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bstract

Reverse correlation techniques provide a quantitative means of computing neuronal input/output relationships. Until now these methods have
een limited to electrically recorded responses since unprocessed optical signals generally lack necessary temporal characteristics. We sought
o overcome this barrier since combining reverse correlation with calcium imaging would afford a powerful alternative to current methods of

easuring response properties of neurons non-invasively in vivo. We labeled zebrafish optic tecta with a calcium indicator and measured responses
o a whole-field random flicker light stimulus. Although calcium signals exhibited slow decay kinetics, we could use computational modeling to
how that the positive differential of these traces extracts high frequency information. Experimentally, we found that calcium signals processed in

his way were synchronous with simultaneously measured synaptic responses and could be used with reverse correlation to determine temporal
lters of neurons in the zebrafish optic tectum. These findings demonstrate that calcium responses to physiological stimulation can be processed

o obtain rapid signal information and consequently to determine linear filter properties in vivo.
2006 Elsevier B.V. All rights reserved.
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. Introduction

Spike-triggered averages and reverse correlation techniques
de Boer and Kuyper, 1968) have been used extensively to study
roperties of visually responsive neurons in the retina, lateral
eniculate nucleus (LGN) and primary visual cortex (de Boer
nd Kuyper, 1968; Jones and Palmer, 1987; Reid et al., 1997).
he responses of neurons at these early stages of visual pro-
essing, such as simple cells in primary visual cortex, can be
escribed quite accurately using this approach. Other neurons,
ike complex cells, can be described by extending this formalism
Touryan et al., 2002). Descriptions of visual responses based on
everse correlation provide an important framework for charac-
erizing response selectivities, a reference point for identifying
nd characterizing novel effects, and a basis for building mech-

nistic models (Dayan and Abbott, 2001; Marmarelis, 2004).

In most studies using reverse correlation, the intrinsic lim-
tations of electrophysiological recording have traditionally
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estricted analyses to single neurons. Meanwhile, a num-
er of techniques have emerged allowing for multicellular
esponse measurements, beginning with multi-electrode record-
ng (Kruger and Bach, 1981). More recently, a notable advance
n studying neuronal population activity has been made through
he in vivo application of membrane permeant AM Ester cal-
ium indicators (Kerr et al., 2005; Ohki et al., 2005; Sullivan et
l., 2005). These studies, while fascinating in their elucidation
f response properties in many neighboring neurons, have been
echnically limited by the intrinsically slow kinetics of mea-
ured calcium transients. This constraint forces experimental
ecisions on the range of possible visual stimuli and length-
ns the required duration of fluorescence imaging. Underlying
hese choices are assumptions about the dynamics, sources,
nd statistics of evoked signals, which undercut the potential
nformation content of responses. In contrast, reverse correla-
ion methods utilizing random-noise stimuli circumvent these
ssues by allowing the responses of a neuron to a wide range

f stimuli to provide a more accurate description of the neu-
on’s functional properties. While these methods can be more
nformative, they are thought to be inaccessible to studies
sing calcium signals for several reasons. Acquisition of a lin-

mailto:ramdya@fas.harvard.edu
dx.doi.org/10.1016/j.jneumeth.2006.04.021
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ar filter function requires a substantial minimum of response
nformation. Rapid stimulation necessary for such data acqui-
ition seems to be precluded by the convolution of intrinsic
euronal responses with the long decay kinetics of fluores-
ence signals. Consequently, reverse correlation of calcium
ignals would seem to require either prohibitively lengthy exper-
ments prone to phototoxicity and bleaching, or the extraction
f temporally rapid signals from a dynamic fluorescence trace.
ere we use the latter method to show that reverse correlation
f calcium signals is possible in a computational model and
xperimental recordings in the larval zebrafish in vivo prepara-
ion.

