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ABSTRACT: Course-based undergraduate research experiences (CUREs) represent distinctive learning environments 
that are organized around a well-articulated design framework aimed at broadening student participation in scientific re-
search. Among the published descriptions of CURE models that are currently available in the education research literature, 
the vast majority have been implemented in four-year institutions of higher learning with undergraduate students. In this pro-
grammatic article, we utilize the CURE design framework to characterize a highly structured instructional intervention that 
engages upper-level high school students in basic research that bridges comparative functional genomics and developmental 
neuroscience. Our goal is to demonstrate the feasibility of using the CURE framework as a uniform reference point for other 
informal science programs aimed at making life science research accessible to younger learners. We conclude by discussing 
preliminary data on the program’s effects on students’ self-efficacy for conducting scientific research, collaborative abilities, 
and understanding of how scientific knowledge is constructed.

INTRODUCTION
Course-based undergraduate research experiences or 

CUREs have emerged as a promising strategy to involve all 
biology learners in conducting scientific research. Although 
published descriptions of CURE models assume a diversity 
of forms and target different cognitive, affective, psychoso-
cial, and behavioral outcomes (Dolan, 2016), they are dis-
tinguished from more familiar instructional approaches by 
their ability to engage entire classes of students in generat-
ing research findings that accommodate the interests of the 
scientific community and expand the scientific knowledge 
base. In this respect, CUREs resemble an integration of in-
dependent university internships, which are typically offered 
by research groups to small numbers of select students who 
have already developed an interest in science, and more 
structured university courses that engage significantly larger 
numbers of students in either prescriptive or inquiry-cen-
tered laboratory instruction.  

Beyond this basic conceptualization, CUREs are opera-
tionally defined by their integration of specific activity-based 
dimensions that engage students in: 1) science practices; 2) 
the process of scientific discovery with uncertain outcomes; 
3) broadly relevant research that links to a larger body of 

knowledge (and that is important to stakeholders outside 
of the classroom); 4) group collaboration; and 5) iterative 
work that demonstrates how scientific knowledge is built 
over time across research groups or projects (Auchincloss et 
al., 2014; Dolan, 2016). Although the frequency and intensi-
ty of the activities encompassed by each dimension exhibit 
considerable variability across courses, this basic framework 
establishes uniform standards for CURE development and 
lays the groundwork for studies aimed at identifying robust 
linkages between specific design elements and desired learn-
ing outcomes (a community-level goal that is currently in its 
infancy; Auchincloss et al., 2014; Linn et al., 2015).  

Our interest in CUREs emerged from a 12-year insti-
tutional mission to develop model programs that provide 
upper-level high school students with early exposure to 
the daily practice of scientific research and early member-
ship into the scientific community as real data contributors 
(Santschi et al., 2013, Henter et al., 2016). While elaboration 
of the CURE framework was intended to guide the design 
and assessment of CUREs for undergraduate students, we 
recognized its alignment with our ongoing efforts to make 
scientific research accessible to precollege students. This 
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goal is especially relevant for groups that are actively as-
sisting high school teachers in developing three-dimensional 
instructional approaches and classroom learning opportuni-
ties that tightly align with the research-based performance 
expectations encompassed by the Next Generation Science 
Standards (NGSS Lead States, 2013; NASEM, 2019).  

In this report, we use the CURE design framework to 
characterize the most salient components of an instruction-
al intervention developed in connection with NeuroLab, an 
education research project funded by the NIH Science Ed-
ucation Partnership Award (SEPA) program. Launched in 
2014, NeuroLab is a multifaceted effort that provides novel 
opportunities for students to adapt research products gener-
ated by the Lawrence Berkeley National Laboratory to aid 
future studies of nervous system development and function 
in model vertebrate systems. To this end, we recruited the 
participation of rising 11th and 12th grade high school stu-
dents in a series of immersive residential summer research 
institutes that organize mentoring activities, instructional re-
source design, and active learning strategies around a coher-
ent laboratory workflow that culminates in the identification 
of new molecular genetic tools to study neuronal connec-
tivity in the developing spinal cord. These interdisciplinary 
experiences unfold under the direct guidance of scientist in-
structor-mentors within a specialized biosciences laboratory 
that maintains the physical resources and collaborative net-
works necessary to support a wide-range of student-centered 
research activities.

We anticipate that this program description will help ad-
dress an important knowledge gap with respect to the pro-
cesses underlying CURE adaptation (Dolan, 2016), and 
provide novel insights into how the development of CUREs 
in an as yet unexplored institutional setting can be further 
modified to establish connectivity with formal high school 
instruction and emerging P-16 STEM pipelines. Scientific 
datasets generated by students through this effort will be 
presented in a separate manuscript along with a complete 
description of an open-access informatics platform that we 
developed for students and mentors to organize, annotate, at-
tribute, validate, and share their data with relevant segments 
of the scientific community.

PRE-INSTITUTE ACTIVITIES
Student Recruitment. Small cohorts of 10 students are se-
lected to participate in summer research institutes hosted in 
connection with the NeuroLab program (10 students/insti-
tute). A professionally illustrated request for applications 
containing a brief program description, institute dates, and 
hyperlinks to the NeuroLab website (www.NeuroLabSEPA.
org) is shared directly with teacher partners (many of whom 
serve a high proportion of underrepresented students). This 
information is also disseminated via e-newsletters, event 

calendars, and online directories maintained by the Califor-
nia Science Teachers Association, the Bay Area Biotechnol-
ogy Education Consortium, the Los Angeles/Orange County 
Economic Workforce Development (EWD) Biotechnology 
Center, the San Diego County EWD Biotechnology Center, 
the San Diego STEM Ecosystem (formerly the San Diego 
Science Alliance), and the Orange County STEM Initiative. 
Over the last two project years, residential research experi-
ences were also posted in a searchable database maintained 
by the Institute for Broadening Participation (www.path-
waystoscience.org), which has developed a suite of online 
resources specifically aimed at connecting underrepresented 
students to STEM research opportunities (see Table 1 for 
student demographics arranged according to gender and eth-
nic group). At present, our annual recruitment strategy has 
attracted the participation of students representing 13 states 
(CA, AZ, HI, LA, IL, IA, MI, FL, NJ, CT, RI, MA, and NH). 
The vast majority of student applicants indicated that they 
learned about the NeuroLab program through online web 
searches or direct referrals from teacher partners who par-
ticipated in professional development programming hosted 
by our organization. 

