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ABSTRACT

2-photon fluorescence microscopy has been used extensively to probe the structure and functions of
cells in living biological tissue. 2-photon excitation generates fluorescence from the focal plane, but also
from outside the focal plane, with out-of-focus fluorescence increasing as the focus is pushed deeper
into tissue. It has been suggested that the 2-photon depth limit, beyond which results become
inaccurate, is where in- and out-of-focus fluorescence are equal. We found the depth limit of 2-photon
excitation in mice with GCaMP6 indicator expression in all layers of visual cortex, by comparing near-
simultaneous 2- and 3-photon excitation. 2-photon results were accurate only superficial to 450 um,
matching the depth at which in- and out-of-focus fluorescence were equal. The expected depth limit is
deeper in tissue with fewer fluorophores outside the plane of interest. Our results, from tissue with a
largely homogenous distribution of fluorophores, establish a superficial bound on the 2-photon depth

limit in the mouse visual cortex.

INTRODUCTION

2-photon excitation permits fluorescence imaging with cellular and subcellular resolution hundreds of
micrometers into biological tissue. Generally, the maximal imaging depth (depth limit) of 2-photon
excitation is determined by fluorescence from outside the focal plane. As the focal plane is pushed
deeper into scattering tissue, illumination intensity at the tissue surface must be increased to maintain
intensity in the focal plane, resulting in an increase in out-of-focus fluorescence with increasing depth
(Ying et al., 1999; Theer et al., 2003). In a seminal study, Theer and Denk (2006) explored 2-photon
excitation analytically and defined the fundamental imaging depth limit by calculating the depth at

which the detected fluorescence generated by ballistic and scattered excitation light outside the focal
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plane equals that from fluorophores excited in the ballistic focus. The ratio of in- and out-of-focus
fluorescence is a complex function of numerous factors, including numerical aperture, laser pulse
duration, scattering anisotropy, and fluorophore distribution, but the calculations of Theer and Denk
(2006) suggest that the depth limit is at ~3 scattering length constants under typical imaging conditions.
In cortical grey matter, 3 scattering length constants corresponds to ~600 um below the tissue surface.
3-photon excitation permits deeper imaging than 2-photon excitation, in part because 3-photon
excitation generates fluorescence almost exclusively from the focal plane (Horton et al., 2013; Kobat et
al., 2009; Kobat et al., 2011; Ouzounov et al., 2017; Yildirim et al., 2019). In the absence of out-of-focus
fluorescence one expects the functional properties of neurons measured with 2- and 3-photon
excitation to be identical, but this expectation has not been tested directly and the impact of out-of-
focus fluorescence has not been measured. 3-photon excitation offers the opportunity to estimate in-
and out-of-focus fluorescence and thereby test the predictions of earlier analyses. We implemented
near-simultaneous 2- and 3-photon excitation to compare results 200 to 650 um below the surface of
the brain in transgenic mice with dense GCaMP6 expression throughout neocortex. Our results show
that 2- and 3-photon excitation produce equivalent results in superficial layers but not in deep in cortex,
and indicate that the depth limit of 2-photon excitation corresponds to the plane where in- and out-of-

focus fluorescence are equal, consistent with Theer and Denk (2006).

RESULTS

As an illumination source for 3-photon excitation, we used a 40 Watt Coherent Monaco laser source and
Opera-F optical parametric amplifier, providing 2 W, 50 fs pulses at 1 MHz. We configured a MIMMS 2-
photon microscope for 3-photon excitation, exchanging the scan and tube lens to increase transmission
through the microscope at 1300 nm and added a compressor to compensate for pulse dispersion
between the laser source and sample. Through a cranial window over visual cortex, we were routinely
able to image neurons >1 mm below the pial surface of cortex in GCaMP6 mice (supplementary figure
1). Fluorescence intensity followed a cubic relationship with illumination intensity, consistent with
fluorescence being driven by the absorption of 3 photons.

In mice expressing GCaMP broadly in cortical pyramidal neurons, loss of contrast was noticeable in 2-
photon images from hundreds of micrometers below the brain surface (figure 1A) where contrast was
preserved by 3-photon excitation (figure 1B). To compare 2- and 3-photon excitation more directly, we
implemented near-simultaneous 2- and 3-photon excitation. We used 2 laser sources, combining the

beams immediately before the scanning galvanometers (figure 2A). With a fast Pockels cell on each laser
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line acting as a shutter, we alternated 2- and 3-photon excitation, line-by-line (figure 2B). The line
duration was 0.5 ms, resulting in 0.5 ms separation of 2- and 3-photon images.