The zebrafish, Danio rerio, has rapidly become a model sys-
em for developmental studies of the vertebrate nervous system
Baier et al., 1996). Genetic tractability, anatomical simplicity,
nd almost complete transparency also render it a strong candi-
ate for a comprehensive mapping of nervous system function by
maging of neuronal populations (Brustein et al., 2003; Friedrich
nd Korsching, 1997; Gahtan et al., 2002; Nicolson et al., 1998).
ne of the most accessible brain regions of the zebrafish is the
ptic tectum. Analogous to the mammalian superior collicu-
us, the tectum is thought to process visual information from the
nvironment for use in orienting and tracking movements such as
hose used in prey capture behavior (Gahtan et al., 2005; Herrero
t al., 1998; McElligott and O’Malley, 2005). Tectal neurons
rimarily receive innervation from retinal ganglion cell (RGCs)
xons leaving the contralateral retina (Schwassman and Kruger,
965). These monosynaptic connections are excitatory and are
robably influenced by polysynaptic local inhibitory connec-
ions (Sajovic and Levinthal, 1982). Recent work in the larval
ebrafish has demonstrated a complete and adult-like retinotopic
apping of response properties in this system (Niell and Smith,

005).
We examined the amenability and means of using rapid cal-

ium signals from tectal neurons to calculate temporal filters
sing reverse correlation. To do this, we labeled the tectum with
regon-Green 488 BAPTA AM Ester (OGB1-AM) and mea-

ured visually evoked calcium responses in tectal regions to
hysiological whole-field random-flicker stimulation. We show
hat differentiation and positive rectification of calcium signals
llows for temporal filter measurement using reverse correlation
n the zebrafish optic tectum in vivo.

. Materials and methods

.1. Preparation of the zebrafish tectum

Zebrafish larvae between 8 and 10 dpf (days post-
ertilization) were raised in fish water (2 g per gallon of
nstant Ocean in deionized water) with a 12 h on, 12 h off
ight cycle. Fish were anaesthetized in 0.02% MS222 (Sigma),
inned to a 35 mm Sylgard dish, and incubated in MMR solu-
ion (NaCl 100 mM; KCl 2 mM; MgSO4 1 mM; CaCl2 2 mM;

DTA 100 �M; HEPES 5 mM; pH 7.4) containing 100 �M (+)-
ubocurarine (Sigma). Following this, the skin covering the
ptic tectum was carefully removed, exposing the surface of the
ectum and permitting dye application. All animal experiments

f
s
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ere approved by Harvard University’s standing committee on
he use of animals in research and training.

.2. Calcium indicator loading and imaging

OGB1-AM (Molecular Probes, Eugene, OR) was dissolved
t a concentration of 1 mM in DMSO with 20% pluronic acid
Molecular Probes) and diluted to a concentration of 10 �M in

MR. Whole fish with exposed tecta were incubated with this
olution for 30 min and subsequently washed with MMR. Neu-
ons were then imaged at 60× magnification on an Olympus
pright Microscope (BX51WI) outfitted with a 75 W Xenon

amp (Opti-Quip) and an OGB filter set (Chroma). Custom
esigned LabView (National Instruments) programs were used
or stimulus design and analysis. Each region of interest (ROI)
as approximately 5 �m2 and restricted to clearly stained

omata in the neuropil and cell body layers of the tectum.
OIs were examined for fluorescence changes using a CCD
amera (Orca-ER, Hamamatsu) at a 20 Hz frame rate. These
easurements were then expressed as a computed %�F/F value

ollowing compensation for photobleaching.

.3. Visual stimulation

An LED (300 mcd, Radioshack) emitting red wavelength
ight was placed approximately 3 cm from the retina contralat-
ral to the tectum being examined. The LED voltage fluctuated
etween constants representing empirically determined maxi-
um (2.5 V) and minimum (1.8 V) intensity values within the

inear range of the LED. The protocol used to screen for light
esponsive neurons consisted of a computer controlled 50 ms
aximal LED voltage step. Flicker stimulation consisted of ran-

om LED voltage fluctuations anywhere within absolute max-
mum and minimum intensities at a 20 Hz presentation rate to

atch the image acquisition frequency.

.4. Electrophysiology

We measured synaptic currents in zebrafish tectal neurons
sing whole-cell perforated patch clamp recording methods.
icropipettes made of borosilicate glass capillaries (Kimax)
ith a resistance of 10–12 M� were back-filled with 200 �M
mphoterocin B (Sigma) in internal solution (K-gluconate
10 mM; KCl 10 mM; NaCl 5 mM; MgCl2 1.5 mM; HEPES
0 mM; EGTA 0.5 mM; pH 7.3). Electrophysiological data were
ecorded with a patch clamp amplifier (EPC8; HEKA Elec-
ronik), filtered at 5 kHz, and sampled at 10 kHz via a data
cquisition board (National Instruments) into a PC running Lab-
iew. These data were de-noised off-line and binned to 100 Hz

or presentation. All data were analyzed using a custom designed
abView program.

