEX-jGCaMP7f (Addgene #104492, 2.1x1013 vg/mL) was then injected into 1024 
left dmPFC. Viruses were injected at least 4 weeks prior to the start of recordings. Fiber 
photometry signals were recorded using a Tucker-Davis Technologies (TDT) RZ10x processor in 1026 
combination with the TDT Synapse software. The 465nm channel representing calcium-driven 
changes in GCaMP fluorescence was recorded simultaneously with a 405nm isosbestic channel, 1028 
which does not fluctuate with calcium activity. Prior to recording, the light output of each channel 
for each mouse was adjusted to a signal of approximately 80mV. 1030 
 
Recording during rTMS 1032 
To control for auditory-driven neural activity not directly linked to magnetic stimulation, the sound 
of the magnet was recorded and played constantly through computer speakers for the duration of 1034 
combined TMS and fiber photometry recording. Recordings during iTBS treatment in Figure 2E 
were limited to the first session of the day to prevent the constant auditory noise from affecting 1036 
behavioral outcomes the following day. A TTL signal connecting the stimulator to the fiber 
photometry system allowed alignment of the stimulation and the photometry signal. 1038 
 
Pavlovian stimuli 1040 
Beginning two days prior to TMS treatment, fiber photometry mice were head-fixed and underwent 
pavlovian condition for aversive and rewarding stimuli. Aversive stimuli consisted of a 5-second 1042 
7kHz tone at approximately 75dB co-terminating with a 0.5-second air puff. The air puff spout was 
positioned approximately 7mm from the eye. Rewarding stimuli consisted of a 5-second 2.9kHz 1044 
tone at approximately 75dB co-terminating with a 0.5-second delivery of 25% sweetened 
condensed milk via a peristaltic pump. The reward spout was positioned directly in the mouse’s 1046 
mouth to ensure reward delivery occurred at the exact same time for each stimulus and to 
guarantee the mouse received a reward on each trial. On the first day of conditioning, mice 1048 
received 6 rewarding stimuli followed by 6 additional rewarding stimuli randomly interspersed with 
6 aversive stimuli. On the second day of conditioning, mice received 6 stimuli of each type, 1050 
randomly interspersed. Stimuli were separated by a randomized interval between 30 and 60 
seconds each. The day after TMS treatment, mice received 6 stimuli of each type, randomly 1052 
interspersed, while photometry signals were recorded. Tones, air puffs and rewards were aligned 
with fiber photometry signals via TTL pulses delivered to the fiber photometry system. 1054 
 
Tail suspension test and Open Field Test 1056 
Because FST was not compatible with the lateral fiber optic implant without risking animal safety, 
we instead used the tail suspension test to record neural activity during struggling behavior. A 1058 
small plastic sheath was placed on the mouse’s tail to prevent tail climbing, and the end of the tail 

.CC-BY-NC-ND 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted January 30, 2025. ; https://doi.org/10.1101/2025.01.29.635537doi: bioRxiv preprint 

https://doi.org/10.1101/2025.01.29.635537
http://creativecommons.org/licenses/by-nc-nd/4.0/


22 

was secured with a piece of tape. The other end of this piece of tape was wrapped around a 1060 
wooden dowel. Behavior was recorded for 6.5 minutes. TTL pulses were delivered every 30 
seconds to the photometry system via the video recording computer to allow alignment between 1062 
behavior and photometry signals. The same TTL setup was used to align OFT behavior with 
photometry. 1064 
 
