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Abstract C57BL/6 mice exhibit spontaneous cerebellar
malformations consisting of heterotopic neurons and glia in
the molecular layer of the posterior vermis, indicative of neu-
ronal migration defect during cerebellar development.
Recognizing that many genetically engineered (GE) mouse
lines are produced from C57BL/6 ES cells or backcrossed to
this strain, we performed histological analyses and found that
cerebellar heterotopia were a common feature present in the
majority of GE lines on this background. Furthermore, we
identify GE mouse lines that will be valuable in the study of
cerebellar malformations including diverse driver, reporter,
and optogenetic lines. Finally, we discuss the implications that
these data have on the use of C57BL/6 mice and GE mice on
this background in studies of cerebellar development or as
models of disease.
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Introduction

The use of mouse models has led to significant advancements
in knowledge of cerebellar function and development, as well
as cerebellar diseases. Diverse inbred and outbred strains, F1
hybrids, recombinant inbred lines, and consomic strains are
among the many powerful mouse tools used by investigators
to study the cerebellum. Moreover, a great deal of research
devoted to understanding the molecular mechanisms of cere-
bellar development and disease involves studies using genet-
ically engineered (GE) mice, including transgenic, knock-out,
and knock-in lines. In light of novel methods to easily and
rapidly manipulate the genome of mice such as the CRISPR-
Cas system, the production and use of GE mice to model a
variety of cerebellar disorders will likely continue to increase
in the future.

The background strain of embryonic stem (ES) cells used to
produce GE mice as well as the background strain of the mice
used to propagate the GE line will affect the observed pheno-
type. GE mice are often produced using ES cells from FVB/N
[1, 2], C57BL/6, and 129/S families of inbred strains—each of
which has advantages and limitations. For example, it is known
that FVB/N mice are homozygous for mutation of Pde6B
[3—6], which causes retinal degeneration and blindness within
the first month of life. Furthermore, both FVB/N and 129/S
inbred strains are homozygous for the deletion polymorphism
of Discl [7, 8], which has been implicated in learning and
memory in mice [7, 9] as well as schizophrenia in humans
[10-12]. Reduced growth or agenesis of the corpus callosum
has also been observed in 129/S strains [13]. Finally, C57BL/6
mice are homozygous for a variant of Cdh23 (cadherin 23;
[14]), which results in age-related hearing loss [15] due to dys-
function of cochlear hair-cell tip-links [16, 17].
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C57BL/6 mice exhibit spontaneous neurodevelopmental
malformations of the posterior cerebellar vermis, which devel-
op postnatally. These malformations are characterized by
heterotopia of granule cells in the molecular layer, indicative
of neuronal migration defect [18-20]. Several other neuronal
and glial cell types are present in cerebellar molecular layer
heterotopia (MLH) as well as diverse axonal constituents [21],
indicative of abnormal cellular and synaptic organization.
Although behavioral and physiological studies linking MLH
to functional changes are lacking, the presence of heterotopia
in this widely used inbred strain has important implications for
its use in studies of the cerebellum.

The mechanisms underlying MLH formation are unknown;
however, heterotopia formation is a heritable and weakly pen-
etrant trait requiring homozygosity of one or more C57BL/6
alleles [20]. One predication from earlier findings suggests
that MLH should be observed in GE mice either (1) produced
with C57BL/6 ES cells or (2) backcrossed to a C57BL/6 back-
ground. In a recent report, we did indeed identify GE mice on
a C57BL/6 background with heterotopia following analyses
of images from the Allen Brain Atlas database [22]. However
a limitation of that study was a lack of primary data from
histological material prepared and examined in our laboratory.
In the present report, primary histology was used to demon-
strate that diverse GE mouse lines, including F1 crosses of
Cre-driver and loxP-reporter mice, produce offspring that ex-
hibit heterotopia. In addition, new histological data from the
several digital databases provides an extensive list of novel
GE mice that exhibit heterotopia, including mice well-suited
to study cerebellar development and the MLH phenotype.
Finally, we discuss the implications that these data have on
the use of C57BL/6 mice and GE mice on this background in
studies of cerebellar development or as models of disease.

Materials and Methods

Approvals for the following studies were obtained from the
New York Institute of Technology, University of California
Santa Cruz, and the Children’s Hospital of Philadelphia.
Methods for harvesting brains, tissue sectioning, staining,
and identification of heterotopia have been extensively de-
scribed by our group [19, 20, 22]. In the present report, all
brains examined were from mice older than postnatal day (P)
14. Note that we previously determined that MLH are visible
as early as P4 and that the presence/absence of heterotopia
does not change with age [19]. For this reason, comparisons
of heterotopia prevalence between mice of different ages in
the present report is appropriate given that all mice were at
least 2 weeks old at the time of sacrifice, at which time lobule/
fissure patterning and neuronal migration are nearly complete
[23]. We previously determined that there are no quantitative
differences in the prevalence of cerebellar MLH between
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sexes [19]; therefore, data from male and female mice are
combined. Finally, no differences in heterotopia prevalence
have been previously observed between mice obtained direct-
ly from commercial vendors and mice bred in an academic
vivarium from commercially obtained breeders [19]. All pri-
mary histological data from GE lines and crosses were from
mice bred in academic vivaria from breeders obtained com-
mercially or unless otherwise specified.

Breeding pairs of B6.Cg-Tg(Tek-cre)l Ywa/J mice (re-
ferred to as Tie2-Cre mice) were obtained from The Jackson
Laboratory; stock #008863; Bar Harbor, ME, where the line
was backcrossed onto C57BL/6 mice for > 8 generations and
continues to be maintained on a C57BL/6J background.
Characterization of this mouse strain has shown pan-
endothelial expression of the Cre transgene [24]. Breeding
pairs of STOCK_HprtCAG—LSL—ALPL/CAG-LSL—ALPL knock-in
mice (referred to as Hpre*™” LALPL 1)ice) were obtained from
Dr. Jose Luis Millan (Sanford Burnham Prebys Medical
Discovery Center, La Jolla, CA, 92037). This line was devel-
oped using ES cells derived from the 129P2/OlaHsd (1290la)
mouse strain as previously described [25] and has been main-
tained on a C57BL/6 congenic background. Hpre*-FHALPE
female mice were crossed with Tie2-Cre/+ male mice and
brains of F1 male mice from these litters were examined for
heterotopia regardless of genotype.

Breeding pairs of C57BL/6 J-Ldlr*"*3°!/J mice (referred to
as Ldly"30VHIP301 mice) were obtained from The Jackson
Laboratory where ethylnitrosourea mutagenesis was original-
ly induced in C57BL/6J mice and the line subsequently main-
tained in this same background [26]. A cohort of Tie2-Cre/+
and Hprt *“PHALPL mice were each crossed to L0301 11301
for two generations to obtain a homozygous mutant
Ll 30IHIb301 ok oround. Tie2-Cre/+ ;Ldl/1301/Hib301
mice were intercrossed with HprtALP L/ALP L;Lderm O1/HIb301
mice. Brains from male mice from these litters were examined
for the presence of heterotopia regardless of genotype.

Breeding pairs of B6.129P2-Lyz2" /] mice (referred
to as Lyz2“" mice) were obtained from The Jackson
Laboratory (stock #004781). The line was originally
produced in 129P2/OlaHsd-derived E14.1 ES cells and
backcrossed to C57BL/6J mice for > 6 generations and then
maintained on a C57BL/6J background [27]. A cohort of
Lyz2"* mice were crossed to Ldl3%" for two generations
to obtain a homozygous mutant Ldl37H301 packeround.
Lyz2C7*  Ldly 3011301 mice were intercrossed with
Hpr{ -PEALPL, | gy T301/HIBS01 mice. Brains from male mice
from these litters were examined for the presence of
heterotopia regardless of genotype.

