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The dorsal lateral geniculate nucleus (dLGN) of the mouse is a model system to study the development of thalamic circuitry. Most studies
focus on relay neurons of dLGN, yet little is known about the development of the other principal cell type, intrinsic interneurons. Here we
examined whether the structure and function of interneurons relies on retinal signaling. We took a loss-of-function approach and crossed
GAD67-GFP mice, which express GFP in dLGN interneurons, with math5 nulls (math5 �/�), mutants that lack retinal ganglion cells and
retinofugal projections. In vitro recordings and 3-D reconstructions of biocytin-filled interneurons at different postnatal ages showed
their development is a multistaged process involving migration, arbor remodeling, and synapse formation. Arbor remodeling begins
during the second postnatal week, after migration to and dispersion within dLGN is complete. This phase includes a period of exuberant
branching where arbors grow in number, complexity, and field size. Such growth is followed by branch pruning and stabilization, as
interneurons adopt a bipolar architecture. The absence of retinal signaling disrupts this process. The math5 �/� interneurons fail to
branch and prune, and instead maintain a simple, sparse architecture. To test how such defects influence connectivity with dLGN relay
neurons, we used DHPG [(RS)-3,5-dihydroxyphenylglycine], the mGluR1,5 agonist that targets F2 terminals. This led to substantial
increases in IPSC activity among WT relay neurons but had little impact in math5 �/� mice. Together, these data suggest that retinal
signaling is needed to support the arbor elaboration and synaptic connectivity of dLGN interneurons.
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Introduction
The dorsal lateral geniculate nucleus (dLGN) of the mouse has
become a preeminent model system to understand many aspects
of thalamic circuit development (Huberman et al., 2008; Hong
and Chen, 2011; Seabrook et al., 2017; Guido, 2018). The advance
of sophisticated genetic tools and widespread use of genetically
modified mouse strains permit remarkable experimental access
to study how specific cell types and circuits are established during
early postnatal life. However, our understanding of thalamic cir-
cuit development has been largely limited to thalamocortical

neurons, which serve as the exclusive relay of retinal information
to the visual cortex. These neurons undergo substantial remod-
eling during the first few postnatal weeks, developing a complex
and stereotypic dendritic architecture that defines their cell class
specificity (Krahe et al., 2011; El-Danaf et al., 2015). Such growth
is accompanied by the synaptic pruning of retinal connections,
whereby the number of functional inputs onto dLGN relay neu-
rons are greatly reduced (Chen and Regehr, 2000; Jaubert-Miazza
et al., 2005; Cheadle et al., 2018; Tschetter et al., 2018). Many of
these changes rely on retinal signaling. For example, the elimina-
tion of retinal input to dLGN leads to dystrophic dendritic
growth (El-Danaf et al., 2015), and the blockade of early retinal
activity results in synaptic weakening and a failure to prune excess
retinal inputs onto developing dLGN relay neurons (Hooks and
Chen, 2006).

By comparison, our knowledge about the development of the
other dLGN cell type, intrinsic interneurons, remains rudimen-
tary. These local circuit neurons, which receive retinal input,
comprise �10% of total dLGN cell population (Evangelio et al.,
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Significance Statement

Presently, our understanding about the development of the dorsal lateral geniculate nucleus is limited to circuits involving
excitatory thalamocortical relay neurons. Here we show that the other principal cell type, intrinsic interneurons, has a multistaged
developmental plan that relies on retinal innervation. These findings indicate that signaling from the periphery guides the matu-
ration of interneurons and the establishment of inhibitory thalamic circuits.
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2018). Despite their small numbers, they play a key role in reti-
nogeniculate signal transmission by sharpening the spatiotempo-
ral receptive field structure of dLGN relay neurons through a
feedforward inhibitory circuit (Cox and Sherman, 2000; Bickford
et al., 2010; Hirsch et al., 2015).

