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5.1

Introduction

Data acquisition and instrument control are core activities that are often undertaken
using commercially available software. One challenge with commercial software is that
some features may lag behind changing experimental conditions, which may occur
if customization is not justiﬁed by market size. Another issue with commercial software is that often code is proprietary. These shortcomings are addressable through
in-house developed software and open-source collaborative development. To underline
this point, in the ﬁeld of laser-scanning microscopy there have been notable software
developments using diﬀerent programming languages that have found widespread use:
Helioscan (Labview) [ ], ScanImage (Matlab) [ ], ACQ4 (Python) [ ], MPScope (Object Pascal) [ , ]. Although these software packages have some degree of ﬂexibility,
the subject of this work is to build on these developments and present a suﬃciently
generic software framework for data acquisition and instrument control that can ﬁt a
larger variety of experimental paradigms. This ﬂexibility is achieved through hierarchical task control (HTC), which forms the backbone of DAQLab – a custom software
package for data acquisition and instrument control written in the C-programming
93
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language using the National Instruments LabWindows/CVI environment that is freely
available available at
.
An interesting problem in the neurosciences, and to demonstrate the applicability
of the HTC framework in an experimental setting, is understanding how synaptic inputs received by a neuron lead to generation of action potentials. Contrary to previous
beliefs, that the neuron is simply summing up its inputs, active dendritic conductances
such as sodium [ ], calcium [ ] and NMDA-type glutamate receptors [ – ] have been
shown to generate local dendritic spikes that precede somatic APs. In particular, rapid
<6 ms activation of a group of synapses on the oblique dendrites of hippocampal CA1
area pyramidal neurons demonstrate supralinear integration and local dendritic spikes
[ ]. The ability of DAQLab has been tested in series of complex experiments that
required precise calibration of the laser-scanning equipment and reliable coordination
between multiple hardware and software components while performing multiple tasks:
continuous scanning to align the sample, acquiring multiple regions of interest, placing photostimulation points, applying multiple uncaging patterns to measure single
dendritic spine and spine group response and ﬁnally acquisition of a 3D z-stack to
reconstruct the neuronal morphology.

5.2

Hierarchical task control

Complex experimentation requires multiple devices and software modules to work
synergistically, often in parallel. To accomplish their task, data and hardware (HW)
triggers must be received at appropriate times. Such a situation is encountered in laserscanning microscopy where galvanometric mirrors must be controlled while acquiring
the resulting ﬂuorescence signal and assembling the image. Since experimentation is
a creative process where the experimental design may change frequently, the software
should be suﬃciently ﬂexible. To meet these demands, the hierarchical task control
(HTC) data acquisition (DAQ) framework proposed here and implemented in our
custom DAQLab software provides:
1. Means to formulate an experimental design in terms of a hierarchy of tasks.
2. Conﬁguration of functional dependencies between HW and software modules.
3. A structured way to acquire data that reﬂects the experimental design.
4. Conﬁguration of data ﬂow between various software modules.
5. Conﬁguration of HW master/slave trigger relationships.
Within the HTC framework (
), HW and software modules are controlled by
and
Task Controllers (TCs) that are event driven extended state machines (
), which call user provided callback functions that implement functionality
speciﬁc to each HW or software module. Complex experimental tasks can be created
by assembling multiple TCs in a Task Tree (TT). Compared to single-threaded nested
for loops commonly used to iterate over multidimensional data sets, a TT features
multithreaded execution at various nesting levels. This allows for seamless translation
between parallel control of HW and software components and the multidimensional data set structure desired by the experimenter, which can be eﬃciently stored
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Figure 5.1: Task Controller State Machine model. For best viewing the PDF version of this
document should be used.

using Hierarchical Data Format 5 (HDF5,
,
).
To illustrate this,
shows how a z-stack laser-scanning task can be
formulated using the HTC framework. When loading a new module to DAQLab
having a TC associated with it, its state will switch from Unconﬁgured to Initial
if the TC is ready to receive a Start event, or it may remain in the Unconﬁgured
state if additional requirements must be met. Regardless of whether TCs are in
their Unconﬁgured or Initial states, at this point they may be assembled into a TT
containing a User Interface Task Controller (UITC) at its root. However, once TCs
are connected within a TT, an Unconﬁgured child TC will determine its parent TC to
be Unconﬁgured as well, all the way up to the UITC, which then cannot respond to
a Start event. Once the UITC is in the Initial state, a z-stack acquisition is launched
by pressing the Start button of the Z-stack UITC and sending a Start event to the
UITC. Depending on the experimental design, a z-stack acquisition may be performed
once or several times at predeﬁned intervals in which case Z-stack is a Finite TC, or,
it may be performed continuously until stopped by the user in which case Z-stack is
a Continuous TC. Besides running a Finite UITC a predeﬁned number of times, by
sending an Iterate Once event, it is possible to initiate a single iteration manually.
Once a Start or Iterate Once event are received by a TC in its Initial state, it
will switch to the Running state and post to itself an Iterate event. As the Iterate
event is posted with each iteration, a check is ﬁrst done to see if all iterations have
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Figure 5.2: Expanded view of the Task Controller State Machine model from
showing the Unconﬁgured and Initial states.

been performed, in which case the TC transitions from the Running state to the Done
state. If on the other hand an iteration is required, the transition from the Running
state to the next state depends on the order of execution of its Iteration Function
in
). In the case of the Z-stage TC,
(IF) and child TCs (see
the execution of its IF would be the movement to a new z-position which may be
performed before or after an image is acquired through the interaction of its child
TCs DAQ 1, DAQ 2 and Scan Engine. If the completion of the IF depends on the
execution of its child TCs, such as when the IF is waiting for data from child TCs,
a third way to carry out the IF is to run it in parallel with the execution of child
TCs and rely on data exchange and hardware trigger dependencies to determine the
execution order among the IF and child TCs. In this sense, regardless of the execution
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Figure 5.3: Hierarchical data structure with nodes containing other nodes or leaves containing
numerical array data sets. Both nodes and data sets can store additional information as a
series of attributes.

order of the IF and child TCs, a parent TC can initiate a new iteration if both its IF
and child TCs have completed their task. If Z-stage TC has been conﬁgured to carry
out its IF before starting its child TCs, it will ﬁrst step the microscope objective and
then send a Start event to its child TCs to acquire an image. To acquire an image,
the Z-stage child TCs will need to function in parallel to carry out their tasks:
• DAQ 1 is a data generation device that outputs galvanometric scan mirror
command waveforms received from Scan Engine.
• DAQ 2 is a data acquisition device that measures the resulting ﬂuorescence as
the laser beam is scanned across the sample and sends this data to Scan Engine.
• Scan Engine calculates the required galvanometric mirror scan waveforms and
receives ﬂuorescence data that is assembled into an image.
After DAQ 1, DAQ 2 and Scan Engine ﬁnish their iterations (in this case they all
have a single iteration), they each switch to the Done state and send a Done event
back to Z-stage. If Z-stage must continue stepping, the process of starting its child
TCs is repeated, otherwise Z-stage will switch to a Done state as well and eventually
the TT execution will end with the Z-stack UITC entering the Done state.
Although DAQ 1 and DAQ 2 are parallel processes providing analog output (AO)
and analog input (AI) respectively, image generation requires the sample timing for
both AI and AO to be simultaneous. This is accomplished through both exchanging a
HW start trigger between the devices as well as sharing a common clock source that
ensures samples remain time-locked. Within the HTC framework, Hardware Trigger
Channels (HWTCs) provide master-slave HW trigger relationships between parallel
processes, ensuring that before sending a trigger, master HW trigger sources will wait
for their HW triggered slaves to be in an armed state.
Another level of coordination between TCs is provided by Virtual Channels (VCs)
(see
in
) that facilitate data exchange
between HW and software modules. For TCs running in separate threads, if data
is needed, thread execution is paused until such data becomes available. Also, data
placed in a Source VC as a data packet is reference counted by the number of receiving
Sink VCs, which avoids duplication.
The ﬂexibility of the HTC framework can be seen in
and
when comparing a z-stack image acquisition task to a movie-mode laser-scanning
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and electrophysiology measurement or two-photon glutamate uncaging. Since most
experiments require multiple TTs to be carried out in quick succession, once HW and
software dependencies are deﬁned, the user can easily engage TTs by starting their
corresponding UITCs.
Box 5.1: Hierarchical Task Control (HTC) framework implemented in DAQLab, describing how an experimental task is formulated in terms of an interacting hierarchy
of state machines, here termed, Task Controllers (TC), which control various software
and hardware components.