Breeding pairs of Is//"/ "%/ driver mice (referred to as
Isl1€™ mice) were obtained from an existing colony at
University of Pennsylvania where they were initially pro-
duced using 129S ES cells and backcrossed and maintained
on a C57BL/6J background [28]. Is//°" mice are
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commercially available (The Jackson Laboratory; stock
#024242). Breeding pairs of B6.Cg-Gt(Rosa)26Sor™! 4CAG-
tdTomato)Hze/ 1 yronorter mice (referred to as Ail4 mice) were
purchased from The Jackson Laboratory (stock #007914).
Ail4 mice were produced using 129S6/SvEvTac x C57BL/
6, F1-derived G4 ES cells and were subsequently backcrossed
and maintained on a C57BL/6J background. Ai/4 mice ex-
press tdTomato, a red fluorescent protein, following deletion
of a loxP-flanked STOP cassette when crossed with mice ex-
pressing Cre recombinase [29]. A cohort of brains from F1
hybrid mice produced by crossing hemizygous Is//"* mice
and homozygous Ai/4 mice were examined for the presence
of heterotopia. In the present report, only F1 hybrid mice that
expressed tdTomato were examined for the presence of
heterotopia.

Breeding pairs of B6.Cg-Tg(Thyl-GCaMP3)6Gfng mice
(referred to as Thyl-GCaMP3 mice) were purchased from
The Jackson Laboratory (stock #029860) where the line was
first made using C57BL6/J x CBA Floocytes and then
backcrossed and maintained on a C57BL/6J background.
These mice express GCaMP3 in diverse regions of the neo-
cortex and subcortical nuclei [30]. These mice were not geno-
typed; however, only brains that exhibited GCaMP3 expres-
sion were used in the present study, signifying that all brains
were from mice that were at least hemizygous for the
GCaMP3 allele.

Breeding pairs of B6.Cg-Snap25™31¢/] mice (referred to
as Snap25°““M"%mice) were purchased from The Jackson
Laboratory (stock #025111) where the line was produced
using 129S6/SvEvTac x C57BL/6 Fl-derived G4 ES cells
and then backcrossed and maintained on a C57BL/6J back-
ground. These mice express GCaMP6s exclusively in neurons
throughout the brain. These mice were not genotyped; how-
ever, only brains that exhibited GCaMP6s expression were
used in the present study, signifying that all brains were from
mice that were at least hemizygous for the GCaMP6s allele.

Breeding pairs of C57BL/6J-Tg(Thyl-
GCaMP6s)GP4.3Dkim/J mice (referred to Thyl-GCaMP6s
mice) were purchased from The Jackson Laboratory (stock
#024275). This line was created and has been maintained on a
C57BL/6J background. These mice were not genotyped; howev-
er, only brains that exhibited GCaMP6s expression were used in
the present study, signifying that all brains were from mice that
were at least hemizygous for the GCaMP6s allele.

Brains from a cohort of Tg(CAG-EGFP/Map11c3b)5S3Nmz
mice [31] (referred to as LC3-eGFP mice) were backcrossed
and maintained on a C57BL/6 background in a colony at New
York Institute of Technology College of Osteopathic
Medicine. Brains were generously donated by Qiangrong
Liang. These mice were not genotyped; however, only brains
that exhibited eGFP expression were used in the present study,
signifying that all brains were from mice that were at least
hemizygous for the eGFP allele.

Examination of Digital Histological Material

We have extensively described our approach of using dig-
ital histological data found in the Allen Brain Atlas (ABA;
brain-map.org) as a tool to identify the ontogeny, cell
types, axonal constituents, and gene expression profiles
of cerebellar [19-22] and neocortical heterotopia [32,
33]. In the present report, we specifically used data from
the Mouse Connectivity database, which includes histology
from neuronal tracing experiments performed in C57BL/6J
mice as well as in diverse Cre-driver lines [34-36].
Additional material was examined from the Transgenic
Characterization database, which contains in situ
hybridization data from expression studies performed on
numerous driver lines (Cre, Dre, Flp, etc.) and reporter
lines (JoxP, FRT, etc) in addition to driver-reporter hybrid
mice as previously described [29, 37-39]. Approximately
8—12 photomicrographs of the posterior cerebellum from
each brain in these datasets were examined. Brains con-
taining MLH were documented and digital photomicro-
graphs of representative examples were archived and an-
notated. Note that in the present report, we use the abbre-
viated mouse nomenclature for driver and reporter lines
found on the ABA webpages when discussing these data
below so that readers can more easily find these same data
online. However, in Tables 1 and 2, we provide the official
strain names for all lines specifically described in the text.
Additional information about the driver and reporter lines
can be found at the following page on the ABA website
(http://help.brain-map.org/display/mouseconnectivity/
Documentation).

Virtual histological material was also examined from the
Cell Type Specific Connectivity database and the
Transgenic:Cell Counts database of the Mouse Brain
Architecture Project (MBAP; http://mouse.brainarchitecture.
org/cellcounts/hua/), the Enhancer TRAP mouse line
database (¢TRAP; https://enhancertrap.bio.brandeis.edu/),
and the GENSAT Cre Mice database (http://www.gensat.org/
cre.jsp) according to search methods previously described
[40]. A description of the methods used in the preparation of
data in the MBAP database can be found at the following
website: http://www.brainarchitecture.org/documentation.
Methods used in the preparation of data in the GENSAT Cre
database [41-43] and eTRAP database [44] have been
previously described. Brains exhibiting MLH were
documented and digital photomicrographs of representative
examples were archived and annotated. Note that in the
present report, we use the abbreviated mouse nomenclature
for driver and reporter lines found on the MBAP databases
when discussing these data in the text below so that readers
can more easily find these same data online. However, in
Table 3, we provide the official strain names for all lines
described in the text.

) Springer (GRC


http://brain-map.org/
http://help.brain-map.org/display/mouseconnectivity/Documentation
http://help.brain-map.org/display/mouseconnectivity/Documentation
http://mouse.brainarchitecture.org/cellcounts/hua/
http://mouse.brainarchitecture.org/cellcounts/hua/
https://enhancertrap.bio.brandeis.edu/
http://www.gensat.org/cre.jsp
http://www.gensat.org/cre.jsp
http://www.brainarchitecture.org/documentation