.5. Calcium signal processing
To filter for the onset times of fluorescence transients, we
ound the first derivative of the raw fluorescence trace (mea-
ured �F/F or the difference between successive frames divided
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y the mean). Subsequently we applied positive rectification to
his differentiated data, removing negative values corresponding
rincipally to signal decay from analysis.

.6. Cross-correlation

Cross-correlation analyses were computed using LabView by
onvolving the evaluated traces with one another. The time posi-
ion of the peak value indicates the delay of correlation between
races. Correlation was normalized to give a correlation proba-
ility (CP) value between 0 and 1 (Yoshimura et al., 2005). CP
alues were computed as shown in Eq. (1). A1p and A2p repre-
ent the peak values of the autocorrelations of traces A1 and A2
espectively. Cp indicates the peak value of the cross-correlation
etween traces A1 and A2:

P = Cp√
(A1p)(A2p)

(1)

.7. Reverse correlation

Reverse correlation analysis can be considered a delin-
ation of the stimulus producing the greatest response in a
iven neuron. In the visual system this is typically deter-
ined in the dimensions of visual space and time in which

ptimal stimulus characteristics are called spatial and tempo-
al filters respectively. For a clear formalism see Dayan and
bbott (2001) and Marmarelis (2004). In this study, temporal
lters were determined by the deconvolution of a random-
oise stimulus waveform from resultant neuronal responses,
ither using post-synaptic currents (PSCs) or processed �F/F
ignals.

.8. Modeling neuronal responses

To determine how calcium signals might be processed to
llow for accurate temporal filter acquisition by reverse correla-
ion, we developed a model of the linear response of a visually
esponsive neuron using custom designed LabView software.

e generated a white-noise stimulus as described for visual
timulation above and convolved this trace with a mathemati-
ally generated OFF filter function waveform (Eq. (2)) whereby
denotes time in milliseconds:

(t) = −5 sin(0.000125t) e−0.5t (2)

e then convolved this response with a fluorescence filter wave-
orm (Eq. (3)) with a τ of approximately 333 ms. This was
erived from the average of experimentally observed calcium
ransients:
(t) = t0.4 e−0.00005t (3)

urther processing included positive rectification of the deriva-
ive of the fluorescence response. This discarded low frequency
nformation and retained primarily positive deflections of cal-
ium signals describing activity onset times.
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.9. Model assessment

In order to assess how well our modeled calcium signals
pproximated an ideal estimate of cellular responses before and
fter processing, we performed regression analyses of these
races. R2-values were determined using Eq. (4). Ei is the ith
alue of the evaluated trace (either fluorescence response or pro-
essed fluorescence response traces) and Ri is the ith value of
he response trace, both of which have n data points. Rm is the

ean value of the response trace:

−
∑n

i (Ei − Ri)2

∑n
i (Rm − Ri)2 (4)

he maximum R2-value of 1 would indicate that the evaluated
race is identical to the response trace.

. Results

.1. Calcium indicator loading and visual stimulation of
he larval zebrafish

The larval zebrafish tectum (Fig. 1A) was superficially
abeled using OGB1-AM. At the developmental stages exam-
ned two prominent tectal layers, the cell body containing super-
cial paraventricular (SPV) zone and the neurite rich neuropil
egion, were clearly visible (Fig. 1B). We selected neurons from
oth areas for analysis in this study. Somata were character-
zed by higher intensity labeling and a spheroid shape but pro-
esses could not be distinguished from background fluorescence
Fig. 1B, inset). The degree of somatic staining was hetero-
eneous, indicating that neurons may have contained different
oncentrations of calcium indicator or baseline intracellular cal-
ium. This may have been random, or due in part to phenotypic
ifferences among neurons in intracellular calcium regulation or
sterase activity. Empirically we found that less brightly stained
ells gave the most robust responses.

