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The accumulation and storage of information over time, temporal integration, is key to numerous behaviors. Many oculomotor tasks
depend on integration of eye-velocity signals to eye-position commands, a transformation achieved by a hindbrain cell group termed the
velocity-to-position neural integrator (VPNI). Although the VPNI’s coding properties have been well characterized, its mechanism of
function remains poorly understood because few links exist between neuronal activity, structure, and genotypic identity. To fill this gap,
we used calcium imaging and single-cell electroporation during oculomotor behaviors to map VPNI neural activity in zebrafish onto a
hindbrain scaffold consisting of alternating excitatory and inhibitory parasagittal stripes. Three distinct classes of VPNI cells were
identified. One glutamatergic class was medially located along a stripe associated with the alx transcription factor; these cells had
ipsilateral projections terminating near abducens motoneurons and collateralized extensively within the ipsilateral VPNI in a manner
consistent with integration through recurrent excitation. A second glutamatergic class was more laterally located along a stripe associ-
ated with transcription factor dbx1b; these glutamatergic cells had contralateral projections collateralizing near abducens motoneurons,
consistent with a role in disconjugate eye movements. A third class, immunohistochemically suggested to be GABAergic, was located
primarily in the dbx1b stripe and also had contralateral projections terminating near abducens motoneurons; these cells collateralized
extensively in the dendritic field of contralateral VPNI neurons, consistent with a role in coordinating activity between functionally
opposing populations. This mapping between VPNI activity, structure, and genotype may provide a blueprint for understanding the
mechanisms governing temporal integration.
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Introduction
Temporal integration, the accumulation and storage of inputs
over time, is the basis for many sensorimotor transformations
and decision-making tasks. For example, temporal integration
enables the maintenance of targeted eye position in the oculomo-
tor system (Robinson, 1968), the memory of tactile stimulus fre-
quency in the prefrontal cortex (Romo et al., 1999), and the
storage of accumulated evidence in the lateral intraparietal area

(Shadlen and Newsome, 2001). In all of these settings, the neural
correlates to behavior are coordinated firing rate changes that
persist long after termination of the presented stimulus. Al-
though coding properties in these systems have been well studied,
the mechanism of temporal integration is not fully understood.
Elucidation of this mechanism requires understanding both the
circuit-level organization within an integrating network and the
relevant molecular and cellular properties of the constitutive
neurons.

The functional properties of integration in the oculomotor
system have been particularly well characterized. The oculomo-
tor velocity-to-position neural integrator (VPNI) accumulates
eye-velocity-encoded inputs to produce eye-position commands,
serving as a common temporal integrator for many types of eye
movements, including those controlled through the saccadic and
optokinetic pathways shown in Figure 1A. The mechanism of
integration in the VPNI is thought to depend critically upon
positive feedback through recurrent network interactions (Rob-
inson, 1989; Seung et al., 2000; Aksay et al., 2007; Fisher et al.,
2013; Joshua et al., 2013). However, it has been difficult to con-
nect this systems-level understanding with the anatomical and
physiological properties of the neuronal elements in the circuit.

The recent identification in the larval zebrafish of a genotypic
scaffold in the caudal hindbrain (Higashijima et al., 2004;

Received July 23, 2014; revised April 9, 2015; accepted April 15, 2015.
Author contributions: M.M.L. and E.R.F.A. designed research; M.M.L. and A.B.A. performed research; M.M.L. and

E.R.F.A. analyzed data; M.M.L., A.B.A., and E.R.F.A. wrote the paper.
This work was supported by the Tri-Institutional Computational Biology and Medicine Program to M.M.L.; the

Deutsche Forschungsgemeinschaft DFG EXC307 and EXC294 to A.B.A.; and the Burroughs Wellcome Career Award at
the Scientific Interface, a Searle Scholars Award, the Simons Foundation, National Science Foundation IIS1208088,
and National Institutes of Health R01 EY021581 to E.R.F.A. We thank Robert Baker, Joseph Fetcho, and Mark Gold-
man for helpful comments on the manuscript; Charlotte Grove, Alex Ramirez, Kayvon Daie, and Sherika Sylvester for
helpful discussions; the Joseph Fetcho laboratory for the vglut2 and glyt2 lines; Santanu Chakraborty for help with
electroporation; and Lisa Schreiber for technical assistance.

The authors declare no competing financial interests.
Correspondence should be addressed to Dr. Emre R.F. Aksay, Institute for Computational Biomedicine and the

Department of Physiology and Biophysics, Weill Cornell Medical College, 1300 York Avenue, New York, NY 10021.
E-mail: ema2004@med.cornell.edu.

A. B. Arrenberg’s present address: Werner Reichardt Centre for Integrative Neuroscience, University of Tübingen,
Otfried-Müller-Str. 25, 72076, Tübingen, Germany.
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Kinkhabwala et al., 2011; Koyama et al., 2011) where VPNI neu-
rons are observed (Miri et al., 2011a) opens up the possibility of
making such links. This scaffold consists of alternating stripes of
glutamatergic and glycinergic cells arranged along approximately
parasagittal planes (see Fig. 1B–E). Furthermore, particular
stripes (or portions of stripes) are coextensive with transcription

factor domains within which there is variation along the dorso-
ventral axis in age, axonal extent, and input resistance. An under-
standing of how the VPNI is distributed along this scaffold could
lead to important clues as to the cellular and circuit mechanisms
governing the process of temporal integration during oculomo-
tor control.
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Figure 1. Linking coding of the VPNI with a structural and genotypic scaffold. A, Core oculomotor circuit mediating saccades and fixations (top, light brown) and optokinetic responses (bottom,
dark brown). Adapted from Raphan and Cohen (1978) and Fuchs et al. (1985). In the saccadic pathway, the presentation of a visual target initiates a buildup of signal in the optic tectum (OT) (superior
colliculus in mammals) at a location on a retinotopic map that encodes the angular displacement the eye must make to acquire the target. When this signal reaches a threshold (black arrowhead),
a burst of activity is triggered in the saccade generator (burst). The burst signal is conveyed directly to the motor neurons (motor) to elicit a saccade that rapidly moves the eye onto the target. Because
the transient burst signal is not able to maintain muscle contraction, signals from the saccade generator are also routed through the VPNI, which accumulates the burst input over time to generate
an eye position-encoded step in firing rate (fr) that persists and provides a tonic drive to the motor neurons. In the optokinetic pathway, movement of a broad-field visual stimulus (red) generates
a stimulus velocity signal in the pretectum (PT) that initiates an eye-velocity command signal in vestibular nuclei (vstb.). This velocity-encoded step is combined at the motoneurons with a
position-encoded ramp generated by the VPNI to overcome the inertia of the plant and smoothly track movements in the visual field. B, Horizontal section showing the genotypic scaffold in
rhombomeres (rh) 7– 8 of a 7 dpf Tg(vglut2:DsRed) x Tg(glyt2:GFP) fish. Red and green dashed lines indicate the approximate centers of the glutamatergic and glycinergic stripes, respectively. C,
Coronal view of a stack of horizontal sections projected through rh 7– 8 of a 7 dpf Tg(vglut2:DsRed) x Tg(glyt2:GFP) fish. White dashed lines indicate the approximate dorsoventral level of the
horizontal section shown in B and of the level in which the Mauthner axons (MA) are visible in rh 8. Bracket at right indicates the dorsoventral range within which data were collected,�45 �m above
and 30 �m below the MA level. D, E, Same coronal stack as C, but spectrally separated to show (D) glyt2:GFP and (E) vglut2:DsRed expression.
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Here we mapped the VPNI onto this scaffold by combining
calcium imaging during oculomotor behavior and single-cell
electroporation in dual-transgenic zebrafish that express DsRed
in glutamatergic neurons and GFP in glycinergic neurons. We
identified three distinct classes of VPNI neurons based on neu-
rotransmitter and morphological specification. When viewed in
light of previous results (summarized by Fisher et al., 2013), these
findings suggest distinct functional roles for each group, with one
group important for hemifield-specific integration, a second for
bilateral coordination, and a third for disconjugate control. To-
gether, these findings represent an important step toward under-
standing the circuit-level structure–function relationships of the
VPNI with molecular and cellular resolution.

Materials and Methods
Zebrafish preparation and dye loading. All experimental procedures were
approved by the Institutional Animal Care and Use Committee of Weill
Cornell Medical College. Physiological experiments were performed
with 6 –12 dpf zebrafish of either sex from two transgenic nacre mutant
lines: Tg(slc17a6b:DsRed)nns9Tg (abbreviated as Tg(vglut2:DsRed))
and Tg(slc17a6b:DsRed)nns9Tg x Tg(slc6a5:GFP)cf3/cf4TG (Tg(vglut2:
DsRed) x Tg(glyt2:GFP)) (McLean et al., 2007; Bae et al., 2009). Animals
were reared at 28°C through day 5 and moved to room temperature at
day 6 to slow the rate of development. Procedures for mounting of the
larvae, preparation of calcium-sensitive dyes (5 mM Oregon Green 488
BAPTA-1 AM [OGB], Invitrogen O6807; or 2 mM rhod-2 AM [rhod 2],
Invitrogen R1245MP), and loading of the dyes were similar to those
previously described (Daie et al., 2015).