Cerebellum (2018) 17:173-190

176

€0TH066LT  0STI 8 I Uyoyourycur'@T-(BD)6T1 96 oIesu0d 9/TdLSD  0TES Xef a1D-SHYI-1do] ToAuq
1TS01ETET  00°ST 4 I [/RFO-T(e10-[SSDSL MDOLS o1ua8u0d 9/ THLSD 1Yo A1)~ [sSy oAU
890€£$89C1 €e'e8 9 S [RT/PSSTIN(RID-ZOUNSL MDOLS oIRZU0d 9/TALSD  T8S8 Xe[ 21)-7oudY ToAuq
960€18S9C  00°0% S 4 [/UBINST(RI-ZSuD3L-8D'9d oWRZU0d 9/TALSD  €LSE xef a1)-gsu[ AU
60¥LL9SOE 000 01 S PONWIAAESDZS [ON(O-EEHH)SL SIDOLS OIRZU0d 9/TALSD 0899  DWANIN TSTON 21D-egnH ToAuq
806LS6LLT  6€'8Y 1€ S1 PONWNAESD LOTINN(R10-eZBH)3 L MDOLS oWRZU0 9/TALSD  0SIIE  OWININ LOTINY 21D—BZHH AL
LT891989T  00°0S v 4 PoNWNAESD [ NI(320-0PH)S L MDOLS oRZU0 9/TALSD  6L0TE  OWIANIN TIAL 21D-9PH TOALI(]
8618599 8€°ST 9C 14 PONWIAAeSDYYTHM(910-AID)S L DOLS ouasuod 9/TALSD  €811€  DWIANIN 88THY 210-d1n Toauqg
6vE80LY9T  TS'8I LT S PONWNAESDOGAN(P-ZWD)SL DOLS  IODIADTHO-N/GAL  119%€  OWIANIN 06N 21D-uID ToAL
¥8TO8LLLT 0008 8T vl [/PSH-TEDRP-PAUD)SL-9/THLSD OIRZU0d 9/TALSD YLV Xe[ A HUD TAuq
€2601CI0E  9T'SH 1€ 4! PONtAAESDOSTON(0-97IAD)S L MDOLS oIRZU0d 9/TALSD  TEOEE DWANIN 0520 21D-971dD oAU
916L108ST 00°ST 14 [ PoNWINAeSD 1 LHN(910-L3uD)3L, ADOLS OIUdZU0d 9/ THLSD 1811€  DWIANIN [LHY 21)-L3uD ToAuQ
8€09TF90S  00°ST v I PONtAAESD L [AN(RI0-7[eS[0D)S L MDOLS oR8u0d 9/TALSD  H0S9E  DMANIN LOTAN 21D-TPSTD AU
08200891 SL'89 [43 (44 PONWIN eSO LY S(210-[D)3 L, SIDOLS OIRZU0d 9/TALSD  0901€  DWANIN L8 P1D-[eD ToAuq
685SYT66T 16709 9 6¢ [ yiza2)7ualPPD DOLS oIRZU0d 9/TALSD  T0801 xef 21)-SHYI-CPED oAU
TBE6SBOLT  0S°TI 3 I PONWAAESDT [ [DM(210-€LqeD)3 L, IDOLS oIRZU0d 9/TALSD  60L0E€  DWANIN TIION 21D-glqen ToAuq
€11SH6651 €eee ¢ I PO 434044 3,109 1s9PAGPD-TA6TT 9K ORZU0 9/TALSD 89651 DWANWIN A1D-SHUI-9BIqeD) AL
0S9TLLIST  LS'69 € 91 [V (1t g /0 ) 51 | omRgu0d 9/TALSD  8YOEL xef TINHRID-1AK] AU
S098YTH9T  6TYI L I U puy(oioy-1un ASA-(8)9S6TT'NOE O1URZU0d 9/ THLSD LYo 21DV 135d ToAuq
SYSTYLIST  SL'LL 81 ! [/ — L O L) OWRBU0d 9/TALSD  09€T1 xef TLAFRID- VT4 AL
06016¥8Ly  90°LY L1 8 [/ og(oa0) uad CHA-TS6TT 9 ow3u0d 9/TALSD 879 xef Q1D)-SaI]- [ XU TAL(
G8E08IT0E  88F |82 4 PONWIAAESDY0 [ ON(2-BCYH)3 L MDOLS ORZU0 9/TALSD 0999  DWANIN 80TON 21D-eghH AL
€65TCIT0E  00°0F S 4 PONUIAAESD]6 [TH(910-EPIMBL JDOLS omRZU0d 9/TALSD  THLIE  OWININ 8611 21D-€pIa AL
TSS6SL86T 000t 0T 8 PONWIAAESD96 [ TH(R10-EPIDI L MDOLS oRZU0 9/TALSD  0I9FE  DWININ 96113 21D-¢pid ToAuq
0TS0L99ST 68'¢S €1 L PO AESD P HYH(210-ZPIMS L-(SD)IAL 9 omRgu0d 9/TALSD  801TE  OWININ YA 91D-7pId oAU
T98TH66ST 1999 Tl 8 edy(om)un | PIA O1UdZU0d 9/ THLSD LYo a1)-e[pIq ToAuq
T98TP66ST 00708 S 4 PONUWAAESDT [THI(PR-YqMSL MDOLS omagu0d 9/TALSD 180T DWANIN TITH 21D-4qd oAU
LELEEHBLT  S8'EL 9 8t YW iy 209 11l TO-(BD)OE ORZU0d 9/TALSD  8LLIE  DWIANIN Q1D-SHYI-TXN) ToAuq
T60EL8YIT  ELTL I 8 A 1102 payoi) -cnl KR =8N OWRZU0 9/TALSD  6LLTE  DWANIN TINHRID-TXD) ToAL(
L16T€8Y0T 7818 I 6 Uty a0y uat0-(80)908 oIRZU0d 9/TALSD  HOLTI xef (HIZ) 21D-STAT-HO ToAuq
€Y9LOLYIT  €T69 9T 81 papodar JoN OLUABU0d 9/ THLSD BYPO (16D 21D-SHAT-YO RETNH g
LTTYTBLST 007001 S S U ytro10) 100 DOLS oIRZU0 9/TALSD 01601 xe[ A1)V TI-H0D ToAl(
87S6C0L9T 0008 v 4 PONWAAESDY [ AN (10-ZWUUD)3 L, JDOLS ORZU0 9/TALSD  1S60€  DWANWIN 1A 21D-gwuu) ToAuq
TIE6ILLOE 0611 w S PO AESDSTAO(OR-ZeWYD)S L, MDOLS oIRZU0d 9/TALSD  TOS9E  DWANIN STAO 21D-zRUIYD ToAL
0F1909LLI 68°¢s 97 vl [worun)zudPHD-9S6T 198 OIRZU0d 9/TALSD 019 Xef A1D-SHYI-IEYD ToAuq
6v81269%1 00708 S v PONWIAAESDIID N (10~ [P L JIDOLS oWRZU00 9/TALSD  TS60E  DWANIN 99D 21D~ [1YpD AL
LBIEEP6ST  68'88 6 8 U ytroan -1l OOLS oIRZU0d 9/TALSD  90LTI xe[ 1D-SHUI-YPD ToAu(
LSS8689LI 0009 Sl 6 [/5qrv 1(e1-3dieD)3 L SIDOLS ouasuod 9/TALSD  S196 xef QD-[SL-He) Toauqg
L8YSSH891 19°09 €€ 0T Uyt 00) s UPD-(8D)98 oWR3U0d 9/TALSD  PLLOT xe[ 21)-SHYI-Cq1eD ToAu(
€900SLE6T 007001 I I Uozpgoanpyiop 1l U898 OIRZU0d 9/TALSD  1€SET Xef 2AD3P-VZ- 198D ToAuq
1S986€L9C  L9'99 6 9 (V- e L oIRsu0d 9/TALSD  0ESET xef a1)-7SHYI-day oA
09€LT1LIT L9°99 € T ooy as@13Y IDOLS OIRZU0d 9/TALSD  668C1 xef 21)-SHYI-d18Y Al
€1580LE0€E €LTL I 8 (N®Z 2y 0.0) 111! APOPY-37 98 o1uagu0d 9/THLSD SdIv a1)-yg-1dedopy ToAu(
61L19%L8T  00°SL 9 w [/5QIV 1 (210 L0D8E00E6V)SL-8D 94 OIRZU0d 9/TALSD  9YELL Xe[ 21D~ [3LNRILODSE00E6Y ToAuq
HTA/M HTN HTN
JuowLRdxo /M pauruexd /M
aAnjuasardoy % aczs N QINJR[OUSWIOU QU] ASNOW [BIIFO punoidyoeg  #Y00IS 90IN0§ QWU JUI| JOALIP VIV adAL,

pajoapze Jo aeyuoorad Qui Yors 10§ PAUIUEXD SUTEI] JO JQUINU ‘(J[E[IBAR JT) QUI| oD JO JOPUIA [EIOIOUIOD Sk [[oM sk erdojorajoy Suniqryxa saurf asnow Joyodar pue 1oALp anbrun jo jsrp

VgV oy ur uonen[ead 1oy erdojoiaiey Suniqryxe ojduwexs aAnejuaseIdol € Jo J0qUINU UONEOHUSPI JUSWLIdAXS pue ‘sureiq

