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Abstract

Optogenetic techniques are often employed to dissect neural pathways with presumed specificity
for targeted projections. In this study, we used optogenetic fMRI to investigate the effective
landscape of stimulating the cell bodies versus one of its projection terminals. Specifically, we
selected a long-range unidirectional projection from the ventral subiculum (vSUB) to the nucleus
accumbens shell (NAcSh) and placed two stimulating fibers—one at the vSUB cell bodies and
the other at the vSUB terminals in the NAcSh. Contrary to the conventional view that terminal
stimulation confines activity to the feedforward stimulated pathway, our findings reveal that
terminal stimulation induces brain activity and connectivity patterns remarkably similar to those
of vSUB cell body stimulation. This observation suggests that the specificity of optogenetic
terminal stimulation may induce antidromic activation, leading to broader network involvement
than previously acknowledged.
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1. Introduction

Optogenetic stimulation has become a pivotal method for investigating the functional
contributions of cell-type and circuit specific activity changes and has been extensively
reviewed in the context of its applications in neurocimaging and circuit dissection [1-5].
While it has been documented that terminal optogenetic stimulation can induce antidromic
spikes [6,7], it is still generally presumed that stimulating the axonal terminals of a
projection would specifically modulate the activity within that pathway and its downstream
targets [1,8,9]. Here, we aim to scrutinize this assumption by comparing the optogenetic
effects of ventral subiculum (vSUB) cell body versus its projection terminals in the nucleus
accumbens shell (NAcSh) through brain-wide fMRI. The vSUB of the hippocampus plays
arole in reward and addiction, mediated through its projections to the NAcSh [10-12].
This predominant uni-directional, long-range projection from vSUB to the NAcSh [13]
makes it an excellent model for addressing the question proposed herein. Performing
optogenetic fMRI on this pathway allows the effects of cell body and terminal stimulations
to be unbiasedly compared within subject with minimal invasiveness [6,7,14-21], leaving
other irrelevant brain circuits unperturbed and offering brain-wide activity and connectivity
patterns that is difficult to access by other recording modalities such as electrophysiology or
calcium imaging [22,23].

2. Materials and methods

We used male Sprague-Dawley rats (n = 12, 350-500g, postnatal day 80-120) to conduct
optogenetic fMRI experiments targeting the vSUB and its projection terminals in the
NAcSh. Rats underwent viral vector injections and optical fiber implantation under
anesthesia. They were anesthetized with 2 % isoflurane during surgeries and maintained at
37 °C using a warming pad. Burr holes were drilled above the target areas, and viral vector
injections were performed using a microsyringe (30-gauge needle) at 100 nL/min, followed
by a 10-min wait for diffusion. Optical fibers (200 um core, 0.37 NA) were implanted
bilaterally and secured with dental cement and screws. Specifically, viral expression was
achieved by injecting 1 pl AAV5-CaMKIlla-ChR2-eYFP (ChR2) or control AAV-CaMK2a-
eYFP (eYFP) vector (which will not express ChR2) into the vSUB in both hemispheres
(AP: 5.75, ML:£4.6, DV: 8.6 mm; from bregma). Bilateral optical fibers were implanted

at vSUB (at 0.3 mm above the viral injection target) and NAcSh (AP:+1.3, ML: £2.2 DV:
6mm; 10° towards midline). This design allowed us to compare activity induced by cell
body stimulation versus terminal stimulation within the same animals (Fig. 1A). All animal
protocols were approved by the Institutional Animal Care and Use Committee at UNC.

For optogenetic stimulation, a 473 nm laser was used to deliver light pulses through
implanted fibers targeting either vSUB cell bodies or their terminals in NAcSh. Stimulation
parameters for optogenetic fMRI (ChR2, n =7; eYFP, n = 6) included 20 Hz frequency,
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5 ms pulse width, 60-s ON and 120-s OFF blocks repeated five times, with a laser power

of 10 mW. For functional connectivity MRI (fcMRI), extended stimulation consisted of

a 300-s baseline, followed by alternating ON and OFF periods (300 s each), repeated