The recent use of the GAD67-GFP (green fluorescent protein)
transgenic strain, which expresses GFP in dLGN interneurons,
has led to a number of important discoveries about their genesis,
migration, and assembly of inhibitory synaptic connections
(Seabrook et al., 2013b; Golding et al., 2014; Jager et al., 2016).
Thalamic interneurons migrate to dLGN at perinatal ages, dis-
tributing themselves evenly throughout the nucleus by the end of
the first postnatal week (Golding et al., 2014; Jager et al., 2016).
While interneurons receive retinal input at early postnatal ages,
the formation of inhibitory connections occurs much later, well
after the maturation of dLGN relay neurons and the initial phase
of retinogeniculate synapse remodeling (Bickford et al., 2010;
Seabrook et al., 2013b). What is lacking is an understanding
about how these milestones relate to the morphological and func-
tional development of interneurons, and whether retinal signal-
ing is needed.

To examine these issues, we used the GAD67-GFP mouse to
target developing dLGN interneurons during in vitro intracellu-
lar recordings. To assess whether retinal signaling plays a role in
the development of their morphological and functional proper-
ties, we used a genetic form of retinal deafferentation by using the
math5-null (math5�/�) mouse and crossing it onto the GAD67-
GFP strain. These mutants lack the math5 gene that is required
for retinal progenitors to differentiate into retinal ganglion cells
(RGCs; Brown et al., 1998; Wang et al., 2001). As a result,
math5�/� mice display a �95% loss of RGCs, a failure of the
surviving RGCs to form an optic nerve, and central visual struc-
tures that are devoid of retinal input (Brown et al., 2001; Wang et
al., 2001; Wee et al., 2002; Brzezinski et al., 2005; Hammer et al.,
2014; El-Danaf et al., 2015). While math5 is transiently expressed
in developing retina (Brown et al., 1998, 2001; Wang et al., 2001),
and in some hindbrain regions (Saul et al., 2008) it is absent from
retinorecipient structures such as suprachiasmatic nucleus and
dLGN (Wee et al., 2002; Brzezinski et al., 2005; El-Danaf et al.,
2015). In dLGN, there is no sign of retinal terminals or round-
shaped vesicles, large size, and pale mitochondria (RLP) synaptic
profiles in math5�/� mice (Hammer et al., 2014; El-Danaf et al.,
2015). These mutants also show a loss of circadian photoentrain-
ment (Wee et al., 2002; Brzezinski et al., 2005), and they are
unable to perform above chance levels on a simple visual discrim-
ination task (Monavarfeshani et al., 2018). This loss-of-function
approach is advantageous to postnatal manipulations such as enu-
cleation or optic nerve section. While “eyeless” phenotypes exist in
the mouse, they are problematic because they involve a polygenic
form of inheritance and additional mutations that likely have a del-
eterious impact on neuronal development (Cullen and Kaiserman-
Abramof, 1976; Tucker et al., 2001; Verma and Fitzpatrick, 2007).
Thus, we used math5�/� mice along with age-matched wild-type
(WT) GAD67-GFP mice to understand whether retinal signaling
influences interneuron structure, function, and establishment of
synaptic connectivity with dLGN relay neurons.

Materials and Methods
Animals. Experiments were conducted in mice of either sex ranging in
age between P0 –P45. Two strains were used: GAD67-GFP (line G42;
stock #007677, The Jackson Laboratory) established on a pigmented
background (C57/B6 � CB6F1/J), and math5 �/� crossed onto GAD67.
The math5 �/� strain was on a mixed C57/B6 and 129/SvEv background

(Wang et al., 2001; El-Danaf et al., 2015). All procedures approved by the
University of Louisville Institutional Animal Care and Use Committee.