1.

Task Topology
1.1. A Task is an action or set of actions performed by a hardware (HW) or
software module.
1.2. A Task is said to be a Parent Task if its execution depends on the
execution of one or more Tasks, which are said to be Child Tasks of the
Parent Task.
1.3. A Child Task may have only one Parent Task.
1.4. A Root Task is a Task without a Parent Task and may have multiple
Child Tasks.
1.5. A Task Tree (TT) is the entire hierarchy of Parent-Child Tasks starting
from the Root Task.
1.6. A Task may participate in a single TT at a time.
1.7. Multiple Root Tasks may be carried out independently from each other.
2. Task Execution
2.1. A Task is carried out by a single Task Controller (TC), which is an
extended state machine (
and
) that executes user provided callback functions that model the function of a HW or SW module in
response to a set of events.
2.2. Each TC processes events within its own thread by either spawning a
new thread if there is no currently active thread or processing the next event
within the existing thread. Depending on the functionality implemented, the
main TC-associated thread may spawn multiple threads and will wait for
their completion.
2.3. The execution of a Task Controller is understood to be an iteration over
a given set of actions speciﬁc to the Task.
2.4. Completion of a Task Controller iteration depends on the concurrent
completion of its Child TCs (if any) and the completion of its Iteration
Function (IF).
2.5. Depending on the number of iterations, Task Controllers can be classiﬁed
as:
• Zero iterations: Null Task Controller (NTC). A NTC iterates once
without executing its IF and its use is to suppress its IF without disconnecting the Task Controller from the TT.
• Finite iterations: Finite Task Controller (FTC). A FTC executes its IF
a ﬁnite number of times until manually stopped or the total number of
iterations is reached.
• Continuous iterations: Continuous Task Controller (CTC). A CTC does
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not have a speciﬁed number of iterations and iteration continues until
either it is stopped manually or a certain stopping condition is met.
2.6. Task Controller iteration rate can be adjusted by a user deﬁned delay
between consecutive IFs.
2.7. Depending on the execution order of the IF and Child TCs, a given Task
Controller is classiﬁed as:
• IF before Child Tasks start.
• IF after Child Tasks complete.
• IF in parallel with Child Tasks.
3. Task Controller States
3.1. A Task Controller undergoes state transitions upon receiving events
generated by the user or other TCs to which it is connected:
3.1.1. Unconﬁgured: TC and/or device are not conﬁgured and cannot run.
3.1.2. Conﬁgured: TC is conﬁgured for execution but one or more child
TCs are not yet conﬁgured.
3.1.3. Initial: TC is ready to run and has not performed yet any iterations.
3.1.4. Idle: TC performed one or more iterations and has been paused.
Starting it will continue iterating.
3.1.5. Running: TC is active but its iteration function is not yet in progress.
3.1.6. Iteration: Function In Progress. TC is active and its iteration
function is in progress.
3.1.7. Stopping: TC is waiting to complete its iteration function and is
also waiting for its child TCs to complete their iteration functions.
3.1.8. Done: TC is not active and performed one or more iterations. Iterations will start again from Initial State.
3.1.9. Error: TC encountered an error and cannot run.
4. Task Controller Events
4.1. Conﬁgure: Conﬁgures the TC and its child TCs for execution.
4.2. Unconﬁgure: Unconﬁgures the device/module and the TC cannot be
executed.
4.3. Start: Starts, restarts or resumes TC iterations.
4.4. Iterate: Internal event used to signal the TC that another iteration is
needed.
4.5. Iterate Once: Performs only one TC iteration.
4.6. Iteration Done: Used to signal that the iteration function of a TC ﬁnished
execution.
4.7. Iteration Timeout: Internal event occurring when a TC iteration functions takes too long to execute.
4.8. Reset: Returns the TC back to its Initial state.
4.9. Stop: Waits until iteration functions in progress ﬁnish and stops further
TC iterations for all TCs in a TT.
4.10. Update Child Task State: Internal event occurring when a parent TC
is informed of the new state of one of its child TCs.
4.11. Data Received: Internal event generated when data is written to a Sink
VC registered with the TC.
4.12. Custom: Used to signal custom device/module events.
5. Task Controller Callbacks
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5.1. Conﬁgure: Conﬁgures the TC for execution.
5.2. Unconﬁgure: Makes TC unavailable for execution.
5.3. Iterate: Main TC function called with each TC iteration.
5.4. Start: Called before a TC starts executing.
5.5. Reset: Returns the TC to its Initial state.
5.6. Done: Called when either a Finite TC ﬁnished all its iterations or when
a Continuous TC was stopped.
5.7. Stopped: Called when a TC was stopped manually.
5.8. Task Tree State Change: Called before a TT starts and after a TT
ﬁnishes execution.
5.9. Data Received: Called when data is written to a Sink VC registered
with the TC.
5.10. Custom Event: Called for custom events that are not handled by the
TC.
5.11. Error: Called when a TC encountered an error.
6. User Interface Task Controller
6.1. TT execution is controlled through User Interface Task Controllers
(UITCs), which are root TCs that receive the following user events: Start,
Stop, Reset, Abort.
6.2. The execution of UITCs can be further adjusted by controlling their
iteration delay, mode and the total number of iterations.
7. Virtual Channels and Data Exchange
7.1. Virtual Channels (VCs) facilitate data exchange between various software modules.
7.2. Depending on the data ﬂow direction, VCs can be either Sink VCs or
Source VCs.
7.3. VCs have data types. A Source VC has a single data type while a Sink
VC can have multiple data types.
7.4. A Source and Sink VCs have compatible data types if the Source VC
data type is among the Sink VC data types.
7.5. A Source VC may be connected/disconnected to/from multiple Sink
VCs of compatible data type. A Sink VC may be connected/disconnected
to/from up to one Source VC of compatible data type.
7.6. A VC is said to be active/inactive if it is required or not by the software
module.
7.7. An active Source VC is said to be open if it is connected to at least one
active Sink VC and closed otherwise. An active Sink VC is said to be open
if it is connected to an active Source VC.
7.8. Data can be exchanged between an open Source VC connected to multiple Sink VCs by writing Data Packets (DPs) to the Source VC, which are
then forwarded to its open Sink VCs. DPs written to a closed Source VC
are discarded.
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Figure 5.4: DAQLab maps an experimental design and data structure onto available HW
and software modules. DAQ 1 and DAQ 2 are multifunctional data acquisition/generation
devices used to control the movement of the galvanometric mirrors and to record the resulting
ﬂuorescence. (a) Z-stack acquisition with the Z-Stage Task Controller controlling the movement of the microscope objective. (b) Simultaneous time-series (movie mode) imaging and
membrane potential recording. While DAQ 2 has a single AI task measuring the ﬂuorescence,
DAQ 1 has AO and AI tasks that control the motion of the galvanometric mirrors and
the acquisition of a membrane potential signal respectively. (c) Two-photon imaging and
glutamate uncaging at N dendritic spines. Scan Engine is used to acquire a reference image
and N stimulation point ROIs are placed on dendritic spines. Following this, Scan Engine is
switched to point jump mode and with each iteration the laser beam stimulates a new spine.
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DAQLab modules and GUI presentation