twice per session. All fMRI experiments were performed under light sedation with 0.5 %
isoflurane combined with intravenous dexmedetomidine (0.05 mg/kg/hr) and pancuronium
bromide (0.5 mg/kg/hr) [24-27] to maintain stable physiology during imaging. Animals
were intubated for mechanical ventilation, and temperature, heart rate, and oxygen saturation
were monitored throughout the procedure. A dose of 30 mg/kg monocrystalline iron oxide
nanoparticles was used as a contrast agent for cerebral blood volume (CBV) fMRI. fMRI
scans were conducted on a 9.4T Bruker scanner equipped with a custom-built surface coil.
Single-shot gradient-echo echo-planar imaging (GE-EPI) was used to acquire functional
images, with parameters: TR/TE = 1000/8.10 ms, matrix size = 80 x 80, field of view
(FOV) = 2.56 x 2.56 cm?, and slice thickness = 1 mm [25,26]. Prior to functional scans,
T2-weighted anatomical images were collected for co-registration and localization of optical
fiber placements. Preprocessing of the functional images was carried out using AFNI and
custom Python scripts. Images were skull-stripped, slice-time corrected, motion-corrected,
smoothness, and co-registered to the anatomical scans [7,28].

Optogenetic fTMRI data were analyzed using general linear models (GLM) to estimate
stimulus-evoked activity, and voxel-wise activation maps were generated for each subject.
For fcMRI, functional connectivity matrices were derived using anatomical regions at the
vSUB and NAcSh, and group-level independent component analysis (gICA) (MELODIC;
FSL) components calculated from the baseline period. Dual regression was applied to the
stimulation period to extract the time series for each gICA component [29].

Lastly, we conducted behavioral tests to assess the motivational and aversive properties

of optogenetic stimulation in the vSUB-NACcSh circuit. A separate cohort of adult male
Sprague-Dawley rats (n = 12, 350-500 g, postnatal day 80-120) were housed individually
under a 12-h light/dark cycle with food and water available ad libitum. Rats were
anesthetized with isoflurane (4 % induction, 1.5-2 % maintenance) and placed in a
stereotaxic apparatus. Bilateral viral injections of ChR2 (n = 6) or eYFP control vector

(n = 6) were performed in the vSUB or NAcSh, as described above. Optical fibers (200 um
core, NA = 0.37) were then implanted 0.3 mm above the injection sites in the NAcSh or
vSUB and secured with dental cement and screws. Optogenetic stimulation was delivered
through a 473 nm blue laser with parameters of 20 Hz frequency, 5 ms pulse width,

and an intensity of 5, 10, or 20 mW, applied continuously for 15 min. Behavioral testing
included a self-stimulation task and a stimulation escape task [30,31]. In the self-stimulation
task, rats were placed in an operant chamber (Med Associates, Inc.) equipped with a
nosepoke sensor, where a nosepoke into the active port triggered a 1-s train of optogenetic
stimulation. A 2900 Hz tone (65 dB) was played during the stimulation train, signaling that
additional nosepokes during this period would not trigger further stimulation. Nosepokes
were recorded as the primary outcome measure. In the stimulation escape task, continuous
stimulation was initiated at trial onset for 15 min, with a nosepoke into the active port
terminating stimulation for 5's. A 2900 Hz tone (65 dB) was played immediately after an
escape response, marking the stimulation-free period. If no response occurred, stimulation
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continued uninterrupted. The primary measure in this task was mean stimulation duration,
defined as the average time the rat tolerated stimulation before initiating an escape response.

3. Results

Fig. 1 illustrates the brain-wide activity resulting from optogenetic stimulation of vSUB

and NAcSh. Bilateral virus expression and optical fiber placement are shown in Fig. 1B-D.
Stimulus-evoked fMRI responses were estimated using GLM to fit the stimulation time
series. The significant fMRI responses to vSUB and NAcSh stimulation across stimulation
frequencies are shown in Fig. 1E and F, while no significant responses were observed in

the control group (Fig. 1G). A comparison of the spatial activity patterns between these

two stimulation sites revealed overlapping and distinct voxels. Spatial correlation analysis
of response maps showed significant spatial correlation between the stimulation conditions,
and similar fMRI response (Fig. 1E). To further quantify this similarity, we performed
time-to-peak analysis, which revealed no significant differences between the two stimulation
conditions across all frequencies (average t-value: 0.474, standard error: 0.53). Additionally,
mutual information (MI) analysis demonstrated consistently high MI values (mean; 19.54,
standard error: 0.87), further supporting the strong shared information content between the
stimulation responses. A random permutation test (1000 iterations) confirmed that these Ml
values were significantly greater than chance (all p-value <0.000, average t-value: 12.70,
standard error: 1.69), reinforcing the robustness of the observed similarity. These data