Acute in vitro thalamic slice preparation and whole-cell recording proce-
dures. We used an acute thalamic slice preparation and conducted whole-
cell recordings on dLGN neurons using methods described in detail
previously (Govindaiah and Cox, 2006; Seabrook et al., 2013b; El-Danaf
et al., 2015). Briefly, mice were anesthetized with isoflurane and decapi-
tated, and excised brains were placed in the following 4°C oxygenated
(95% O2/5% CO2) slicing solution (in mM[SCAP]): 26 NaHCO3, 234 su-
crose, 10 MgSO4, 11.0 glucose, 2.5 KCl, 1.25 NaH2PO4, and 0.5 CaCl2. A
vibratome (model VT1200S, Leica) was used to make 270-�m-thick cor-
onal sections containing dLGN. Slices were placed for at least 30 min in a
32°C oxygenated artificial CSF (ACSF; in mM: 126 NaCl, 26 NaHCO3, 2.5
KCl, 1.25 NaH2PO4, 2 MgCl2, 2 CaCl2, and 10 glucose), and then main-
tained at room temperature. Throughout the recording, slices were con-
tinuously perfused in an oxygenated solution of ACSF (2.5 ml/min; 95%
O2/5% CO2) and maintained at 32°C.

Whole-cell recordings were obtained in both current-clamp and
voltage-clamp mode using a chamber that was mounted on an upright
microscope (model BX51WI, Olympus) equipped with differential inter-
ference contrast and florescence optics to visualize GFP-expressing in-
terneurons. Recordings were made using a Multiclamp 700B Amplifier
(Molecular Devices), filtered at 310 kHz and digitized (1440A Digitizer,
Digidata) at 10 kHz. Patch electrodes made of borosilicate glass were
pulled using a vertical puller (model PC-10, Narishige) with a final tip
resistance between 4 and 7 M�.

For current-clamp recordings, electrodes were filled with an internal
solution containing the following (in mM): 117 K-gluconate, 13.0 KCl, 1
MgCl2, 0.007 CaCl2, 0.1 EGTA, 10 HEPES, 2 Na-ATP, and 0.4 Na-GTP.

Figure 1. GFP-expressing interneurons in dLGN of WT and math5 �/� mice. A, Coronal
sections of dLGN from a P5 GAD67 WT mouse (left) and math5 �/� mouse (right) crossed onto
the GAD67 strain. Top, In WT, interneurons are evenly distributed throughout dLGN; however, in
math5 �/� mice, migration is disrupted, and they cluster in the dorsolateral region (Golding et
al., 2014). Scale bar, 70 �m. Bottom, Examples of GFP-expressing interneurons that were filled
with biocytin during in vitro intracellular recordings and used for 3-D reconstructions. Scale bar,
40 �m. B, Coronal sections of dLGN from P21 WT and math5 �/� mice. Top, Distribution of
GFP-expressing interneurons in dLGN. Bottom, Examples of biocytin-filled interneurons.
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To examine the passive and active membrane
properties of interneurons, we recorded the
voltage responses evoked by square wave cur-
rent pulses (�120 to �150 pA) of varying du-
ration and intensity (600 –1000 ms, 15 pA
increments). Input resistance was calculated by
measuring the amplitude at rest to a small hy-
perpolarizing current pulse (�15 pA). Spike
firing frequency (in Hz) was based on the max-
imal firing rate evoked by a large depolarizing
current step (�15 to �150 pA; step size, 15 pA)
and calculated by counting the number of
spikes divided by the first 600 ms of the current
pulse. To estimate the strength of the mixed
cation conductance (IH), we used a series of
hyperpolarizing pulses (�120 to �15 pA; step
size, 15 pA) and calculated the amplitude of the
largest inward rectifying response. The degree
of inward rectification (Vsag) was determined
by measuring the relative change between the
maximal voltage response (Vmax) and steady-
state voltage response (Vss), as follows: (Vmax �
Vss/Vmax) � 100 (Leist et al., 2016). All measure-
ments were performed at the resting membrane
potential (RMP; �55 to �48 mV).

To record IPSCs, we conducted voltage-
clamp recordings from dLGN relay neurons at
0 mV using a cesium-based internal solution
containing the following (in mM): 117 Cs-
gluconate, 11 CsCl, 1 MgCl2, 1 CaCl2, 0.1
EGTA, 10 HEPES, 2 Na2-ATP, and 0.4 Na2-
GTP. Concentrated stock solution of (RS)-
3,5-dihydroxyphenylglycine (DHPG; catalog
#0342, Tocris Bioscience) was prepared and
stored as recommended. The agonist was di-
luted in ACSF to its final concentration (50
�M) before use and applied via a short bolus
into the input line of the recording chamber
using a syringe pump (Govindaiah and Cox,
2006).