Two-photon calcium imaging. Synchronous two-photon calcium im-
aging and eye tracking were performed using a custom-designed system
previously described (Daie et al., 2015). Functional imaging of calcium
dynamics was performed at multiple planes in rhombomeres (rh) 7 and
8 of the caudal hindbrain, where VPNI neurons have been previously
identified (Miri et al., 2011a). For each imaging plane, dorsoventral (DV)
depth was measured relative to the level of the Mauthner axon (MA),
which was identified in the contrast image of rh 8, just above the inferior
olive. This rh 8 MA level was typically 20 �m above the position of the
Mauthner soma located in rh 4. To position the imaging window (�184
�m on edge) in rh 7 and 8, we used the posterior otolith at the MA level
as a guide because we had previously observed that at these ages its
location was closely aligned with that of rh 5 (Miri et al., 2011a). The
rostral edge of this imaging window was placed �45 �m caudal of the
center of the posterior otolith, thus aligning it with the border of rh 6 and
7 (Miri et al., 2011a). During subsequent analysis, slight corrections to
this rostral border position were made by registering clearly identifiable
anatomical features in the caudal hindbrain with those in control animals
labeled with widely accepted rhombomeric indicators, as previously de-
scribed (Daie et al., 2015). These anatomical features included the fol-
lowing: the rostrocaudal (RC) location of the point of maximal curvature
in the lateral neuropil of rh 8, the Ca reticulospinal neurons, a ventral
glutamatergic cell population residing along the midline (see Fig. 2A,
bottom), and myotome borders visible in contrast images.

In each fish, 3–7 horizontal planes were imaged for �10 –15 min per
plane. Recordings at each plane included 5 min of spontaneous behavior
in the light, 5 min with an optokinetic stimulus, and sometimes 5 min
spontaneous behavior in the dark. During spontaneous behavior in the
light, the fish was presented with alternating stationary dark and light
stripes (1 cm wide, 1 cm tall) projected onto a 1 � 6 cm piece of diffusion
film (Novatron 4008) placed 1–2 cm in front of the fish. For the optoki-
netic stimulus, the velocity of the stripes moved sinusoidally, reaching a
peak velocity of �30 deg/s (�1 bar/s).

Functional calcium imaging for all behavioral conditions was per-
formed with the excitation wavelength set to 790 nm and powers of
10 –15 mW. Immediately following functional imaging, reference images
of XFP expression (DsRed, GFP) in the same plane were collected with
excitation wavelength set to 930 or 950 nm and power adjusted to 15–20
mW. All image time series were collected at �1 Hz and images were
512 � 512 pixels.

Single-cell electroporation. Single-cell electroporation with a fluores-
cent indicator of VPNI and candidate VPNI neurons was performed to
examine cell morphology. Larvae were prepared for imaging as described
above, but additionally a small perforation was made in the skin at the
caudal end of the cerebellum to facilitate penetration of an electropora-
tion electrode. The perforation was made using a sharp glass electrode
coated with a saturated solution of DiI dissolved in DMSO (DiI, Invitro-
gen D7777) while the fish was anesthetized with 50 mg/L MS-222. Sharp
pipettes (�15–20 M� in Evans solution, borosilicate, 1.0 mm OD, 0.58
mm ID, P-30 puller, Sutter) were back-filled with 8 mM Alexa-488 dex-
tran (Invitrogen D22910, dissolved in Evans solution) or 10 mM Texas
Red Dextran (Invitrogen D3329, dissolved in Milli-Q water). In some
cases, the glass pipettes were first front-filled with 1.7% low-melting
point agarose to enable consistent iontophoresis and minimize spurious
cell fills. In other cases, to prevent front-filling and subsequent dilution of
the dye solution, continuous back pressure of �1 psi was applied as the
electrode was advanced to the perforation and was immediately turned
off upon entry into the brain (Picospritzer III, Parker Hannifin; micro-
manipulator MP-285, Sutter). The electrode was then advanced lateral
and caudal of a target cell before being retracted diagonally at least �30
�m (or 3– 6 cell diameters) to clear the tip of possible obstruction by
tissue debris, then advanced horizontally and vertically toward the cell of
interest. The electrode tip was positioned so that it made close contact
with the cell membrane, seen optically as a slight distortion of the cell
silhouette; then a voltage pulse train was applied to transiently porate the
cell membrane and deliver the positively charged dye solution. A 2–3 V
pulse train consisting of 2 ms square pulses delivered at 200 Hz was
generated using a DAQ card (PCI 6110, National Instruments) and a
linear stimulus isolator (WPI A395) and was delivered for 0.5 s via a
microelectrode amplifier (AM Systems 1800) in stimulation mode. Typ-
ically, the cell soma and proximal dendrites filled within a minute of
applying the pulse train. Imaging was performed both within minutes of
electroporation and 30 min to a day later after waiting for axonal projec-
tions to completely fill.

Immunohistochemistry. All experimental procedures for immunohis-
tochemical analysis conformed to the institutional guidelines of the Uni-
versity of Freiburg and the local government (Regierungspräsidium
Freiburg). Immunohistochemistry was performed on Tg(slc17a6b:
EGFP)zf139Tg (Tg(vglut2:GFP)) transgenic animals. Tg(vglut2:GFP) lar-
vae were immunostained using the primary antibodies rabbit anti-GABA
(1:500, Sigma A2052), chicken anti-GFP (1:400, Invitrogen A10262), and
the secondary antibodies anti-rabbit Alexa-546 and anti-chicken Alexa-
488 (1:1000, Invitrogen). The whole-mount immunostained larvae were
imaged using a spinning disk confocal microscope. The images shown
in Figure 5A–C are average projections across �5 �m in the DV axis.

Analysis of cell fluorescence activity. All analysis of image time series was
completed in MATLAB (The MathWorks). Custom scripts were devel-
oped for motion correction, functional identification of cells, calculation
of cellular fluorescence response, and alignment of fluorescence time
series to correct for temporal undersampling relative to eye tracking data.

An iterative algorithm for subpixel image registration by cross-
correlation (Guizar-Sicairos et al., 2008) was first applied to all functional
imaging data to remove erroneous signals introduced by in-plane mo-
tion. This algorithm involved aligning individual frames with a reference
image generated by taking the time-projection (average) across all
frames. An image time series with significant in-plane motion would
have a relatively blurry reference image before alignment. Frames for
which the rate of shift exceeded a threshold of 0.15 �m/frame were
excluded from analysis, and the remaining aligned frames were time-
averaged to produce an updated reference image. Sequential iterations of
these steps were applied until all frames were aligned to within the shift
rate threshold; this served to simultaneously improve the sharpness of
the reference image and the frames that were aligned to it.

Following motion correction, correlation maps were generated for
each dataset to identify eye movement-related neurons (Miri et al.,
2011a, 2011b). These correlation maps describe, at pixel-by-pixel reso-
lution, the temporal correlation of calcium concentration changes with
simultaneously measured eye and stimulus position and velocity vari-
ables. Hemifield-specific eye and stimulus position and velocity were
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mapped to variables corresponding to associated models of fluorescence
reported by a calcium indicator by convolving the behavioral variables
with a calcium impulse response function (CIRF). The CIRF takes into
account the slow intracellular calcium buffering and clearance associated
with a cell’s action potential. The CIRF is characterized by its time con-
stant of decay, measured across OGB-loaded VPNI cells to have a popu-
lation median of 1.9 s (Daie et al., 2015). Fluorescence time series of
image pixels were then linearly regressed against these CIRF-convolved
behavioral variables, and a correlation map was generated from the re-
gression coefficients. ROIs corresponding to candidate eye movement-
related neurons were selected for data acquired first during saccades and
fixations through a user interface that presented both the correlation
map and a time-averaged reference frame of the fluorescence activity.
Next, these ROIs were copied onto the time-projection image of fluores-
cence activity acquired during optokinetic stimulation, and aligned to
the new image by determining the 2D cross-correlation between the
time-averaged fluorescence images of the two behavioral conditions
(MATLAB function normxcorr2). Additional ROIs were drawn on the
second correlation map if more eye movement-related cells were found
and their coordinates were reverse-aligned to the first behavioral con-
dition using the same offset but with a reversed sign. Average shift
values in the RC and mediolateral (ML) dimensions were �0.12 �
0.61 and �1.5 � 1.9 �m, respectively (n � 38 planes). This procedure
ensured that all possible eye movement-related neurons were identi-
fied and aligned across the datasets corresponding to the two behav-
ioral conditions.

Fluorescence time series were then calculated for each ROI by com-
puting the average fluorescence within each ROI for each frame and then
converting it to a percentage change in fluorescence by taking the differ-
ence of each trace from the average fluorescence and then dividing by the
average. To facilitate analysis of relationships between neural activity and
eye movements, fluorescence time series were interpolated with a time step
of 50 ms. They were then truncated to begin at the start time of the last
acquired ROI in an imaging frame, and end at the earliest end time across
fluorescence, eye, and stimulus time series. The fluorescence time series were
additionally detrended using a baseline correction procedure in which a
quadratic fit to the bottom 20% of points was subtracted from each
time series. Finally, intervals containing body-movement related ar-
tifacts that were not eliminated by the motion correction algorithm
were excluded by hand from further analysis.