In superficial cortex, 2- and 3-photon results were similar. The same neurons were visible in near-
simultaneous 2- and 3-photon images and changes in fluorescence were coincident in 2- and 3-photon
image pairs (supplementary movie 1); the results of motion correction and segmentation on 2- and 3-
photon movies were similar (standard deviations of motion correction distributions <2 pm at <350 um,
figure 3C); there were 50-90 neurons identified in each image (figure 3D); >80% of neurons in 3-photon
images matched a neuron in the corresponding 2-photon image (figure 3E); and traces extracted from
matching neurons in 2- and 3-photon movies were strongly correlated, with Pearson correlation
coefficients of ~0.8-0.9 (figure 3F), consistent with a previous study (Wang et al., 2017).

The similarity of 2- and 3-photon results declined with depth. In 3-photon images, image contrast,
motion correction, and number of neurons changed little with depth. In 2-photon images, contrast
declined incrementally with depth, to near zero at 650 um (figure 3B). Lateral motion correction from 2-
photon movies increased with depth: the standard deviation of motion correction was <3 um at <400
um; at 650 um, the standard deviation of lateral motion correction was <3 um for 3-photon excitation
and ~25 um for 2-photon excitation (figure 3C, supplementary figure 1). The segmentation routine
identified few neurons in deep locations (figure 3D), and the overlap between matching neurons in 2-
and 3-photon images and the correlation coefficient between the resulting traces both declined at >350-
400 pm (figure 3E and F).

To determine how the decline in image quality with depth affects the functional properties of cortical
neurons measured with 2-photon excitation, we examined the apparent responses of cortical neurons
to visual stimuli. We presented sinusoidal gratings drifting in 12 directions, and calculated the direction
preference of each neuron from extracted fluorescence traces, comparing results from 2- and 3-photon
excitation. For superficial neurons, visually-evoked changes in 2- and 3-photon fluorescence were almost
identical, trial-by-trial (figure 3G) and the resulting preferred direction of each neuron was closely
matched (figure 3H), with 83% (305 of 368) of neurons <350 um from the brain surface exhibiting
identical preferred directions with 2- and 3-photon excitation. Visually-evoked changes in 2-photon
fluorescence were suppressed in deeper neurons (figure 3G, supplementary figure 3) and the
percentage of neurons with matching 2- and 3-photon direction preference declined (figure 3H & J,
supplementary figure 4). At 600 um, the number of neurons with matching preference was above

chance (1/12 = 8.3%), but <<50 %.
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96 2- and 3-photon excitation produce equivalent results from superficial depths, but the results become
97 less similar >400 um below the brain surface. Increasing out-of-focus fluorescence and the resulting
98 decline in image contrast are the likely cause. From the ratio of contrast in 2- and 3-photon images, we
99 estimated the percentage of fluorescence that originated from the focal plane during 2-photon
100 excitation. As expected, the percentage of 2-photon fluorescence originating from the focal plane
101 decreased with increasing depth (figure 4A, supplementary figure 6). In- and out-of-focus fluorescence
102  were equal at ~400-450 um, the depth beyond which the results of 2-photon excitation are inaccurate.
103 Hence our results support the depth limit corresponding to the depth at which in- and out-of-focus
104  fluorescence are equal.
105 We compared our measurements of in- and out-of-focus fluorescence with predictions from
106  theoretical modeling of focused light propagation in scattering tissue (Ying, et al. 1999; Theer & Denk,
107 2006;). According to this model, 50% in-focus fluorescence occurs ~3 scattering lengths below the brain
108 surface, ~450 pm for a scattering length of 150 um and 600-700 um for a scattering length of 200 pum
109 (figure 4A, black and grey lines, respectively). 3-photon excitation is almost free of out-of-focus
110  fluorescence at these depths.
111 2-photon excitation will support imaging >450 um below the brain surface if there are few
112 fluorophore molecules outside the focal plane. Unfortunately, out-of-focus fluorescence arises from
113 fluorophores throughout the tissue above and, to a lesser extent, below the focal plane (figure 4B; Theer
114 & Denk, 2006). 3-photon excitation generates little out-of-focus fluorescence, but again most arises
115 from locations immediately superficial to the focal plane. Hence a substantial reduction in out-of-focus
116  fluorescence, and increase in depth limit, would likely occur only in tissues with few fluorophore
117 molecules throughout the entire depth of tissue above and below the focal plane.
118
119  DISCUSSION
120  We compared the results of 2- and 3-photon excitation of GCaMP6s in excitatory neurons in mouse
121 visual cortex. Results from superficial cortex were similar, an expected result that confirms that the
122 cellular signals reported by GCaMP6s are independent of the mechanism of excitation, and that 3P
123 imaging has not been compromised by saturation or phototoxic effects (Yildirim, et al. 2019). With
124 increasing depth from ~250-650 um, 2-photon image contrast declined and 3-photon image contrast
125 was preserved. Many measures (estimated motion, number of neurons segmented, matching of
126 segmented neurons, correlation traces, similarity of fluorescence changes, similarity of preferred

127 direction) were robust to changes in 2-photon image contrast to ~400 um, but deteriorated between
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128 400 and 550 um on average, some abruptly, compromising measurement of fluorescence changes and
129  direction tuning.