Fluorescence measurements were acquired by integrating
ver small regions of interest within the somata of tectal neu-
ons. In every experiment (n = 7), cells were first probed with

series of light flashes each with a 50 ms duration to test
or visual responsiveness. In all cases, somatic fluorescence
esponses exhibited a slow τ (time to half-maximum decay)
n the order of 300–500 ms (Fig. 1C). While sometimes non-
timulus locked, the most robust responses were light-evoked.
s expected, when a more rapid and complex white-noise

andom-flicker stimulus was presented to the retina, raw fluores-
ence responses from the same neurons exhibited more intricate
ynamics. A representative trace is shown in Fig. 1D. This is at
east in part due to the temporal summation of dynamic ampli-

ude responses to rapid stimuli with varying degrees of contrast
uctuation. When reverse correlation methods were applied to

hese dynamic fluorescence signals, no temporal filter could be
btained. In contrast, electrophysiological recordings of tec-
al neurons consistently yield clear temporal filters (data not
hown).
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Fig. 1. Zebrafish tectal neuron loading and rapid responses to visual stimulation in vivo. (A) A dorsal schematic of the larval zebrafish and the rostrally situated optic
tectum. We presented whole field visual stimuli 3 cm from the retina contralateral to the tectal lobe examined. (B) A transmitted light CCD image of the optic tectal
lobes with prominent neuropil and SPV regions labeled. (Inset) Under fluorescent illumination, somata in the tectal neuropil could be clearly discerned as highly
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uorescent spheres. Scale bar: (A) 100 �m, (B) 20 �m, (inset) 5 �m. (C) Repres
n (B)). These signals are reliable, robust, and exhibit long decay kinetics. Non-s
n response to a whole field white-noise light stimulus.

.2. Model of fluorescence signal generation and
rocessing

We hypothesized that an extraction of high frequency
esponse onset information would permit reverse correlation of
hese slowly decaying fluorescence signals. Briefly, to test this
e created a model of a visual neuron’s fluorescence response

o a whole-field white-noise random flicker stimulus. The model
as derived using a known neuronal temporal filter to produce

n ideal response trace similar to that obtained from electro-
hysiological recordings. From a related simulated fluorescence
esponse, we then used signal processing to recover the ideal
esponse trace, and consequently through reverse correlation the
euronal temporal filter.
We began by mathematically convolving a white-noise
andom-flicker stimulus like that presented experimentally
Fig. 1D) with an approximation (see Section 2 for details) of an
OFF’ temporal filter typically observed from reverse correla-

w
c
r
i

ive light-evoked calcium signals from a neuron in the neuropil (similar to those
us evoked signals, while present, are less pronounced. (D) Fluorescence signals

ion of electrophysiological recordings (Fig. 2A). The function
s graphed from 0 ms to more negative time points. A large neg-
tive deflection (characteristic of an ‘OFF’ response) reaches its
eak at approximately −100 ms.

Convolution of this temporal filter with a stimulus trace
ielded a neuronal response trace. Negative values of this
esponse were then discarded in accordance with the rectified
ature of neuronal activity (e.g. the presentation of an ‘ON’ stim-
lus to an ‘OFF’ zebrafish tectal neuron produces no response
ather than a negative ‘OFF’ response). This final trace signifies
he model neuron’s linear time-varying response. It is reminis-
ent of an inverted representation of patch-clamp recordings
f excitatory post-synaptic currents (EPSCs). Experimentally,
hen both the response of a neuron and the random (white-noise)

hole-field stimulus evoking this response are known, reverse

orrelation is simply a deconvolution of the stimulus from the
esponse, which yields the neuron’s temporal filter. However,
n calcium imaging experiments, neuronal responses are further
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Fig. 2. Modeling responses, reverse correlation, and processing of fluorescence transients. (A) A linear estimate of the response of a model neuron to a white-noise
stimulus can be approximated by convolving the stimulus with a temporal filter, in this case an ‘OFF’ filter, and discarding negative values to resemble predominantly
unidirectional current traces. Experimentally, reverse correlation is the inverse of this in that a temporal filter, which describes the linear response characteristics of
the recorded neuron, is obtained by deconvolving the known stimulus from the recorded response. (B) An approximation to experimental optical signals is obtained
by convolving the response with a slowly decaying waveform (fluorescence filter) representing the putative effect of a calcium indicator on the actual response.
This has a low R2-value, 0.09 (maximum 1.0 for identity), indicating little resemblance with the original response. (C) Differentiating the fluorescence response and
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ositively rectifying it results in a processed fluorescence response (black) whic
2 = 0.83).

onvolved with a function relating the indicator’s binding kinet-
cs. This additional convolution critically distorts the outcome
f reverse correlation and is the issue we sought to address by
ignal processing.