Hierarchical task control framework
At the root of each TT there is a User Interface Task Controller (UITC), which
can be controlled by the user (
). If more than 4 UITCs are deﬁned, a scroll
bar is added to facilitate quick access while retaining a compact layout. Depending
on the UITC execution mode, if the total number of iterations is unknown a priori,
the Loop tickbox must be selected, otherwise the number of task iterations must be
speciﬁed in the Repeat control. Additionally, before each UITC iteration an arbitrary
delay can be added through the Iteration Wait control. The execution of UITCs is
initiated by pressing the Start button, which then will be renamed to Stop and can be
subsequently used to pause the execution. While the execution is paused, it may be
either continued by pressing the Start button again, which will resume the execution at
the current iteration number or the iteration can start from the beginning by pressing
the Reset button. In the current implementation, if the iteration is paused, execution
will continue until the completion of the current UITC iteration, otherwise, the Abort
button must be pressed if the execution must stop abruptly.
UITCs and TCs may be assembled into TTs within the TT panel (
)
that can be accessed from the DAQLab workspace Task Tree menu. Within the TT
window, TCs are grouped into UITCs and module-provided TCs. Task trees may be
assembled by dragging and dropping both UITCs and TCs to TTs containing a UITC
at their root. Selecting TCs and UITCs from a TT and pressing the Delete button
will remove TCs and UITCs from a TT. Also, from the same panel, the order of
execution of the iteration function (before, after or in parallel with child TCs) may
be set from the Execution mode drop-down button.
Within the TT panel shown in
, Virtual Channels (VCs) and Hardware
Trigger Channels (HWTCs) can be connected or disconnected in a switchboard-like
manner. Source VCs are listed in the ﬁrst column of each row and multiple Sink
VCs may be connected in the following columns of the same Source VC row. For an
unassigned Sink VC to be added to a Source VC, it must have a compatible data type
with the Source VC, in which case it will appear in the drop-down list of an empty cell.
Although VCs may be connected through the Switchboard, the connection will be in
use only if both the Source and Sink VCs are open, in which case their names will
appear in green, and red otherwise. This allows for a more ﬂexible data-ﬂow control
by the modules and reducing the frequency with which the Switchboard must be reconﬁgured. Similarly HWTCs may be connected to each other, with Master HWTCs
having multiple Slave HWTC and Slave HWTC having a single Master HWTC.
Laser-scanning microscopy module
With this module one or more pairs of non-resonant galvanometric mirrors can be
controlled and two-photon or single photon (confocal) ﬂuorescence can be collected
and assembled into an image. In
various frame scanning parameters such
as image width and height or pixel dwell time and size can be adjusted. Because a
line-scan period must be a multiple of the system’s 80 MHz master clock, as well as
a multiple of the analog input pixel duration and galvo output sampling time, for a
given pixel size the image width will be coupled to the pixel dwell time. This is to say
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Figure 5.5: Panel showing multiple User Interface Task Controllers (UITCs) through which
the user can control the execution of a TT.

that if a certain image width is desired then the user must choose from a drop-down
list of pixel dwell times. Conversely, if a certain pixel dwell time is chosen, then the
user must choose from a drop-down list of image widths. If however the user needs
a diﬀerent value for the pixel dwell time or image width, this may be typed in each
numeric ﬁeld, in which case the corresponding pixel dwell time or image width will
be adjusted to the closest valid value.
Once an image is acquired, it is added to the list of frame scan Regions of Interest
(ROIs) as a parent ROI, and the user can place on this image either frame scan ROIs
or point-scan ROIs (line scanning is not yet implemented) by selecting the rectangle
or point drawing tool and holding down the space bar while drawing is in progress.
As multiple frame scan ROIs can be selected and each scanned image can have its
own set of frame and point ROIs, navigation between scanned regions is done by
selecting the Restore menu option of a certain frame scan display window. In this
manner, a larger reference image with an overview of the sample can be acquired
such as several dendritic branches that intersect the imaging plane and subsequently
smaller and higher resolution images can be acquired to reveal more details such as
dendritic spines.
Another mode of operation of the scan engine module are the point scan and
photostimulation modes. These can be accessed by ﬁrst performing a frame scan,
adding one or more point ROIs using the point selection tool and clicking on the
image while holding down the space bar, making the current window active by selecting
the Restore menu option and then selecting the Point Scan tab for further options
(
).
Within the Point Scan mode there are three ways in which multiple point ROIs can
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Figure 5.6: Hierarchical task control conﬁguration panel showing available task controllers,
TT, virtual channel and HW trigger channel editors.

be visited by the laser beam: 1) Single points, 2) Point group, 3) Incremental point
group, which can be set from the Pattern drop-down control. When using the Single
points mode, the laser beam is steered away from its parked position and towards each
point ROI. After a point ROI has been visited, the beam is returned to its parked
position.
In two-photon glutamate uncaging experiments (one of the applications, see below)
it is essential to avoid releasing glutamate while the laser beam is traveling towards
each dendritic spine. Therefore, the scan engine provides a ROI shutter Source VC,
which can be connected to the Pockels cell module Timing VC and this can be used
to gate the laser beam as well as to adjust its intensity at the uncaging location. In
contrast, selecting the Point group mode, multiple point ROIs can be visited within
0.1 ms (using Cambridge Technologies 8315K galvanometers with 3 mm  aperture)
before the beam is returned to its parked position. Finally using the Incremental
point group option, with each excursion of the beam from its parked position, an
incremental number of point ROIs are visited as fast as possible using the Point group
mode.
Once a jump pattern is deﬁned, it can be customized further by specifying Jump,
Hold and Stimulation settings. Within the Jump settings, the Repeat control determines how many times a certain jump pattern is performed, while the # Repeat indicator
shows the current repetition. Within each repetition, regardless of the chosen jump
pattern, the jump to the ﬁrst point ROI may be delayed with respect to the repetition
start time. Because the galvanometric mirrors have been previously calibrated and
the jump times as a function of distance are known, the repetition Start time is the
time from the trial start until the beam has settled at the ﬁrst point ROI. If the Start
increment control has a non-zero value, then with each repetition the jump to the
ﬁrst point ROI will be lengthened or shortened. By changing the Wait duration, each
repetition is initiated with an additional delay.
Once the laser beam reached a point ROI, two-photon excitation generated ﬂuo-
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rescence can be recorded as long as the beam is held at that location by selecting the
Record checkbox. Additionally, if the Stimulate checkbox is selected, during the holding period, photostimulation at that location can be performed. If multiple holding
periods are required, this may be set through the # Hold burst control, while the hold
duration and the repetition frequency of the holding periods can be changed using
the Hold time and Burst period controls respectively. The manner in which a hold
burst is applied depends on the jump pattern. In the Single points mode, the hold
burst is applied to each point at a time while for the Point group and Incremental
point group modes, the hold burst is applied to the entire group.
If the Stimulate checkbox is selected, photostimulation at each point ROI can be
performed during the holding period. The photostimulation can be further customized
by setting the number of photostimulation pulses through the # Pulses control, by adjusting the start of the photostimulation from the beginning of the point holding period
through the Stimulation delay control, as well as by changing the photostimulation
pulse on/oﬀ durations through the Pulse ON and Pulse OFF controls.
Finally, all point jump and photostimulation settings that constitute a protocol
can be saved and loaded to/from a .xml formatted ﬁle by using the Save and Load
buttons and switching between various protocols can be done by using the Protocols
drop-down control.
NI-DAQmx module
The NI-DAQmx module allows for the integration of National Instruments (NI)
data acquisition and generation devices such as the multifunctional M- and X-series
that are capable of simultaneous analog and digital I/O. If one or more devices are
listed within the NI Measurement and Automation Explorer application they can
be added to the NI-DAQmx module by selecting Devices→Add menu option. If the
same device is used in multiple measurement or data generation modes, it may be
added multiple times. To add a new data acquisition/generation task, ﬁrst it must be
speciﬁed whether it is a data acquisition or generation task using the I/O drop-down
control. Second, using the I/O mode control, the task can be further deﬁned to be
either analog, digital or counter. Third, using the I/O type control, the task can be
further customized such that, for example, an analog output task can be a voltage or
current output task, or a digital output task can be deﬁned for each line within a port
or an entire port. Depending on the selection of drop-down controls I/O, I/O mode
and I/O type, a list of available channels is displayed in the Physical channels list
control and by double clicking on a certain channel, it is added to either a new task or
to an existing task with similar I/O settings. Depending on the interval at which the
I/O operation takes place, analog and digital tasks can be classiﬁed as On demand
if the operation occurs at random intervals or Hardware timed if samples must be
acquired/generated at regular time intervals.
For the analog input (AI) task, within the Channels tab (
), for each
channel the following properties can be adjusted:
• Range: measurement signal range, e.g. -10 to 10 V.
• Terminal: diﬀerential (Diﬀ), referenced single-ended (RSE), non-referenced
single-ended (NRSE) and pseudodiﬀerential (PseudoDiﬀ).
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Figure 5.7: Laser scanning DAQLab module. (a) Frame scan mode. (b) Point scan and
point stimulation mode.