Histology & Immunohistochemistry 1066 
Following completion of experiments, mice were anesthetized with isoflurane and transcardially 
perfused with 15mL of 0.1M phosphate-buffered saline (PBS, Gibco Sciences) followed by 15mL 1068 
of 4% paraformaldehyde (PFA, Sigma) in PBS. Brains were dissected from the skull and post-
fixed in PFA for 24 hours, after which they were transferred to either PBS + 0.01% sodium azide 1070 
(for vibratome sectioning) or 30% sucrose in PBS (for cryosectioning). Once brains for 
cryosectioning no longer floated in 30% sucrose, brains were embedded in Optimum Cutting 1072 
Temperature (OCT; Tissue Tek) and frozen at -80°C, followed by sectioning on a cryostat at 
60μm. Other brains were sectioned on a vibratome at 60μm in PBS. Sections were stored in 1074 
cryoprotectant at -20°C until staining. For validation of fiber tracts and viral expression, sections 
were DAPI stained, mounted, and imaged with a 5x objective on a Leica DM6 B scanning 1076 
microscope. 
 1078 
MORF3 Dendritic Spine Imaging 
Heterozygous MORF3 mice were injected with 200nL AAVrg-Ef1a-mCherry-IRES-Cre (Addgene 1080 
#55632, 2.2x1013 vg/mL) in either claustrum/agranular insula (CLA/AI) or PAG to label dmPFC IT 
and PT neurons, respectively. CLA/AI was used as an IT target instead of contralateral PFC to 1082 
promote sparser labeling and limit background from dense back-projecting axons. Mice were also 
implanted with a skull bar to allow aiTBS or sham treatment. After at least one week of recovery 1084 
from surgery, mice were placed on CORT for 14 days, followed by one day of aiTBS or sham 
treatment. The following day, mice were perfused. Vibratome sections of these brains were 1086 
collected at 60μm. 
 1088 
To stain for V5, the epitope tag used to label Cre-expressing cells in MORF3 mice, sections were 
washed 3 x 10 minutes in PBS, followed by 1 hour in blocking solution containing 3% Normal 1090 
Donkey Serum (NDS), 3% Bovine Serum Albumin (BSA), and 0.5% Triton-X100 in PBS. Sections 
were then transferred to blocking solution containing primary antibody (Rabbit anti-V5, Bethyl 1092 
A190-120A, 1:500) for 3 nights, shaking at 4°C. Sections were washed 3 x 10 minutes in PBS 
and transferred to blocking solution containing secondary antibody (Donkey anti-rabbit, Alexa 647 1094 
conjugate, Jackson ImmunoResearch 711-605-152, 1:5000) for one night, shaking at 4°C. 
Sections were washed 3 x 10 minutes in PBS, stained with DAPI (1:4000), and mounted. 1096 
 
Spine images were collected using a 63x oil immersion objective on a Zeiss LSM700 confocal 1098 
microscope. A z-stack extending above and below the planes in which the dendrite was visible 
was obtained to ensure the capture of all dendritic spines. The interval between z-steps was 1100 
0.45μm. At least 8 dendrites were collected per brain, split between apical and basal dendrites.  
 1102 
Chemogenetic Inhibition of IT Neurons 
To achieve bilateral inhibition of dmPFC cells in each hemisphere projecting to the contralateral 1104 
hemisphere, a four-virus intersectional strategy was used. In left dmPFC, mice were injected with 
a mixture of 400nL AAV8-hSyn-DIO-hM4D(Gi)-mCherry (Addgene #44362, 2x1013 vg/mL) and 1106 
200nL AAVrg-Ef1a-FlpO (Addgene #55637, 1.6x1013 vg/mL). In right dmPFC, mice were injected 
with a mixture of 400nL AAV8-hSyn-fDIO-hM4D(Gi)-mCherry (Addgene #154867, 2.5x1013 1108 
vg/mL) and 200nL AAVrg-Ef1a-Cre (Addgene #55636, 2.2x1013 vg/mL). Consistent with previous 
studies of contralaterally-projecting mPFC neurons71,104, this approach yielded viral expression 1110 
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that was largely restricted to layers 2/3 and 5a of dmPFC, with some expression in deeper layers 
(Fig. 5A, S7). Control animals received AAV8-hSyn-DIO-mCherry (Addgene #50459, 2.4x1013 1112 
vg/mL) and AAV8-Ef1a-fDIO-mCherry (Addgene #114471, 2.3x1013 vg/mL) in place of Hm4Di 
viruses. All mice were implanted with a skull bar to allow aiTBS or sham treatment. 4 weeks of 1114 
viral expression were allowed prior to treatment.  
 1116 
To assess the effects of hM4Di on neuronal activity during aiTBS, mice expressing either hM4Di 
or mCherry were injected with CNO dihydrochloride (3.5mg/kg in 0.9% saline, Fisher Scientific 1118 
63-295-0). 20 minutes later, mice underwent one session of aiTBS treatment. 60 minutes 
following treatment, mice were perfused for histological analysis of neuronal activation via Fos. 1120 
60μm cryosections were washed 3 x 10 minutes in PBS, followed by 1 hour in blocking solution 
containing 10% Normal Donkey Serum (NDS) and 0.3% Triton-X100 in PBS. Sections were 1122 
transferred to blocking solution containing primary antibody (Rabbit anti-Fos, Synaptic Systems 
226008, 1:1000) for 3 nights, shaking at 4°C. Sections were washed 3 x 10 minutes in PBS and 1124 
transferred to blocking solution containing secondary antibody (Donkey anti-rabbit, Alexa 647 
conjugate, Jackson ImmunoResearch 711-605-152, 1:1000) for 2 hours at room temperature. 1126 
Sections were washed 3 x 10 minutes in PBS, stained with DAPI (1:4000), and mounted. Z stacks 
with an interval of 1μm were collected using a 10x objective on a Leica STELLARIS confocal 1128 
microscope. Colocalization between Fos and mCherry was analyzed in ImageJ116. 
 1130 
For behavioral chemogenetics experiments, mice were placed on CORT for 14 days. On the 14th 
day, mice underwent FST to obtain a pre-TMS baseline. The next day, mice underwent iTBS or 1132 
sham treatment. All mice were injected with 3.5mg/kg CNO 20 minutes prior to the first, fourth, 
and seventh sessions of iTBS. The following day, mice underwent FST as above. 1134 
 