The effect of a slow indicator dye such as Oregon-Green on
he signals generated in our model neuron can be represented
y further convolution with an approximation of a decaying
uorescence transient (see Methods for details). The result is

he fluorescence response, which approximates calcium imag-
ng traces encountered experimentally. We found that this new
esponse differed dramatically from the original response and
ad an R2-value of 0.09 out of a maximum of 1 (Fig. 2B). Our
nal goal was to derive the original response trace (Fig. 2A)
rom this fluorescence response.

We reasoned that the distorting effect of the fluorescence

lter on the ideal response was mostly due to slow decay
inetics, related by τ in our model since fluorescence onset
an be rapid. If τ was brought to extremely small values,
he fluorescence filter now resembled a δ function (a function

c
b
a
r

vers information from and more accurately represents the response (light gray,

ften used to mathematically approximate neuronal spikes). The
esultant fluorescence response resembled the original response
lmost perfectly (R2 = 0.99). This is to be expected since a δ

unction convolved with any function yields the original func-
ion. With real calcium responses, one solution for deriving
nstantaneous signals most resembling the δ function would be
hrough deconvolution of the calcium signal’s impulse response
unction. Unfortunately, in heterogenous experimental condi-
ions this is difficult to know making this method less than
deal. Instead, to closely emulate this type of decay shorten-
ng, we sought to process fluorescence responses to isolate
nset information. First we found the differential of the flu-
rescence response and then positively rectified the resulting
ignal since negative derivatives or slopes primarily relate the
ecay of calcium signals. This yielded the processed fluores-

ence response (Fig. 2C, black), which has a remarkable resem-
lance to the original response (Fig. 2C, light gray, R2 = 0.83)
nd yielded the model neuron’s temporal filter after reverse cor-
elation.
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.3. Application of signal processing and reverse
orrelation in vivo

We next sought to determine whether these signal processing
echniques could be applied in the larval zebrafish tectum to yield
nformation about rapid calcium responses. First, we examined
he relationship between processed optical signals and synap-
ic events, which are known to directly correlate with spiking
vents, using electrophysiological recordings. While raw flu-
rescence signals seemed to be most informative about rare,
obust calcium events, the positive differentiated calcium signal
as suggestive of many events with a large variance in ampli-
ude. To relate these processed signals to synaptic activity, we
imultaneously recorded synaptic currents from a neuron and
alcium signals located within its region of interest. Fig. 3A
hows 1 min of these current and fluorescence traces during reti-

s
i
f
f

ig. 3. Processed fluorescence signals closely correlate with synaptic currents and p
ignals are juxtaposed to current traces recorded from a single neuron in the same reg
uorescence trace (�F/F) has little resemblance to the recorded neuron’s PSCs, the
redominantly simultaneous and occur with similar frequency to those in the voltage-c
uorescence transients corroborates the coincidence of these signals. A sharp peak w
bsent when one of the data sets is shifted (light gray). The inset is a temporal ma
lters when applied to either processed fluorescence responses (black) or PSCs (light
esponse. (C, bottom) Examples of different temporal filters acquired by reverse corre
OFF’ filters and a single ‘ON’ filter are represented.
ce Methods 157 (2006) 230–237 235

al stimulation with a white-noise random-flicker whole field
ight stimulus. Analogous to findings from the model, processed
uorescence signals and PSCs occur with equal frequency and,
urprisingly, exhibit a peak correlation at 0 ms with a high corre-
ation probability (CP) value of 0.34 (Fig. 3B). This relationship
ontinues through 5 min of recording and was confirmed in a
econd experiment (data not shown). These data emphasize the
hysiological relevance of processed fluorescence signals (see
ection 4).