IPSCs were detected and analyzed with Mini
Analysis software (Synaptosoft) using thresh-
old (10 pA) and waveform detection protocols
established by (Govindaiah and Cox, 2006). To
quantify spontaneous IPSCs (sIPSCs), the
average frequency and amplitude were aver-
aged from 120 s windows before metabo-
tropic glutamate receptor 1,5 (mGluR1,5)
agonist administration (Pre) and after ago-
nist administration (Post).

For all recordings, biocytin (0.5%) was in-
cluded in the internal solution to allow for intracellular filling and sub-
sequent 3-D reconstruction using confocal microscopy. Following the
completion of the recording session, slices were fixed overnight with 4%
paraformaldehyde in 0.1 M PBS (pH 7.2). To visualize biocytin-filled in-
terneurons, slices were washed with PBS (3�, 10 min each) and incubated
overnight in a PBS solution containing 0.1% Triton X-100 and 0.1%
Alexa Fluor 647-conjugated streptavidin (catalog #S21374, Invitrogen).
The following day, slices were washed in PBS (3�, 10 min each),
mounted with ProLong Gold with DAPI (catalog # P36931, Invitrogen),
and coverslipped for confocal imaging.

3-D reconstructions of biocytin-filled interneurons. Biocytin-filled in-
terneurons were imaged using a multiphoton laser-scanning confocal
microscope (model #FV1200BX61, Olympus). An HeNe laser (635 nm)
was used to excite far-red, biocytin fluorescence. Neurons were imaged
using a 10� [0.3 numerical aperture (NA)] or 20� (0.75 NA) objective
lens at a scanning resolution of 1600 � 1600 pixels. A sequential series of
optical slices with an optimal step size through the z-axis of 1.26 �m
(20�/0.75 NA lens) created a 3-D, Z-stack dataset. Three-dimensional

reconstructions and analyses were performed using Imaris software (ver-
sion 8.4.1, Bitplane). Soma area was measured by using the “Surface”
function tool, and highlighting the soma in the x, y, and z planes. Branch
reconstruction was generated in the z-plane by using the “Filament
tracer” function and verified by visual inspection. The total number of
branches was determined by using the “Total Number of Terminal
Points” tab in the Filament function. To evaluate the degree of arbor
complexity, we labeled the filament-generated arbor tree using the “Sta-
tistics Coded Color” tab. This automated tool uses the soma as the start-
ing point, and traces the arbor tree according to the nth order branch.
The “Statistics” tab was used to calculate the average and maximal branch
order for each interneuron. To measure the volume of the arbor field, we
started with the filament reconstruction, and used the “Convex Hull
XTension” function in the Tools tab. This feature creates a new surface
object superimposed on the filament. The convex polyhedron envelops
all distal points (i.e., distal processes) of the selected filament and is used
to calculate volume.

Enucleation. Binocular enucleation (BE) was performed on WT
GAD67-GFP mice (two male and two female mice) 36 h after birth

Figure 2. Biocytin-filled interneurons in dLGN of WT and math5 �/� mice. Examples of interneurons arranged by postnatal
week 1– 4 for WT (top row) and math5 �/� (bottom row). Reconstructions are based on Z-stacked confocal images of biocytin-
filled interneurons. Scale bars: bottom, boxed area, 50 �m; insets, 5 �m.
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[postnatal day 1.5 (P1.5)]. Under deep anesthesia, the palpebral fissure
was opened, and the eyeball was isolated using a pair of curved forceps.
The optic nerve and the ophthalmic artery were then cut, and the eye was
carefully removed. The orbit was filled with Gelfoam to avoid hemor-
rhaging. Animals were allowed to recover on a heating pad and were then
returned to their home cages.