I 91q¢L

@ Springer

SRC



177

Cerebellum (2018) 17:173-190

¥£600C81 00°06 01 6 g aaoy @A TOOLS o1uaBuod 9/TALSD 80601 xe[ 21)-SHAT-dIA ToAu(
9L60LYLT] 00°0$ 14 4 PINWINAESDEH AN (10U L IDOLS oIABU0d 9/TALSD  8LOTE  DWININ Shad 21D-guoN AU
808109/8C  ¥9°€9 11 L Uospytz o P4L-3094 owaduod 9/TALSD  S98TT xef TLdARID-VT-TqUL AU
90VEESHOT  LS'ST 8T 8 PONWIA eSS TA(PI-¢X[L)SL IDOLS oWRZU0 9/TALSD  LYS9E  DWANWIN 9$1d 21D-€XIL TOALI(]
88TLEEHOE IL 2l 01 ponwNAesDZL [1(10-Y1)3L-(ED)IAL 94 omeguod 9/TALSD  6701€  DWINWIN TLIIA 21DYL REIN g
€87L7600€  00°00T 9 9 Uosgg(ouo - punl *PL-S6T1:9€ o1aBuod 9/TALSD  8L8IT xe[ 91)-7SHYI-ToBL AU
9T8€800€ STI8 91 €1 Uospgouo) s punl P2L-S6T1:98€ owaduod 9/TdLSD  LLSIT xef A1D)-ZSHII-198L AU
0LLOT866T  9€°9S S¢S I€ PONWIN eSO TTSI(219-9148)S L IDOLS oaBu0d 9/TALSD  TI0ZE  OWININ SPIISL 1D-9IKS ToAU(
1$S€5966T  +S°19 9 91 PONWINAESOY [ON(R10-L [I48)3 L JDOLS oaBuod 9/TALSD  SSEvE DWININ YION 21D-L1IAS ToAuqg
SL8SEEYOE €9°CS 61 0T ytrauny 7SS DOLS oreBuod 9/TALSD  HHOET xef 21D)-SHII-ISS ToAU(
9TITI6LST L9°99 S1 01 PONWINALSD60 1 I3(210-6899[S)SL IDOLS oaBuod 9/TALSD  0SL0E  DWININ 6013 21D-5B99[S oAU
LITTITLIT 00001 v 12 PONWIAAESDE [ ZH(ZLYHA/A10-78991S)S L SIDOLS omasuod 9/TALSD  1L00E  DWININ €1Zd CLIIIDHBYIIS AL
18L98T¢EET 00°0S 9 3 PONWINAESDE € 1H(210-4899[S)3 1-(8D)dAL 94 oaBuod 9/TALSD  8T0TE  DWININ €EIH 21D-189I[S AU
172951991 000 01 v 2x(019)1un €899I o1uagu0d 9/TALSD BYO 21D)-€B99[S AU
IL10TESOE  00°TL ST 81 [/IMOT(210)Tun 87 e[S ADOLS o1ua5u00 9/TdLSD YO A1D)-SHAI-TBTEIIS ToAuQ
8€9856T6C  SEYE 43 11 PONWINAESDY [ ZO(310-C8 [9[S)SL IDOLS owaduod 9/TALSD  PISYE  DWININ Y1ZO 21D-Te819IS AU
9b0901L9C  €€°€€ 6 3 Uosgg(aao sl PLIPIS-S6TT:9€ oIaBu0d 9/TALSD  LTSET xef A1D)-ZSHII-LBLIOIS ToAu(
900568181 80°€L s 8¢ ymoraun)zus9PL I21S ADOLS o1ua3u0d 9/TdLSD BYO 21)-SHII-9BLIDIS AU
8SLS619ST 00°sT 0T S ponwAAESOY [ ((210-TWIS)3 L SDOLS owaduod 9/TdLSD  THLIE  DTININ QI3 21D-TwIg AU
901$€0$91 00°0$ 81 6 {/ImoT](210- TuIS)S L-(1X 6T DIAL 9d oIaBu0d 9/TALSD  1SH9 xef a1)-TuIg ToAU(
SS60796L1 789§ 44 ST [/5qrv €(1-Tuudg)3 -9 owaduod 9/1dLSD €196 xef a1)-¢81-e[uudg AU
6L8810791 9876 4! €1 [/SQIV 7(010-B [UUOS)31-€ D9 oasuod 9/TdLsD  CII6 xef EXONCARILILN ToAu(
6£€08S10E  0S'LE 91 9 ozpgoa) 11O -S6T 196 oaduod 9/TALSD  9TSET xef A1)-CSHYUI-410Y AL
S610S799T  TEWVL YL 4 PONWINAeSHO0 T TH(R-HAD3L IDOLS oaBu0d 9/TALSD  STITE  OWININ 001 T 21D-4dqy ToAU(
98LIFIEIE  9¥'8E €1 S Uosgacvropais un@H3SPY-S6T1:9€ olL3u0d 9/TALSD  ¥98TT xer 2IDP-Y T-gJIBsey ToAuq
60110+891 6719 8T 81 [ squy(io) juaIPA-TA6TT:9E oruesuod 9/TALSD 6908 xef 21)-SHII-qIeAd ToAu(
SYPLI0SLT  6S0L L1 Tl [/PUVZ(VLH-[-9[3-PoYIDSL-8D'Nod 1300 9/TALSD BYO  AD-SHAI-dID-BIDOND-PONId oAl
9LTO8LETT L9799 € 4 [/1MOT[(R10-0wOod)3 L-GAL 9 oIUuagu0d 9/ TALSD P1LOT xef (LS) e1)-owod RETNAq|
161966651 00°SL 4 € {/IMOT9[ (P1-Towod)3 L ADOLS oIuasu0d 9/TALSD  S96S xef (19) 21)-dowog TOALI(]
799€5T951 00°0S 4 4 oug(oio) WU o1aduod 9/TdLSD BYO a1)-jwug AU
YLI90SETT 00°SL 14 € {/IMOTT (210-gowd)3 L IDOLS owaduod 9/TALSD  660F1 xef a1)-youwig ToALI(T
17L99€€6T  ST'9¥ €1 9 PONWIN eSO [DO(310- [pux[d)3L ADOLS owaduod 9/TALSD  1£99€  DWININ 190 21D-1pux|d AU
88989790€  00°0S 4 I Uospgour) il ¥2d-S6TT:9€ o1aBuod 9/TdLSD  TIIST xef A1D-ZSHYAIUR] ToAu(
¥80811L91 00°SL 91 Tl ponwNAesD 1 ¢SI(310- [dIYZpd)SL IDOLS o1uaduod 9/T4LSD 1$80€  OWININ 1€ 2D~ 1d1zpd JoAuqg
TSESOLLYT 00°001 14 12 PONWINAESDS € TND(O1-7dod)SI-(8D) AL 99 oIaguod 9/TALSD  8980€  DWANWIN SEIND a1D-gdog JoAu(
1L911TL9T  00°ST 8 4 PONWINALSD9LTIN(P10-6UPII)SL IDOLS oaBu0d 9/TALSD  $809€  OWININ 9LZdN 21D-6YPod JAU(
9¥1T9LLIT 88'C L1 I PONWIAJESDIINO(210-IX0)SL ADOLS  (IDDIADHD-N/AAL SPS9E  DWIANWIN 99NO ID-IXQ JoAuqg
T89TSOLYT 0008 01 8 Uusjoqu) -1t ¥O-S6T1:99 o1uaBu00 9/ TALSD elle} 21)-SHAIIXO ToAL(
€€197TT8l €eee € I YUIUIAY 00109 11 220~(8D)98E oesu0d 9/TALSD  18LTE  DMANIN 2173010 Tl
989T19v0€ 999 6 9 Unsgstzggaoo) - HPN-879€ oWRZU0d 9/TALSD  198TT xef TLIHRID-VT-HYdXN ToAU(
€6€89LLST 3an (47 0¢ PONWINALSDOTIND(RI-[ISINDSL-(3D)AL 94 oaBuod 9/TALSD  8P90E  DWININ 0TIND 21D [ISIN AL
0S1S1TT9T 9679 LT LT PO 175,109 s HIN-YS6TT: 9 omRSuU0d 9/TALSD  00SST  DTINN A1)-SHAT-IPHIN AU
9967889L1 6'9L 9 0T [/1MOTZ(210- [BSINDS L-H AL owaBuod 9/1dLSD  $9€9 xe[ 21D-TBGIN AL
€£€L66Y0€E €8°0L T L1 Uytzrtzrampao - SON-S6T1:9€ owaduod 9/TdLSD  THSHI xef (AR CEOREUN AU
692050867  60'6 11 I papodar JoN papodar JoN YO 9ST T 21D-9pdAT TOALI(]
HTA/M HIN HIN
JuowLadxd /M paurmuIexd /M
aAnejuasardoy % N 1810, N QINJB[OUSWOU JUI| ISNOW [RIIFO) punoidyoeqg  #Y00IS 90In0g QUWIRU JUI[ ALP VIV adAL,