130 In our experiments, we used a mouse line with GCaMP6s expression in excitatory neurons through all
131 layers of cortex. From the perspective of out-of-focus fluorescence, we expect these mice to be a worst-
132 case scenario for 2-photon excitation. In these mice, our results place the depth limit at ~450 um below
133 the brain surface, shallower than the depth predicted Theer and Denk (2006) and by our calculations.
134 We expect aberrations to reduce the depth at which in- and out-of-focus fluorescence are equal.

135 Aberrations are present in any imaging system, but not included in our calculations or those of Theer &
136 Denk (2006). Slight compression of cortex is common in cranial window preparations (e.g. de Vries et al.,
137 2018) and might further reduce the depth limit by reducing the scattering length of cortical tissue.

138 Hence one expects the depth limit of 2-photon excitation to be shallower than suggested by

139 calculations. Our measurements indicate that the depth limit can be as shallow as 2-3 scattering lengths
140  or~450 um.

141 Our results drive two predictions that we have not tested directly. Firstly, we expect that 2-photon
142 excitation will be adequate for characterization of functional properties such as direction tuning in

143 neurons €450 um from the brain surface in nearly all GCaMP6s mouse lines. Secondly, we expect 2- and
144 3-photon results to be comparable at >450 um in many preparations. We observed substantial mouse-
145 to-mouse variability at 500-650 um, suggesting that 2-photon excitation might be a viable tool to >450
146 pum in a small subset of our mice. In other mouse lines and tissues, 2-photon excitation at >450 um will
147 provide more accurate functional measurements in preparations with less out-of-focus fluorescence,
148 including tissues with sparser expression of GCaMP6s and tissues labeled with indicators with low

149 resting fluorescence, such as jGCaMP7c (Dana et al., 2018). In such tissues, there are several factors that
150 might limit 2-photon excitation. Out-of-focus fluorescence, though reduced, will still occur and may

151 equal in-focus fluorescence at a location deeper than 450 um. Aberrations might prove limiting,

152 enabling adaptive optics to extend the depth limit (Ji et al., 2010; Ji et al., 2012). A third possibility is
153 maintenance of image quality to a depth at which the thermal limit of brain tissue is met (Podgorski &
154  Ranganathan, 2016).

155 In summary, we have established that 2- and 3-photon excitation are equivalent £~¥450 pm below the
156 brain surface in mice with GCaMP6s expression throughout cortical layers. Tentatively, we suggest the
157 depth limit of 2-photon excitation is 450 um or deeper in nearly all mouse lines, since few if any mice
158 express a higher proportion of fluorophore molecules outside the focal plane than mice with expression

159  throughout the cortical layers. In tissues with and tissues without extensive fluorophore expression
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160 outside the focal plane, 3-photon excitation enables measurement of cellular activity beyond the depth
161  limit of 2-photon excitation.

162

163

164  METHODS

165 Basic 3-photon microscope

166 Our 3-photon microscope was built around a Coherent Monaco / Opera-F laser source (€2 nJ, 50 fs

167 pulses at 1 MHz; Coherent Inc., Santa Clara) and a modified MIMMS microscope manufactured by Sutter
168 Instrument (Novato, CA). We replaced the scan and tube lenses (respectively, Thorlabs SL50-3P and a
169 Pl6ssl pair of achromatic doublets, Thorlabs AC254-400-C) to improve transmission at 1300 nm. The

170 primary dichroic mirror was FF735-DI02 (Semrock, Rochester NY). We used an Olympus 25x/1.05

171 objective (75% transmission at 1300 nm) or Nikon 16x/0.8 objective (50% transmission at 1300 nm) and
172 image acquisition was controlled by Scanlmage (Vidrio Technologies LLC) with acquisition gating for low
173 rep rate lasers.