Recruitment of Teaching Assistants. As discussed in 
greater detail below, undergraduate and postgraduate teach-
ing assistants (TAs) play central support roles during each 
NeuroLab institute (1 TA/institute). Referrals for qualified 
TA candidates are solicited through direct communications 
with university faculty and department chairs within our 
partnership network. During the recruitment process, can-
didates participate in one or more phone interviews with 
project staff to learn more about the NeuroLab experience 
and the specific roles that they are expected to assume 
during each institute. TAs who are selected to participate in 
the NeuroLab project receive continual guidance on their 
mentoring strategies during one-on-one discussions with 

Table 1. Gender and ethnic composition of NeuroLab participants 
(Cohorts 1-8).  
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instructor-mentors. Mentoring guidance is frequently linked 
to daily briefings with TAs, who provide various forms of 
information on students’ social, interpersonal, and intellec-
tual progress.  

Enrollment Process. Admissions guidelines and a pass-
word-protected enrollment application are accessible to 
students through the NeuroLab website. Online guidelines 
indicate that special emphasis will be placed on selecting 
students from groups that are historically underrepresented 
in STEM fields. Applications are maintained on a secure 
server and capture personal information, academic history 
and performance (via official transcripts), and short essays 
(500 words or more) that relate students’ academic interests 
and career aspirations to their expectations for the NeuroLab 
research experience. During the application submission pro-
cess, students also provide the name and email address of 
one or more referees, who automatically receive an online 
recommendation form that must be submitted to complete a 
student’s application. The form contains a series of response 
items that enable referees to rate a student’s leadership qual-
ities, self-motivation, maturity, and academic abilities (using 
a 10-point Likert scale), and an open text field for referees 
to provide specific comments on an applicant’s suitability 
for the program. The enrollment system was configured to 
provide each applicant with real-time feedback on the com-
pletion status of his/her application. It also contains onboard 
administrative tools that permit our team to track a student’s 
progress in completing his/her application, update the status 
of each active account and application, and monitor the sub-
mission of required documentation. 

During the initial phase of the selection process, our ad-
missions committee places considerable emphasis on referee 
evaluations and prior life science coursework (especially in 
chemistry and biology). The final selection process is guid-
ed, in large part, by the level of passion, intellectual curiosity, 
and motivation that students convey in their essay responses. 

Students who are selected to participate in the program 
are required to complete three online laboratory safety cours-
es prior to the institute start date. Students also receive login 
credentials to access learning resources (e.g., virtual semi-
nars, video protocols, review articles) and challenging study 
questions that reside on a content management system linked 
to the NeuroLab website. Study questions (S1) are intend-
ed to focus independent learning on some of the dominant 
themes, issues, and concepts that are covered/deconstructed 
during program lectures and collaborative discussions. As 
discussed in greater detail below, these questions also form 
an extremely important focal point for peer-centered learn-
ing during each institute. Given the advanced nature of the 
pre-institute study materials, students are also provided with 
a guidance document containing practical tips for effective 
study practices (e.g., time management, organization, read-
ing for comprehension, etc.).  

STUDENT RESEARCH BACKGROUND (TECH-
NICAL DESCRIPTION)

The biological mechanisms by which spinal cord neurons 
form interconnected networks is a fundamental question in 
neurobiology that has important implications for the treat-
ment of trauma and degenerative diseases that impair spinal 
cord function and movement. Efforts to understand this pro-
cess have benefitted significantly from the targeted delivery 
of transgenes to specific populations of spinal cord neurons 
(Bonanomi and Pfaff, 2010). Transgenic technology enables 
researchers to visualize and manipulate specific populations 
of neurons to better understand the cellular and molecular 
factors that govern their development and function. For in-
stance, transgenes can code for fluorescent proteins that il-
luminate neurons and their processes from the inside when 
they are exposed to certain wavelengths of light, specially 
modified proteins that impair the function of cell surface 
receptors implicated in a particular biological process (e.g., 
cell fate specification or the guidance of axons to their target 
cells), and calcium-responsive sensors that emit light when a 
particular group of neurons is activated. 

The targeted expression of transgenes is controlled by 
regulatory elements (e.g., promoter and enhancer sequences) 
that are bound and activated by transcription factors pres-
ent in specific subsets of cells. The rather limited numbers 
of regulatory elements that are currently available to drive 
transgene expression in select vertebrate neurons represents 
a fundamental barrier to future studies aimed at examining 
nervous system development and function. To overcome this 
obstacle and expand the repertoire of regulatory sequenc-
es available to control the location and timing of transgene 
expression in embryonic neurons, several approaches have 
been employed.

