Uncovering the Functional Network of Medial Prefrontal Cortex in Awake Rodents using Optogenetic fMRI
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Introduction: The medial prefrontal cortex (mPFC) plays a critical role in multiple cognitive and limbic functions. To this end, our knowledge regarding
the mPFC functional networks cross the whole brain remains elusive, particularly in the awake rodent. In the present study we combined optogenetics
and functional magnetic resonance imaging (opto-fMRI) to reveal the mPFC functional network in awake rodents.

Method: Adult male Long-Evans rats (n=7) underwent surgery of viral injection of channelrhodopsin (ChR2) (AAV1.CamKlla.hChR2(H134R)) and
optical fiber (0.4mm diameter) implantation in the infralimbic subdivision (IL) of the mPFC. After recovery, animals were acclimated to MRI environment
as previously described'?, and then imaged twice in separate days in the awake condition on a 7T Varian system. 473nm Light pulses were delivered
through a patch cable connected with the ferrule with the parameters: 10 Hz for 15 or 30 s, or 20 Hz for 1 s, inter stimulus interval 30s, estimated light
power at fiber tip 15mw. For MRI experiment, anatomical images were first acquired with fsems sequence, followed by the acquisition of gradient-echo
EPI images covering the whole brain (TR = 1 s; TE = 16.8 ms; matrix size = 64x64; FOV = 3.2x3.2 cm; slice number = 20; slice thickness = 1 mm). In
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Fig. 1. Scheme of the data analysis. a, a representative preprocessed BOLD
course from anterior cingulate. Red dots indicate light pulses (1s). b, power
spectrum after Fourier transform. ¢, Normal-Gamma model fitting of whole
brain z values. Dashed line indicates a statistical threshold applied.

magnitude of the stimulation frequency component, and /3 [F(f)|? is the sum
of squares of magnitudes of all frequency components. Coherence values were
further converted to z values. To threshold the z images, we adopted an
adaptive thresholding strategy®. The distribution of z values is assumed as a
mixture of a Normal distribution and a Gamma distribution, with z
values of true activation follow the Gamma distribution and noises
follow the Normal distribution. Thus, all z values from mean z
images were fitted by a Normal-Gamma mixture model defined as
follows: p(z) = c* N(z | o)+ 1A —-c)*xG(z—u | a,ﬁ) where N(.)
and G(.) Normal and Gamma distribution. ¢, y, and are the
proportion, mean, and variance of Normal distribution, respectively.
a and B are two parameters of Gamma distribution. Z value
threshold was set based on the estimated mean and variance of
Normal distribution of a given condition (e.g. a threshold of y+2 o
corresponding to p<0.05, Fig 2.C). After MRI, 4 rats were used to
investigate the effects of IL stimulation on extracellular discharges
in brain regions that displayed BOLD activation during opto-fMRI.
For all rats, injection sites and ChR2 expression were verified with
histology.

Results and Discussion: Optical stimulation in IL generated
robust and widely distributed BOLD signal activation across the
whole brain (Fig. 2) and its spatial pattern was very similar to IL
efferent projections based on anterograde tracing (Fig. 2). The
averaged BOLD increases were between 2-4% in an anterior
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Fig. 2. Mean activation of IL stimulation closely resembles efferent anatomical
IL. Efferent projections adapted from Vertes® based on anterograde tracing in IL. Opto-fMRI

cingulate with 3 stimulation paradigms (1s, 15s or 30s stimulation,
data not shown). This activation pattern was highly reproducible
across two awake imaging sessions as reflected by the voxel-to-
voxel correlation in z values between the two activation maps
obtained from the two sessions (Fig. 3, R=0.79, p<10%). To

results (z>p+20, p<0.05) overlaid on anatomical images. Distance to Bregma is labeled in
each slice. AC, anterior cingulate cortex. PL, prelimbic cortex. AON, anterior olfactory nucleus.
Ald, dorsal agranular insular cortex. AGm, medial agranular (prefrontal) cortex. CP, caudate
putamen. CLA, claustrum. ACC, nucleus accumbens. EN, endopiriform nucleus. LS, lateral
septal nucleus. MS, medial septum. BST, bed nucleus of stria terminalis. LHy, lateral
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evaluate the effect of motion, the correlation between volume-to-
volume displacement and BOLD time courses was calculated (Fig.
4). The correlation was weak in general, and its spatial pattern was distinct from
that of optical stimulation (Fig. 2), indicating the motion did not significantly
confound the BOLD activation map. The BOLD activation in anterior cingulate
(AC), mediodorsal nucleus of thalamus (MD) were later confirmed by
electrophysiology recording (data not shown). These results not only expanded
the applicability of the opto-fMRI from sensorimotor systems to cognition-related
functional networks in awake rodents, but also bridged the gap to investigating the
circuit-level mechanisms underlying numerous mPFC-related brain functions and
behaviors.
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hypothalamic area. MD, mediodorsal nucleus of thalamus.
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Fig. 3. Highly consistent opto-
fMRI activation between two
sessions. Values are averaged
z values of each session.
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Fig. 4. Mean Correlation map
motion and BOLD time courses.