also support the possible existence of antidromic activation, as high frequency stimulations
have been reported to more reliably recruit axonal firing. Additionally, full-width at half-
maximum (FWHM) (Fig. 1H) and maximum signal CBV response (Fig. 11) were calculated
to evaluate the response shape. A robust spatial correlation was found in FWHM and
maximum signal CBV response between vSUB and NAcSh stimulation in the identified
overlapping voxel from Fig. 1E.

We also performed resting-state analysis of functional connectivity (FC), summarized in Fig.
2. In the ChR2 group, seed-based analysis of vSUB and NAcSh demonstrated a similar FC
pattern during active stimulation (Fig. 2A). Using a one-sample #test, overlapping voxel
distributions were identified, pie charts representing the proportions of voxels in vSUB only,
NAc only, or in both vSUB and NAc for the ChR2 group. Correlation analysis indicated a
strong spatial correlation in FC patterns between NAcSh and vSUB in the ChR2 group. In
contrast, the voxels in eYFP control group showed less overlapping (Fig. 2B). Furthermore,
ICA was performed to identify 50 components from the baseline period and then extract
time-series to derive the FC matrix from data during stimulation, enabling a data-driven
identification of functionally connected networks without prior assumptions (i.e., seed-based
FC) (Fig. 2C). We also compared network-level FC changes induced by photo-stimulation
(stimulation period — baseline period) and revealed a significantly correlated FC changes
between vSUB and NAcSh stimulation, in the ChR2 group, showing a higher network-level
similarities than the eYFP control group (Fig. 2D).

To assess whether stimulation site (vSUB vs. NAcSh) influences behavioral outcomes,
we analyzed nosepoke responses and mean stimulation duration across three stimulation
intensities (5, 10, and 20 mW) using a linear mixed-effects model (LME) with Optogenetic
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Expression (ChR2 vs. eYFP) and Region (vSUB vs. NAcSh) as fixed factors (Fig. 2E).
Across all intensities, there was no significant main effect of Region (p > 0.05) and no
significant Expression x Region interaction (p > 0.05), indicating that stimulation site

did not significantly affect self-stimulation or aversive behavior. However, we observed a
significant main effect of Expression, with ChR2-expressing rats exhibiting more nosepokes
than eYFP controls (p < 0.05), demonstrating an intensity-dependent reinforcement effect
of vSUB-NAcSh pathway activation. For aversive behavior, only 20 mW stimulation
significantly reduced mean stimulation duration in the ChR2 group compared to controls
(p < 0.05), suggesting an aversive effect at higher intensity, while no significant difference
was observed at 10 or 5 mW. These results demonstrate that stimulation site does not
differentially impact the behavior examined.

4. Discussion

The results from our study challenge the prevailing assumption that terminal stimulation

in optogenetic experiments is highly selective in manipulating the activity within a

specific feedforward neural pathway [1,8]. The observed similarity in brain activity and
connectivity patterns following vSUB cell body and terminal stimulation in the NAcSh
suggests that optogenetic manipulation can induce widespread similar brain-wide effects
beyond a single terminal pathway of interest. Our imaging findings offer an empirical
overview of terminal stimulation effects. Electrophysiology and calcium-activity measuring
techniques in the literature have documented antidromic effects from terminal stimulation,
suggesting the possibility to drive the cell bodies and their collaterals, leading to broader
network engagement; however, these recording technologies often have a limited scope

in capturing the global landscape of brain activity and connectivity [22,23,32-34]. Our
work extends beyond this limitation, revealing a more extensive network involvement of
terminal stimulations where the recruited circuits can be broader than previously anticipated,
mimicking a spatial pattern largely similar to the cell body stimulation.