Experimental design and statistical analysis. All statistical tests were
performed using either SigmaPlot 11.0 (Systat Software) or Prism 7.0
(GraphPad Software). To test for normality, we used the Shapiro–Wilk
Normality and Equal Variance Test. A two-way ANOVA was used to
examine age-related differences within a group (WT or math5 �/�) and
between groups across the various morphological features (e.g., soma
area, arbor complexity, arbor field volume) and membrane properties
(Vsag, firing frequency). The post hoc Holm–Sidak method allowed for
pairwise multiple comparisons both within group and across postna-
tal weeks. For pharmacology experiments, we conducted a two-way
repeated-measures ANOVA to assess predrug versus postdrug differ-
ences in IPSC frequency and amplitude. The post hoc Holm–Sidak
method was applied to make multiple comparisons between groups. To
compare percentage changes in mGluR5 agonist-mediated responses
[(Post � Pre/Pre) � 100], we used the nonparametric Mann–Whitney
rank sum test and one-way ANOVA to determine whether median values
of frequency and amplitude were different between WT and math5 �/�,
and among WT, math5 �/�, and BE, respectively. For all statistical tests,
p values �0.05 were considered significant.

Results
Morphology of developing interneurons in WT and
math5 �/� mice
Figure 1 shows examples of coronal sections through the dLGN of
P5 (Fig. 1A) and P21 (Fig. 1B) GAD67-GFP (WT) and GAD67 �
math5�/� (math5�/�) mice. In both strains, we observed GFP
labeling in dLGN interneurons even at early postnatal ages. In
WT mice, interneurons are evenly distributed throughout the
nucleus (Seabrook et al., 2013b; Golding et al., 2014). However,
in math5�/� mice, interneurons failed to migrate properly and
clustered in the upper sector of the dLGN. This observation is
consistent with previous reports showing that early postnatal
elimination of retinal signaling disrupts the migratory path and
spacing of dLGN interneurons (Golding et al., 2014). Nonethe-
less, in both strains we were able to readily identify and target
interneurons for recording and biocytin filling.

We generated 3-D reconstructions for a total of 130 biocytin-
filled interneurons (WT, n � 64; math5�/�, n � 66) across the
first 4 weeks of postnatal life. Figure 2 provides representative
examples of interneuron reconstructions from WT and age-
matched math5�/� mice arranged by postnatal week. At early
ages and in both groups, interneurons had class 3 morphology,
displaying expansive and complex arbors that arise from opposite
poles of fusiform-shaped soma (Guillery, 1966). Arbors are com-
posed of both dendrites and axons. Not all interneurons have
conventional axons, and there is no clear way to distinguish them
from dendrites (Lieberman, 1973; Wilson, 1986; Sherman, 2004).
Additionally, bead-like protrusions on distal processes (Fig. 2,
inset) were especially apparent in WT interneurons after the sec-
ond postnatal week. It is presumed that these grape-like append-
ages represent presynaptic dendritic terminal sites (F2 profiles)
that form part of a triadic arrangement with a retinal terminal
and relay cell dendrite (Szentagothai, 1963; Guillery, 1966;
Hamos et al., 1985; Sherman, 2004). Despite the similarities in
overall morphology between WT and math5�/� interneurons,
the absence of retinal signaling had a dystrophic effect on their
growth, and these defects are summarized in Figure 3.

WT interneurons experienced significant growth in soma size
between weeks 1 and 2 (Fig. 3A, black; F(3,120) � 3.722; p �

0.013), displaying an approximately twofold change in area (p �
0.026). After the second postnatal week, soma size stabilized. By
contrast, math5�/� somata did not undergo an age-related
change, remaining constant between weeks 1 and 4 (Fig. 3A, red;
F(3,120) � 3.722; p � 0.884). Comparisons with WT interneurons
revealed that math5�/� interneuron somata were significantly
smaller between weeks 2 and 4 (F(1,120) � 36.54; week 2, p �
0.0001; week 3, p � 0.0015; week 4, p � 0.0066).