One approach exploits the prior identification of evolu-
tionarily conserved regulatory sequences (ECRs) within 
non-coding genomic regions of phylogenetically divergent 
organisms. Ranging in length from 200 – 2000 base pairs, 
these conserved sequences represent candidate enhancer 
elements that can be experimentally validated for cellular 
activity by examining their ability to drive reporter gene 
expression in transgenic mouse embryos (Fig. 1A, inset). 
Along with related strategies (Visel et al., 2007, 2009), this 
experimental approach has led to the creation of a compre-
hensive online library of tissue-specific enhancers that are 
accessible through the VISTA Enhancer Browser (Visel 
et al., 2007). Developed and maintained by the Lawrence 
Berkeley National Laboratory (Berkeley Lab) and the U.S. 
Department of Energy Joint Genome Institute, the VISTA 
Enhancer Browser is a public access database that current-
ly contains 2893 in vivo-tested regulatory elements that are 
organized into searchable data records (https://enhancer.lbl.
gov). Each data record aggregates: 1) DNA sequence infor-
mation (e.g., sequence coordinates, neighboring gene names, 
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comparative information regarding conservation depth of an 
element, and the PCR primers used to amplify the fragment); 
2) high-resolution digital images of whole-mount transgenic 
mouse embryos (embryonic day 11.5) showing tissue-spe-
cific expression of a lacZ reporter gene; and 3) an anatomic 
description of the reporter gene expression pattern. 

It is important to emphasize here that the majority of val-
idated elements cataloged in the VISTA Enhancer Browser 
were examined for their ability to drive reporter gene ex-
pression in embryonic tissue regions vs. individual cell types 
(see Fig. 1A, inset). Determining the identity of the specific 
neuronal cell types in which the elements are active (and the 
pathways their axons follow) represents an extremely valu-
able research iteration (see Hadas et al., 2014) that forms the 
focus of student work during each NeuroLab institute (Fig. 
1). 

PROGRAM DESCRIPTION 
General Characteristics and Roles of Instructor-Men-
tors. Two Ph.D.-level faculty members with strong research 
backgrounds in neurophysiology and developmental neuro-
biology play central roles in program design and implemen-
tation, both of which are aimed at creating an environment 
that emulates, inasmuch as possible, a graduate-level learn-
ing milieu. During program implementation, their shared 
scope of influence as instructor-mentors not only converges 
on knowledge building/knowledge integration and the de-
velopment of technical proficiency required for students to 
successfully complete a particular laboratory task or work-
flow segment, but also on professional socialization and ear-
ly enculturation into the scientific research enterprise. These 
mentorship functions emerge within an intimate learning 
setting where faculty and students (at a 2:10 ratio) partici-
pate in every facet of the NeuroLab experience as members 
of a unified research team. This aspect of program enactment 
results in an exceptionally high level of mentorship contact 
that readily lends itself to a group mentorship model (i.e., 
instrumental and psychosocial support is provided through 
group discourse rather than isolated interchanges between 
individual students and an assigned mentor). It also aligns 
with the highly collaborative nature of the NeuroLab experi-
ence as emphasized elsewhere in this report.  

Logistics. Each NeuroLab institute is implemented over 10 
consecutive days to maintain strict continuity and coheren-
cy among different research components and learning ac-
tivities, which are tailored to challenge students at different 
levels. A provisional daily schedule is provided to students 
during the enrollment process to help prepare them for sev-
eral unavoidably long workdays. Upon their arrival, students 
are advised that the schedule is subject to revision given the 
unpredictable nature of scientific inquiry. As shown in Fig-
ure 2, the total amount of time that students devote to lec-

Figure 1. The research pipeline executed by students during 
NeuroLab research institutes. During more recent institutes, stu-
dents subclone ECRs with modified ends into an intermediate TA 
cloning vector. The insert is then shuttled to a destination vector 
(containing a GFP reporter) by local high school interns and later 
provided to an upcoming cohort of NeuroLab students for micro-
injection/electroporation and expression analysis.  

Figure 2. The number of hours invested by students in various 
program components during each day of the NeuroLab research 
experience. The values estimated for supplemental readings, study 
questions, and the final presentation reflect time invested both in 
and out of the laboratory. 
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detailed anatomical studies, in vitro assay systems, muta-
genesis screens, gene knockouts, etc.). 

The logic model eventually converges on a central ques-
tion that forms the basis of students’ hands-on laboratory 
work, which represents an adaptation of a comparative ge-
nomics approach utilized by scientists at the Berkeley Lab 
to identify and experimentally validate the activity of con-
served regulatory sequences (see section above for addition-
al details). A series of instructional materials were assem-
bled to facilitate student understanding of the evolutionary 
assumptions underlying this approach, deconstruct the sci-
entific underpinnings of its component laboratory proce-

tures, collaborative activities, lab and informatics work, and 
research communication exceeds the workload of a typical 
3-credit, 15-16 week university course. 

Students and TAs are housed offsite within a short walk-
ing distance from our lab. TAs supervise students during 
evening breaks and provide various forms of social and 
mentoring support aimed at promoting group cohesiveness 
and productive collaborative discourse (see sections below 
for specific examples). 

Instructional Resource Design. Instructional resources 
primarily consist of mixed-media presentations that blend 
high quality scientific images and illustrations, molecular 
simulations and animations, video clips, and other dynam-
ic representations of biological phenomena into a series of 
learning units (Fig. 3). The development of each unit was 
tightly anchored to the research logic model presented in 
Figure 4, which outlines several overlapping knowledge 
strands that link the project’s broader biomedical relevance 
to research design and expected outputs. 

Lectures centered on biomedical relevance begin by high-
lighting the following overarching program topics:  1) the 
relationship between mature central nervous system (CNS) 
function and the formation of neural circuitry during em-
bryogenesis; 2) the role of organizing centers, morphogenic 
gradients, and intracellular signaling cascades in dictating 
the fate of developing spinal cord neurons (and the forms 
and functions that they will ultimately assume in the ma-
ture CNS); and 3) the importance of navigational cues and 
their cognate receptors in altering growth cone architecture 
and the directionality of axon growth during neuronal circuit 
formation.