QUANTIFICATION AND STATISTICAL ANALYSIS 1136 
Statistical tests were performed in GraphPad Prism. Details of statistical testing and results are 
available in the figure legends and Table S1. For all experiments n represents an individual 1138 
mouse. All error bars represent mean±SEM. Shading on photometry plots represents mean±SEM 
calculated using the average trace from all animals in each condition. In all figures #p<0.1, 1140 
*p<0.05, **p<0.01, ***p<0.001, ****p<0.0001. Data distributions were tested in Prism using 
D’Agostino & Pearson, Anderson-Darling, Shapiro-Wilk, and Kolmogorov-Smirnov tests prior to 1142 
application of tests assuming a normal distribution. Welch’s t-test was used in place of an unpaired 
t-test when the F test revealed a significant difference in variance between conditions. 1144 
 
Fiber Photometry Analysis 1146 
Fiber photometry analysis was performed in MATLAB based on example code provided by TDT 
as previously described71. In brief, raw 1kHz recordings were downsampled by a factor of 10. The 1148 
MATLAB polyfit function was used to fit a curve between the 405 and 465 signals for each 
recording. The predicted 465 values based on the 405 channel were subtracted from the raw 465 1150 
signal to produce the signal used for analysis. The mean and standard deviation of a period prior 
to each event of interest was used to baseline the signal for each event, and the z-score based 1152 
on this baseline period was calculated across each event. For recordings during TMS, the 
baseline period was -2 to 0 seconds relative to the start of the stimulation train. For pavlovian 1154 
stimuli, the baseline period was -10 to 0 seconds relative to the start of the tone, as we have 
previously described for auditory stimuli71. 1156 
 
For OFT and TST behaviors not time-locked to a particular stimulus, events were only analyzed 1158 
if the end of the previous event occurred prior to the baseline of the next period (i.e. if the mouse 
had just stopped struggling less than 5 seconds before the onset of a new struggling event, this 1160 
onset event was not analyzed because the previous event would confound the baseline activity). 

.CC-BY-NC-ND 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted January 30, 2025. ; https://doi.org/10.1101/2025.01.29.635537doi: bioRxiv preprint 

https://doi.org/10.1101/2025.01.29.635537
http://creativecommons.org/licenses/by-nc-nd/4.0/


24 

Baseline periods were chosen to maximize the number of included events while maintaining the 1162 
ability to capture potential changes in activity prior to the start of the event. For TST, the baseline 
period was -5 to -2 seconds relative to the onset or offset of struggling. Baseline for OFT center 1164 
entry was -20 to -15 seconds relative to entry, consistent with our previous studies of innate 
avoidance behavior71. Baseline for OFT center exits was -1 to 0 seconds, as entries to the center 1166 
often lasted only 1 to 3 seconds. All behavioral epochs were annotated by an expert observer 
blinded to the corresponding fiber photometry signal. 1168 
 
All statistical analyses in Figures 2, 3, and S6 were performed by calculating the average trace 1170 
for all events from each animal. Each animal’s trace was separately used to calculate the area 
under the curve for the time interval of interest, and statistical comparisons were performed across 1172 
animals. To visualize these signals, traces from each animal were smoothed with a moving 
average of 0.2 seconds, and the mean ± SEM of all animals’ average traces was plotted. 1174 
 
For generalized linear modeling of TST behavior and photometry signals in Figure 3F, the z-score 1176 
of each animal’s photometry signal was calculated across the entire session. DBscorer was used 
to generate a plot of the change in area from each frame taken up by the mouse, which correlates 1178 
with the vigor at which each mouse was struggling at any point in time. A generalized linear model 
with a poisson distribution was fit for each animal using 10-fold cross validation, with the 1180 
photometry signal as the input variable and the behavior as the response variable. The cross-
validated R2 value from this model was compared across animals.  1182 
 