174 We estimated group delay dispersion (GDD) through the microscope at ~15,000 fs?, approximately half
175 of which was attributable to the Pockels cell (360-40-03-LTA, Conoptics Inc, Danbury CT). To

176 compensate, we built a 4-pass pulse compressor using a single SF-11 glass prism (Thorlabs PS-853) and a
177  two hollow roof prism mirrors (Thorlabs HRS1015-P01 and HR1015-P01). Compression was tuned by
178 maximizing brightness with a fluorescein sample.

179 400-500 mW of 1300 nm illumination was available after the objective, corresponding to transmission
180  from laser source to sample of ~20%. The maximum field of view of 3-photon excitation was 360 x 360
181 pm. Images were acquired with dual linear galvanometers at a frame rate of ~8 Hz.

182

183 [llumination intensity

184 Photodamage is often a concern in light microscopy. Photodamage can result from linear processes,
185 principally heating (resulting from the absorption of infrared light by water in brain tissue) and from
186 non-linear processes. Non-linear processes are of particular concern with high-energy pulsed sources
187 such as those used for 2- and 3-photon fluorescence microscopy. Heating-related photodamage often
188 occurs with >250 mW of prolonged illumination at 800-1040 nm (Podgorski & Ranganathan, 2016) and
189  the molar extinction coefficient of water at 1300 nm is ~2x that at 900 nm (Curcio & Petty, 1951; Hale &
190 Querry, 1973; Bertie & Lan, 1996), suggesting that heating-related tissue damage may occur at >~100-

191 150 mW of prolonged illumination at 1300 nm. To avoid damage, we used illumination intensities <100
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192 mW. Typically, we could image through the depth of neocortex using <30 mW illumination while

193 maintaining a signal-to-noise ratio comparable to typical 2-photon experiments. We rarely observed
194 signs of photodamage, even in mice subjected to 2 hours of continuous 3-photon imaging per day for 5
195  days.

196

197 Near-simultaneous 2- and 3-photon excitation

198 For 2-photon excitation, we used a Coherent Chameleon Ultra Il laser source at 920 nm. For near-

199 simultaneous 2- and 3-photon excitation, we used a Nikon 16x/0.8 objective (50% transmission at 1300
200 nm). Time-averaged power available after the objective was 200-250 mW at 1300 nm. To match the
201 focal planes of 2- and 3-photon excitation, to the 2-photon path we added an electrically-tunable lens
202  (EL-10-30-TC, Optotune, Dietikon, Switzerland).

203

204 Mice and surgeries

205 We used Cre-lox transgenic mice to drive GCaMP6s expression in excitatory neurons throughout cortical
206 layers and areas, crossing Emx1-IRES-Cre (B6.129S2-Emx1tm1(cre)Krj/J, JAX stock number 005628;

207  Gorski et al., 2002) or Slc17a7-IRS2-Cre (B6;129S-Slc17a7i™-1(crelHze [} JAX stock number 023527; Harris et
208  al., 2014) and Ai162(TIT2L-GCaMP6s-ICL-tTA2 reporter mice (JAX stock number 031562, Daigle et al.,
209  2018).

210 A chronic cranial window was implanted over visual cortex as described previously (Goldey et al.,

211 2014; de Vries et al., 2018). Briefly, under 0.5-2% isoflurane anesthesia, a head restraint bar was

212 attached to the skull using C & B Metabond (Parkell) and a 5 mm diameter craniotomy was opened over
213 the left visual cortex at coordinates 2.7 mm lateral, 1.3 mm anterior to lambda. A durotomy was

214 performed and the craniotomy was sealed with a stack of three #1 coverslips, attached to each other
215 using optical adhesive, and attached to the skull with Metabond.

216

217  Visual stimuli

218 Visual stimuli were full-field sinusoidal gratings of 6 orientations, each drifting perpendicular to its

219 orientation (12 directions), at spatial frequencies of 0.04 and 0.08 cycles per degree and a temporal

220  frequency of 1 Hz. Each grating was presented 8 times in random order, each for 2 seconds with 1

221 second of grey screen between presentations. 0 degrees corresponds to a grating drifting horizontally in
222 the nasal-to-temporal direction and 90 degrees to a downward-drifting grating. The visual stimulus

223 display and its calibration were as described previously (de Vries et al., 2018). Briefly, stimuli were
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224 displayed on an LCD monitor, 15 cm from the right eye, gamma-corrected and of mean luminance of 50
225 cd/m?. Spherical warping was employed to ensure the apparent size, speed, and spatial frequency were
226  constant across the monitor.