The implications of these findings underscore the necessity of careful evaluation of

the methodological approaches in optogenetic studies, especially when interpreting the
specificity and location of neural circuit manipulations. The traditional dichotomy between
cell body and terminal stimulation in dissecting neural pathways may be overly simplistic,
having insufficient consideration of antidromic signaling from this artificial stimulation of
brain circuits [32]. These observations also shed light on the importance of considering the
broader neural circuitry and potential feedback mechanisms when designing optogenetic
experiments. The antidromic activity and its consequent network-wide connectivity effects
reflect the dynamic and interconnected nature of brain circuits, where manipulating one
node can reverberate through extensive networks, altering the activity of both directly and
indirectly connected regions.

While our study suggests that synaptic terminal stimulation generates activity and
connectivity patterns comparable to upstream cell body stimulation, certain limitations
warrant further investigation. First, given the inherent temporal resolution constraints of
fMRI, we cannot entirely exclude the contribution of indirect network effects. However,
since viral injections were restricted to vSUB cell bodies, terminal stimulation at NAcSh is
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unlikely to recruit circuits irrelevant to the vSUB-NAcSh projection, aside from downstream
effects of NAcSh activation, which would also be recruited by vSUB cell body stimulation.
This is supported by the highly overlapping voxel-wise responses and strong correlations
between two stimulation conditions. If collateral pathways or polysynaptic networks
significantly contributed, we would expect greater divergence in activation patterns, time-
to-peak variations, and functional connectivity deviations. Nevertheless, future studies
integrating electrophysiological approaches with fMRI, such as collision tests [35,36] during
whole brain functional mapping, could help further assess the contributions of antidromic
activities.

Second, although limited in scope, the behavioral findings reported in this study support

the idea that cell body and terminal stimulation can recruit similar motivational and
affective responses [10,37,38]. This aligns with our fMRI results, which show substantial
overlap in activation patterns between the two conditions and highlight the need for caution
when assuming that terminal stimulation alone can selectively manipulate the feedforward
pathway and its associated behaviors. While our study advocates for a more cautious
interpretation of optogenetic data by integrating findings from both stimulus-evoked fMRI
and functional connectivity analyses, this work does not argue that terminal stimulation has
no or less specificity compared to cell body stimulation. We believe that terminal stimulation
still presents differential stimulation effects compared to direct cell body stimulation,

and these effects may still play a pivotal role in modulating behaviors, as reflected in

the trending yet statistically insignificant difference observed in our behavioral data. We
can, however, conclude that terminal stimulation engages circuits beyond its feedforward
pathways and modulates a broader brain-wide activity, including its upstream cell bodies.
The brain-wide mapping approach utilized herein can be instrumental in unraveling the
complexities of feedforward and feedback neural circuit activities and their respective
influences on behavior [39-42]. It is imperative to establish brain-wide imaging techniques
suitable for studying network patterns in subjects under behaving conditions [43] to garner
a more comprehensive understanding of how specific optogenetic manipulation approaches
influence brain function and behavior. This could ultimately aid in developing targeted or
closed-loop interventions for neurological and psychiatric disorders. Furthermore, while our
study primarily focuses on brain-wide activity and connectivity patterns, future research
should investigate how these observed neural effects translate into behavioral outcomes,
providing a more comprehensive understanding of the functional implications of optogenetic
cell body versus terminal stimulation.

Third, we recognize that our study was conducted in anesthetized animals, which may
influence feedback and feedforward circuit dynamics compared to awake, behaving subjects.
While the anesthetic protocol used here [7,17,27-29,44-47] has been shown to preserve
neurovascular coupling, future work should aim to replicate these findings in awake animals
to determine whether similar network-wide effects occur under awake behaving states.

Fourth, a critical consideration in optogenetic fMRI studies is the potential heating effects
induced by laser light delivery [48-50]. However, if heating were a major contributor to the
observed fMRI responses, we would expect activation to be localized near the fiber tip [48]
rather than extending along the targeted circuits and the extended networks. Furthermore,
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control animals expressing eYFP without ChR2 did not exhibit significant fMRI activity
changes, further supporting the specificity of optogenetically driven neural activity. Taken
together, these findings suggest that our observed fMRI responses are more likely to
reflect neural circuit engagement rather than heating artifacts. Nevertheless, future studies
incorporating direct temperature monitoring, such as MR thermometry, would help further
validate these observations.

Finally, we did not systematically vary light illumination levels in our fMRI study.