Dendritic Spine Analysis 1184 
Spines were counted in ImageJ116 by an expert observer blinded to condition. The simple neurite 
tracer plugin117 was used to trace the length of the dendrite in 3D space, and the spines along the 1186 
traced dendrite were counted manually by scrolling through the z stack to ensure no spines were 
missed. Values are reported as the number of spines counted divided by the length of the traced 1188 
dendrite. The average value from apical and basal dendrites from each brain was used for 
statistical comparisons between conditions. 1190 
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Fig. 1. Focal aiTBS over dmPFC reverses behavioral effects of chronic stress. (A) Setup for rTMS treatment. (B) 
Magnet focality test. Left, map of limb representation in motor cortex. Right, limb velocity upon magnetic stimulation of left 
hindlimb region of motor cortex. (C) Proportion of mice showing isolated left hindlimb movements upon stimulation. n=6 
mice. (D) Accelerated iTBS protocol. (E) Timeline of stress protocols used. (F) Effects of CORT and UCMS on immobility 
in the forced swim test (Control n=12, CORT n=15, UCMS n=24 mice; one-way ANOVA with Tukey’s multiple 
comparisons test). (G,H) Effects of CORT on anxiety-like behavior in the EZM and OFT (Control n=8, CORT n=8 mice; 
unpaired t-test). (I) Experimental strategy to assess behavioral effects of aiTBS treatment following chronic stress. (J, K, 
L) Effects of aiTBS treatment on behavior in FST, EZM, and OFT (CORT+Sham n=11, CORT+aiTBS n=10 mice; 
unpaired t-test). (M) Composite score of behavioral outcomes in FST, EZM, and OFT. Score was calculated as the 
average percent improvement from the mean of the sham-treated group across all assays (CORT+Sham n=11, 
CORT+aiTBS n=10 mice; unpaired t-test). Mouse diagrams were generated using Biorender.com. For detailed statistical 
analysis see Table S1. All error bars reflect mean ± SEM. *p<0.05, **p<0.01, ****p<0.0001. 
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Fig. 2. aiTBS drives cell-type specific neuromodulation. (A) Viral strategy to record neural activity in IT and PT 
neurons of left dmPFC. (B) Fiber photometry setup with lateral fiber implant to record cell-type specific neural activity 
during and after rTMS. (C) Representative images of fiber placement and viral expression to record from IT and PT 
neurons. Scale bars 200μm. (D) Experimental timeline. Mice were placed on CORT for 14 days. On days 12 and 13, mice 
underwent Pavlovian conditioning for rewarding and aversive stimuli. On day 14, mice received aiTBS treatment, and fiber 
photometry signals were recorded during the first session of aiTBS. On day 15, fiber photometry signals were recorded 
during Pavlovian stimuli, OFT, and TST. (E) Fiber photometry recordings from IT (left) and PT (right) neurons during 
individual aiTBS trains. (F) Area under the curve (AUC) values calculated from plots shown in E, normalized to sham-
treated mice, from IT and PT neurons during time windows relative to the start of stimulation (IT sham n=6, IT aiTBS n=5, 
PT sham n=7, PT aiTBS n=8 mice; two-way ANOVA with Sidak’s multiple comparisons test). (G) IT and PT activity across 
the aiTBS session. (H) AUC values from different time bins across the session (IT sham n=6, IT aiTBS n=5, PT sham n=7, 
PT aiTBS n=8 mice; two-way ANOVA with Sidak’s multiple comparisons test). For detailed statistical analysis see Table 
S1. Lines and shading reflect mean ± SEM of average traces across mice. All error bars reflect mean ± SEM. #p<0.1, 
*p<0.05, **p<0.01, ***p<0.001. 
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Fig. 3. Behavioral effects of aiTBS are associated with increased IT neuron activity. (A) Immobility during the first 4 
minutes of TST in fiber photometry mice (Sham n=13, aiTBS n=13 mice, unpaired t-test). (B) Fiber photometry recordings 
of IT and PT neurons during struggling onset in mice that received aiTBS or sham treatment. (C) Same as B, but 
recordings of neural activity during struggling offset. (D,E) AUC values from time windows relative to struggling onset (IT 