• Name: virtual channel name associated with this analog input channel.
• Data type: Data type to which the measured signal will be converted to prior
to sending it to the virtual channel. Natively data is acquired using the 64-bit
double data-type, which can be further converted to ﬂoat, unsigned integer,
unsigned short or unsigned char. If a double or ﬂoat data type is used then a
gain factor and oﬀset value can be applied to the data, otherwise a minimum and
maximum range can be speciﬁed, which will be used to convert the real-valued
data to an integer format.
• Integrate: If this option is selected and the sampling rate is higher than the
acquisition rate (oversampling factor >1), then each acquired data point is
the sum of the oversampled measurements, otherwise the oversampled data
is discarded. This option is useful for laser-scanning applications where the
photomultiplier signal must be integrated over the pixel dwell time.
In the Settings tab (
adjusted:

), the following AI acquisition parameters can be
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• Sampling: Sampling rate of the acquired data (note: the actual sampling rate
depends on the oversampling factor).
• Measurement mode: If ﬁnite, acquisition will stop after a pre-deﬁned duration,
otherwise, if continuous, acquisition must be manually stopped.
• Duration: Duration of acquisition if ﬁnite measurement mode is chosen.
• Samples: Number of samples to acquire if ﬁnite acquisition is used.
• Oversampling: Oversampling multiplier applied to the sampling rate of the
acquired data to yield the eﬀective sampling rate of the device. If the auto
tickbox is selected, then the oversampling factor is calculated based on acquired
data sampling rate and the requested eﬀective sampling rate.
• Blocksize: The number of samples contained in each data packet that is placed
in the channel’s virtual channel, which must be a power of 2. If value is too
small, the overhead of transmitting data packets through the virtual channels
will dominate while if value is too high, it will introduce too much lag at the
receiving end.
The Timing tab (
is done based on a clock:

) deﬁnes sample-acquisition timing parameters if AI

• Sample clock source: Clock source used to time the acquisition of each sample. Usually this can be set to OnboardClock, which is derived from a higherfrequency master internal clock, otherwise it can be set to an external source.
• Reference clock source: If speciﬁed, then the internal high-frequency master
clock is synchronized to an external clock, useful if multiple devices must be
synchronized.
• Ref. clock freq.: Frequency of reference clock.
• Timeout: Timeout duration if task starts and waiting on sampling start trigger.
• Task start signal routing: If selected, the internal task start signal is connected
to the selected pin and can be used to time the start of multiple tasks on the
same device or multiple devices.
Finally the Trigger tab (
trigger settings:

) is used to specify AI task Start and Reference

• Trigger type: May be None, Digital Edge or Digital Pattern.
• Trigger slope: Rising or Falling.
• Trigger source: Terminal used for triggering.
To remove a channel from an AI task as well as other tasks, the channel tab name
within the Channels tab must be double-left clicked. If there are no more channels
left in the task, this action will also remove the task.
Analog output (AO) task settings are similar to AI settings, with the following
distinctions:
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Figure 5.8: DAQmx National Instruments data acquisition and generation DAQLab module.

• Virtual channels associated with AO channels accept only double-typed data
packets.
• Requested sampling rate is the same as the eﬀective sampling rate (no oversampling).
• Only Start triggers can be used.
Finally, the DAQmx module supports Counter Output (CO) tasks (at this time
Counter Input is not fully implemented), which can be used to either generate a
custom duration pulse train or to measure the number of pulses within a certain
interval. In the VChans tab of a CO channel both a Source VC as well as a Sink
VC can be speciﬁed such that the CO channel may either broadcast or receive its
pulse generation settings to/from other modules. Depending on the CO task I/O type,
which may be pulse by frequency, time or ticks, in the Pulse tab of a CO channel, the
following pulse generation settings can be speciﬁed:
• Mode: Pulse generation can be set to either Finite or Continuous depending on
whether the pulse generation will stop after a predeﬁned number of pulses or
the task needs to be stopped manually.
• Frequency: For pulse by frequency CO I/O type, sets the frequency of pulse
train.
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• Duty cycle: For pulse by frequency CO I/O type, sets the pulse duty cycle.
• Idle state: Sets counter state to high or low when not in use.
• Initial delay: Time to wait in ms or clock ticks depending on the chosen CO
I/O type from the start of the task before generating the pulse train.
• Pulses: If ﬁnite mode, number of pulses to generate.
• Low Ticks, High Ticks: If pulse by ticks CO I/O type, number of ticks during
the low/high state.
• Low Time, High Time: If pulse by time CO I/O type, duration of low/high
state.
Pockels cell module
Due to the inertia of the scan mirrors, at mirror turn-around, the pixel dwell
time of the laser is considerably greater compared to the constant velocity portion of
the scanned line, which will bleach the ﬂuorescence and damage the sample. At the
same time, for photo-stimulation experiments such as glutamate uncaging at dendritic
spines the laser beam must be delivered at precise locations within the sample while
outside region-of-interest (ROI) uncaging must be avoided. To this end, a Pockels cell
electro-optic modulator is often used in laser-scanning microscopy applications due
to its ability to rapidly <5 μs modulate the intensity of a laser beam. Such a Pockels
cell control module (
) has been implemented in DAQLab and it allows for
both controlling the intensity of the laser beam through a linearly calibrated scale
as well as the timing of laser pulses by selecting the Pulsed tick-box. If using the
pulsed mode of operation, the Pockels cell Timing Sink VC must be connected to an
integer-compatible data type Source VC providing the pulse-timing information, while
the Pockels cell Command Source VC containing the analog modulation waveform
must be connected to an analog output Sink VC belonging to the DAQmx module
(or similar modules).
Z-stage
For z-axis motion of the microscope objective and to acquire 3D laser-scanning
maging data, DAQLab features a z-stage module compatible with Physik Instrumente
(PI) linear motion stages (
). The PIStage motion controller allows for
absolute or relative movement with three adjustable velocities, variable step size and
the option to control the movement using a joystick. To facilitate navigation within the
sample, z-axis reference positions can be saved by clicking the Add button or they may
be deleted by selecting a reference position in the Reference Positions list and pressing
the Delete key. Movement to a saved reference position can be done by double-left
clicking an entry while updating a reference position can be done by double-right
clicking. To acquire a z-stack and step the z-stage repeatedly, the absolute starting
position Start Abs and relative end position End Rel must be set, which depending
on the Step Size setting, will determine the number of z-stage iterations.
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Figure 5.9: Pockels cell module. The pockels cell can be used in either a continuously ON
mode or pulsed mode by clicking the Pulsed tickbox, with either case having the possibility
to adjust the power levels independently.