227

228  Image analysis

229 Image analysis was performed using custom routines in Python 3. For comparison of 2- and 3-photon
230 excitation, images were first separated into 2- and 3-photon movies. Dark current, the mean of several
231 images acquired with no laser illumination, was measured in each movie and subtracted. Image

232 brightness (figure 4A) was measured in digitizer units. To avoid artifacts, each movie was normalized to
233 the same mean brightness.

234 Image contrast (figure 4B) was expressed on a scale from 0 (no contrast) to 1. Contrast was calculated
235 locally (in 22.5 x 22.5 pixel blocks) from the temporal mean projection of a movie, the final value being
236 the mean of all the blocks. Contrast in each block was defined as 1 - minimum brightness / maximum
237  brightness.

238 Each movie was motion-corrected and putative neuronal somata identified by segmentation. Soma
239 and neuropil fluorescence traces were extracted and neuropil fluorescence was subtracted from the
240  corresponding soma trace (r = 1). Motion correction, segmentation and trace extraction were performed
241 using Suite2p (Pachitariu et al., 2017) with default settings except for maxregshift which was set to 0.2
242 to permit £~70 um motion correction in each transverse axis. Motion correction (figure 4C) was the
243 mean of x- and y-corrections applied by Suite2p. Neuron count (figure 4D) was the number of putative
244 somata returned by Suite2p, with manual editing to assist the sorting of somatic from non-somatic

245 regions of interest. % match (figure 4E) was the percentage of putative neurons segmented in the 3-
246 photon image that were also segmented in the corresponding 2-photon image, assessed manually by
247 comparing images of segmented regions. Pearson correlation coefficient (figure 4F) was calculated from
248 the neuropil-subtracted fluorescence traces using scipy.stats.pearsonr. To ensure that the correlation
249 coefficient calculation was from matching regions of interest, traces were extracted from 2-photon and
250 3-photon movies using regions of interest segmented from 3-photon movies.

251 To compare 2- and 3-photon measurements of responses to drifting gratings, we used two measures:
252 mean fluorescence response and preferred direction. Again, these measures were applied to traces
253 extracted from 2- and 3-photon movies using regions of interest segmented from 3-photon movies. For
254 each measure, we first calculated the mean response of each neuron (from 8 presentations). For the

255 mean fluorescence response, we plot 2- vs 3-photon amplitudes of the mean change in fluorescence for
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256 each grating. Hence in the mean fluorescence response plots (figure 5A), each neuron is represented by
257 24 data points (12 directions x 2 temporal frequencies). The direction preference plots (figure 5B),

258 report the grating direction that evoked the largest change in fluorescence and each neuron is therefore
259  represented by a single data point.

260

261 Modeling in- and out-of-focus fluorescence

262  To estimate the out-of-focus fluorescence generated by excitation light focusing through a
263 homogeneous volume of fluorescent and scattering tissue, we modeled the intensity of ballistic and

264 scattered light, 7, (z,p) and 1 (z, p)respectively, in a plane transverse to the optical axis defined by the
265 polar radius, © , and depth z below the surface of the brain. We calculated the out-of-focus, 2-photon-

266  excited fluorescence (Foof) Nnumerically, following Theer & Denk (2006).
2
267 F=C, [ [1,(z.p)+1,(zp)] d¥

268  where, V isthe out-of-focus illuminated volume of tissue,

269 C,, isamodality-specific scaling factor incorporating contributions from fluorophore

270 concentration and excitation efficiency, and assumed to be constant over the volume.

271 We neglected possible depth dependence of fluorescence collection and detection, non-conservative
272 attenuation due to bulk absorption of near-IR light, and the time dependence of excitation by ultrashort
273 pulses that becomes a significant factor for pulse widths < ~50 fs (Theer & Denk, 2006; but see also

274  Lerayetal., 2007).

275 Previous models (Xu & Webb, 1996; Theer & Denk, 2006) neglected the difference in distances

276  traveled through tissue by on-axis and marginal rays. The difference in distance can be substantial for
277 high-numerical aperture objectives, but of marginal importance when the focal plane is many multiples
278 of the scattering length below the tissue surface. Here, we calculated fluorescence with the focal plane
279 1-4 scattering lengths below the tissue surface and therefore account for the dependence on

280 propagation angle relative to the optical axis by incorporating a radially varying propagation distance,

281 s(zp)=z [1+—L—
(2-2)

282  where z, is the focal plane depth. This factor modifies the intensity profiles of 7, andof 1 .