Reverse correlation of neuronal activity in response to rapid
andom-noise stimulation is often utilized to measure linear
esponse properties of neurons. Since processed fluorescence

ignals seemed to extract temporally rapid neuronal response
nformation, we sought to determine if they could be used
or measuring temporal tuning properties in the tectum. We
ound that these signals were sufficient to obtain a temporal

ermit reverse correlation in vivo. (A) Raw and processed tectal fluorescence
ion of interest in response to a whole field white-noise stimulus. While the raw
positive differential of the �F/F signal, d(�F/F)/dt, exhibits events which are
lamp recording. (B) A cross-correlogram of the recorded PSCs and differential
ith a correlation probability (CP) of 0.34 is present at a �t of 0 s (black) and

gnification of this peak. (C, top) Reverse correlation yields similar temporal
gray). The two filter functions are virtually identical and exhibit a clear ‘OFF’
lation of processed fluorescence responses in four other experiments. Variable
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lter (n = 7). In the case described earlier, as expected from the
ight correlation observed, simultaneously recorded PSCs and
rocessed fluorescence responses yield almost identical filter
unctions, accentuating the utility of our method (Fig. 3C, top).
xamples of other temporal filters from separate experiments
sing only processed calcium signals include diverse ‘OFF’ and
ON’ temporal filters (Fig. 3C, bottom).

. Discussion

Neuronal calcium signals can be dissected into two compo-
ents. The first, signal onset, is most closely related to neuronal
esponses, be they from action potentials or excitatory synap-
ic activity. In our system, it is not surprising that EPSCs can
losely mimic calcium signals that are typically a result of spik-
ng events (Niell and Smith, 2005) since these two responses
re related by a thresholding function that we have found to lie
lose to the resting potential in zebrafish tectal neurons (data
ot included). The second component of the calcium signal,
he slow decay, is a consequence of calcium indicator binding
inetics. This means that when the differential of a calcium sig-
al trace is taken, the positive derivative denotes the onset of
euronal activity and negative deflections are primarily indica-
ive of decay kinetics. Therefore the positive differential is most
nformative of neuronal activity. Here we have demonstrated
hat this positive differential of slowly-decaying fluorescence
ignals evoked by rapid physiological stimulation can provide
n accurate representation of neuronal activity in a mathemat-
cal model. This finding was corroborated by calcium imaging
n the larval zebrafish tectum in vivo. While a similar method
f optical signal processing has been demonstrated previously
o describe the onset of action potential bursts in cortical slices
Ikegaya et al., 2004), we demonstrate the utility of this method
or delineating rapid time-scale fluorescence signals in vivo. It
hould be noted that light scattering in thick tissue makes it dif-
cult to pinpoint the precise source of these signals as they may
esult from the combined activity of several nearby neurons. It
s therefore also difficult to say whether the calcium transients
re caused by synaptic activation alone or by action potentials
Niell and Smith, 2005).

Notably, we show that calcium signals processed in this way
an be utilized for filter function computation. When combined
ith two-photon imaging, this novel combination of calcium

ignal processing and reverse correlation could offer a new
ay of procuring sophisticated information about multi-cellular

esponse properties. Studies investigating the activity of popula-
ions of neurons in vivo are clearly becoming the rule as opposed
o the exception. In many cases, as in recent pioneering work
xamining boundaries of orientation selectivity in the mam-
alian visual cortex (Ohki et al., 2005), distinguishing subtle

unctional differences between neighboring neurons has become
n important problem seeking analytical tools. We propose that
he demonstrated methods of merging calcium signal processing

ith reverse correlation could help in this task by eliminating

timulation biases and permitting powerful population analy-
es, aiding in the task of understanding the coding of neuronal
nsembles in intact organisms.

M

N

ce Methods 157 (2006) 230–237

This novel combination of techniques is poised to be espe-
ially useful in studies of the larval zebrafish brain, a model
ystem that continues to be the focus of a large number of studies.
unctional analyses of potentially informative mutants includ-

ng those with retinotectal projection malformations (Baier et
l., 1996) have yet to be completed and could yield significant
nsight into the influence of genetic modulation on the devel-
pment of circuit function. Additionally, relevant physiological
timuli for various, as of yet, only coarsely understood zebrafish
rain nuclei (Gahtan and Baier, 2004) might be uncovered in this
anner. Revealing the coding hierarchies within and between

rain regions could elucidate information processing from sen-
ory neural circuitry to behavioral output.
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