To assess the development of arbor architecture, we examined
the total number of processes, the branch order, and the size of
the arbor field (Fig. 3B–D). When considering these features, all
branching elements (presumed axons and dendrites) were in-
cluded in the analyses. WT interneurons undergo a number of

Figure 3. Morphological development of dLGN interneurons in WT, math5 �/�, and BE
mice. A–D, Summary plots depicting age-related changes in soma area (A), number of pro-
cesses (B), branch complexity (C), and arbor field size (D) of interneurons in WT (black) and
math5 �/� (red) mice. Also shown at postnatal week 2 are mice that underwent BE at P1.5
(green). Each point represents mean values 	 SEM plotted by postnatal week. A, Between
weeks 1 and 2, WT soma area increased approximately twofold (*p � 0.026). The math5 �/�

and BE soma areas are reduced compared with WT soma areas (*math5 �/�; week 2, p �
0.001; week 3, p � 0.0015; week 4, p � 0.0066; BE week 2, p � 0.0014). B, WT interneurons
show an increased number of arbor processes between weeks 1 and 2 (*p � 0.0001), followed
by a reduction in weeks 3– 4. The math5 �/� interneurons show no age-related changes and
are reduced compared with WT interneurons during weeks 2– 4 (*math 5 �/�: weeks 2– 4,
p � 0.001). BE interneurons show fewer processes than WT at week 2 (*p � 0.001). C, WT
interneurons display increased higher-order branching between weeks 1 and 3 (*week 2, p �
0.0001; week 3, p � 0.029). math5 �/� and BE interneurons display decreased complexity
compared with WT (*math5 �/�: week 2, p � 0.001; week 3, p � 0.014; week 4, p � 0.002;
BE: week 2, p � 0.012). D, math5 �/� and BE interneurons displayed smaller arbor field sizes
(*math5 �/�: week 2, p � 0.006; week 4, p � 0.023; BE: week 2, p � 0.042), and experience
field retraction during week 4 (*p � 0.022). For all analyses, WT: week 1, n � 3 mice, 10 cells;
week 2, n � 7 mice, 24 cells; week 3, n � 4 mice, 17 cells; week 4, n � 3 mice, 14 cells;
math5 �/�: week 1, n � 4 mice,12 cells; week 2, n � 5 mice, 24 cells; week 3, n � 5 mice, 18
cells; week 4, n � 3 mice, 12 cells; BE: week 2, n � 4 mice, 13 cells.
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age-related changes in arbor architecture (Fig. 3B–D, black). For
example, there was a significant increase in the total number of
processes (Fig. 3B; F(3,122) � 18.65, p � 0.0001). Between weeks 1
and 2, the total number of processes increased approximately
threefold (p � 0.0001). However, this increase was transient, and
following the second postnatal week the number of processes
showed a significant decrease by nearly 40% (p � 0.001). Despite
this pruning, the number of arbors during week 4 was still 1.6-
fold greater than at week 1 (p � 0.003). These changes were
accompanied by a significant increase in branch order (Fig. 3C;
F(1,120) � 19.09, p � 0.001). For instance, between weeks 1 and 2,
branch order nearly doubled from fourth order to ninth order,
with some cells exhibiting as high as 12th order branching (p �
0.001). WT branch order also decreased during weeks 2–3, from
ninth to sixth order (p � 0.001), and at week 4 it remained higher
than at week 1 (p � 0.029). Finally, dLGN interneurons experi-
enced a significant change in arbor field size (Fig. 3D; F(3,137) �
3.307, p � 0.012). Between weeks 1 and 2, arbor volume doubled
(p � 0.022) and then stabilized (p � 0.998). Overall, these data
suggest that interneuron arbors undergo an exuberant branching
phase between weeks 1 and 2, then prune back during week 3
when their architecture stabilizes to resemble their adult-like
form.

Unlike WT interneurons, math5�/� interneurons failed to
show many of these changes (Fig. 3B,C, red). The number of
processes and branch complexity remained stable across age (to-
tal processes: F(3,122) � 18.65, p � 0.9666; branch complexity:
F(3,120) � 19.09, p � 0.580), and after week 1 these features were
significantly reduced compared with WT interneurons (total
processes: F(1,122) � 104.87, p � 0.001; branch complexity: F(1,120)