Functional classification of cells. Cells were classified as VPNIs based on
the correlation of their full ROI fluorescence time series with eye and/or
stimulus variables. These correlations were used to define separate max-
imal behavioral-sensitivity measures during spontaneous fixations and
optokinetic responses, and subsequently these measures were used to set
criterion for inclusion in the analyzed VPNI population. For spontane-
ous activity, the maximum behavioral sensitivity for a cell was defined as
the greater of the correlation of its fluorescence time series with CIRF-
convolved ipsiversive (a) eye position and (b) eye velocity. For optoki-
netic response, the maximum sensitivity was defined as the greater of the
correlation of its fluorescence time series with CIRF-convolved (a) stim-
ulus position and (b) stimulus velocity. Cells were then classified as VPNI
if they satisfied two conditions: (1) the maximum sensitivity during
spontaneous behavior was at least 0.4, and (2) the ratio of maximum
sensitivity during spontaneous behavior to maximum sensitivity during
optokinetic behavior was no greater than 3. Condition 1 excluded ves-
tibular and velocity-sensitive neurons, which in teleost fish do not re-
spond during spontaneous eye movements (Beck et al., 2006); and
Condition 2 excluded saccadic burst neurons, which do not show re-
sponses correlated with slow-phase optokinetic movements (Scudder et
al., 2002).

Separating OGB, DsRed, and GFP signals. To determine colocalization
of functionally specified ROI with the XFPs (DsRed or GFP), it was
necessary to first separate fluorescence signals from DsRed, GFP, and
OGB. Separation of the XFPs from OGB was possible because of the
unimodal excitation spectra of the two XFPs (with GFP peaking �930 –
950 nm and DsRed increasing monotonically from 800 to 1000 nm) and
the bimodal excitation spectrum of OGB (with peaks at 790 and 930 nm)
(Brondi et al., 2012).

We imaged calcium activity at 790 nm, where OGB signals were dom-
inant, and the XFPs at 930 nm, where both XFPs and OGB were present.
Before separating the fluorescence signals, we subtracted from the time-
projection images at 930 and 790 nm contributions from background
noise, and then aligned the images. Noise was assessed by taking the mean
of pixel intensities at each wavelength within an ROI outside of the brain.
Following noise subtraction, the time-projection image at 930 nm was
registered with the time-projection image at 790 nm to correct any in-
plane shifts that may have occurred between the acquisitions at the two
wavelengths. Registration was done by hand-selecting at least two ROI
from each plane at each wavelength and aligning their centroids. ROIs
were selected in the green channel time-projection images, where OGB
was present at both wavelengths.

To separate the XFPs from OGB, we used the fact that, for each wave-
length, � � 	790, 930
 and channel k � 	R, G
, the time-averaged fluores-
cence image could be represented as the linear combination of
contributions from the XFP and OGB fluorophores as follows:

F� �,k � F�,k
ogb � F�,k

dsred � F�,k
gfp (1)

where the bar denotes a measured/observed quantity; and that the fluo-
rescence of OGB at the two wavelengths and in the two channels could be
related simply by scale factors:

F930,G
ogb � aG � F790,G

ogb

F930,R
ogb � aR � F790,G

ogb (2)

Given that, at 790 nm, the intensity of OGB is 15-fold greater than that of
either XFP (Drobizhev et al., 2009; Mütze et al., 2012), we assumed that
the contributions of the XFPs at 790 nm are negligible. The signals re-
sulting only from the XFPs at 930 nm (F930,k

xfp ) could then be determined as
follows:

F930,k
dsred � F930,k

gfp � F� 930,k � ak � F� 790,G (3)

To determine the scale factors ak, we next examined for different planes
histograms of the OGB-subtracted pixel intensities from all of the ROIs
for functionally identified cells. We noted that, for each plane, regardless
of the value of ak, this histogram had two or three peaks, with the peak
associated with the lowest fluorescence intensities necessarily corre-
sponding to those cells that were XFP-negative. Because we had previ-
ously subtracted from these images an average noise intensity, we
reasoned that, when the value of the scale factor ak is appropriately cho-
sen, this peak value should be at zero intensity. Thus for each plane, the
scale factors ak were sampled at uniform intervals within the ranges
aR � �0.02, 0.4� and aG � �1.3, 3.0� to determine the value for that plane
that resulted in a first-peak location at the origin.

Next, it was necessary to demix the fluorescence signals from DsRed
and GFP because both fluorophores contributed signals in both the red
and green channels (Bagwell and Adams, 1993). Their contributions
could be related by the following:

F930,R
dsred � � � F930,G

gfp � F930,R
xfp

	 � F930,R
dsred � F930,G

gfp � F930,G
xfp (4)

where

� � F930,R
gfp /F930,G

gfp � �0 �  gR/gG�
	 � F930,G

dsred /F930,R
dsred � 	0 �  gG/gR� (5)

�0 and 	0 are constants describing the ratios of the integrated red and
green fluorescence, and the variables gR and gG denote detection
gains. The constants �0 and 	0 were determined from published in
vitro fluorescence emission spectra for GFP (Heim et al., 1995) and
mature DsRed (Baird et al., 2000); the resulting values were �0 �
0.094 and 	0 � 0.032. Because the detection gains vary with depth in
the brain, we determined the gain ratios empirically for each plane by
solving Equations 4 and 5. In theory, either GFP-positive or DsRed-
positive cells can be used to calculate the fluorescence ratios in Equa-
tion 5. However, because DsRed takes a long time to mature and is
green in its immature form (Baird et al., 2000), we solved for Equation
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5 using hand-selected easily identified GFP-positive cells (average of 5
cells per plane) for which this variation in color does not occur; for
these cells, F930,R

dsred � 0 and; therefore, gR/gG � F930,R
xfp /�0 � F930,G

xfp �.
The resulting scale factors obtained across all planes varied between
� � �0.01, 0.07� and 	 � �0.04, 0.02�. Finally, XFP-specific images
for each plane were determined from the following:

F930,R
dsred � � 1

1 � � � 	� � F930,R
xfp � � �

1 � � � 	� � F930,G
xfp

F930,G
gfp � � 1

1 � � � 	� � F930,G
xfp � � 	

1 � � � 	� � F930,R
xfp

(6)

The procedure for registering and separating XFP and OGB time-
projection images was also applied to data collected from fish containing
only the transgene vglut2:DsRed.

Identifying glutamatergic or glycinergic VPNI neurons. Next, to identify
the neurotransmitter phenotype of the functionally specified VPNI neu-
rons, we manually categorized VPNI neurons as being XFP-positive,
XFP-negative, or indeterminate. A DsRed-positive cell was glutamater-
gic, and a GFP-positive cell was glycinergic; XFP-negative cells were
either negative due to mosaicism or potentially of a different neurotrans-
mitter phenotype; those cells that could not be confidently categorized as
either XFP-positive or XFP-negative were removed from the analyzed
pool. To categorize the cells, we used a computer interface that en-
abled simultaneous viewing of the VPNI ROI on the time-projection
XFP-specific image (F930,R

dsred , F930,G
gfp ; Eq. 6), the images of OGB-loaded

cells (F� 790,G), and the corresponding correlation maps for the two
behavioral conditions (see Analysis of cell fluorescence activity). Cells
were first categorized independently by two separate users; the results
from the two independent evaluations agreed by 85% (314 of 371 cells).
The 15% of cells (57 of 371 cells) categorized differently were then eval-
uated by both users together. Of these, a consensus could be reached for
91% (52 of 57 cells), with 58% of them being placed in an indeterminate
pool and discarded from further analysis (30 of 52 cells). The final dataset
consisted of 86 XFP-positive and 247 XFP-negative VPNI cells. Among
the XFP-positive group, 81 cells were selected in the first independent
round of evaluations and 5 were additionally agreed upon during the
jointly performed selection. Among the XFP-negative group, 230 cells
were selected in the first independent round, and 17 were subsequently
agreed upon and added during the joint evaluation.

Finally, to check that the categorization procedure was done properly,
we evaluated two parameters that quantified our qualitative observations
that XFP-positive and -negative cells differed overall in the following: (1)
their mean within-ROI XFP-fluorescence intensity and (2) the ratio of
within-ROI to surround intensities. First, to correct for intensity varia-
tions within each plane, we segmented each plane into four quadrants
within which pixel intensities were normalized to the interval [0,1]. To
quantify the observation that XFP-positive cells tend to have higher av-
erage XFP-pixel intensities, we compared the mean ROI intensity of
XFP-positive and -negative cells. This mean ROI intensity parameter
differed significantly between the XFP-positive and -negative popula-
tions ( p � 1.67 � 10 �33; rank sum test), with XFP-positive and -negative
cells having mean intensities of 0.56 � 0.48 (SD) and 0.091 � 0.12,
respectively. Second, the relative intensity of an ROI with respect to its
surround was measured by comparing the distribution and mean of pixel
intensities within an annulus about the ROI and within the ROI itself.
The mean ROI-to-annulus intensity parameter also differed significantly
between the XFP-positive and -negative groups ( p � 8.0 � 10 �37; rank
sum), with XFP-positive and -negative cells having mean ROI-to-
annulus intensity ratios of 1.45 � 0.59 and 0.41 � 0.33, respectively.