283
284 F

,,, €an be decomposed into individual contributions from ballistic, scattered, and cross-term

285  interaction excitation, for 2-photon excitation:
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F,, = IV{,{,,- dz{ [ 1} (z.p)+ 1 (2,p)+21, (2. p) 1, (2. p) |dA = IV/[E (z)+F,(z)+F,(z)]dz  (Equation 1)

where, V

s is the out-of-focus volume denoting the range (—w,z, - &) U(z, + 8,»)

o is the exclusion depth of in-focus light around z,.

In our calculations, O was a fifth of the scattering length, or 40 pm, which we assume to be larger than
the depth of focus and therefore underestimates the magnitude of the background; wavelength was
900 nm; numerical aperture 0.8; and anisotropy factor 0.9.

To calculate ballistic and scattered light intensities, we considered a Gaussian beam propagating from

the surface (z =0) of a scattering medium of scattering length / = %z to a ballistic focus located at

2
z =z, . We introduced a direction dependent propagation length s(z,p) =z fl+('o—)2 , and calculate
ZO —Z

the ballistic intensity profile at depth z and radial distance p according to

2F,

2
0

o (2) CXPL; é)}exp[—as (z.p)]

[/J (Z’p) =

ﬂ,((zo —2)2 +z,2e)

4rnz,

Il
NS

where, w(z) is the %2 width

Z, :mrTAnZH is the Rayleigh length determined by the NA-derived focusing half-angle.

As in Theer & Denk (2006), we calculated the intensity distribution of scattered light from a beam
spread function derived for small-angle scattering (McLean, Freeman & Walker, 1998). We integrated

over temporal and angular coordinates to obtain the normalized spatial distribution function

3np

h(z.p) =%exp[‘3—1}
raz <® > az <® >
The spreading parameter <®2> =2(1-g) is derived from the anisotropy factor g and the function
h(z,p) accounts for the diffusive spreading of scattered light with increasing depth from an initial on-
axis ray, with total power increasing with depth according to 1-exp[-az], modeling the transfer of

energy from the ballistic to the scattered field.
Integrating over the initial surface distribution, the intensity distribution of scattered light at depth z

is
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2z 0 2 _ 2 _
310 I(z,p)= Id(p! zf()ﬂz exp{— 2’72 }exp -p| P’ +[Z° Zj n’ —Zp{zo Zjncowp (1-exp[-as,])ndn
0 0T Wo Wo Zy Zy
3n
311 where f=——F——+
as, ®2>
2
312 Sy =12 1+77—2 is the propagation distance from the surface
ZO
/1(23 +zp )
313 w, =2,[——= is the Gaussian beam width at the surface.
4rnz,
314

315 Proportion of fluorescence originating from the focal plane

316 Calculation of the ratio of in- and out-of-focus fluorescence was based on image contrast. We
317 subdivided the 256x512 pixel images of the motion-corrected, time-averaged 2-photon and 3-photon

318 movies into 32x32 pixel subregions. Within each subregion, we determined the minimum pixel value
319 and pixel value mean, min, (17) and <1_7> respectively, where F denotes the time-averaged

320  fluorescence in each pixel with the minimum and mean functions over the 32x32 = 1024 pixels. For each

321 subregion in each imaging modality (2P and 3P), we then calculated a contrast parameter,

322 Vix = w , for the j-th subregion in the k= {2,3} (2P,3P) modality.

323 To calculate in- and out-of-focus fluorescence, we made three assumptions. Firstly, we assumed the
324  time-averaged fluorescence in each pixel reflects the sum of the in-focus and out-of-focus fluorescence (
325 F =Fi +€,_,,» ). Secondly, we assumed 3-photon excitation generates no out-of-focus fluorescence so
326  thatF = F for 3-photon excitation. Thirdly, we assumed in-focus fluorescence is proportional to a

327 modality-independent concentration factor, C , with a modality-dependent proportionality constant, so
328 that F; =a,C.

@)-min(@) g, - l(C-mn(E)

329 Hence Vs =

G T

330 As a measure of the percentage of fluorescence that originates from the focal plane, we calculated an
E J—

331  empirical contrast ratio (ECR): ECR = 222 — a2p< > __h

Viw @y(C)+F, F+F,
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The ECR calculated in each subregion was averaged over the subregions to determine the time-
averaged ECR for a given imaging depth.

We calculated the theoretical contrast ratio via a signal-to-background ratio calculation. We modeled

2
the total in-focus fluorescence, F, , accordingto F = %# where P, is the total, scattering

attenuated, ballistic power estimated at the focal plane according to P, = 2;zf(:c I1,(zy,p)pdp . The
signal-to-background ratio was defined as the ratio of total in-focus to out-of-focus fluorescence, given
by SBR = i which ranges from O at very large depths to o= in the background-free case. We defined

oof

the contrast ratio, CR = £ SBR 4o range from 0 to 1.