� 83.17, p � 0.001). Interestingly, math5�/� interneurons un-
dergo a 2.5-fold retraction in arbor field size between weeks 3 and
4 (p � 0.022) and were significantly smaller than WT interneu-
rons (Fig. 3D; F(1,137) � 16.348; week 2, p � 0.006; week 4, p �
0.023). A similar pattern was observed after early BE (Fig. 3, week
2; see Fig. 6). For example, at P14 (n � 4 mice), an age when
math5�/� defects were most evident, interneurons in BE mice
(n � 13) displayed many of the same morphological defects as
math5�/� mice, having smaller soma (Fig. 3A; see Fig. 6B; WT vs
BE: F(2,56) � 12.51, p � 0.0014; math5�/� vs BE: p � 0.890),

Figure 4. Intrinsic membrane properties of dLGN interneurons in WT and math5 �/� in-
terneurons. Examples of voltage responses to hyperpolarizing (�120 pA) and depolarizing
(150 pA) current step pulses from interneurons at different postnatal weeks (1– 4) for WT (left)
and math5 �/� (right) interneurons; WT: RMP, �55 to 60 mV; math5 �/�: RMP, �45 to 50
mV. For WT mice, interneurons exhibit a strong Vsag in response to hyperpolarizing pulses
following the termination of the current pulse. Membrane depolarization evokes a train of
action potentials. In math5 �/� mice, interneuron responses remain relatively immature.

Figure 5. Passive and active membrane properties of dLGN interneurons in WT, math5 �/�,
and BE interneurons. A–D, Summary plots displaying age-related changes in resting mem-
brane potential (A), input resistance (B), IH amplitude (C), and firing frequency (D) of interneu-
rons in WT (black), math5 �/� (red), and BE (green) mice. Each point represents mean
values 	 SEM arranged by postnatal week. A, math5 �/� and BE interneurons exhibit more
depolarized RMPs than WT (*math5 �/�: week 1, p � 0.003; week 2, p � 0.035; BE: week 2,
p � 0.003). B, math5 �/� and BE interneurons have a higher input resistance than WT in-
terneurons (*math5 �/�: week 1, p � 0.038; week 2, p � 0.013; weeks 3– 4, p � 0.027; BE:
p � 0.042). C, WT interneurons show an increase in Vsag between weeks 1 and 2 (*p � 0.029),
whereas math5 �/� and BE interneurons are decreased compared with WT interneurons
(*math5 �/�: week 2, p � 0.002; BE: p � 0.001). D, In WT mice, interneurons experience a
twofold increase in frequency between weeks 1 and 2 (*p � 0.005). Between weeks 1 and 2,
math5 �/� interneurons also show increases in frequency (*p � 0.0006), but both
math5 �/� and BE interneurons remain lower compared with WT interneurons (*math5 �/�:
week 2, p � 0.015; BE: week 2, p � 0.009). The numbers of cells are the same as in Figure 3.
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fewer branches (Fig. 3B; see Fig. 6B; WT vs BE: F(2,55) � 58.31,
p � 0.001; math5�/� vs BE, p � 0.0899), as well as a reduction in
branch order (Fig. 3C; see Fig. 6B; WT vs BE: F(2,54) � 27.42, p �
0.012; math5�/� vs BE, p � 0.845), and arbor field size (Fig. 3D;
see 6B; WT vs BE: F(2,54) � 5.557, p � 0.006; math5�/� vs BE: p �
0.789) than age-matched WT interneurons.

Thus, these results demonstrate that interneurons in
math5�/� and BE mice fail to remodel and maintain a simple,
sparse morphology throughout development. Moreover, the simi-
larity between math5�/� and BE groups indicate that the absence of
math5 by itself does not contribute to the disruption in interneuron
development.