Stripe identification and localization. To quantitatively examine how
cells were distributed along the glutamatergic stripes, the time-projection
image of XFP fluorescence for each plane was digitally segmented into 4
stripe regions per side of the brain as follows. First, the midline was
defined as the line joining two user-identified points along the midline.
Next, a border was drawn by a user-interface to delineate the first (me-
dial) and second glutamatergic stripes on one side of the brain. This
border could be seen as a gap between the two most medial columns of
cells. When this gap was sizable, the border was drawn so that it fell just

lateral of the more medial stripe. This gap was present at all dorsal–
ventral levels but was most prominent in planes ventral of the MA level.
Above the MA level, the first glycinergic stripe (when present in the
dual-transgenic fish) was sometimes used as a guide to separate the first
two glutamatergic stripes, but the two stripes were still sufficiently sepa-
rated in the absence of the glycinergic stripe, except at the rostral edge of
the imaging window (rh 6/7 border) where the stripes converged. The
border was then interpolated with a smoothing spline (MATLAB func-
tion csaps) and reflected over the midline to define the corresponding
border on the contralateral side. Borders were drawn in a similar way
between glutamatergic stripes 2 and 3, 3 and 4, and at the lateral edge of
the hindbrain. To confirm continuity of the stripes across planes in each
fish, the coordinates for the borders were collected into a 3D stack and
compared with a reference 3D stack of borders drawn similarly, but at
high DV resolution that enabled clear visualization of the stripes from a
coronal view (compare Fig. 1C). A similar procedure was applied to
identify stripe peaks/centers.

To validate that the segmentation procedure resulted in appropriate
stripe regions and to quantify the actual stripe population distribution in
the brain (see Fig. 3B), we made histograms across normalized ML dis-
tance. For each cell, we calculated its ML position and then normalized it
by the distance between the stripe center and border. This normalized
distance was then multiplied by the mean distance of the stripe center
from the midline. This normalization accounted for the fact that the
stripes do not run precisely parallel to the midline and allowed us to
determine whether the stripe distribution was multimodal along the ML
axis or was rather a flat, homogeneous distribution.

Cell reconstructions. 3D reconstructions of single neuron fills were per-
formed using the Simple Neurite Tracer plug-in in ImageJ (Longair et al.,
2011).

Estimation of neuronal persistence. Neuronal persistence for a given cell
during spontaneous behavior was calculated from its saccade-triggered
averaged fluorescence response (STAF) in three steps. First, the STAF was
deconvolved to obtain the cell’s estimated firing rate. Second, the decon-
volved fluorescence was fit to a model to determine the decay time, 
, of
the estimated firing rate during the fixation period. Third, the fit was
normalized and neuronal persistence, �, was quantified as the area under
the normalized fit. These steps are detailed in the following.

The estimation of a cell’s firing rate from its fluorescence response was
based on a modification of previously described methods (Miri et al.,
2011b). Briefly, we calculated the saccade triggered average of the cell’s
fluorescence response (STAF) by averaging over a minimum of 3 sac-
cades preceding fixations that lasted at least 7 s. The STAF was filtered
with an adaptive cubic spline that fit the fluorescence in the interval 2 s
before and 1 s after saccade onset with high fidelity, and produced a
smoothed approximation of fluorescence for the remainder of the fixa-
tion period. The filtered fluorescence was then deconvolved with the
CIRF (see Analysis of cell fluorescence activity) to obtain an estimation of
firing rate.

The estimated firing rate (deconvolved STAF) was next fit to a model
of the form rt� � a . e�t/
 � c. The fit was performed over a 5 s interval,
beginning 1 s after the saccade and ending 6 s after the saccade, to esti-
mate the parameters a and 
. The MATLAB function fit was used, with a
constrained to be non-negative and 
 seeded to two initial values, 1 and
�1. The firing rate null position parameter, c, was held fixed during the
fit and was estimated by taking either the upper (cub), lower bound (clb),
or middle (cmid) of the firing rate null range determined from the de-
convolved ipsiversive and contraversive STAF (Miri et al., 2011b). Each
cell was fit 6 times, corresponding to 3 null values c and two different 

seeds, and the best fit was selected for the third step of analysis (described
in the next paragraph). The quality of the fits was assessed by calculating
the coefficient of determination (R 2) of an augmented regression, de-
signed to capture the goodness of fit of the area under the firing rate
curve. This adjusted R 2 was defined as the concatenation of the fit of the
ipsiversive firing rate and the same fit but reflected over the horizontal
axis (therefore identical firing rate and fit, but reversed in sign) as it better
captured fit quality of both the amplitude and decay time of the expo-
nential. Only qualifying fits (R 2 � 0.9, determined empirically) were
included in subsequent analysis and statistics.
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To calculate the persistence measure �, the fit to the estimated firing
rate was normalized so that the peak firing rate during the first 0.5 s of the
fixation period was set to 1. � was then estimated as the cell’s average
response during the same 5 s fixation interval as used above; this average

is given by
1

T
�

t
rt, where T is the number of data points during the

fixation and rt is the normalized firing rate response at time t. With this
measure, a perfectly persistent cell would have � � 1 and a cell without
persistent firing would have � � 0. Cells for which � � 1 would have
firing rates that continue to rise after the initial 0.5 s of the fixation
period, corresponding to an unstable cell with negative 
. Cells for which
� � 2 were found to be noisy and excluded from further analysis (�1.5%
of VPNI cells).

Results
Here we mapped the VPNI onto a structural and genotypic scaf-
fold in the zebrafish hindbrain, enabling us to link VPNI coding
properties with the cellular and molecular properties of the cir-
cuit’s constitutive neurons. The hindbrain of the larval zebrafish
is divided along the rostrocaudal (RC) axis into eight segments
called rhombomeres (rh). Localized ablation and halorhodopsin-
mediated optical inactivation of the caudal hindbrain have dem-
onstrated that rh 7 and 8 are necessary for temporal integration
during oculomotor control (Miri et al., 2011a, 2011b). Cells in
the hindbrain are further organized into seven approximately
parasagittal planes of cells that alternate between excitatory and
inhibitory cell type (Higashijima et al., 2004; Kinkhabwala et al.,
2011; Koyama et al., 2011). These stripes are associated with tran-
scription factors that specify some of the neuronal characteristics
(including morphological features) that the cells acquire in de-
velopment (Lewis, 2006). In particular (and in mediolateral (ML)
order), most, if not all, first glutamatergic stripe neurons express
alx (chx10 in mammals), first glycinergic stripe neurons express
engrailed-1, and second glutamatergic and second glycinergic
stripe neurons express dbx1b (Kinkhabwala et al., 2011). In the
following, we used calcium imaging to determine how the VPNI
is distributed onto this hindbrain scaffold. We also used targeted
electroporation of single cells to help identify the key morpholog-
ical features of the different VPNI cell classes. Finally, we revealed
links between VPNI functional properties specified by a neuronal
persistence measure and the structural-genotypic organization of
the VPNI. Together, these results provide links to molecular-
genetic factors that specify anatomical and physiological proper-
ties of cells in the VPNI, shedding insight into the mechanism of
integration and potentially serving as a technological lever for
further studies that require restricted expression in the oculomo-
tor integrator.

Spatial distribution of the VPNI on a hindbrain genotypic
scaffold
We first mapped the VPNI using two-photon calcium imaging of
rhombomeres 7 and 8 in a dual-transgenic zebrafish line where
glutamatergic neurons expressed DsRed, and glycinergic neurons
expressed GFP (vglut2:DsRed, glyt2:GFP) (n � 5 fish). Additional
mapping data were acquired in a single transgenic vglut2:DsRed
line alone (n � 2). Neuronal activity was measured during two
distinct oculomotor behaviors, spontaneous saccades and fixa-
tions, and optokinetic tracking (OKR), both of which engage the
VPNI. During spontaneous behavior, zebrafish were presented
with a stationary stimulus consisting of a pattern of alternating
dark and light stripes. Zebrafish typically performed a sequence
of saccades, usually in alternating directions to an extreme eye
position, with fixations lasting up to tens of seconds. On average,

spontaneous eye movements spanned a range of 11.9 � 5.8°
(mean � SD), with mean and median fixation times of 17.1 �
10.8 and 12.3 s, respectively (n � 7 fish). During optokinetic
tracking, the stimulus pattern moved with a velocity that varied
sinusoidally at a frequency of 0.067 Hz, reaching a peak velocity
of �30°/s. The corresponding range of eye movements was
14.7 � 6.9°; zebrafish also performed fast-phase eye movements
with an average interval of 15.4 � 14.5 s (median 11.4 s). In both
behavioral conditions, the two eyes generally moved in a conju-
gate manner.

VPNI activity was imaged at 3–7 horizontal planes per fish
after bolus loading of the calcium-sensitive dye OGB (n � 371
cells across both single- and dual-transgenic animals). Imaging
was performed within a dorsoventral (DV) window that spanned
from 45 �m above to 30 �m below the level where the MA was
visible in rh 8 (Fig. 1C). For a given fish, we imaged each plane for
at least 10 min: first for 5 min of spontaneous behavior in the light
and then for 5 min of optokinetic reflex behavior. OGB signal was
distinguished from DsRed and GFP (together referred to as XFP)
signals by comparing images acquired at two excitation wave-
lengths (see Materials and Methods). VPNI neurons were iden-
tified by using a correlation map generated by regressing the
fluorescence activity of individual pixels against eye movement
regressors generated by convolving hemifield-specific eye posi-
tion and velocity traces with a CIRF describing the relationship
between VPNI firing rates and calcium dynamics (see Materials
and Methods) (Miri et al., 2011a).