To link this knowledge strand with research design and 
expected outputs/products, the logic model contains several 
intervening components that are aimed at helping students 
recognize deficits in our current understanding of nervous 
system assembly, the consequent need for new molecular 
genetic tools to help fill these knowledge voids, and the 
potential value of newly acquired knowledge for the future 
treatment of spinal cord trauma or neurodegenerative dis-
ease. From our perspective, exposure to the scientific model 
building enterprise – a prominent feature of our educational 
approach – is essential for students to sort out and contextu-
alize these important interrelationships. To this end, instruc-
tional resources use visual representations of conceptual 
models to introduce the key biomolecular programs that un-
fold during neuronal fate specification and axon pathfinding, 
and their ties to nervous system structure and function. As 
select components of each model are presented in stepwise 
fashion by instructor-mentors, students are challenged to 
make interpretations, propose future studies, and formulate 
testable predictions based on findings obtained from a di-
versity of model organisms and scientific approaches (e.g., 

Figure 3. Multimedia lecture units and the types of content in-
troduced to represent scientific processes. Green shading indicates 
lectures focused on foundational knowledge and the exploration of 
conceptual/predictive models of relevant biological phenomena. 
Blue shading denotes lectures focused on the science underlying 
lab methods and procedures. Orange shading corresponds to activ-
ities rooted in bioinformatics (e.g., data retrieval, restriction and 
plasmid mapping, sequence alignment and analysis, data record 
assembly, etc.). 

Figure 4. Logic model connecting the project’s underlying ratio-
nale to research design and anticipated outputs. The overlapping 
knowledge strands encompassed by this model formed the basis of 
instructional resource design (see text for details).  
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dures, and highlight the methodological variations required 
to iterate this work in an embryonic chick model and there-
by generate potentially valuable new information for future 
studies of spinal cord development.  

Implementation of this adapted research strategy ulti-
mately involves the execution of multiple laboratory pro-
cedures/protocols that are sequentially linked together in 
discrete workflow segments with specific intermediate ob-
jectives (e.g., the creation of an expression plasmid contain-
ing a fluorescent reporter gene downstream of an enhancer 
sequence, the delivery of the expression plasmid into spinal 
cord neurons, the characterization of neurons in which the 
enhancer activity is detected, etc.). Methods-focused in-
structional resources (Fig. 3, blue shading) were not only 
designed to help students understand and visualize the phys-
ical, chemical, or biological processes that unfold during 
each protocol, but also to assist them in understanding how 
the outputs generated from successive protocols relate to 
one another and the intermediate objective of a given work-
flow segment. These materials also place significant empha-
sis on the natural origins of methodological tools that stu-
dents use to implement their protocols (e.g., marine-derived 
fluorescent proteins, restriction endonucleases, antibiotics, 
heat-stable DNA polymerases, etc.), and the biological/bio-
chemical contexts within which they function in the natural 
world.

Promoting Knowledge Development and Synthesis 
through Collaborative Group Learning. Given the ad-
vanced and varied nature of the material presented to students 
across lectures and project elements, we adopted a pedagog-
ical approach that conforms to the scaffolded knowledge in-
tegration framework (SKIF), which is organized around the 
following metaprinciples: 1) making science accessible and 
building upon students’ prior knowledge; 2) making think-
ing visible so that students understand the process underly-
ing knowledge integration; 3) helping students learn from 
each other; and 4) promoting autonomous life-long science 
learning (Linn et al., 2014). 

In pursuance of these goals, instructor-mentors make 
extensive use of active learning strategies throughout each 
institute. In addition to our pervasive use of Socratic ques-
tioning (see Paul and Elder, 2008 and references therein) 
and think-pair-share activities, strategic pauses are often 
made for breakout discussions and brainstorming sessions 
that enable students to connect their views to alternative 
perspectives and build upon each other’s understanding of 
project-related concepts and methods.  

The study questions (S1) that students independently 
complete before their arrival represent another important 
focal point for peer-centered collaboration and knowledge 
synthesis. At the end of each day, students are instructed to 
discuss a particular study question and reach consensus on 

a detailed response that consolidates the perspectives of ev-
eryone in the group. TAs play an extremely important role 
outside of the lab in moderating discussions so that they un-
fold with objectivity and inclusiveness, and in accordance 
with professional standards of courtesy. The following day, 
one or more students are randomly selected to orally pres-
ent and defend the consensus response in the presence of 
instructor-mentors, who provide constructive feedback and 
guidance on revisions, wherever necessary.  

In addition to these group-based learning activities, stu-
dents are required to develop a 60-90 minute synthesis of 
their research experience, which they present on the final 
night of their NeuroLab institute in a format that resembles a 
public oral thesis defense (i.e., in addition to presenting ma-
terial, students are challenged with extemporaneous ques-
tions from instructor-mentors; S2-S7). Preparation for this 
high-stakes program component begins with a presentation 
outline that students submit for review and comment by in-
structor-mentors before initiating work on talking points and 
slides. TAs play an instrumental role in the collaborative de-
velopment process by: 1) referring students to resources that 
provide general tips on giving scientific presentations; 2) 
moderating group discussions centered on presentation sto-
ryline, structure and content; 3) addressing gaps in students’ 
knowledge; 4) ensuring an equitable division of labor; 5) 
providing technical assistance on the creation of slide graph-
ics, embedded video, etc.; 6) offering objective feedback on 
the clarity of talking points and their relevance to a particular 
presentation segment; 7) guiding students in the selection/
creation of graphics that support their talking points; and 
8) assisting students in establishing continuity between and 
among slides. 