Figure 5.10: Z-axis motion control module compatible with Physik Instrumente (PI) linear
stages.

5.4

Application 1: Two-photon laser scanning imaging and recording of ﬂuorescence from point
ROIs

The following application describes how to set up from scratch DAQLab to perform
two-photon laser-scanning and point recording of ﬂuorescence (settings will be saved
and reloaded next time the application runs). For this, the following modules will
need to be loaded by selecting the Modules menu item from the workspace and double
clicking on the modules: NI DAQmx Manager (for galvanometric mirror control and
ﬂuorescence recording), Laser Scannning, Coherent Chameleon Ti:Sa laser, Pockels
cells (laser intensity adjustment and region-of-interest shutter), PIStage motion controller (Z-axis motion) and Lang XY stage (XY-axis motion). Should errors due to
e.g. faulty communication with the selected devices arise at this stage, they will be
reported in the Log window.
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NI-DAQmx Manager conﬁguration
In this example, for both control of the galvanometric scan mirrors as well as for
the recording of two-photon generated ﬂuorescence, a single National Instruments
M-series card will be used, which is suﬃcient for controlling the galvanometric scan
mirrors with an update rate of 100 kHz and sampling the ﬂuorescence for one channel
at a rate of 1.2 MHz. If however more than one ﬂuorescence channel is used, for best
performance it is recommended to use a second simultaneous sampling S-series DAQ
card such as NI PCI-6110.
The M-series DAQ card will be conﬁgured to have an analog output (AO) task with
three AO channels to control the galvanometric scan mirrors and the Pockels cell and
an analog input (AI) task with a single AI channel that will measure the ﬂuorescence as
the beam is scanned over the sample. To reduce the possibility of electrical interference
when measuring the ﬂuorescence signal generated by the current-to-voltage ampliﬁer
connected to the photomultiplier tube (PMT), the AI terminal type should be set to
Diﬀerential for each input channel. To improve the ﬂuorescence measurement signalto-noise ratio (SNR), the analog inputs will need to be sampled as fast as the HW
allows it and the signal should be integrated over the pixel dwell time by selecting the
Integrate option for each AI channel that is found in the Channels tab of the AI task.
Finally, before AI data is sent through the VC associated with each AI channel, the
measurement double data type can be converted to other data types with less memory
and precision requirements. In the present application, AI data will be converted to
ﬂoat and if the current-to-voltage PMT ampliﬁer is non-inverting, the double to ﬂoat
conversion gain will be −1.
To sample the AI signal as fast as allowed by the HW, in the AI Settings tab
the auto tickbox should be selected and the Target DAQ sampling rate adjusted,
which will automatically set the oversampling factor so as to reach the maximum
desired sampling rate. Note that the acquired or generated AI/AO sample rates, or
the measurement mode do not need adjustment directly as later these will be adjusted
by the scan engine. For both AI and AO tasks, the Blocksize parameter will determine
the number of buﬀered samples and it should be set as a power of 2. If AI/AO sample
generation or measurement encounters a buﬀer underﬂow, this can be corrected by
increasing the blocksize parameter. If an external device such as an Axon Instruments
Digidata DAQ device requires a start trigger so that the electrophysiology acquisition
may be timed to the imaging, in the Timing tab of AI or AO task a task start trigger
may be routed by selecting an available output line from the Task start signal routing
drop-down control. If the AI and AO tasks are running on separate NI-DAQ devices,
their sample generation and acquisition must be synchronized by sharing a reference
clock, which may be set from the Reference clock source drop-down control from the
Timing tab.
To complete the NI-DAQmx module setup, both AI and AO tasks must be set to
start at the same time by going to the Trigger→Start tab of either AI or AO task
and selecting a digital edge Trigger type with a rising slope while for the Trigger
source the AO or AI task start trigger should be selected. For example, to start the
AI task on the start of the AO task, the AI task Trigger source should be set to e.g.
/Dev1/ao/StartTrigger.
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Pockels cell module conﬁguration
If starting the Pockels cell module for the ﬁrst time, a new Pockels cell can be added by clicking on the New menu item. The Pockels cell command output Source VC
must be connected to any of the available AO Sink VCs provided by the NI-DAQmx
module. Next, the Pockels cell must be calibrated for each wavelength it is intended
to be used, for which the Calibration menu item must be clicked displaying calibration instructions and a spread-sheet style form where calibration coeﬃcients can be set.
Task tree conﬁguration
For the frame scan task, a new User Interface Task Controller (UITC) named here
tc1 must be created by clicking on the Manage → Add menu item from the DAQLab
workspace Task Controllers panel. From the Task Manager other task controllers
(TCs) can be added to the newly created UITC, and here the z-stage TC PIStage
motion controller will be added as a child of tc1 UITC by dragging and dropping
the TC from the Modules tree. In this manner when launching tc1 and the z-stage
has been conﬁgured to step between a start and end position, if the frame scanning
mechanism is added as a child of the z-stage, a z-stack can be acquired. If on the
other hand the z-stage is not conﬁgured to step repeatedly such that its TC has no
iterations, then only a frame scan is acquired. Next, the scan engine module scanner
TC must be added as a child to the z-stage TC PIStage motion controller, and in turn
the NI-DAQmx module DAQ 1 TC and the Pockels cell module Pockels cell 1 TC
must be added as children to the scanner TC. Last, to complete the TT, the scanner
TC execution mode should be set to In parallel with Child TCs, so that scanner, DAQ
1 and Pockels cell 1 TCs are executed in parallel (separate threads) and the HW
trigger and VC relationships will determine the execution order each time the scanner
TC is launched.
While the above conﬁguration will acquire laser-scanning images and if needed