Typical activity patterns for VPNI cells are seen in Figure 2.
Data are shown for two planes: one 11 �m above the average level
of the MAs (*) in the caudal hindbrain (top) and the other 21 �m
below (bottom). During spontaneous behavior, the fluorescence
of VPNI cells (Fig. 2A, white outlines) exhibited relatively sharp
increases with saccades in the ipsilateral direction (Fig. 2B; e.g.,
the activity of cells 1–3 increases with eye movements to the left
[dotted gray vertical lines], and the activity of cells 4 – 6 increases
with eye movements to the right [dashed gray vertical lines]).
During fixations, cells maintained sustained changes in fluores-
cence, but with some variability between cells in the rate of relax-
ation to baseline (compare cells 4 and 5). During optokinetic
behavior (Fig. 2C), the fluorescence of VPNI cells generally varied
with stimulus position (e.g., cells 2 and 9; solid gray vertical lines
indicate the slow-phase peaks of eye position in the left move-
ment field), whereas the responses of a minority aligned better
with the velocity of the stimulus (e.g., compare cell 10 with the
dashed black stimulus velocity trace). Additionally, different cells
exhibited different degrees of saccade sensitivity during the fast
phase (compare cells 4 and 6). For the population, correlations to
eye position and eye velocity during spontaneous behavior were
0.47 � 0.19 and 0.29 � 0.19, and correlations during optokinetic
responses were 0.47 � 0.23 and 0.27 � 0.17.

In general, VPNI neurons appeared to be broadly distributed
across the hindbrain scaffold. In Figure 2A, red and green dashed
lines are used to indicate approximate locations of glutamatergic
and glycinergic stripes, which were visually identified based on
continuity across all imaged planes (see Materials and Methods).
VPNI neurons were found along the first (e.g., cells 1– 4), second
(e.g., cells 8 –10), and third (e.g., cells 5, 6, 11, 12) glutamatergic
stripes, and some of these cells were positive for DsRed expres-
sion (e.g., cells 1, 2, 4). Cells were also distributed along the first and
second glycinergic stripes (data not shown), but with relatively few
cells positive for GFP expression. In ventral planes (bottom), many
neurons negative for both fluorescent tags were located lateral of the
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first glutamatergic stripe and comingled with the second glutama-
tergic stripe (e.g., cells 9 and 10).

To quantify these observations, we first determined in the
dual-transgenic dataset (n � 273) what fractions of VPNI cells
were glutamatergic, glycinergic, and potentially of a different
neurotransmitter type (see Materials and Methods). Here, and in
the rest of the results, data from fish of different ages were
grouped together as we saw no significant difference when we
segregated the data by age (data not shown). Of the 245 neurons
that could be confidently categorized, 25% (61 of 245 cells) were
glutamatergic, only 2% of the population (5 of 245 cells) were
glycinergic, and 73% (179 of 245 cells) of VPNI cells were XFP-
negative (Fig. 3A). To understand how the relative abundance of
glutamatergic and glycinergic cells compared with what could be
expected by chance, we assessed the prevalence of DsRed-positive
to GFP-positive cells in dual-transgenic fish by counting, inde-
pendent of function, all XFP-positive cells in rhombomeres 7– 8.

This showed that, in general, DsRed-positive cells were four times
more prevalent than GFP-positive ones. The greater number of
DsRed-positive cells, however, does not account for the 13-fold
greater percentage of VPNI cells found to be glutamatergic com-
pared with those identified as glycinergic (p � 5.8 � 10�4, z-test
for two proportions). These data thus suggest that, in the caudal
hindbrain of the larval zebrafish: (1) there is a sizable of popula-
tion of glutamatergic VPNI neurons; (2) glycinergic neurons do
not contribute significantly to the VPNI; and (3) it is likely that
there is one or more additional classes of VPNI neurons.

Next, we examined the distribution of VPNI cells in the
DsRed-positive subgroup relative to the glutamatergic stripes.
We now also included data that we had collected under identical
conditions from fish only expressing the vglut2:DsRed transgene;
given the negligible percentage of glycinergic VPNI neurons
identified above, neurons that did not express DsRed in this sin-
gle transgenic line were merged with the pool of DsRed-negative
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cells from the dual-transgenic fish. In total, 86 DsRed-positive
VPNI cells from 7 fish were included in the analysis. First, we
quantified the stripe-like nature of the hindbrain patterning
qualitatively observed in Figure 1C–E by assigning all DsRed-
positive cells (regardless of VPNI function) to different stripe
regions based on proximity to the stripe peaks identified at each
plane (like those in Fig. 2A; see Materials and Methods). DsRed-
positive cells were indeed clustered into four regions along the
ML axis (Fig. 3B), with relative percentages along stripes 1 to 4 of
48.0%, 28.7%, 9.9%, and 13.5%, respectively (note that due to
limited sampling of the lateral edges of the hindbrain in rh 7, the
cell counts along the fourth, most lateral, glutamatergic stripe
may have been underestimated). Next, we found that, among the
DsRed-positive VPNI cell group, most neurons were distributed
along the first glutamatergic stripe (53.5%), with progressively
fewer cells along the second (37.2%), third (5.8%), and fourth

(3.5%) stripes (Fig. 3C). These results indicate the presence of a
large population of excitatory VPNI cells along the first glutama-
tergic stripe, comprised of cells that are colocalized with the alx
transcription factor; and a smaller population of excitatory VPNI
cells along the second glutamatergic stripe coinciding with the
dbx1b transcription factor domain.

We also examined the distribution of DsRed-negative VPNI
cells relative to the glutamatergic stripes. From this set, we ex-
pected that the DsRed-negative VPNI population (n � 247 cells)
could be composed of two groups: glutamatergic cells that were
not DsRed expressing because of mosaicism and neurons that
were neither glutamatergic nor glycinergic. We found that most
DsRed-negative cells were distributed along the second glutama-
tergic stripe (51.8%), with progressively fewer cells along stripes 1
(32.4%), 3 (13.0%), and 4 (2.8%) (Fig. 3D). The difference in the
distributions of DsRed-positive and -negative cells (p � 5.6 �
10�3, Kolmogorov–Smirnov [KS] test; p � 8.87 � 10�4, Wil-
coxon rank sum test) suggests that the DsRed-negative group
includes one or more nonglutamatergic populations likely cen-
tered along stripe 2.

To further examine this possibility, we assessed, for the first
and second stripes, differences between the spatial distributions
of the DsRed-positive and -negative VPNI cell groups along the
DV and RC dimensions (Fig. 4). The spatial distributions along
stripe 1 generally appeared similar, both along the DV (Fig. 4A;
p � 0.16, KS test) and RC dimensions (Fig. 4B; p � 0.08, KS test).
By contrast, the spatial distributions along stripe 2 were notably
different, with a relative prevalence of DsRed-negative cells at
ventral (Fig. 4C; p � 1.32 � 10�9, KS test) and caudal (Fig. 4D;
RC: p � 0.017, KS test) positions. Because no significant differences
were observed in the spatial distributions of DsRed-positive and
-negative cells along stripe 1, we henceforth treat the VPNI cells
along stripe 1 as one population. On the other hand, these findings
support the idea of a nonglutamatergic VPNI population located
primarily along or in proximity to glutamatergic stripe 2.

Next, we examined the identity and composition of the non-
glutamatergic VPNI population. First, given that these cells are
not glutamatergic and unlikely to be glycinergic, we asked what
their neurotransmitter type could be. Previous work in the rat
nucleus prepositus hypoglossi (NPH), a hindbrain nucleus with
neurons homologous to teleost VPNI cells (Aksay et al., 2000),
found that most neurons are either glutamatergic or GABAergic,
and few cells (�5%) are of cholinergic or glycinergic type (Shino
et al., 2008). Furthermore, in situ staining in 4 –5 dpf zebrafish
showed that transcripts for glycine transporter 2 ( glyt2) and glu-
tamate decarboxylase (GAD) are colocalized in the hindbrain of
larval zebrafish (Higashijima et al., 2004), with dual-stained cells
becoming either glycinergic or GABAergic as the fish develops.
To determine whether GABAergic cells are present in the caudal
hindbrain where nonglutamatergic, nonglycinergic VPNI cells
were found, we performed in 5 dpf vglut2:GFP transgenic animals
whole-mount immunostaining for GABA and GFP. In our stain-
ings (Fig. 5A–C), the cellular GABA and GFP signals were mutu-
ally exclusive, suggesting that the a-GABA stain and vglut2:GFP
line were specific for GABAergic and glutamatergic cells, respec-
tively. In rhombomeres 7 and 8 (Fig. 5A�–C�), we found that a
large GABAergic population was evident just lateral of the first
glutamatergic stripe and intermingled with the second glutama-
tergic stripe, consistent with a GABAergic VPNI population lo-
cated within the dbx1b transcription factor domain.

Based on this finding and previous work in the rabbit NPH
suggesting that GABAergic NPH cells send contralateral projec-
tions (Arts et al., 2000), we conjectured that a significant portion
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of the DsRed-negative population along stripe 2 consisted of con-
tralaterally projecting GABAergic neurons. We showed further
support for this idea through unilateral injections into the caudal
hindbrain of the calcium sensitive dye rhodamine 2-AM (rhod 2;
Fig. 5D–F), an indicator we previously observed tended to give
quite spatially localized loading (data not shown), and which we
therefore reasoned would highlight via axonal loading a putative
contralaterally projecting GABAergic population along stripe 2
on the contralateral side. Unilateral rhod 2 injections (Fig. 5F,
white star) resulted, on the ipsilateral side, in labeling of VPNI
neurons on all four stripes, but on the contralateral side, only in
labeling VPNI neurons along stripe 2 (n � 19 fish). The colocal-
ization of contralaterally loaded VPNI neurons and a sizeable
GABAergic population suggests the presence of a GABAergic
dbx1b VPNI subtype.