Instructor-mentors monitor student progress toward a 
draft presentation through daily briefings with TAs, direct 
observations of student interactions in the lab, and periodic 
reviews of slide content. Students receive extensive critical 
feedback on their draft presentation during each of two prac-
tice talks that are scheduled near the endpoint of the Neu-
roLab experience. During these sessions, instructor-men-
tors offer suggestions on organization and slide transitions 
that will improve coherency and bring the presentation into 
closer alignment with the logic model presented in Figure 4. 
Students are also encouraged to discard superfluous meth-
odological/technical details that may divert attention away 
from the more salient features of their overall research ap-
proach during the final talk, which is presented in a forum 
consisting of family members, local educators and school 
administrators, and area scientists. Apart from its value in 
facilitating student collaboration and promoting research 
communication skills, the concluding presentation presents 
a final opportunity for instructor-mentors to help students 
demonstrate their depth of knowledge and understanding 
through rigorous question-and-answer dialog, which is vid-
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eo recorded for future analysis of specific learning outcomes 
(S2-S7). For parents and other audience members, these sci-
entific interchanges also provide a glimpse into the academic 
rigors of the NeuroLab experience and the intensity of scien-
tific discourse that occurs among students and faculty during 
each institute.

Student Research Progression. Students are assigned to 
one of five pairs during the plasmid construction phase of 
the workflow to assist each other in the proper execution 
of laboratory protocols. For this initial segment of the lab 
workflow, students who report a higher level of relevant lab 
experience (or a greater degree of confidence in their basic 
laboratory skills) are paired with students who rate them-
selves as having less experience or lower confidence. For 
subsequent workflow segments involving the application 
of highly specialized laboratory skills, participants are ran-
domly assigned to small teams of three-five students to in-
crease the faculty-student ratio and thereby allow a greater 
degree of individualized supervision. Irrespective of these 
logistical considerations, NeuroLab currently adopts a con-
junctive research approach in which every student performs 
every component of the lab workflow (i.e., students are not 
assigned to groups with specialized roles in the completion 
of any particular laboratory task or protocol). 

Consistent with our goal to help students sort out the 
various forms of scientific information encompassed by the 
research experience, laboratory work does not commence 
until Day 4 of each NeuroLab institute, after students have 
demonstrated an understanding of research design and its 
connection to the project’s broader biomedical relevance and 
anticipated outputs/research products. At that time, the focus 
of lectures shifts from foundational concepts and predictive 
models of relevant developmental processes (e.g., neuronal 
cell fate specification and axon guidance) to the science un-
derlying various lab procedures (i.e., detailed explanations 
of how various lab procedures exploit our prior knowledge 
of physical, chemical, and biological processes to achieve a 
particular experimental or practical objective).  

As indicated above, the plasmid construction segment of 
the workflow encompasses multiple laboratory procedures/
protocols that are linked together in a cumulative sequence 
(Figure 1, panel B). Several strategies are employed by proj-
ect staff to increase the probability of student success during 
this progressive work sequence. In addition to validating/
optimizing lab protocols prior to each institute, instruc-
tor-mentors ensure that each step of a given procedure is 
performed synchronously by all student pairs to maintain fo-
cus, minimize the occurrence of procedural errors, and sim-
plify corrective interventions by project staff if a deviation 
is observed or reported. Reagents and consumables required 
for a given step are distributed to students on an as needed 
basis to prevent sample mix-ups and other potential pitfalls. 

Prior to executing a given protocol step, students are also 
asked to verbalize its associated action (load the supernatant 
from Step 5 onto a spin column), methodological purpose 
(to separate plasmid DNA from other biological materials 
present in the supernatant), and underlying scientific pro-
cess(es) (specific ions present in the solution enable nega-
tively charged plasmids to form a reversible electrostatic in-
teraction with the silica matrix inside the spin column). This 
approach is intended to reinforce ideas introduced during 
methods-focused lectures and further minimize the occur-
rence of technical errors.   

The ensuing segment of the research workflow unfolds 
in our transgenics lab, which is organized into specialized 
workstations that enable larger groups of students (5 stu-
dents/group) to work cooperatively on the delivery of ex-
pression plasmids into embryonic chick spinal cord neurons 
(Figure 1, panels C, D). Every student rotates through each 
workstation over three consecutive days (~ 4 hours/day) to 
develop the technical proficiency required to perform each 
component work task with minimal faculty assistance [e.g., 
correct embryo staging and handling, egg windowing (to 
expose embryos), microinjections (to introduce expression 
plasmids into the fluid-filled lumen of the developing spinal 
cord), electroporation (to drive plasmid into adjacent spi-
nal cord neurons), and egg sealing (to prevent desiccation 
of embryos during an additional incubation period)]. In-
structor-mentors make extensive use of video protocols and 
physical demonstrations to assist students in their research 
goals. Demonstrations are aided by video camera-mounted 
stereomicroscopes and high-resolution monitors, which en-
able project staff to model the execution of more difficult 
techniques, especially those that require the identification 
of important anatomic landmarks that cannot be visualized 
with the naked eye. These tools also permit project staff to 
offer specific forms of real-time guidance to students while 
they perform various types of work under the microscope 
(e.g., microinjections, electroporation, and spinal cord mi-
crodissections). 

The concluding segment of the wet lab workflow engages 
students in the identification and characterization of neuro-
nal cell types in which a particular ECR is activated (as as-
sessed by expression of a GFP reporter in cell bodies, axons, 
and growth cones; Fig. 1, panel E). This exciting phase of 
the project unfolds in our imaging lab, where students work 
in small groups (3-4 students) to assign provisional identities 
to labeled spinal cord neurons based on the position of their 
cell bodies along the dorsal-ventral axis and the trajectory of 
their axons. Instructor-mentors provide practical guidance in 
the use of our fluorescence microscope and image analysis 
software, assist students in relating their observations to the 
most recently published spatial maps of embryonic neuronal 
sub-types, and make recommendations on the selection of 
images that best represent their collective findings.  

A publicly accessible workbench and data repository 
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was developed de novo for students to organize, analyze, 
annotate, attribute, validate, and disseminate their primary 
expression data (and corresponding metadata) to the broad-
er scientific community. This resource, which is intended to 
promote data literacy and foster student ownership of their 
work, will be described in a separate publication along with 
datasets generated by students during their research experi-
ence.  