step a z-stage before acquiring a new frame, since each time the AI and AO tasks on
the NI-DAQmx device start anew, this mode of operation will not result in the highest
frame scan rates allowed by the galvanometric mirrors. To implement uninterrupted
scanning, the following changes must be made:
1. If a ﬁnite number of frames is acquired, this can be set by adjusting the #
Frames control on the scan engine module main panel. If continuous frame
scanning is needed, this can be set by clicking on the Continuous tick-box on
the module’s main control panel. Both these settings will instruct the scanner
to prepare uninterrupted galvanometric mirror scan signals between each frame.
2. The NI-DAQmx module will have to run uninterrupted. DAQ 1 TC needs to
have a single iteration, which makes it incompatible with being a child TC of
the scan engine scanner TC that will iterate with each frame. In other words,
with each iteration of scanner TC, it must complete its own iteration function
of generating a new image as well as its children must complete their iterations,
in this case DAQ 1 AO and AI tasks would be interrupted. To overcome this
problem, DAQ 1 and scanner TCs must share a common parent TC such as
the z-stage PIStage motion controller TC or tc1 UITC, which can be done by
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dragging DAQ 1 from under scanner and dropping it under PIStage motion
controller or tc1 if not using a z-stage.
To switch more easily between single frame scan and continuous scanning, separate
UITCs such as frame scan and movie can be used, each having its own TT conﬁguration. While some modules and devices can be loaded multiple times in the DAQLab
environment, each having a separate TC, at this stage sharing the same TC between
multiple TTs has not been implemented and in its current implementation switching
between these two imaging modes requires TT modiﬁcation.
Virtual channels conﬁguration
To exchange data between the various modules, connections between virtual channels must be made in the Virtual Channels tab that can be found by clicking on the
Task Manager menu in the DAQLab workspace. For a laser-scanning engine scanner
and NI-DAQmx device DAQ 1, the following Source VC → Sink VC connections must
be made:
1. Laser Scanning-scanner-fast axis command → DAQ 1: Dev1/ao0 (if fast scan
axis galvanometric mirror is connected to AO 0).
2. Laser Scanning-scanner-slow axis command → DAQ 1: Dev1/ao1 (if slow scan
axis galvanometric mirror is connected to AO 1).
3. Laser Scanning-scanner-fast axis command n samples → DAQ 1: AO Num.
Samples IN.
4. Laser Scanning-scanner-galvo command sampling rate → DAQ 1: AO Sampling
Rate IN.
5. Laser Scanning-scanner-pixel sampling rate → DAQ 1: AI Sampling Rate IN.
6. Laser Scanning-scanner-detection channel n pixels → DAQ 1: AI Num. Samples
IN.
7. DAQ 1: Dev1/ai0 → Laser Scanning-scanner-detection channel 1 (note that if
DAQ 1: Dev1/ai0 VChan data type is double, it cannot be connected to channel
1 as it accepts only ﬂoat, uInt, uShort, uChar).
In addition to this, when using a Pockels cell connected to the AO 2 NI-DAQmx
channel, the following connection must be made:
1. Pockels cell-Pockels cell 1-command → DAQ 1: Dev1/ao2 (analog command
signal applied to the Pockels cell)
2. Laser Scanning-scanner-ROI shutter → Pockels cell-Pockels cell 1-timing (timing
signal when using the Pockels cell in pulsed mode)
HW trigger conﬁguration
Because DAQ 1 AI and AO tasks must run in parallel all the while being synchronized, it is necessary to deﬁne a HW master-slave trigger relationship between these
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tasks. In this way the master HW trigger task will wait until the slave HW triggered
task will be armed and ready to receive the HW trigger. This HW trigger relationship
can be set in the Task Manager menu from the DAQLab workspace and ﬁlling out a
spreadsheet-style form that can be found in the HW Triggers tab, having master HW
triggers as row labels and slave HW triggers as selections within each cell. In this
application example the AI task being a slave HW triggered task, in the row labeled
<NI-DAQmx dev name>:AO Start select from the empty cell drop down the entry
labeled <NI-DAQmx dev name>:AI Start.
Sequence of events
After setting up the TT, VCs and HWTCs, the ﬁrst step is to acquire a laserscanned image as shown in
. When the user starts tc1 UITC by pressing
the Start button, the interaction between the various components of the TT and
sequence of events will be:
1. tc1 sends a Start event PIStage motion controller.
2. Because PIStage motion controller has no iterations, i.e. its start and end zpositions are the same, it sends a Start event to its child TCs scanner, DAQ 1
and Pockels cell 1, which are launched in parallel.
3. DAQ 1 AI and AO tasks are launched in parallel. DAQ 1 AI task is waiting for
the DAQ 1 AO task start HW trigger while the DAQ 1 AO task is waiting for
AO waveforms to arrive from scanner and from Pockels cell 1.
4. scanner calculates the galvanometric mirrors and Pockels cell command signals
based on the image parameters and sends them to DAQ 1 and Pockels cell 1
TCs. To complete its iteration and generate an image, scanner is waiting to
receive a ﬂuorescence pixel stream from DAQ 1.
5. Pockels cell 1 is waiting and receives ROI shutter timing digital waveform from
scanner, transforms it to an analog waveform based on the set laser beam intensity
and then sends this waveform to DAQ 1 AO task.
6. DAQ 1 AO task receives all AO waveforms after which it starts and sends a HW
trigger to DAQ 1 AI task, which starts as well and generates a stream of pixels
that is sent to scanner TC.
7. When scanner TC receives suﬃcient pixel samples for each displayed channel
to assemble an image, it completes its iteration and informs the z-stage PIStage
motion controller.
8. After PIStage motion controller received a Done event from all its child TCs, it
also sends a Done event to its tc1 parent TC.
9. If tc1 has more than one iterations, it will restart PIStage motion controller so
that multiple images may be acquired at diﬀerent times.
By drawing a rectangular ROI within the newly acquired image and clicking the
Restore menu option, a second higher resolution image can be acquired. Similarly
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ﬂuorescence can be recorded from point ROIs if point ROIs are placed on an image
and the scan engine is switched to a point scan mode by selecting the Point Scan tab
in
.