F,+F,, 1+SBR
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418  FIGURE LEGENDS

419  Figure 1. Contrast declines with depth with 2-photon excitation.

420 (A) Images acquired using 2-photon excitation, focused 200-600 um below the pial surface of visual

421 cortex. Emx1-IRES-Cre;CaMK2a-tTA;Ai94 mouse (B) Images acquired from the same mouse using 3-

422  photon excitation. 2- and 3-photon images are from different fields of view.

423

424 Figure 2. Implementation of near-simultaneous 2- and 3-photon excitation.

425 (A) Schematic of the optical layout for near-simultaneous 2- and 3-photon excitation. 1300 nm beam
426 (black) passed a Pockels cell [PC], prism compressor, a collimating telescope, combining dichroic mirror
427 [CD], x-y galvanometer pair [G], scan lens [SL], tube lens [TL], FF735-DI02 primary dichroic mirror [PD]
428  and objective lens. 910 nm beam (red) passed a Pockels cell (PC), beam expansion to ~1 cm diameter,
429 electrically-tunable lens [ETL], 0.3x beam expansion before being reflected by the combining dichroic
430 mirror onto the galvanometer pair. (B) Scanning strategy for near-simultaneous 2P- and 3-photon

431 excitation. Red: 920 nm excitation, no 1300 nm excitation. Black: no 920 nm excitation, 1300 nm

432 excitation. Grey: both lasers blocked. Lines were sorted into 2- and 3-photon images.

433

434  Figure 3. Changes in 2-photon image quality and apparent AF with depth.

435 (A-D) Plots of image brightness (A), contrast (B), corrected motion (C) and ROI count(D) for 2-photon
436  (red) and 3-photon excitation (black), plot as a function of depth below the pial surface of cortex. Mean
437 + SEM of 3 experiments from 2 Slc17a7-Cre;Ai162 mice. (E) ROl match (percentage of 3-photon ROIs also
438 segmented from 2-photon images) as a function of depth. (F) Pearson correlation coefficient between 2-
439 and 3-photon fluorescence traces, plot as a function of depth. (G) 2- and 3-photon changes in

440  fluorescence to grating stimuli for two neurons, 350 and 500 um below the pia. Each panel shows

441 change in fluorescence (in arbitrary fluorescence units) through time during presentation of the drifting
442  grating (icon to left indicates orientation and direction) for 2 seconds (grey bar). 8 individual traces and
443 the mean (thick line) per direction. Dashed line indicates zero fluorescence. Below: resulting direction
444  tuning curve. (H) Plots comparing preferred direction of neurons measured with 2-photon (y axis) and 3-
445 photon (x axis) excitation, for each depth. Colors indicate percentages of the total number of neurons at
446 each depth (zero is white, 10% is black, see color bar). Directions progress at 30 degree intervals from
447  the low left corner of each plot (icons). (J) Percentage of neurons with matching direction preferences
448  measured with 2- and 3-photon excitation, from 200 to 650 um. Dashed line: 8.3%.

449
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Figure 4. In- and out-of-focus fluorescence.

(A) Percentage of total fluorescence that originates from the focal plane, plot as a function of depth of
the focal plane below the brain surface. Each point represents a single measurement (from a movie at
one depth in one mouse). Lines are calculated from equation 1 with scattering length constants of 200
um (black) and 150 um (grey). (B) Plots showing the depth from which fluorescence originates with the
focal plane at 200, 400, 600 and 800 um below the brain surface. Fluorescence was calculated with
equation 1 and normalized to that in the focal plane. Note the difference in scale for 2- and 3-photon

excitation. Breakdown of fluorescence sources in supplementary figure 7.

Supplementary movie 1. Examples of simultaneous 2- and 3-photon image pairs at different depths.
Examples of matched 2- and 3-photon movies 250, 450 and 650 um below the pia. 2- and 3-photon
movie pairs were acquired pseudo-simultaneously. Each movie was acquired at a different illumination

intensity and each was scaled differently for display purposes. Slc17a7-Cre;Ai162 mouse.

Supplementary figure 1. Deep imaging of GCaMP6s fluorescence using 3-photon excitation.
Example 3-photon images from 300, 600, 900, 1100 and 1400 um below the pial surface of visual cortex.
Emx1-IRES-Cre;CaMK2a-tTA;Ai94 mouse.

Supplementary figure 2. Examples of motion
An example of motion estimates (in pm) from the motion correction routine, for three depths. Two plots
per depth for translations in the two transverse dimensions, relative to the optical axis. Red, 2-photon

estimated motion; grey, 3-photon estimated motion.