Together, these results support the presence of three major
subpopulations of cells in the VPNI: one medially located gluta-
matergic group associated with the alx transcription factor, a
second more laterally located glutamatergic group within the
dorsal dbx1b transcription factor domain, and a third putative
GABAergic group distributed throughout the dbx1b domain.

Morphological features
We next set out to identify the key anatomical features of the
three VPNI subpopulations, focusing on axonal projection and
termination patterns, and dendritic elaborations (n � 29 cells).

To do so for glutamatergic VPNI neurons,
we sampled the morphology of cells from
the first and second glutamatergic stripes
in Tg(vglut2:DsRed) fish via targeted
single-cell electroporation with Alexa-488
dextran. We further examined the mor-
phology of functionally identified alx
VPNI neurons in separate Tg(vglut2:
DsRed) fish loaded with OGB. To examine
the morphology of putative GABAergic
neurons, we targeted in separate fish
loaded with rhod 2 functionally identified
ventrally positioned VPNI neurons lo-
cated contralateral of the injection site.

Glutamatergic cells associated with the
alx domain in rhombomeres 7– 8 (n � 8)
often had ascending projections consis-
tent with those expected for excitatory
VPNI neurons (n � 5). Figure 6 shows the
main morphological features of two such
filled neurons. The first cell (Fig. 6A–D)
had aspiny dendrites directed laterally and
medially, with the medially directed ones
crossing the midline (Fig. 6A,B). The
axon initiated directly from the soma (Fig.
6B), bifurcated to a short descending por-
tion that collateralized and terminated in
the caudal hindbrain (Fig. 6B, inset) and a
longer ascending branch that also had lo-
cal collaterals within rh 7– 8 (Fig. 6B). The
ascending branch then coursed ventrally
toward and past the abducens motor nu-
cleus, giving rise to collaterals near the ab-
ducens nucleus (Fig. 6B,C) and ventral of
the cerebellum (Fig. 6D), before terminat-
ing near the midbrain– hindbrain border
in the valvula below the optic tectum

(data not shown). The second cell (Fig. 6E–H) also had aspiny
dendrites directed laterally and medially (no midline crossings),
with a long lateral– caudal dendritic branch (Fig. 6F, inset). The
axon split off from the initial segment of the main dendrite, sent
a collateral with en passant boutons to rh 7– 8 (Fig. 6F, inset), and
then coursed ventrally and rostrally, sending collaterals at the
abducens nucleus (Fig. 6G) and terminating ventral of the cere-
bellum (Fig. 6H).

We next reconstructed the morphology of these 5 neurons
(see Materials and Methods); Figure 7 shows projections onto the
horizontal plane from four of these cells, with axons and somata
indicated in red and dendrites a shade lighter. The reconstruc-
tions underestimated the morphological complexity of the cells,
as the reconstruction algorithm sometimes missed thin axon col-
laterals and small dendritic branchlets. Most cells had extensive
dendritic arbors, with some crossing of the midline (n � 3; cells 1,
2, and 4). All 5 of the cells had both ascending and descending
axonal segments which each gave rise to collaterals in rh 7– 8. The
ascending branch often terminated in rh 4, 5, or 6 near the ves-
tibular or abducens nuclei (n � 3; e.g., cells 1 and 4) or extended
rostral of rh 4, terminating in or past the cerebellum (n � 2; cells
2 and 3). The descending branches of these cells either termi-
nated in the hindbrain (n � 3; e.g., cells 2 and 3) or spinal cord
(n � 1, cell 4; the termination site for cell 1 could not be
determined). The compendium at the top of Figure 7 shows
the localization of these cells’ somata relative to the abducens
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motoneurons in rhombomeres 5 and 6 as identified in sepa-
rate experiments using the transgenic mnx1:Tag-RFP-t line
(Jao et al., 2012).

Next, we verified that the general features observed above for
glutamatergic alx neurons with ascending axonal branches accu-
rately reflected the morphological properties of alx VPNI neu-
rons. In a smaller set of experiments, functionally identified
neurons in Tg(vglut2:DsRed) fish bulk-loaded with OGB were
targeted for single-cell electroporation (n � 4). These cell soma
were located near the caudal end of the alx stripe and 5–10 �m
dorsal of the level of the MA. Figure 8 shows the activity and
morphological features of two of these neurons. The fluorescence

activity of these cells (blue) was highly correlated to eye position
(black) during constant velocity (Fig. 8A,E) and sinusoidally
varying (Fig. 8B,F) optokinetic stimulus (stimulus position,
gray), with a high degree of saccade sensitivity. All four cells had
extensive dendritic arbors, many of which stratified in a multipo-
lar manner, with dendrites largely directed ventromedially and
ventrolaterally, and some with medial branches crossing the mid-
line (n � 2; e.g., the cell in Fig. 8C,D). All four cells also had
extensive and complex axonal projections, all of which emanated
from the primary dendritic branch, had multiple bifurcations
and prominent ascending branches that gave rise to axon collat-
erals or terminals in rh 5– 6 near the abducens nucleus (Fig.
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8C�,G�). In addition, local collaterals and en passant boutons
could be found in three of the cells in locations ventral of the
soma (e.g., Fig. 8D,H, insets); the axon of the fourth cell was
faintly labeled, making it difficult to identify thin collaterals or
small boutons. Together, these findings identify as key morpho-
logical features of the glutamatergic alx VPNI subpopulation ex-

tensive dendritic arbors and ascending
axonal projections with collaterals and en
passant boutons that overlap with the
dendritic fields of VPNI cells and that ter-
minate in expected targets of the VPNI.

We next targeted DsRed-positive cells
along the second glutamatergic dbx1b
stripe (n � 5). The reconstructions of two
representative cells are shown in Figure 9
(cells 1 and 2, orange). All of the cells had
laterally directed, aspiny dendritic arbors.
Contrary to expectations for excitatory
VPNI cells (Aksay et al., 2000, 2007), all of
the cells labeled had contralateral projec-
tions. The axons initiated directly from
the somata and opposite from the dendrites,
coursed medially to cross the midline, then
projected rostrally and ventrally. In 4 of 5
cases, collaterals were only observed in re-
gions rostral of the caudal hindbrain rh
7– 8; in 1 case, collaterals were seen both
rostral and caudal of the border between
rh 6 and 7. Among 3 cells for which full
axonal projections could be traced, all
showed collaterals or terminations at the
level of the abducens motor nucleus. The
key morphological features of the gluta-
matergic dbx1b VPNI class thus consist of
relatively compact, laterally directed den-
dritic arbors and contralateral axonal
projections, giving rise to collaterals pre-
dominantly rostral of the dendritic fields
of VPNI cells, near the abducens nuclei.

Next, we targeted functionally identi-
fied VPNI cells that were loaded from
contralateral injections of the calcium in-
dicator rhod 2 and were ventrally located
along glutamatergic stripe 2 (n � 12).
Representative cells from this putative
GABAergic dbx1b subpopulation are
shown in Figure 9 (cells 3 and 4, green).
The cells exhibited relatively stereotyped
morphological features: dendrites were
generally aspiny and directed laterally, ax-
ons initiated from the medial side of the
somata, coursed medially to cross the
midline, and then gave rise to collaterals
with en passant boutons within rh 7– 8 on
the contralateral side before ascending
with terminations at or past rh 5– 6. Of 5
cells that were carefully inspected for pro-
jections rostral of the abducens motor nu-
clei, all appeared to terminate in rh 5– 6.
The schematic at the top of Figure 9 shows
the approximate locations of these repre-
sentative cells from groups within the
dbx1b domain: their DV positions (not in-

dicated in the figure) are consistent with the spatial distribution
shown in Figure 4C, with somata of targeted glutamatergic cells
located dorsal of the MA and those of GABAergic cells ventral of
the MA. In summary, although the glutamatergic and GABAergic
dbx1b subpopulations share common morphological features
such as laterally directed dendritic elaborations and contralateral
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axonal projections, they differ in that the
axons of the putative GABAergic cells give
rise to collaterals in the contralateral den-
dritic fields of VPNI cells, whereas those
of the glutamatergic cells primarily send
collaterals at targets rostral of the con-
tralateral VPNI dendritic field.

Our examination of the morphological
features of the three major VPNI sub-
populations has begun to create concrete
links between the molecular-genetic indi-
cators of cell identity and systems-level
functional roles hinging on patterns of
connectivity. First, we found that the
morphological features of the glutamater-
gic neurons associated with the alx do-
main support a principal role in the
generation of persistent firing through lo-
cal axo-dendritic synaptic interactions
(Kamath and Keller, 1976; Seung et al.,
2000; Aksay et al., 2003, 2007). These neu-
rons also appear to provide the primary
source of excitatory drive for tonic
changes in abducens motoneuron firing
and yoked changes in eye position. Sec-
ond, examining the morphological fea-
tures of the glutamatergic neurons
associated with the dbx1b domain led to
the discovery of a new class of excitatory
VPNI cells with contralateral ascending
projections and little or no collateraliza-
tion in rh 7– 8, suggesting that these are
readout neurons potentially involved in
the generation of disconjugate move-
ments, such as those engaged during ver-
gence (Mays, 1984; Zhang et al., 1991;
Cullen and Van Horn, 2011), monocular
control (Debowy and Baker, 2011), or in
the control of eye plant dynamics through
cocontraction (Robinson, 1964; Hendel et
al., 2008). Last, our findings related to pu-
tative GABAergic dbx1b cells suggest that
these neurons provide the hypothesized
pathway for mediating coupling between
the bilateral VPNI populations (Aksay et
al., 2003, 2007).