5.5

Application 2: Synaptic activation using twophoton glutamate uncaging

In the next application, DAQLab will be used to activate hippocampal CA1 area
pyramidal neuron synapses using two-photon glutamate uncaging of MNI-glutamate
[ ] in an in vitro brain slice preparation. Due to the presence of voltage-gated sodium
channels, it has been shown that oblique dendrites of CA1 pyramidal neurons can
generate a local fast sodium spike in response to coincident <6 ms activation of a
small <20 number of synapses [ ]. Consequently, activation of N-methyl-D-aspartate
receptors (NMDAR) has been shown [ ] to lead to a dendritic branch level plasticity
that aﬀects the coupling strength between the dendritic branch and the soma, endowing the neuron with a powerful feature storage mechanism.
Brain slice preparation and electrophysiology
All procedures were approved by the VU University’s Animal Experimentation
Ethics Committee. While for this demonstration the choice of mouse line is not important and a typical C57BL6/J line could be used, data presented here was obtained
from another study using Ai35D mice (Jackson Laboratories) crossed with CaMKIIα+
mice to obtain mice of 2-3 weeks with ArchT-GFP expression in the majority of
hippocampal CA1 area pyramidal neurons. The brain slicing, dissection and recovery
solutions (SDRsol) contained (in mM): 70.0 NaCl, 2.5 KCl, 1.25 NaH2PO4·H2O,
5.0 MgSO4·7H2O, 1.0 CaCl2·2H2O, 70.0 sucrose, 25.0 D-glucose, 25.0 NaHCO3,
1.0 Na-ascorbate, 3.0 Na-pyruvate; pH 7.38 at 34◦ C, 7.4 at 20◦ C, 7.5 at 0◦ C when
balanced with 95%O2/5%CO2 and osmolarity 320 mOsm. The recording solution
(Rsol) contained (in mM): 125.0 NaCl, 3.0 KCl, 1.25 NaH2PO4·H2O, 25.0 NaHCO3,
25.0 D-glucose, 1.0 MgCl2·6H2O, 1.3 CaCl2·2H2O; pH 7.38 at 34◦ C when balanced
with 95%O2/5%CO2 and osmolarity 330 mOsm. The brain slice holding solution
(Hsol) prior to placement in the recording chamber was based on the recording solution with the addition of (in mM): 1.0 MgCl2·6H2O, 3.0 Na-pyruvate, 1.0 Naascorbate. The standard pipette internal solution (Isol) contained (in mM): 120.0
K-gluconate, 20.0 KCl, 10.0 HEPES, 4.0 NaCl, 4.0 ATP·1.3Mg, 0.3 Tris3GTP, 14.0
Tris2Phosphocreatine, 0.1 EGTA; pH 7.44 at 20◦ C, 7.38 at 24◦ C, 7.25 at 34◦ C, osmolarity 320 mOsm; with each session Alexa 488 was added to 0.05 mM.
Brain slices were prepared as follows. For each dissection, 1 L SDRsol was prepared
of which 0.25 L was kept warm at 34◦ C and the remaining 0.75 L chilled to 0◦ C by
placing for approx. 20 minutes at -80◦ C. Of this solution, each slicing session used
0.5 L while 0.25 L was stored at -20◦ C and used during the following slicing session.
The -20◦ frozen solution was coarsely crushed and used to pad the microtome slicing
chamber and dissection dishes, which were later ﬁlled with the 0◦ C chilled SDRsol.
Following decapitation, brains were quickly dissected from the skull and left to cool
for 5 minutes in the dissection dish. To obtain longitudinal hippocampal CA1 slices,
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brains were placed on their ventral side on a SDRsol wettened ﬁlter paper and the
cerebellum and olfactory bulbs were cut-oﬀ. Two 45◦ planar cuts were made with
respect to the mid-line plane starting from the anterior location where the olfactory
bulbs were located, followed by a mid-line cut. The hemi-spheres were glued on the
microtome platform on their 45◦ cut sides, with their dorsal side facing the blade and
their ventral side opposed to an agar-gel block similarly glued to the platform. The
quality of slices depended crucially on the choice of microtome blades, with Dorco
ST-300 platinum and PTFE coated shaving blades giving best results. With this
cutting procedure 1–2 slices of 150 μm were obtained for each hemisphere where the
apical dendrites of CA1 pyramidal cells were either mostly parallel to the slice surface
or slowly descending into the slice, with the correct side of the slice also characterized
by a better survival of the cells. Slices were left to recover for 30 min at 34◦ C in
Rsol after which they were placed in Hsol and used as early as 45–60 min and up to
180–240 min from the start of recovery.
Caged glutamate delivery and uncaging
MNI-caged-L-glutamate was purchased from Tocris and aliquots were prepared by
dissolving in ethanol, vacuum centrifuged and stored as dry powder at -20◦ C. On each
experiment session, MNI-caged-L-glutamate powder was diluted in Rsol to 10 mM.
The caged glutamate was applied to the brain slice surface using a glass microelectrode
pulled in one step and broken to a slanted tip opening of 25–35 μm that was bent
30◦ close to its tip in the direction of the slanted opening using a Narishige MF-900
Microforge. The shaping of the caged glutamate application microelectrode combined
with its 45◦ angled holder proved to be essential in delivering a caged glutamate
stream that was angled approx. 75◦ from the slice surface, which would be otherwise
impossible to achieve due to the Olympus 25x 1.0 N.A. objective access angle. To
use a larger volume of caged glutamate solution, a small reservoir was attached to
the microelectrode that also kept the solution under a 95%O2/5%CO2 atmosphere to
maintain its pH.
The caged glutamate solution was applied to the CA1 stratum radiatum region
by placing the shaped microelectrode approx. 50 μm away from and on top of the
target area and applying 5 mBar overpressure to the reservoir, which was regulated
hydrostatically by a 5 cm column of water. In this manner, using 0.5 mL caged
glutamate solution, after applying the overpressure, uncaging experiments could be
conducted over a period of 45 min. Good delivery of caged glutamate to several
tens of micrometers deep within the slice depended crucially on the Rsol ﬂow rate
within the recording chamber, which was set to 1.5 mL/min. A smaller ﬂow rate
lead to a faster deterioration of slices in the recording chamber while a larger ﬂow
rate reduced caged glutamate delivery within the slice. While in whole-cell recording
conﬁguration, successful delivery of caged glutamate to the cell could be also assessed
by a small 1–2 mV depolarization once the overpressure was applied to the perfusion
microelectrode as well as by an increase in the input resistance, which were attributed
to its antagonistic eﬀect on alpha-subunit containing γ-aminobutyric acid receptors.
Visualization of dendrites and spines was done using two-photon excitation of
Alexa 488 at 780 nm while glutamate uncaging was done using a single 0.4 ms 720 nm
pulse per spine with powers ranging 10–50 mW. With Cambridge Technologies 8315K
galvanometric mirrors equipped with 3 mm aperture and high-power servo-drivers as
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well as calibration of their small step response, the laser beam could be positioned on
adjacent spines within 80 μs such that up to 12 spines could be stimulated under 6
ms and generate dendritic spikes as shown by Losonczy and Magee [ ]. Laser power
was adjusted such that rapid <6 ms activation of 10–12 spines lead to initiation of
action potentials. Dendritic spike generation was then studied by keeping the same
laser power while activating in rapid succession an increasing number of spines as well
as while determining the individual spine excitatory post-synaptic response. Care was
taken to avoid placing uncaging points directly on the spine head as this often lead to
damaging them. Instead, uncaging locations were placed approx. 0.5 μm away from
the spine head and just prior to uncaging the slice was realigned as displacement was
apparent for durations >30 s.
DAQLab conﬁguration
The conﬁguration of DAQLab is largely similar to the previous application. Considering the arrangement of task controllers (TCs) within the TT (
vs.
), here, Scan Engine TC is now a parent of DAQ 1, DAQ 2 as well as of
Pockels cell, which was added to modulate the laser beam. The change in Scan Engine
TC hierarchy reﬂects the fact that the number of uncaging trials is determined by
, Scan
Scan Engine and that trials are discontinuous in time. While in
Engine did not have child TCs, the execution order of its iteration function (IF, see
) with respect to its child TCs did not matter. However, in
for Scan Engine to be able to complete its IF (i.e. to perform an uncaging trial),
the execution of IF must be set in parallel with the execution of its child TCs. The
downside of making DAQ 1 and DAQ 2 children of Scan Engine is that continuous
frame scanning at the maximum speed allowed by the galvanometers is not possible
anymore as with each iteration additional time required to restart DAQ 1 and DAQ
2 I/O tasks. With further reﬁnements to the HTC model this issue can be solved by
sharing TCs between multiple TTs and switching between continuous frame scanning
and uncaging is simply a matter of launching the appropriate UITCs. Still within
the current implementation it is still possible to achieve suﬃciently high frame rates
such that switching between frame scanning needed for sample alignment and uncaging can be done by changing the Scan Engine operation mode. Besides frame scans
and uncaging operation modes, recording the neuronal morphology is needed as well.
Through further reﬁnement of the HTC framework, this can be done by launching
the TT from
, however in its current form this can be solved by inserting
Z-Stage in the
TT between the UITC and Scan Engine. If the z-stage
start and end positions are the same, Z-Stage has no iterations and its presence in
the TT is ignored such that frame scanning and uncaging can proceed as usual. If
instead a z-stack must be acquired and the z-stage has been set appropriately, then
the only changes needed are to set the number of UITC iterations to 1 and to switch
Scan Engine to frame scan mode.
Results
A two-photon glutamate uncaging experiment to study dendritic integration of
. A MNI-caged-L-glutamate solution ﬁlled
synaptic inputs is shown in
pipette was positioned in close proximity to the brain slice surface and a CA1 hippo-
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campal area pyramidal neuron was patch-clamped with a pipette containing Alexa
488 morphological dye dissolved in the intracellular solution. Visualization of the cell’s
morphology was done using a laser excitation wavelength of 780 nm, while glutamate
uncaging was done by switching the laser wavelength to 720 nm. For each uncaging
session at a chosen dendritic branch, two images were acquired: a large FOV reference
image that together with the 3D z-stack will later aid in identifying the dendritic
branch
a, and a smaller, high resolution image with 0.1 μm pixel size that
was used to position the uncaging locations in close proximity to the dendritic spine
heads
b. Placement of uncaging locations directly on the dendritic spine
heads was avoided as this often caused photodamage, which could be seen both visually
and electrophysiologically as a swelling of the dendritic spine and/or dendritic shaft
as well as a depolarized resting membrane potential. Due to micrometer-sized sample
drift, presumably due to tissue swelling, prior to each uncaging session, the sample was
realigned to match the originally placed uncaging locations while the uncaging session
was kept <20–30 s. After selecting 10–12 uncaging locations, the lowest uncaging
laser power was chosen such that rapid activation (0.4 ms uncaging time/spine, 80
μs jump time) of the dendritic spine group elicited action potentials. Keeping the
same laser power, to study supralinear dendritic integration, each uncaging session
consisted of ﬁrst uncaging at each dendritic spine head in isolation to determine the
individual uncaging excitatory post synaptic potential (uEPSP), and second, uncaging
rapidly over an incrementally large dendritic spine group. As the number of activated dendritic spines increases, the compound depolarization is eventually suﬃcient
to generate action potentials
c, however, as it has been shown previously
[ ], due to the activation of dendritic sodium channels and magnesium block removal
from NMDA-type glutamate receptors, the compound EPSP resulting from the rapid
activation of the dendritic spine group exceeds the linear summation of the individual
uEPSPs (
d), giving rise to what is now known as supralinear dendritic
integration.