Building Awareness of the Research Career Pathway 
and Culture. In addition to guiding knowledge develop-
ment and student research activities, our scientists discuss 
a diversity of issues aimed at helping students understand 
disciplinary norms and other important facets of the grad-
uate and postdoctoral research experience that converge on 
professional socialization and enculturation into the scientif-
ic research community (Table 2). During these largely im-
promptu discussions, instructor-mentors share information, 
personal reflections, and anecdotes that highlight many of 
the interpersonal, financial, and practical aspects of the re-
search career pathway, which is presented to students as a 
life-long learning process characterized by specific profes-
sional and intellectual milestones and achievements. TAs 
also offer their own personal insights and perspectives on the 
undergraduate science learning experience during intensive 
out-of-lab interactions with students. 

Guest Speakers. In keeping with our goal to frame Neu-
roLab in the context of a graduate-level learning experi-
ence, researchers from UCSD, USC, or the Salk Institute for 
Biological Studies are invited to present research in areas 

that highlight the different scales and dimensions of neuro-
science inquiry (e.g., neuroinformatics, the use of MRI and 
other emerging imaging technologies to reconstruct brain 
connections, etc.). These experiences introduce students to 
other societally relevant research questions and the diversi-
ty of experimental tools and approaches that research teams 
adopt to explore them. As guest speakers discuss their data, 
interpret findings, and present working models, they also 
demonstrate the iterative nature of the scientific discovery 
process and its significance in identifying new avenues of 
inquiry and experimentation.  

Guest presentations are developed in consultation with 
project staff, who provide speakers with specific forms 
of guidance aimed at making their research accessible to 
younger students. Instructor-mentors also provide scaffold-
ing during each guest presentation to facilitate understand-
ing of unfamiliar concepts, engage students in scientific rea-
soning practices, and assist them in recognizing important 
connections between their NeuroLab work and the research 
endeavors described by outside speakers. Guest talks are fol-
lowed by lunch meetings, which provide an unstructured fo-
rum for students and guest scientists to interact and discuss a 
range of career-centered issues.   

Exit Interviews. Following the Q&A segment of their pre-
sentation, students participate in independent, semi-struc-
tured exit interviews with instructor-mentors. These brief 
(10-15 min.) interactions enable students to reflect on their 
experience, evaluate their own performance and growth, and 
discuss program elements that they found to be especially 
challenging and/or rewarding. They also present an oppor-

Table 2. Science career topics discussed by instructor-mentors during each institute to promote early professional socialization and 
enculturation into the scientific research enterprise.
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tunity for instructor-mentors to acknowledge each student’s 
contributions to the research effort, and help students relate 
their experience to the expectations and learning goals that 
they articulated in their application essays.

ALIGNMENT TO THE CURE FRAMEWORK 
As noted above, CUREs are distinguished from tradition-

al and inquiry-based lab courses by the opportunities they 
provide for students to produce novel findings that are linked 
to a larger body of knowledge and important to constituen-
cies outside of the classroom. Engagement in collaboration 
and science practices are also defining features of CUREs, 
although research aimed at documenting the extent to which 
students engage in the latter is currently limited (Dolan et 
al., 2016). In Table 3, we organize specific program elements 
and student-centered research activities around these defin-
ing CURE constructs. In the following section, we present 
preliminary evaluation data, including student responses to 
select survey items, that establish congruency between stu-
dents’ perceptions of the NeuroLab experience and our in-
tentions for course design and learning outcomes.  

PRELIMINARY FINDINGS
Overview. The NeuroLab project’s external evaluation is 
being conducted by Rockman et al, an independent educa-
tional evaluation firm. Students participating in the project 
complete surveys on the first and last days of each residential 
research institute, and later at one and six months post-in-
stitute. The surveys contain fixed-choice and open-ended 
questions that are collectively aimed at soliciting students’ 
general reactions to the NeuroLab experience and measuring 
program effects on students’:

• science content and process knowledge spanning the fol-
lowing topic areas: light production in biological sys-
tems, basic molecular genetics, model organisms and 
systems, conceptual models, and developmental neuro-
biology;

• self-efficacy for conducting research;
• perceived collaboration skills (examined post-institute 

only); and
• attitudes towards the nature and purpose of scientific re-

search. 

Table 3. Mapping of program elements and research activities to the five CURE dimensions.  
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We briefly present preliminary data on the latter three out-
comes given their relevance to research on CURE assess-
ment (Auchincloss et al., 2015; Dolan et al., 2016). A more 
comprehensive description of program outcomes and corre-
sponding assessment scales will be presented in a separate 
publication, after the current phase of the NeuroLab project 
concludes. 

Science Practices. Recognizing that persistence is one 
of the human qualities associated with scientific practice 
(NGSS Lead States, 2013), NeuroLab developers composed 
a series of items to gauge students’ ability to persevere in 
challenging situations. Before and after the NeuroLab expe-
rience, students used a seven-point scale to rate their self-ef-
ficacy for 15 elements of scientific research (e.g., I can 
accurately link different laboratory procedures/protocols 
in a sequence or workflow that achieves a scientific goal, 
I can successfully use my scientific knowledge to formulate 
a question that can be tested through experimentation, etc.; 
see Table 4 for selected response items and response scales). 
Although students reported statistically significant improve-
ments in efficacy on all survey items, they experienced the 
largest gains in their perceived ability to interpret scientific 
models, select analytic tools appropriate for a given research 

aim, and delineate a research workflow/pathway.

Collaboration. On the last day of the NeuroLab research 
experience, students rated the extent to which they learned 
20 skills necessary for interacting productively with mem-
bers of the scientific community, a major outcome sought 
by the program’s developers (e.g., learned that the current 
body of scientific knowledge resides within a community 
rather than with individual experts/scientists, learned how 
to productively interact with individual team members who 
possess varying knowledge, etc.). Students (N= 58) report-
ed moderate to large gains in collaborative skills and their 
understanding of the dimensions and scales through which 
scientific collaboration unfolds (refer to Table 5 for selected 
response items and response scales).