Patterns of persistent firing dynamics across the scaffold
We next aimed to examine whether there were links between the
structural-genotypic scaffold and the patterns of persistent firing
of integrator neurons. Previous work found that, during fixation
behavior, VPNI cells exhibit a range of persistence time constants
(Miri et al., 2011b; Daie et al., 2015). Here we sought to determine
whether variations in the dynamics of persistent activity during
fixation behavior were specific to particular VPNI subgroups. To
do so, we first determined the estimated firing rate response of
each cell by deconvolving its smoothed saccade-triggered-
average fluorescence (see Materials and Methods) (Fig. 10A,B).
We then measured the dynamics of persistent firing by: first fit-
ting the firing rate response during the first 5 s of fixation with an
exponential of time constant 
, and second by calculating the area
under normalized exponential fits to these firing rates to deter-
mine a persistent firing metric �; � approached 0 for cells with

weak persistence, was �0.5 for those with intermediate persis-
tence (corresponding to a 
 value of 2.7 s), was 1 for those that
were perfectly persistent, and was �1 for cells that were unstable
(corresponding to negative 
 values). We present results using the
� measure as it was less sensitive to noise than 
, the traditional
metric for persistent activity, especially for very persistent cells.

The distribution of dynamics across the entire VPNI popula-
tion confirmed previous observations. Across the entire scaffold,
the mean and median � for the VPNI were 0.66 and 0.64, respec-
tively. The least persistent 20% of cells had an average � of 0.19 and
the most persistent 20% of cells had an average � of 1.18 (n � 344
cells with qualifying fits; see Materials and Methods) (Fig. 10C),
defining a persistence range for the population that was similar to
previous observations (Miri et al., 2011b; Daie et al., 2015).

We next examined the persistence distribution of the VPNI
subpopulations to determine whether the previously observed

20 μm

4

rh 7
rh 6

2

rh 7
rh 6

rh 7
rh 6

1

3

to rh 1

m
idlinerh 7

rh 6

3
4

21

m
idline

R

C

Abd

Morphological features of Stripe 1 glutamatergic neurons

Figure 7. Reconstructions of glutamatergic cells in the alx domain. Red neurites represent axons. Double-sided arrows indicate
the rh 6/7 border �30 – 40 �m below the MA level where most axon branchings and collaterals were observed. Light red
represents dendrites. Dotted lines indicate the midline. Schematic at top, Approximate RC ordering and cell locations relative to the
abducens motor nuclei (Abd) in rhombomeres 5 and 6. Abd labeling is from the Tg(mnx1:Tag-RFP-t) line. Although the RC ordering
of the cells is correct, the cells’ exact RC positions were not registered across fish. Dots indicate where the full extent of axonal
projections are not shown. Morphological features of cell 2 are shown in panels Figure 6A–D, and those of cell 3 are shown in Figure
6E–H.

7914 • J. Neurosci., May 20, 2015 • 35(20):7903–7920 Lee et al. • A Scaffold for Temporal Integration



20 sec

50% ΔF/F,
50˚

vglut:DsRed
Texas Red

20 μm

Morphological features of functionally-identified
Stripe 1 VPNI neurons

col,
term

bout

col

term

term

col

col

20 μm

A

B

C

D

E

F

20 μm

G

H

bout

Abd

~MA level

rh 6/7

D

V

R C

20 μm

. . .

C’

G’

sagittal

m
idline

rh 5 rh 6

E

s

ΔF/F

Lee et al. • A Scaffold for Temporal Integration J. Neurosci., May 20, 2015 • 35(20):7903–7920 • 7915



heterogeneity in persistence times arose
from within or between subgroups. The
heterogeneity in persistence observed
globally was present in all three subpopu-
lations. The mean and median � among
cells in the alx stripe were 0.72 and 0.74,
respectively (n � 134), and � spanned a
range of 0.21–1.29 (Fig. 10D). Among
DsRed-positive dbx1b cells, � had a mean
and median of 0.42 and 0.27 (n � 26) and
a range of 0.12– 0.91 (Fig. 10E, orange).
DsRed-negative dbx1b cells had a mean
and median � of 0.68 and 0.65, respec-
tively (n � 116), and a persistence range of
0.24 –1.13 (Fig. 10E, green). We next com-
pared the distributions of � between each
of the subpopulations. No significant dif-
ferences were found between the alx and
DsRed-negative dbx1b subgroups (p �
0.95, KS test). However, � values for the
DsRed-positive dbx1b subgroup were sig-
nificantly smaller than both the alx (Fig.
10F, red asterisks; p � 1.8 � 10�3, KS test;
p � 2.15 � 10�4, rank sum) and DsRed-
negative dbx1b subgroups (p � 6.48 �
10�4, green asterisks; KS test; p � 2.99 �
10�4, rank sum). These results reveal that
heterogeneity in persistence times is pres-
ent among all three subpopulations, but
there are significantly faster dynamics
among cells in the DsRed-positive dbx1b
subgroup.

Together, these results suggest that the
functional organization of the VPNI may
be linked, at least in part, to the structural-
genotypic scaffold. Our results suggest
that recurrent excitatory interactions
among glutamatergic neurons associated
with the alx domain generate positive
feedback that leads to heterogeneous per-
sistent firing in this subpopulation. The distribution of dynamics
generated in the alx domain appears to be read out by cells asso-
ciated with the dbx1b domain; however, the glutamatergic cells in
the dbx1b domain appear to have a bias toward shorter persis-
tence times.

Discussion
We mapped the larval zebrafish oculomotor VPNI onto a geno-
typic scaffold, specifying the formative structure–function rela-

tionships underlying temporal integration in the oculomotor
system. We provided evidence for three major VPNI subpopula-
tions: a medially located excitatory glutamatergic alx group, a
more lateral excitatory glutamatergic dbx1b group, and a lateral,
putative GABAergic inhibitory dbx1b group. Targeted electropo-
ration provided further structural and connectivity information,
suggesting specific roles for each subpopulation. These findings
help to establish concrete links between circuit-level dynamics
and the physiological and anatomical properties of the VPNI’s
constitutive neurons.

VPNI neurons in the alx transcription factor domain appear
to provide excitatory drive to the ipsilateral abducens motoneu-
rons and may play an important role in the generation of persis-
tent firing. Many VPNI neurons were glutamatergic and found at
medial positions consistent with localization in the alx transcrip-
tion factor domain. Glutamatergic neurons in this most medial
stripe had ipsilaterally projecting axons, in agreement with pre-
vious work on the morphology of hindbrain (Kinkhabwala et al.,
2011) and spinal cord (Lewis, 2006) alx (chx10) neurons. Most
cells had axons that ascended and collateralized in rhombomeres
5– 6 near abducens motoneurons and interneurons, consistent
with an oculomotor role. alx VPNI cells also had local axon col-
laterals in the VPNI dendritic field, suggesting that glutamatergic

4

Figure 8. Morphological features of two functionally identified VPNI alx cells. A–D, Struc-
ture–function details of cell 1. E–H, Structure–function details of cell 2. Stimulus position (S,
gray), eye position (E, black), and fluorescence responses (�F/F, blue) of electroporated cells
during (A, E) constant velocity and (B, F) sinusoidal optokinetic response. Reconstructions (C, G)
and maximum-intensity projections (D, H) of filled cells. C�, G�, Insets, Sagittal views of the
cells, with DV location relative to the MA level (gray line) and RC location relative to the rh 6/7
border (dashed black line). Gray represents the abducens motor nuclei (Abd). D, H, Insets,
Time-averaged projections of single planes or maximum-intensity projections across a few
planes (5–10 �m along DV dimension) spanning some of the cells’ axon collaterals (col),
terminals (term), or en passant boutons (bout). D, Dashed rectangle on the left represents the
approximate xy location of the region shown in the dashed inset at right in which axon collat-
erals and terminals were found; this region was located ventrally and appears averaged out in
the maximum projection.
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7916 • J. Neurosci., May 20, 2015 • 35(20):7903–7920 Lee et al. • A Scaffold for Temporal Integration



alx VPNI cells establish recurrent excitatory connections. Such
connections are thought to play a critical role in generating pos-
itive feedback that supports persistent firing and temporal inte-
gration (Fisher et al., 2013; Joshua et al., 2013).