sham n=7, IT aiTBS n=6, PT sham n=5, PT aiTBS n=7 mice; two-way ANOVA with Sidak’s multiple comparisons test). (F) 
Left, representative plots showing overlay of GCaMP signal (gray or color lines) and struggling bouts during TST (black 
line). Right, cross-validated R2 values from generalized linear models fit between photometry signals and TST behavior in 
each animal (IT sham n=7, IT aiTBS n=6, PT sham n=5, PT aiTBS n=7 mice; two-way ANOVA with Sidak’s multiple 
comparisons test). (G) Fiber photometry recordings of Ca2+ fluorescence in IT and PT neurons prior to OFT center entry in 
aiTBS or sham-treated mice. (H) AUC values from -10 to -5s relative to center entry (IT sham n=7, IT aiTBS n=6, PT 
sham n=6, PT aiTBS n=6 mice; two-way ANOVA with Sidak’s multiple comparisons test). (I) Fiber photometry recordings 
of Ca2+ fluorescence following center exits during OFT. (J) AUC values from 0 to 6s following center exit (IT sham n=7, IT 
aiTBS n=6, PT sham n=6, PT aiTBS n=6 mice; two-way ANOVA with Sidak’s multiple comparisons test). Mouse diagrams 
were generated using Biorender.com. For detailed statistical analysis see Table S1. Lines and shading reflect mean ± 
SEM of average traces across mice. All error bars reflect mean ± SEM. #p<0.1, *p<0.05, **p<0.01. 
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Fig. 4. aiTBS selectively elicits dendritic spine growth in IT neurons. (A) Viral strategy to achieve sparse fluorescent 
labeling of dmPFC IT and PT neurons in MORF3 mice. (B) Experimental timeline. Mice were placed on CORT for 14 
days, followed by a day of aiTBS treatment. The day after aiTBS treatment mice were perfused for histological analysis. 
(C) Representative images of sparsely labeled IT and PT neurons in dmPFC of MORF3 mice. Scale bars 100μm. (D) 
Representative images of dendritic spines of IT neurons in naive, CORT+sham treated, and CORT+aiTBS treated mice. 
Scale bar 5μm. (E) Average dendritic spine density on IT neurons of mice from each condition (Naive n=3, CORT+sham 
n=3, CORT+aiTBS n=3 mice, at least 8 dendritic segments per mouse; two-way RM ANOVA with Sidak’s multiple 
comparisons test). (F) Representative images of dendritic spines of PT neurons in naive, CORT+sham treated, and 
CORT+aiTBS treated mice. Scale bar 5μm. (G) Average dendritic spine density on PT neurons of mice from each 
condition (Naive n=3, CORT+sham n=4, CORT+aiTBS n=4 mice, at least 8 dendritic segments per mouse; two-way RM 
ANOVA with Sidak’s multiple comparisons test). For detailed statistical analysis see Table S1. All error bars reflect mean 
± SEM. *p<0.05, **p<0.01, ***p<0.001. 
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Fig. 5. Inhibition of IT neurons blocks antidepressant effects of aiTBS. (A) Left, viral strategy for cell-type specific 
chemogenetic inhibition of IT neurons in dmPFC. Right, representative image of hM4Di expression in dmPFC IT neurons. 
Scale bar 200μm. (B) Fos expression in dmPFC following neuronal inhibition with hM4Di. Middle, representative images 
of Fos and mCherry colocalization. Scale bars 40μm. Right, percent of mCherry+ neurons expressing Fos in mice 
expressing hM4Di (mCherry n=3, hM4Di n=4 mice; unpaired t-test). (C) Experimental strategy for inhibition of IT neurons 
during aiTBS. Following viral injections, mice were placed on CORT for 14 days and treated with aiTBS. Mice were 
injected with CNO prior to the first, fourth, and seventh aiTBS session of the day. FST was performed the day before and 
the day after aiTBS treatment. (D) Effects of IT neuron inhibition on immobility in the forced swim test (Sham+mCherry 
n=7, aiTBS+mCherry n=6, Sham+hM4Di n=5, aiTBS+hM4Di n=6 mice; three-way RM ANOVA with Sidak’s multiple 
comparisons test). (E) Effects of IT neuron inhibition on aiTBS-induced change in immobility (aiTBS+mCherry n=6, 
aiTBS+hM4Di n=6 mice, unpaired t-test). Mouse diagrams were generated using Biorender.com. For detailed statistical 
analysis see Table S1. All error bars reflect mean ± SEM. *p<0.05, ***p<0.001, ****p<0.0001. 
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