(ponumuoo) 1 J[qeL,

SRC

pringer

AR



178 Cerebellum (2018) 17:173-190

o
= Results
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=S ég % g ‘Sf ‘sf ‘Sf 2 Heterotopia Are Found in GE Driver and Reporter Mice
A 2gsd as well as Driver-Reporter Crosses
T 2888888888888 88 In the time since our previous report documenting cerebellar
RES | *v© SRS heterotopia in GE mice [22], vast amounts of new data have
- been added to the Mouse Connectivity and Transgenic
= g Characterization databases of the ABA. In light of this, we
Tg § o e e N e 4 e a o performed analyses of this additional histological data in order
=0 h to identify the potential presence of heterotopia in novel GE
mouse lines. A total of 1702 serial-sectioned brains from the
- = P Mcccccoccooo o Mouse Connectivity database were examined for the presence
5= of cerebellar MLH using methods previously described by our
= group and which have been successful in identifying cerebel-
3 & lar MLH [19-22]. Material in this database includes > 120
S & . .
£ s coronal sections throughout the entire rostral-caudal extent
§8 =
- g § g3 5 of each brain from 101 distinct Cre-driver mice injected with
3 é g 2 ; E %‘ g neuronal tracers for the study of the mouse connectome [35].
. E_= 3 g Hg S 5§ Material from wild-type C57BL/6J mice injected with neuro-
= = 20 1 3 3 . . . .
2 % 22 g Z 29 2z2¢ nal tracers is also found in this database. We have extensively
] A — U2 3« . . . .
g ) = E =3 =& if 39 § documented that MLH are readily identifiable in coronal and
o 5} IS RS . . . . . . .
£ 2 g %E S = g% g £ E S8 sagittal sections by identification of several histological fea-
S| ° 53 @2 r o S S .- C 1
) 55 3% 8 - 5 = 5 S 2 ¢ § § Q tures characteristically found at the vermal midline. For exam-
.8 L5298 = 838 =/ g 5O N . .
= S1EI £2 ] 22 : 22882 ple, compared to the normal cyctoarchitecture of the posterior
2] N g iy s & . . . .
é %= %‘%% E85SL = %%%% vermis (Fig. la-b), MLH are characterized by heterotopic
HF o~y YRR ES Y Y Y S p : :
= . e VLY % D g; =) 200 collections of stained cells that are present in between the
3= o =) 3] &N on &N . .
2 Lé g§ 9 § %§§ § 2299239 molecular layers of lobules VIII and IX (Fig. 1c—d) which
© NRNARNEMnnZARAMNARA can be seen as forming an “island” of cells surrounded by
2 22 an otherwise normal appearing molecular layer. As shown in
g3 E:{ 3 2 LE’) 2 228888 Fig. 1e—f, heterotopia can also be characterized by a bridge of
5 % % a & % 88 S Sh Sb S b S stained cells traversing the molecular layers of lobules VIII
% E E 5 E e¢g é 552 E é E § E é and IX. In both brains with heterotopia, regions lacking pia are
vePvsseYYsovvvovowy . . I
& SJzZzJd 552 ZZ2 5323222 evident between lobules VIII and IX in those areas containing
£ CRERssREERRRRRE heterotopic granule cells that have failed to migrat
§ | 55z5325:222885588 etrotopic granule ell that have ffled 0 migrate.
were indeed apparent in brains found in the Mouse
4:: - .
= “@awo YV AR Connectivity database. We observed MLH in 920 of 1702
[>) 0 OO — Kol == on — O O n O
2 $380q §ead X845 (54%) brains in this database which included 91 of 101
(90%) distinct Cre-driver lines that exhibited heterotopia. A
U g Uy . . . o . .
g g £ 2 & list of Cre-driver lines exhibiting heterotopia is found in
g 5B n . . L . . e
2 § 5 § % g g % é § i_g SEAEEE Table 1, 1nclu(.11ng the number of mice 1n.each line that exhlk?
ited heterotopia as well as a representative reference experi-
ment identification number which can be used to view this
o material directly on the ABA website. Using this approach,
é o L ¥ o our analyses of heterotopia prevalence cannot rule out that
o 33 = § o & MLH may be found in a given Cre-driver line, when n = 0
_ m sa) .
5 §|8 3'-@ & e‘E‘ & 5 heterotopia are observed from among a small sample of
1 8% e OO0 ) . . . . .
) § 5 Eﬂ 53¢ << S .2 Eb brains. Instead, this type of analysis can provide evidence that
RTINS e T . . . e
E < ~he g TE L =29 % ZNUNg0 a given mouse line does exhibit some prevalence of MLH,
b=t 2= ) D 83 3 -1 . .. .
S| < SEULOTafdarzEId<< when n > 1 cases with heterotopia is identified. For example,
- S5 s 5 as indicated in Table 1, we did not find any brains with
2l g 5585858558858 858%8% heterotopia among 10 of 101 Cre-driver lines. However, with
] > CEEEEECEECDEEEEE OO0OO . . .
== aYaalaYalalaNalalalaNal- - - only one exception, fewer than eight total brains were
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Fig. 1 Nissl-stained, coronal
sections of C57BL/6J mice
demonstrating the normal (a—b)
posterior vermis and 2 examples
(c—d and e—f) of heterotopia from
2 different C57BL/6J mice (all
data from Allen Brain Atlas).
Scalebars in microns: a, c,
e=1049; b, d, f=420

Normal

C57BL/6J wildtype
Heterotopia

Heterotopia

available for examination from each of these driver lines that
did not demonstrate any prevalence of heterotopia.
Nevertheless, as shown in Table 1, we did identify heterotopia
in over 90 distinct Cre-driver lines even when very few brains
were available for examination for that line.

Figure 2 illustrates examples of the normal cytoarchitecture
of the posterior vermis (a—c) and MLH (d-f) in a C57BL/6
mouse brain found in the Mouse Connectivity database. As
shown in Fig. 2(g—i), MLH observed in Cre-driver lines in
this database had cytoarchitecture and histological profiles
identical to heterotopia observed in C57BL/6 mice (Fig. 2d—
) [19, 20]. As indicated in Table 1, we found that all but 3 of
91 Cre-driver lines exhibiting MLH were maintained on a
congenic C57BL6/J background. Grm2-Cre_ MR90 and
Oxtr-Cre_ ON66 mice (see Table 1 for details of each mouse
line) were reported to be on a FVB/NCrl:CD1(ICR) back-
ground while the background of Lypd6-Cre KL.156 was not
reported (official mouse line name was not found). As shown
in Table 1, only four of ten lines not exhibiting MLH were on a
congenic C57BL6/J background, while the remaining six

GRO @ Springer

where ecither on an unknown or FVB/NCrl:CD1(ICR)
background.