The above characteristics, when viewed in light of results from
other species, begin to provide a detailed profile of a VPNI neu-
ron class instrumental to the generation of persistent firing. With
regard to the morphology of this class, in vivo studies of the
goldfish VPNI identified a subpopulation with ipsilateral axonal
projections to the abducens complex (Aksay et al., 2000). These
neurons were associated with the ipsilaterally projecting “princi-
pal” neurons of the mammalian NPH (McCrea and Baker, 1985),
a key component of the mammalian VPNI (Cannon and Robin-
son, 1987). These principal neurons were characterized by den-
drites with uniform branching geometry and local axon
collaterals with boutons en passant, consistent with our findings.
With regard to network function, ipsilateral projections to the
abducens motor nucleus have been hypothesized to be excitatory:

in the goldfish, integrator and abducens motor neurons on the
same side of the brain increase their firing rates together (with
ipsilateral eye movements) (Aksay et al., 2000); and in the cat,
excitatory field potentials at the abducens nucleus are triggered
by firing in the ipsilateral NPH (Escudero et al., 1992). Our find-
ings now indicate that this projection indeed is excitatory, and
more specifically, is glutamatergic. With regard to intrinsic prop-
erties, in vitro electrophysiology of rat (Shino et al., 2008) and
mouse (Kolkman et al., 2011) NPH revealed that glutamatergic
neurons were most often associated with fast action potentials, a
pronounced slow component of after-hyperpolarization (most
often biphasic), and continuous, graded responses to current in-
jection. These features characterize the “Type B” neuron identi-
fied in earlier in vitro recordings from guinea pig NPH (Idoux et
al., 2006), and also match those of a small subpopulation of gold-
fish VPNI neurons recorded in vivo (Aksay et al., 2001). Together,
these findings across multiple species suggest the following pro-
file for a VPNI subpopulation critical for the generation of per-
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sistent firing: these cells are specified in part by the alx (chx 10)
transcription factor; they are glutamatergic, generally with fast
action potentials and slow biphasic afterhyperpolarization; and
they project ipsilaterally to the abducens nucleus, with local axon
collaterals potentially supporting recurrent excitation.

Putative GABAergic VPNI neurons in the dbx1b transcription
factor domain appear to provide inhibitory drive to the contralat-
eral abducens nucleus and are likely responsible for coordinating
persistent firing between bilateral VPNI populations. We ob-
served very few glycinergic VPNI neurons in rhombomeres 7– 8.
Instead, many VPNI neurons were in a ventral GABAergic cell
zone localized within the more lateral dbx1b transcription factor
domain. Putative GABAergic VPNI neurons had contralaterally
projecting axons consistent with hindbrain (Kinkhabwala et
al., 2011) and spinal cord (Lewis, 2006; Satou et al., 2012)
dbx1b neurons. They further presented collaterals in the pri-
mary dendritic field of contralateral VPNI neurons and sub-
sequently projected rostrally to the abducens nucleus. These
features suggest that GABAergic VPNI neurons play a role in
coordination of two half-integrators (Aksay et al., 2007; Fisher
et al., 2013).

Together with results from other species, the above findings
help to delineate a second important VPNI cell class. With re-
gards to the morphology of this second class, previous work in the
goldfish has shown that some VPNI neurons project across mid-
line and present collaterals in the contralateral VPNI and abdu-
cens nucleus, aligning them with the contralaterally projecting
principal neurons of the NPH (Aksay et al., 2000). Functionally,
contralateral VPNI projections are hypothesized to be inhibitory:
in the goldfish, the firing of a left VPNI neuron increases as the
firing of right VPNI and abducens motor neurons decrease; and
in the cat, inhibitory field potentials at the abducens nucleus are
triggered by firing in the contralateral NPH (Escudero et al.,
1992). Our findings indicate this cell class indeed is inhibitory
and, in the zebrafish, GABAergic. This agrees with data from
rabbit (Highstein, 1973), rat (Nomura et al., 1984), and guinea
pig (Kumoi et al., 1987), suggesting primarily GABAergic inhib-
itory inputs to the abducens nucleus, and findings that commis-
sural NPH neurons in the rabbit are predominantly GABAergic
(Arts et al., 2000). Although glycinergic somatic inputs to the
abducens nucleus have previously been highlighted in several
species (Spencer et al., 1989; Straka and Dieringer, 1993; Graf et
al., 1997), these studies have also found GABAergic distal targets
in the neuropil, consistent with our finding of lateral VPNI ax-
onal fields in the neuropil of the abducens motor neurons. With
regard to intrinsic properties, in vitro recordings of rat (Shino et
al., 2008) and mouse (Kolkman et al., 2011) NPH revealed two
major GABAergic NPH subpopulations: those displaying “Type
B” characteristics, and those exhibiting slower action potentials
and briefer after-hyperpolarization (always monophasic) in a
phenotype termed “Type A” (Idoux et al., 2006). Interestingly,
the characteristic after-hyperpolarization of Type A cells was also
observed in the majority of in vivo recordings from goldfish VPNI
neurons (Aksay et al., 2001). Hence, given that glutamatergic
VPNI neurons appear to be predominantly of the Type B cate-
gory and that Type B neurons seem to be a minority in the VPNI
(Aksay et al., 2001), it would appear by exclusion that most
GABAergic VPNI neurons would be associated with the Type A
classification. Together, these findings suggest a second major
VPNI subpopulation: these neurons are GABAergic, located
within the dbx1b transcription factor domain, most often show
slow action potentials and brief monophasic afterhyperpolariza-

tion, and have contralateral projections to opposing VPNI neu-
rons and the abducens motoneurons.

A third, smaller group of VPNI neurons appears primarily to
play a role in readout from the integrator. These neurons were
glutamatergic, located within the dbx1b domain, and had axons
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that projected to the contralateral abducens nucleus. Interest-
ingly, this cell group seldom gave rise to collaterals within rhom-
bomeres 7– 8, suggesting the primary role for this VPNI cell type
is to provide readout to motoneuron pools. Because output from
these neurons to the abducens motor nuclei does not align with
the push-pull organization established by the above glutamater-
gic alx and GABAergic dbx1b cell groups, their exact role is open
to speculation. These cells could play a role in vergence and/or
disconjugate eye movements, perhaps by supplementing the ac-
tivity of near-response and/or saccadic-burst neurons to allow
the eyes to rotate in opposite directions and redirect gaze between
near and far targets (Mays, 1984; Cullen and Van Horn, 2011).
Alternatively, these cells could be involved in monocular control
(Debowy and Baker, 2011), or in controlling the dynamics of the
eye plant by enabling cocontraction of the extraocular muscles
(Sklavos et al., 2005).

Although the data presented here clearly support the presence
of three VPNI subpopulations, further work may be necessary to
better delineate the relative abundances of these subpopulations
and to explore the possibility of additional VPNI subgroups. Al-
though the dye loading achieved through bolus injection of OGB
appeared to be uniform over the caudal hindbrain, it is possible
that anisotropies in loading may have led to some sampling bias.
Furthermore, given that our dataset undersampled from the
lateral-most fourth glutamatergic stripe, there may exist a VPNI
subpopulation from this group, possibly associated with the
barhl2 transcription factor domain (Kinkhabwala et al., 2011).
Finally, given that GABAergic cells appear to be sparsely distrib-
uted within the alx stripe (Fig. 5A–C), the possibility remains that
some of the DsRed-negative alx cells comprise a distinct colocal-
ized GABAergic VPNI subgroup, possibly arising from a progen-
itor common to that of the alx glutamatergic pool (Kimura et al.,
2008). Moreover, given the ipsilateral axonal profiles of cells in
the alx domain, it is possible that such a cell class may play a role
in stabilization of persistent firing via negative feedback (Boerlin
et al., 2013; Lim and Goldman, 2013). Future work in transgenic
animals with ubiquitously expressed calcium sensors and XFP
labeling of GABAergic neurons (Satou et al., 2013) might help to
further elucidate links between the hindbrain scaffold and VPNI
function.

Overall, the results presented help to clarify three aspects of
how persistent activity is generated and coordinated in the VPNI.
First, previous studies suggested that persistent firing in the VPNI
is generated primarily by positive feedback through recurrent
excitatory connections. This is supported by recordings showing
changes in persistent firing correlate with sustained changes in
membrane-potential fluctuations (Aksay et al., 2001), positive
correlations in the firing of neighboring VPNI neurons (Aksay et
al., 2003; Miri et al., 2011b; Dale and Cullen, 2015), and deficits in
high-rate persistent firing following silencing of neighboring
VPNI cells (Aksay et al., 2007). The present study suggests that
neurons of the glutamatergic alx subclass have the requisite func-
tional and structural properties needed to mediate recurrent ex-
citation and positive feedback in support of persistent firing and
temporal integration (Fig. 11, red). Second, previous work sug-
gested that inhibitory commissural connections subserve coordi-
nation between two half-integrators that independently generate
persistent activity. This hypothesis is supported by negative
cross-correlations between bilateral cell pairs (Aksay et al., 2003),
deficits in low-rate persistent firing following inactivation of con-
tralateral VPNI neurons (Aksay et al., 2007), and computational
modeling (Fisher et al., 2013). The present work suggests that
GABAergic dbx1b neurons mediate these inhibitory interactions

between the two halves of the VPNI (Fig. 11, green). Finally, our
results suggest that glutamatergic dbx1b VPNI neurons form a
third subpopulation, one with a role in readout from the integra-
tor (Fig. 11, orange). Together, these results suggest the form of a
structural and genotypic scaffold underlying temporal integra-
tion in the VPNI, and provide information crucial to the design of
future experiments testing hypothesized mechanisms of integra-
tion using targeted perturbations (Arrenberg et al., 2009; Gon-
çalves et al., 2014).
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