Discovery, Broader Relevance, and Iteration. Students 
also expressed their perceptions of neurobiology research 
in a series of open-ended questions that they answered six 
months post-institute. One item asked students to describe 
the most valuable thing that they learned from NeuroLab 
regarding the kinds of issues and problems that neurobi-
ologists explore. Across project years and student cohorts, 
between 30-40% of participants commented specifically on 

Table 4. Students’ shifts in self-efficacy for conducting scientific 
research, selected items

(N = 6 cohorts, 58 students | Max value = 7). Scale: (1) Cannot do at 
all; (4) Moderately confident I can do; (7) Highly certain I can do. For 
unfamiliar activities, students could also select I’ve never heard of this/ 
I’ve never done this.

Table 5. Students’ gains in selected collaboration skills 

(N = 6 cohorts, 58 students). Scale: (1) no gain, (2) small gain, (3) moder-
ate gain, and (4) large gain. Ratings were obtained at a single time point 
post-institute.  
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current knowledge gaps and/or the numerous opportunities 
available for research discovery:

The most valuable thing that I learned about issues that 
neurobiologists have is that society assumes that neurobi-
ologists know more than we actually do. There is still so 
much to learn and understand; we are barely scratching the 
surface. This is why we need students to be exposed to these 
opportunities to see all that they can do.

Because neurobiology is so complicated and hard to 
study, one of the biggest issues of neuroscience is simply 
lack of data. It takes a lot of work to make any small amount 
[of] progress in the field, especially since it’s so new. We 
don’t even have a complete map of the connectome for all 
but the simplest organisms.

Students from Cohorts 3-6 responded to another series of 
questions about NeuroLab approximately one month follow-
ing each institute. One item asked students if they thought 
they were generating professional quality data to the scien-
tific community. All students responded in the affirmative, 
with some students noting the novelty of their results and the 
importance of data sharing:

I did feel like I was generating profession[al] quality 
data. We learned that a database was being created that 
allowed for a pathway for student data like ours to enter 
the scientific world (such as the cell image library). That 
legitimized a lot of our hard work. 

I did, as I saw our research building off of other data 
and going directly into a public database for other scien-
tists to use. Furthermore, our specific data demonstrated 
a neuronal pattern never witnessed before, and we felt like 
excited and like our work had true value. 

In their responses to the same question, other students 
commented on the biomedical relevance of their work and/
or the role that iteration plays in the scientific enterprise: 

I did feel like I was producing professional quality 
data. We learned how our research relates to certain spinal 
[cord] diseases, and because these diseases are very rele-
vant today, our data was valuable. 

I did feel like I was generating professional quality data 
to the scientific community because although we based our 
research off someone else’s research we had a different end 
product which people in the scientific community can use.

Summary. Across three years and six cohorts of Neuro-
Lab participants, preliminary evaluation data consistently 
demonstrate that exposure to an immersive, research-based 
exploration of developmental neuroscience increased stu-
dents’ collaborative abilities, self-efficacy for conducting 
scientific research, persistence on challenging tasks, and 
attitudes towards science (Annual Evaluation Report, Patel 
and Bass, 2018, p. 19). When mapped onto the CURE di-

mensions, these results suggest that NeuroLab students not 
only gain experience in a diversity of hard and soft skills re-
quired for success in professional research settings, but they 
also develop a more realistic and nuanced understanding of 
how scientific knowledge is constructed. 

DISCUSSION
The development of authentic science experiences that 

better reflect what scientists do and how they think is a wide-
ly recognized goal of science education reform directives 
(AAAS, 2011; NGSS Lead States, 2013). In our experience, 
however, conceptions about the authenticity of research ex-
periences – particularly those involving high school students 
– vary considerably among relevant stakeholder groups 
(e.g., students, teachers, and members of the broader scien-
tific community), an observation supported by prior research 
(see Spell et al., 2014 and references therein). In light of 
these inconsistencies, we utilized the five dimensions of a 
widely accepted design framework to characterize the most 
conspicuous elements of the NeuroLab model.  

As noted in a recent review of published CURE mod-
els, the information and ideas that students learn in under-
graduate research experiences are often fragmentary, which 
may reinforce inaccurate perceptions of the nature of science  
(Linn et al., 2015). To provide NeuroLab participants with a 
more coherent picture of the scientific inquiry process, we 
exploited insights gained from the learning sciences on how 
to promote integrated learning. To this end, the SKIF (Linn 
et al., 2004) was superimposed on the CURE framework 
during program design and enactment to help younger stu-
dents with limited science backgrounds:  1) connect knowl-
edge acquired through high school coursework to new and 
sometimes complex information that is rooted in a variety 
of knowledge strands and science domains (e.g., molecular 
genetics, comparative genomics, developmental neurobiol-
ogy, informatics, etc.); 2) understand the dynamic interplay 
of experimental design/tool selection, data analysis and in-
terpretation, model-building and revision, and research com-
munication; 3) engage in a spectrum of science reasoning 
practices, particularly those centered on the evaluation of 
conceptual models; and 4) envision their future roles and 
responsibilities as members of a scientific social network. 
Given the complex interrelationships that exist among these 
learning objectives, the importance of intensive mentorship 
for knowledge integration and positive learning outcomes 
cannot be overstated. 