Although not a specific goal of the present study, we ob-
served GFP-labeled axons in heterotopia in C57BL/6J wild-
type mice Fig. 2(d—f) as well as Cre-driver lines in the Mouse
Connectivity database which differed from the normal pattern
of GFP-labeled axons restricted to the granule cell layer ob-
served in mice without heterotopia (Fig. 2a—c). For example,
as shown in Fig. 2(g—1), GFP axons with swellings character-
istic of en passant synapses were visible among heterotopic
granule cells in a Crh-IRES-Cre(BL) mouse
(experiement: 16721364 1; Table 1) which was injected with
a Cre-dependent virus targeting the dorsal cochlear nucleus.
GFP-labeled axons in heterotopia were also observed in a
Slc6a4-CreERT2 EZ13 mouse (experiment #114155190;
Table 1), a Rasgrf2-2A-dCre mouse (experiment
#313141786; Table 1), and a Sim1-Cre mouse (experi-
ment:165035106; Table 1) which were injected with a Cre-
dependent virus targeting the dorsal raphe nucleus,
parabrachial nucleus, and lateral hypothalamic area,
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Rostral

Normal

C57BL/6J wild-type

Heterotopia

Crh-IRES-Cre (BL)
Heterotopia

Fig. 2 Serial, coronal sections demonstrating the normal (a—c) and
malformed (d—f) organization of molecular layers between lobules VIII
and IX in C57BL/6J mice. Note GFP-labeled mossy fibers in the granule
cell layers as well as among heterotopic neurons (arrows in d—f). Serial,
coronal sections demonstrating heterotopic neurons in the molecular layer
of a Crh-IRES-Cre(BL) mouse (experiement:167213641) which was

respectively. Taken together, these data point to widespread
prevalence of MLH in Cre-driver lines and suggest that di-
verse axon-types from various subcortical nuclei innervate
cells in heterotopia.

Recognizing that C57BL/6 mice and numerous Cre-driver
lines exhibit MLH, we predicted that reporter lines would also
exhibit heterotopia. Therefore, an examination of data from the
Transgenic Characterization of the ABA database was performed
with specific focus on all available data from reporter lines.
Figure 3 illustrates examples of the normal cytoarchitecture of
the posterior vermis (a—b) and MLH (c—d, e—f) in sagittal sections
of C57BL/6 mouse brains found in this database. As shown in
Fig. 3(g—j) and Table 1, we did indeed observe MLH in several
reporter lines including: Ail4, Ai27, Ai32 (data not shown), Ai39,

injected with a Cre-dependent virus targeting the dorsal cochlear nucleus.
Note GFP-labeled mossy fibers in the granule cell layers as well as among
heterotopic neurons. Refer to Table 1 for official names of GE mouse line
used in this figure. All data from the Mouse Connectivity Database of the
Allen Brain Atlas. Scalebars in microns: a—i = 140

and Ai75 (data not shown) mice (see Table 1 for details about each
reportermouse line). The cytoarchitecture and histological profiles
of MLH in these reporter lines were identical to heterotopia ob-
served in C57BL/6 mice (Fig. 3c—f) and are consistent with our
observations of MLH in Cre-driver lines. As shown in Table 1, all
reporter lines found to exhibit heterotopia were maintained on a
congenic C57BL/6 background. When crossed to Cre-driver
lines, these reporter lines can be used to express variants of the
optogenetic proteins channelrhodopsin (Ai27, Ai32) or
halorhodopsin (Ai39). These data demonstrate that Cre-driver
lines as well as reporter lines can exhibit cerebellar heterotopia.
A major experimental use of the aforementioned GE lines
includes producing driver-reporter crosses for selective label-
ing and manipulation of particular cell types. Consequently,
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Fig.3 a—d Nissl-stained, sagittal sections of C57BL/6J mice demonstrat-
ing the normal posterior vermis (a) and two examples (c—d) of heterotopia
from two different C57BL/6J mice. G-L, Nissl-stained, sagittal sections
of three different reporter mouse lines demonstrating heterotopia of the

we examined novel data on the Transgenic Characterization
database of driver-reporter F1 hybrids for the presence of
heterotopia. Table 2 lists examples of MLH observed in di-
verse F1 hybrids including those resulting in expression of a
variety of fluorescent proteins, genetically encoded calcium
indicators, and optical stimulators/inhibitors. In all cases, both
the driver line (Table 1) and the reporter line were on a
congenic C57BL/6 background. Figure 4 illustrates that F1
crosses of the same driver line known to exhibit heterotopia
with several different reporter lines (ex. Ai32, Ai35, Ai40,
Ai57, Ai87, see Table 2 for details of each line) can result in
offspring that exhibit heterotopia. These data indicate that
heterotopia formation is a heritable trait that can be observed
in diverse crosses of GE mice.

Additional Datasets Demonstrating Cerebellar
Heterotopia in GE Mice

In order to confirm and extend on our observations of
heterotopia in GE mice in the ABA, we searched for addition-
al databases with histological data from GE mice including the
MBAP, eTRAP, and GENSAT Cre databases. As shown in
Fig. 5 and Table 3, heterotopia were evident in diverse Cre
lines and driver/reporter crosses present in the MBAP

GRO @ Springer

posterior vermis. Refer to Table 1 for official names of GE mouse lines
used in this figure. Data in a—j from the Transgenic Characterization
Database of the Allen Brain Atlas. Scalebars in microns: a, ¢, e = 1199;
b, ¢, f=466; g,i=1141;h, j=399; k = 1000; 1 = 400

databases. In particular, we observed heterotopia in 8 out of
20 (40%) distinct driver/reporter F1 hybrid lines (17 of 151
total brains examined had heterotopia) in the MBAP databases
including Cre-driver lines crossed with different reporter lines.
We also observed heterotopia in two out of two Cre-driver
mouse lines (five out of ten brains examined) found in the
Cell Type Specific Connectivity database of the MBAP. As
shown in Table 3, all Cre-driver lines and the and crosses with
Ail4 reporter mice identified in the MBAP databases are the
same lines and identical crosses found to exhibit heterotopia in
our analysis of data in the ABA databases. We list represen-
tative examples of similar findings in both the MBAP and
ABA databases in Table 3. These results confirm our obser-
vations of MLH in GE mice using data from independent
research groups.

A total of 140 distinct mouse lines were found in eTRAP
database though only one to two brains per line were available
for examination. These lines were developed and maintained
on a C57BL/6 background [44]. Heterotopia were observed in
9 of 140 (6.43%) lines in the eTRAP database (including
lines: PBAS, P222, P181, P133, P126, P103, P125, P074,
P024). As shown in Fig. 5(j—0), heterotopia in mice found in
the eTRAP database were identical to those observed in
C57BL/6 mice as well as other GE lines on this background.
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Fig. 4 Nissl-stained, sagittal a
sections of different F1 hybrid
mice demonstrating a normal
posterior vermis (a) and examples
of heterotopia (b—f) following
crossing of Emx1-IRES-Cre mice
with different reporter lines. Refer
to Tables 1 and 2 for official
names of GE mouse lines used in
this figure. All data from the
Transgenic Characterization
Database of the Allen Brain
Atlas. Scalebars in microns: a, b,
£f=799;¢=879;d,e=791

™
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Emx1-IRES-Cre;Ai35

Emx1-IRES-Cre;Ai57

We did not find any brains with heterotopia among the 145
different Cre lines present in the GENSET database, as these
mice were generated on a FVB/N background. Nevertheless,
our observations in the MBAP and eTRAP databases extend
upon our observations in the ABA databases.