However, we acknowledge that adjusting stimulation intensity could influence the balance
between antidromic and orthodromic activation, potentially leading to distinct activity and
connectivity patterns in the brain. We opted to maintain a fixed light intensity to minimize
confounding factors such as heating artifacts, which can induce non-specific fMRI responses
unrelated to neuronal activation [48-50]. Additionally, the non-linear relationship between
light intensity and opsin activation [51,52], influenced by factors such as desensitization

and tissue scattering, could introduce variability that complicates data interpretation. Instead,
we prioritized modulation of stimulation frequency, as it more directly influences neuronal
firing dynamics and network engagement, providing a clearer framework for investigating
functional connectivity.

In conclusion, our investigation into the vSUB versus vSUB-NAc shell optogenetic
stimulation using fMRI reveals that the effects of terminal stimulation are not as specific

as broadly believed. This insight highlights the need for careful experimental design

and interpretation in optogenetic studies. Future research should aim to elucidate the
collateral influences underlying the broad network effects or incorporate strategies that avoid
recruiting collaterals or employ concurrent silencing of cell body activity to achieve truly
specific, pathway-specific terminal stimulation.
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Optogenetic stimulation of vSUB cell bodies and their terminals in NAcSh induced similar
brain-wide activity patterns. (A) Schematic representation of optogenetic stimulation sites,
including the vSUB cell bodies and the NAcSh terminals. (B) Expression of eYFP in vSUB

(D) Position of optical fibers (indicated by arrows). (E) Voxel-wise activation maps

Brain Stimul. Author manuscript; available in PMC 2025 June 13.

cell bodies and NAcSh terminals (green) against DAPI staining (blue), with corresponding
optical fiber placements. (C) Overview of eYFP expression in vSUB-NAcSh terminals.

for both vSUB and NAcSh stimulations across frequencies, showing overlapping voxpel
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distributions. (one sample #test, corrected p < 0.05 using 3dClustSim) Correlation analysis
based on the responsive voxels indicated a strong spatial relationship between NAcSh and
vSUB stimulation. The voxels were categorized into three groups: voxels in vSUB Stim
only, voxels in NAcSh Stim only, and voxels present in both vSUB Stim and NAcSh Stim
(coactivation). (F) Average time series derived from the anatomical vSUB and NAc ROls.
(G) One-sample ttest of vSUB and NAcSh Stim in eYFP expression group (one sample
ttest, corrected p < 0.05 using 3dClustSim). Analysis of (H) FWHM and (I) maximum CBV
changes for each voxel across frequencies, showing a strong relationship between NAcSh
and vSUB using the overlapping voxels identified in (E), specifically those present in both
vSUB and NAcSh stimulation. (***p < 0.001).

Brain Stimul. Author manuscript; available in PMC 2025 June 13.
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Fig. 2.

Optogenetic stimulation of vSUB cell bodies and their terminals in NAcSh induced similar
brain-wide functional connectivity (FC) patterns. (A) Seed-based analysis of vSUB and NAc
FC in the ChR2 group showed similar FC patterns with overlapping voxel distributions (one
sample #test, corrected p < 0.05 using 3dClustSim). Pie chart showing the proportion of
voxels categorized as being in vSUB seed only, NAc seed only, or in both vSUB and NAcSh
seed (co-connectivity) for the ChR2 group with corresponding correlation analysis between
vSUB and NAcSh stimulation for their respective voxels. Correlation analysis based on

Brain Stimul. Author manuscript; available in PMC 2025 June 13.
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identified voxels indicated a strong spatial relationship (all p-value <0.001) between NAc
and vSUB FC. (B) Identical seed-based FC analysis in the eYFP group does not identify
stimulation effects. (C) ICA with 50 components derived from the baseline (pre-stimulation)
period, and the FC matrix derived from the vSUB (lower left, purple scale heatmap) and
NAcSh (upper right, green scale heatmap) stimulation. (D) Correlation analysis revealed

a significantly higher correlation of stimulation-induced FC pattern changes (stimulation

- baseline) in the ChR2 group compared to the eYFP group (z-value = 5.72, p < 0.001).

(E) LME analysis revealed no significant effect of stimulation site (vSUB vs. NAcSh) on
behavior, while optogenetic expression significantly increased nosepokes in self-stimulation
and decreased mean stimulation in aversive behavior at 20 mW (*p < 0.05).
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