Among the positive learning outcomes observed in our 
preliminary analyses, self-reported gains in collaborative 
abilities warrant special emphasis given the prominence of 
collaboration not only in our CURE model (Table 3), but also 
in the larger social context of science. Based on open-end-
ed response data, we attribute these gains to complementary 
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program components requiring intensive peer-reliance, most 
notably the development, oral defense, and revision of con-
sensus-level study question responses, and the cooperative 
design/delivery of a culminating oral presentation that in-
tegrates different knowledge strands of our research logic 
model (Fig. 4). Interestingly, when commenting on these 
components of the NeuroLab experience in post-surveys, 
students reported some of the same challenges that early ca-
reer investigators encounter in their own efforts to establish 
and maintain productive collaborations with faculty peers 
(see Mediati, 2017 for examples). These include contribu-
tion pressure (there were times that I felt like I wasn’t con-
tributing enough to group), personality clashes (I remember 
having some problems with group work … there were times 
when people including myself didn’t listen to the opinions of 
others), and maintenance of group focus (during the group 
presentation, we had many conflicting opinions and ideas). 
At the same time, students collectively acknowledged the 
rewards of overcoming these challenges, which included 
intellectual support (solving a problem by yourself is a dif-
ficult task but it is eased by having a community of passion-
ate individuals who can help you), self-motivation (group 
work challenged me to work harder), personal knowledge 
development (I never realized that one could learn so much 
from explaining concepts to others, or having others explain 
concepts to you), and the perpetuation of scientific discovery 
at large (from our own experiences in the lab and the guests 
that spoke about their research, I was able to see that discov-
eries are most often made while utilizing the knowledge and 
expertise of others). The extent to which these pedagogical 
program elements contributed to observed gains in content 
knowledge and other positive outcomes will be examined in 
our final program analyses.  

As noted in a recent meeting report on CURE design and 
assessment (see Auchincloss et al., 2014), scientific research 
is characterized by a diversity of practices, many of which 
form – to varying degrees – an important focal point of Neu-
roLab’s discovery science-based research model (Table 3). 
These include formulating questions, constructing and eval-
uating models, proposing hypotheses, designing research 
plans, selecting appropriate methodologies and protocols, 
utilizing scientific tools, collecting and analyzing data, iden-
tifying meaningful data variability, developing and critiqu-
ing interpretations and arguments, and communicating re-
search findings. 

Evidence of student gains in their development and/or 
execution of science practices is currently inferred from 
preliminary self-efficacy data. It is interesting to note that 
students reported some of the highest gains in areas rele-
vant to research design. Because the development of Neu-
roLab’s multifaceted research plan is critically reliant on 
expert-level scientific and technical knowledge, the involve-
ment of precollege students in the de novo design of their 

research plan (and in the selection of tools necessary to 
implement the plan and its component methods/protocols) 
was an unrealistic goal for program enactment. However, as 
indicated in Table 3 and elsewhere in this report, students 
were challenged to accurately articulate the purpose of the 
tools/methods that were pre-selected by instructor-mentors 
to pursue the program’s predefined research plan, the ratio-
nale underlying tool/method placement in a given workflow 
segment/sequence, and the function of a workflow segment 
in achieving a particular outcome. During lectures centered 
specifically on research design, they were also challenged to 
propose adaptations to the Berkeley Lab research plan that 
would enable them to extend its findings in an embryonic 
chick model system.  

NeuroLab’s reliance on a pre-determined, discovery sci-
ence-based research plan also fosters significant gains in 
scientific reasoning practices that are typically associated 
with more open-ended, hypothesis-based research (e.g., for-
mulating testable questions, interpreting scientific models, 
etc.; see Table 4). We ascribe shifts on these measures to 
our deconstruction of scientific models relevant to students’ 
research progression, and the scaffolding provided to help 
students recognize how their research products can be uti-
lized in future studies to deepen our understanding of spinal 
cord assembly.  

We acknowledge that in its current form, our early-stage 
CURE model engages a limited number of academically 
advanced and highly motivated students who have already 
developed a broad interest in science or medicine (a limita-
tion that we seek to overcome through program iteration in 
broader educational contexts as discussed below). Extending 
residential experiences to students with more mixed inter-
ests and academic performance histories would undoubtedly 
require additional instructional time and scaffolding, which 
would in turn increase the duration of each institute and the 
costs associated with student housing, meals, and other fac-
tors. Restructuring NeuroLab so that it unfolds in our facility 
over a full semester or academic school year (as a non-resi-
dential experience) is a program iteration that we considered 
to mitigate these financial considerations and provide am-
ple instructional time to effectively engage more mixed co-
horts of students. This strategy would also enable our team 
to examine the extent to which key learning outcomes are 
affected by program intensity and the conceptual continui-
ty afforded by a short duration format. On the other hand, 
insurmountable constraints imposed by laboratory space re-
strictions and commuting distance would still limit the total 
number of students that our group could realistically accom-
modate in a given calendar year.  

In considering other nonresidential strategies for scal-
ing, we favor a more holistic iteration that not only broad-
ens student access to the NeuroLab experience (in terms of 
numbers and inclusivity), but that also improves the instruc-
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tional practices of teachers who are seeking clear models to 
confront difficult educational challenges imposed by NGSS 
adoption. To this end, we will leverage prior work on a re-
lated biodiversity genomics project (Santschi et al., 2013; 
Henter et al., 2016) to design a professional development 
and curriculum extension aimed at adapting and integrat-
ing didactic and experimental elements of the NeuroLab 
research experience into life science coursework offered at 
partner high schools throughout the region. This new effort 
will be aided by the teaching and learning resources already 
developed in connection with the current project, and the in-
herently modular nature of the program’s laboratory work-
flow, which readily divides into discrete segments (Fig. 1) 
that can be completed through the collective and coordinated 
contributions of student groups operating within a distribut-
ed regional network (e.g., students enrolled in high school 
coursework at partner schools and local student interns oper-
ating under the supervision of scientists in our own lab). We 
are also developing more introductory and standalone lab 
workflows to help lower the technical barrier of entry into 
the NeuroLab extension and promote early successes that 
teachers and students can build upon through their continued 
participation in the project. We anticipate that this approach 
will provide valuable insights for practitioners seeking in-
novative strategies to expand P-16 STEM pipelines by con-
necting formal and informal science instruction. 
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