Examination of Primary Histological Data Confirm
Findings Using Databases

In order to confirm and extend on our observations using
digital databases, we examined primary histological mate-
rial prepared in our laboratory from a variety of GE mice
for the presence of heterotopia. All of the lines in these
studies were bred in academic vivaria and were main-
tained on a C57BL/6 background. First, as shown in
Fig. 3(k-1), heterotopia were found in two of four (50%)
Ail4 reporter mouse brains examined, which is consistent
with our observations of heterotopia in crosses with Ai/4
mice in the ABA and MBAP databases (Tables 2 and 3).
In addition, we observed heterotopia in two of four (50%)

'Emx1-IRES-Cre;Ai32

Emx1-IRES-Cre;Ai40

Emx1-IRES-Cre;Ai87

Tie2-Cre/+ mice, three of six (50%) LyzZCM/+ mice, and
five of eight (62.5%) LdlyHP301/HIBI0L e (data not
shown). However, we did not observe heterotopia in any
HprtALP LALPL mice (n = 6; data not shown).

Brains from several different F1 driver-reporter
crosses were also examined in our laboratory. For ex-
ample, we observed heterotopia in 6 of 16 brains
(35.7%) from Isl1<""; Ail4 mice (Fig. 6g—1). As shown
in the representative examples in Fig. 6, robust
tdTomato-expression was observed in scattered granule
cells and mossy fibers in the posterior cerebellum in
Isl1€"""; Ail4 mice. MLH in these F1 hybrid mice
had heterotopia identical to that observed in C57BL/6
mice or other Cre-driver mice crossed to Ai/4 mice. As
shown in Fig. 6(k—1), tdTomato-labeled granule cells as
well as mossy fiber axons were present in heterotopia
though the exact origin of these axonal projections is
unknown.

As shown in Fig. 7(c—d), we observed heterotopia in Tie2-
Cre/+;Hprt**"** F1 mice (6 of 19 brains; 31.57%).
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<« Fig. 5 a-i Nissl staining (left and middle panels) and reporter protein
expression (right panels) in adjacent sections from three different Cre-
driver/loxP reporter F1 hybrid mice with heterotopia from the MBAP
database. Refer to Table 3 for official names of mouse lines used in a—
g. j—o Examples of three different GE mouse lines with heterotopia from
the eTRAP database. Arrows in all panels point to heterotopia

Heterotopia were also present in 4 out of 17 (23.5%) mice
produce by crossing Tie2-Cre/+,; Ldly™™30/H0301 mice with
Hprt ALPEALPL [ g HIb301VHIBIOL njce. Heterotopia were also
present in 4 out of 14 (28.6%) mice produced by crossing
Lyz2C7e/ ;LI 1B301/HIBIOL (i \with Hpre ALPL/
ALPL. [ qpp1I0301/HIB301 ice. As shown in Fig. 7(g—h),
heterotopia were also found in the progeny of three-way
crosses of GE mice in the Allen Brain Atlas. Thus,

Penk-IRES-Cre/Ai14 mice

primary histological analyses in our laboratory confirm
that crosses of driver and reporter mice can result in prog-
eny that exhibit heterotopia. Additionally, we identify
Is[1" mice as a novel resource to for labeling granule
cells and mossy fibers in heterotopia.

A major goal of the present study was to identify
mouse lines that would be valuable for the study of cere-
bellar heterotopia. As shown in Fig. 8 from primary his-
tological data produced in our laboratory, several addi-
tional GE mouse lines (all on a congenic C57BL/6 back-
ground) exhibit heterotopia and can be used for calcium
imaging of GCaMP variants. For example, Thy!-
GCaMP3/+ mice with heterotopia (Fig. 8a—c; 3 of 12
brains; 25%) allow for imaging of labeled axons in

Is11C"/Ai14 mice

tdTomato-ISH

Gad1-ISH

Calb2-IRES-Cre/Ai14 mice
tdTomato-ISH Gad1-ISH

Coronal

Cc

Vil e i
ML

Calb2-IRES-Cre/Ai14 mice

Sagittal

.

Fig. 6 Coronal (a—d, g-h) and sagittal (e, i-1) of different Cre-driver
lines crossed with Ai/4 reporter mice exhibiting heterotopia. tdTomato (a)
and Gadl (b) expression in a Penk-IRES-Cre;Ai/4 mouse indicates the
presence of Penk-expressing GABAergic neurons in heterotopia. Inset in
a is nissl staining of heterotopia in adjacent section from same mouse.
tdTomato (a) and Gadl (b) expression in a Calb2-IRES-Cre;Ai/4 mouse
indicates the presence of granule cells and GABAergic neurons in
heterotopia. Inset in c is nissl staining of heterotopia in adjacent section
from same mouse. Sagittal sections (e—f) from another Calb2-IRES-
Cre;Ail4 mouse with numerous Calb2-granule cells in the heterotopia.
Inset in e is nissl staining of heterotopia in adjacent section from same

Coronal

Sagittal

tdTomato

tdTomato/DAPI

mouse. Refer to Table 1 for official names of mouse lines used in a—e.
tdTomato fluorescence (i) and DAPI counterstaining (j) in a coronal sec-

tion from a Is/]<"*;Ai14 mouse indicates the presence of granule neurons

in heterotopia. tdTomato fluorescence (g) and DAPI counterstaining (h)
in a sagittal section from a Is/1<"*,AiI4 mouse indicates the presence of
granule neurons in heterotopia. k—1, High magnification of labeled gran-
ule cells and axons (arrows) from heterotopia in same brain. Refer to
Table 1 for official names of mouse lines used in this figure. Data in a—f
from the Transgenic Characterization Database of the Allen Brain Atlas.
Scalebars in microns: a—d = 262; e = 879; f= 198; g—j = 300; k, 1 = 25
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Fig. 7 Nissl-stained sections
from F1 mice from Zie2-Cre or
Lyz2" driver lines crossed to
Hprt* "PEALPL reporter mice (a—
d). Arrows point to normal
molecular layer (a-b) or
heterotopia in affected brains (c—
e). Heterotopia in complex
crosses consisting of three
different lines (e—h). Data in gand
h from the Allen Brain Atlas.
Scalebars in microns: a, c, €,
f=1000; b, d =400; g, h=1756

Tie2-Cre;Hprt ALPL* Tie2-Cre;Hprt ALPL*

Tie2-Cre;Hprt ALPLA
LdIrH/b301/Hlb301

Gad2-IRES-Cre;
Ai92:ROSA26-ZtTA

heterotopia which likely include spino-cerebellar and
reticulo-cerebellar projections. Thy/-GCaMP6s/+ mice
with heterotopia (Fig. 3d—f; three of nine brains; 33%) are
well-suited for imaging the few scattered GCaMP6s-
expressing cells found in heterotopia and in the normal
granule cell layer. In contrast, lack of clear GCaMP6s ex-
pression in the cerebellum makes Snap25°““F"* mice
(Fig. 8g—1) not very useful as a tool for calcium imaging
in mice with heterotopia (three of six brains; 50%). Finally,
as shown in Fig. 8(j—1), GFP expression in the somata and
dendrites of LC3-eGFP mice with heterotopia (5 of 13
brains with heterotopia; 38.46%) allow for determination
of changes in Purkinje cell development and morphology
associated with heterotopia formation.