Supplementary figure 3. Fluorescence changes evoked by drifting gratings, measured with 2- and 3-
photon excitation.

Plots of 2- vs 3-photon changes in fluorescence evoked by drifting gratings. 10 plots illustrate results
from 10 depths. x and y axes each display peak changes in fluorescence (AF) from -50 to +100 arbitrary
fluorescence units. x axis: 3-photon AF. y axis: 2-photon AF. Each plot shows pooled results from many
neurons, with each neuron contributing 24 data points (12 directions, 2 spatial frequencies). Each plot
includes a line of best fit. Histograms display the distribution of data points on each plot; 2-photon

distribution below each plot and 2-photon distribution to the right.
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482 Supplementary figure 4. Depth-dependent changes in image quality and apparent direction

483  preference differ between mice

484  (A) Image quality as a function of depth for a single mouse. Equivalent to plots in figure 3A-F. (B)

485 Direction preference as a function of depth for the same mouse as panel A. Equivalent to plots in figure
486 3H & J. (D, E) Same plots for a different mouse. Insets in motion plots: same x axis, expanded y axis.

487

488  Supplementary figure 5. Comparison of 2- and 3-photon results using 3-photon motion correction.
489 Correcting motion in our 2-photon images using estimates of motion from 3-photon images improved
490 segmentation, but failed to recover accurate direction preference from 2-photon measurements. Image
491 quality as function of depth (A) and preferred directions (B) after correction of 2-photon images with
492 motion information from 3-photon images. Black and red results are duplicates of those in figure 4. Grey
493 symbols indicate 2-photon results after motion correction with 3-photon motion estimate. Using motion
494 estimated from the 3-photon images to motion-correct the corresponding deep-layer 2-photon images
495 improved segmentation from 2-photon images, increasing cell count and % overlap, but there was little
496 change in the Pearson correlation coefficient, the slope of the relationship between 2- and 3- photon
497  fluorescence changes failed to recover, and the number of neurons with matched preferred direction
498 remained low. Hence improved motion correction failed to enable extraction of accurate fluorescence
499 results from 2-photon movies in deep locations. Presumably fluorescence emitted by GCaMP from deep-
500 layer neurons after 2-photon excitation accurately reports direction preference. We expect the neuropil-
501 subtraction routine to have subtracted the mean of the out-of-focus background, but the photon noise
502 associated with this background was presumably sufficient to obscure the preferred direction of many
503 neurons. The dominance of out-of-focus background may have been facilitated by the adjustment of
504 laser illumination to maintain approximately the same mean fluorescence per image at each depth,

505 resulting in weak excitation of GCaMP6s in deep-layer neurons.

506

507  Supplementary figure 6. In- to out-of-focus fluorescence ratio.

508 (A) Percentage of fluorescence originating from the focal plane, estimated using analytical expressions
509 and plot as a function of the depth of the focal plane below the brain surface. Points, measurements
510  from 3 experiments (black, grey, open symbols). Lines, calculated values using equation 7 of Xu & Webb,
511 1996 (green), equation 4 of Theer & Denk, 2006 (pink, red), and our equation 1 (blues). Lines were

512 calculated with a scattering length constant of 200 um except one line, calculated using our equation 1

513  and a scattering length constant of 150 um.
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514

515 Supplementary figure 7. Estimated fluorescence from in- and out-of-focus planes.

516 Plot illustrating the depth from which fluorescence originates (see Theer & Denk, 2006). Lines for 2-
517 photon excitation were calculated for 900 nm illumination and scattering length 200 um using equation
518 1. Lines for 3-photon excitation were calculated for 1300 nm illumination and scattering length 200 pum
519 using an equivalent formulation. Colors indicate fluorescence from ballistic incident photons (light

520  green), from scattered photons (dark blue) and from a mixture of ballistic and scattered photons (cyan

521 and deep green). Black: the sum of all fluorescence sources (reproduced in figure 4B).
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supplementary figure 1
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2-photon excitation 3-photon excitation

0.05 4

normalized
fluorescence

— ballistic?
— scattered

2 * pallistic * scattered
— sum

0.05 4

normalized
fluorescence

0.05 4

normalized
fluorescence

|

0.05 4

normalized
fluorescence

| a

0

Z_%

. 1
depth (mm)

107

balistic3

scattered

3 * ballistic? * scattered
3 * pallistic * scattered?
sum

107

107

0 T

051
depth (mm)


https://doi.org/10.1101/618454
http://creativecommons.org/licenses/by-nc-nd/4.0/