5.6

Discussion

Several open-source laser-scanning microscopy software have been developed [ – ]
that achieve ﬂexibility through an object-oriented design. Although this can solve
diﬀerences in hardware and software components, as long as they share a common
parent class, a major source of experimental variability stems from the many ways
in which various parameters indexing a multidimensional dataset can be combined.
This work proposes a novel software architecture, termed hierarchical task control
(HTC), that oﬀers further ﬂexibility beyond what is possible using only an objectoriented approach. The key insight behind the HTC framework is based on the
practical desire of the experimenter to organize the interaction of various hardware
and software components in order to obtain a structured multidimensional dataset
that can be conveniently saved using the Hierarchical Data Format 5 (HDF5,
. While accessing such a hierarchical data structure
for analysis purposes can be done using nested for loops, at the time of acquisition,
multiple hardware and software components may need to function in parallel at various
hierarchical nesting levels. The HTC framework solves this mapping problem between
a desired data structure and hardware/software coordination by encapsulating each
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component (which may be object oriented) in a so called Task Controller (TC), which
is modeled as an extended state machine (
). Thus, a dataset becomes a
hierarchy of interacting TCs and new functionality is obtained by simply reassembling
the TC hierarchy. The HTC framework provides additional ﬂexibility by incorporating
hardware master-slave trigger and data sink-source relationships that enforce execution
concurrency among components that would otherwise function in parallel.
The HTC framework was implemented in a custom open-source software named DAQLab, totaling 61,200 lines of code and 72,218 comment words available
at
, which was written using the C programming language and developed using National Instruments LabWindows/CVI integrated development environment. Through its graphical user interface (GUI), DAQLab
allows for convenient assembly of TCs and speciﬁcation of hardware trigger and data
exchange relationships into functional tasks. Also using the GUI, the experimenter
can interact directly with each module to alter acquisition parameters and it can
visualize and save the acquired data. Although arguably a C++ implementation of
DAQLab and the HTC framework would be a more natural choice to make use of
the built-in object oriented features of the language, LabWindows/CVI compatibility
with the C language was retained in a manner in which it fully respects the principles
of object orientation. For example, class inheritance using the ‘struct’ data structure has been implemented by including in the child struct, the parent struct as ﬁrst
member and switching between the child and parent class was done through pointer
casting. Polymorphism was implemented by simply substituting a child class function
pointer for the parent class function pointer at the moment of initializing the child
class. In this manner, in addition to the ﬂexibility provided by the HTC framework,
new modules can be added to DAQLab by subclassing abstract classes such as the
‘DAQLabModule’ or ‘ZStage’ that give guidance on implementing a generic DAQLab
module or a generic z-axis motion controller.
The suitability of DAQLab and its HTC framework was demonstrated in the context of running a two-photon laser scanning and photostimulation microscopy setup
that required complex hardware and software coordination between multiple components: galvanometric laser scanning module, XYZ motion controllers, Pockels cell laser
modulation, laser control, digital acquisition and generation hardware, data display
and recording. In this manner, two-photon glutamate uncaging was performed on
dendritic spines to demonstrate supralinear dendritic integration in CA1 hippocampal
area pyramidal neurons as described previously [ ]. However, due to the additional
ﬂexibility of the HTC framework and the extensive functionality implemented in its
data acquisition module, DAQLab has a much wider scope compared to previous work.
Although the HTC framework and DAQLab’s functionality has been demonstrated
in a complex experimental setup, there are a few limitations. One is that TCs are
assigned to one Task Tree (TT) at a time. For multiple TTs this requires several
instances of the same module, which will quickly increase the complexity of managing
multiple TTs. Instead, in a reﬁnement of the HTC framework, TCs can be assigned
to multiple TTs with TT speciﬁc settings, but each TC would be in use one TT at
a time. In the current implementation, the execution of TCs is indexed by a single
counter, however a more rich data collection would be possible if instead the indexing
would be done over a multidimensional data structure that would contain information
on the parameters that are varied over each iteration. At present, data display is
limited to images and waveforms, which are part of the scan engine module. A more

120

CHAPTER 5. DAQLAB

suitable implementation would be to have an independent data display module to
which virtual channels can be connected directly. At the same time, the data display
module should be crafted in a manner in which visualization of multidimensional data
sets is possible.
While the HTC framework has been shown to manage the interaction of multiple
threads within the same process, it can be similarly applied to managing inter-process
communication, be it local or across a network. As TCs are extended state machines
that rely on message passing, their interaction can be mediated for example through
the TCP/IP network protocol. It is envisioned that the HTC framework has a wide
applicability and has the potential to become a standard in data collection and instrument control.
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Figure 5.11: Two-photon laser-scanning image of a pollen grain illustrating how the various DAQLab modules function together. The
scan engine module allows for working with multiple views of the sample making it easy to have a lower magniﬁcation reference image
while at the same time, the sample can be explored in a greater detail.
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Figure 5.12: Two-photon laser-scanning ﬂuorescence recording from point regions-of-interest placed on a pollen grain illustrating how
the various DAQLab modules function together. The recorded ﬂuorescence is displayed on a waveform plot and can be saved eﬃciently
to HDF5 ﬁle format.
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Figure 5.13: Two-photon glutamate uncaging revealing dendritic spiking. (a) Z-stack projection view of a hippocampal CA1 pyramidal neuron with a yellow arrow marking the
uncaging location within its dendritic tree. (b) Single-plane image of an oblique dendrite
with spines and uncaging locations a–l. (c) Somatic membrane potential recording and twophoton glutamate uncaging at increasingly more spines shows generation of action potentials
(uncaging time/spine 0.4 ms, jump time 0.08 ms with sequence start time marked by the
dashed line). Note that only uncaging locations in close proximity to the spine heads are able
to generate a response. (d) Incremental rapid activation of spine group shows supralinear
summation and eventually action potential generation compared to activation of single spines
in isolation.
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