GRO @ Springer

Ly22 Cre ’Hprt ALPL/+ :
LdIrHlb3O1/H/b301

Pvalb-2A-Dre; Ai66;
Slc32a1-IRES-Cre

Discussion

Cerebellar Heterotopia Are Commonly Found in GE Mice

In the present report, we demonstrate that malformation of
the posterior cerebellar vermis is acommon phenotype of GE
mice on the C57BL/6 background. In particular, heterotopia
were observed in numerous Cre-driver mice, reporter mice,
and several other GE mice. Moreover, crossing driver and
reporter mice also resulted in progeny that exhibit
heterotopia. An important caveat to our approach is that we
can only identify GE lines that exhibit the phenotype when at
least one brain was observed with a malformation from a
sample of brains from a given GE line. In contrast, this
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Thy1-GCaMP3

d

Snap25 ¢CaMPos Thy1-GCaMP6s

LC3-eGFP

Fig. 8 Sagittal sections from 7hy/-GCaMP3 (a—c), ThyI-GCaMP6s (d—
1), Snap25°““MF% (g_j), and LC3-eGFP (j-1) lines with heterotopia.
Native GCaMP or GFP expression shown (green) as well as
counterstaining with DAPI (blue) or propridium iodide (red) to

approach cannot rule out that a line does exhibit some prev-
alence of heterotopia when we do not observe any
heterotopia in a sample of brains examined from any given
line. Furthermore, it cannot be assumed thatifheterotopia are
not observed in a small sample of brains from one or more
lines that are intended to be crossed that F1 progeny from
these strains will not exhibit heterotopia. Our findings exem-
plify this point. Specifically, we did not observe heterotopia 0
of 6 Hprt**P2ALPL mice; however, we did find heterotopia in
TieZ—Cre/+;HprtALPU+ F1 mice.

demonstrate heterotopia. Low magnification images shown in left-side
panels and higher magnification images of heterotopia shown in middle
and right-side panels. Scalebars in microns: a, d, g, j = 750; b, c, ¢, f, k,
1=300; h,i=150

Another caveat to our approach of using digital histological
databases is that it relies heavily on the number of brains
available to examine, the number of sections available per
brain, the quality of sectioning and staining, etc. which may
have affected our findings of different percentages of GE lines
with heterotopia among the different databases that were used.
Thus, there are likely more lines that exhibit heterotopia that
what was observed, and there also exists the possibility that all
GE lines on a C57BL/6 background will exhibit cerebellar
heterotopia with some prevalence.
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Our findings extend on our earlier observations of
heterotopia in C57BL/6 mice and related strains [19-22] and
suggest that heterotopia are caused by a heritable, weakly
penetrant recessive allele found in the C57BL/6 lineage [20].
Consistent with this model, nearly all of the GE mice found to
exhibit heterotopia were either created with C57BL/6 ES cells
or were backcrossed onto the C57BL/6 background.
Furthermore, we did not observe any heterotopia in the
GENSAT Cre database, which includes data from Cre lines
generated from ova of FVB/N mice (Taconic Farms), a strain
that we previously found to never exhibit heterotopia [20].
One prediction from our findings is that some prevalence of
heterotopia will be present in any GE line or hybrid cross of
GE lines once homozygosity for the C57BL/6 heterotopia
allele is present in line. Likewise, it is anticipated that no
heterotopia will be observed in F1 hybrid mice produced by
crossing one GE line on a C57BL/6 background with another
GE line on a different background (such as 129 or DBA; [20]).
Thus, identifying the causal allele for heterotopia formation is
an important area for future research.

Implications of Heterotopia on the Use of GE Mice

Our results have important and broad implications for the use
of GE mice in studies of cerebellar development, function, and
disease. First, data in the present report argue strongly that
some prevalence of heterotopia formation will be found in
most (if not all) GE mice produced with C57BL/6 ES cells
or backcrossed onto the C57BL/6 background. Thus, investi-
gators will have to consider how the presence of heterotopia in
experimental and control groups will affect interpretation of
study outcomes. For example, knock-out mice are a popular
tool for examining the role of a given gene and gene product
on cerebellar development. Likewise, Cre-driver lines are
commonly crossed with “floxed” lines to produce conditional
knock-in or knock-out lines for similar types of studies. One
prediction from our results is that a majority of GE mouse
models will exhibit heterotopia with some prevalence simply
due to the contribution of the C57BL/6 background. In this
scenario, GE mice exhibiting heterotopia could be interpreted
as arising due to genetic perturbation. Thus, careful histolog-
ical examination of hetero/hemizygous and homozygous mice
(and wild-type controls) will be necessary to evaluate results
in developmental studies using GE mice on a C57BL/6
background.

Despite the above caveats, developmental studies using GE
mice have the potential to contribute to understanding of the
molecular mechanisms of heterotopia formation. For example,
consider the scenario where a knock-out or conditional knock-
out line exhibits 100% prevalence of MLH formation, while
the hemizygous mice exhibit a prevalence of ~30% (similar to
C57BL/6 wild-type controls). Conversely, consider the sce-
nario where the knock-out or conditional knock-out exhibits

GRO @ Springer

0% prevalence of MLH formation, while the hemizygous
mice exhibit a prevalence of ~ 30% (similar to wild-type con-
trols). Both of these disparate findings would strongly point to
an interaction between a causal allele for heterotopia forma-
tion with the gene deleted in the GE model.

Resources for Studying Development and Malformation
of the Posterior Cerebellum

In the present report, we identify numerous GE models that
are well-suited for the study of the formation and physiolog-
ical consequences of heterotopia. For example, we have iden-
tified that Is/1<" mice as well as Gabra6-IRES-Cre, Kene2-
Cre, and Calbl-2A-dgCre lines from the ABA exhibit
heterotopia (Table 1). Given that impairment of granule cell
migration is the characteristic feature of MLH, and that Isl1
and Gabra6 are only expressed in granule cells [45, 46],
Is11°" and Gabra6-IRES-Cre lines (Table 1) will be valuable
models for future use in live-imaging and/or gene expression
studies when crossed to reporter mice which also exhibit some
prevalence of MLH. Similarly, LC3-eGFP as well as Kcene2-
Cre and Calbl-2A-dgCre lines will be valuable for targeting
Purkinje cells associated with heterotopia. Thus, combined
with our findings of MLH in GCaMP mice (Thyl-GCAMP3
and Thyl-GCAMP6s lines) and channelrhodopsin mouse
lines, we demonstrate that there are diverse GE mice that will
be valuable in future physiological, developmental, and mech-
anistic studies.

Genetic and Cellular Model of Heterotopia Formation
in C57BL/6 Mice and GE Mice on the C57BL/6
Background

Several recent findings strongly suggest that heterotopia for-
mation is a trait controlled by one or more weakly penetrant
recessive alleles [20]. First, F1 hybrid crosses between
C57BL/6 and DBA/2J mice never exhibit heterotopia.
Crosses between C57BL/6 and 12956 mice also do not exhibit
heterotopia, suggesting that homozygosity of one or more
C57BL/6 alleles is required for heterotopia formation.
Second, recombinant inbred mice such as the BXD29-
TIr4”*2// line (where C57BL/6 and DBA/2J are parental
strains) also exhibit heterotopia, consistent with a requirement
of homozygosity for heterotopia expression. Finally,
consomic mice with chromosome 1 from the A/J mouse ge-
notype on an otherwise C57BL/6 background also exhibit
heterotopia, suggesting that one or more causal allele is found
outside of chromosome 1.

While the genetic mechanisms are still unknown, the cellular
and tissue-level mechanisms of heterotopia formation are be-
coming better understood. In particular, histological analyses
clearly demonstrate a loss of pia in regions containing heterotopic
granule cells. In addition, heterotopia are also associated with
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spatial and morphological disorganization of Bergmann glia and
radial fibers [19]. Thus, we posit that a deficit in pia formation
during cerebellar foliation likely affects radial glial endfoot at-
tachment and the formation of the glial limitans. Alternatively,
abnormal development of Bergmann glial fibers affects pial for-
mation. In either case, disruption of radial fibers ultimately leads
to the failure of granule cells to exit the molecular layer (external
granule cell layer) which leads to heterotopia formation by these
cells. Lending further support to our model of heterotopia forma-
tion, knock-out mice with deletion of molecules affecting
leptomeningeal or radial glia integrity such as bl-integrin [47],
y3-laminin [48], and dystroglycan [49, 50] display heterotopia
that are nearly identical (but more severe) to those observed in
C57BL/6 mice and GE mice on the C57BL/6 background.

Conclusion

Malformation of the posterior cerebellar vermis is a common
neuroanatomical phenotype of genetically engineered mice on
the C57BL/6 background and should be considered when de-
signing studies using mouse models on this background.
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