Intrinsic membrane properties of WT and
math5 �/� interneurons
To assess the development of intrinsic membrane properties, we
evaluated RMP, input resistance, the hyperpolarization-activated
IH, and the frequency of spike firing frequency. Figure 4 provides
representative examples of the voltage responses of interneurons
evoked by square-wave hyperpolarizing (Fig. 4, top) and depo-
larizing (Fig. 4, bottom) current pulses for WT interneurons (P3–
P30, n � 68 cells) and math5�/� interneurons (P4 –P30, n � 75
cells). Overall, neurons exhibited a relatively high membrane in-

put resistance, which led to a strong volt-
age response to current injection. A
prominent feature of interneurons is the
presence of an inward rectification (i.e.,
depolarizing sag, Vsag) that occurs during
membrane hyperpolarization, a response
attributed to the activation of the IH (Wil-
liams et al., 1996; Seabrook et al., 2013b;
Leist et al., 2016). Membrane depolariza-
tion also gave rise to a train of action poten-
tials that showed little to no frequency
accommodation. These properties were ap-
parent in both WT and math5�/� interneu-
rons and began to emerge between weeks 1
and 2.

Figure 5, A and B, summarizes the age-
related changes in RMP and input resis-
tance of dLGN interneurons. In WT
interneurons, RMP and input resistance
remained relatively stable with age, aver-
aging �56 mV and 485 M�, respectively
(Fig. 5A,B, black: RMP: F(1,137) � 1.132,
p � 0.854; input resistance: F(1,130) �
2.178, p � 0.702). A similar pattern was
apparent in math5�/� interneurons (Fig.
5A,B, red: RMP, �50 mV; and input re-
sistance, 660 – 670 M�; RMP, F(1,137) �
1.132, p � 0.259; input resistance, F(1,130)

� 2.178, p � 0.472). However, these val-
ues were different from those for WT in-
terneurons. In math5�/� interneurons,
RMPs were more depolarized between
weeks 1 and 2 (Fig. 5A; F(1,137) � 18.01;
week 1, p � 0.003; week 2, p � 0.035), and
overall input resistance was higher at all
ages (Fig. 5B; F(1,130) � 17.65; all p val-
ues � 0.038), a result likely due to the
their smaller soma size (Fig. 3A). We also
examined IH by measuring the amplitude
of the depolarizing sag as a percentage

change from steady state (Vsag). In WT mice, interneurons
exhibited a 1.5-fold change between weeks 1 and 2 (Fig. 5C;
F(2,127) � 5.648; p � 0.044), and stabilized thereafter ( p �
0.589). Maximal spike firing to strong depolarizing current
pulses (�120 –150 pA) showed a twofold increase between
weeks 1 and 2 (Fig. 5D; F(2,138) � 8.254; p � 0.037), and then
stabilized ( p � 0.607).

By contrast, in math5�/� interneurons, IH remained rela-
tively stable with age (Fig. 5C; F(2,138) � 2.47, p � 0.351), along
with a sixfold increase in spike firing between weeks 1 and 2
(F(2,138) � 8.254, p � 0.005). Compared with WT interneurons,
math5�/� interneurons showed significantly lower values for
Vsag and maximal spike firing (Fig. 5C,D; IH, F(1,127) � 14.537,
p � 0.001; firing frequency, F(1,138) � 14.764, p � 0.001), due
largely to the differences seen during week 2 (IH, p � 0.002; firing
frequency, p � 0.015).

Interneurons recorded at P14 in BE mice displayed many of
the same electrophysiological features as math5�/� interneu-
rons, having a higher resting membrane potential (Fig. 5A; WT vs
BE: F(2,83) � 6.832, p � 0.002; math5�/� vs BE, p � 0.255), and
input resistance (Fig. 5B; WT vs BE: F(2,77) � 5.592; p � 0.042;
math5�/� vs BE, p � 0.984), as well as a reduction in Vsag (Fig.
5C; 6D; WT vs BE: F(2,77) � 9.984, p � 0.0002; math5�/� vs BE,

Figure 6. Form and function of interneurons in dLGN after early BE. A, Coronal slice through dLGN of a P14 GAD67 WT mouse
that had a binocular enucleation at P1.5. Example of GFP-expressing interneuron that was filled with biocytin during in vitro
intracellular recording and used for 3-D reconstruction. Scale bar, 40 �m. BE, like math5 �/�, disrupts migration, and many GFP �

interneurons reside in the dorsolateral region of dLGN. B, A reconstruction of a biocytin-filled interneuron at P14. Scale bar, 50 �m.
C, Record showing the sIPSC responses before and after bath application of mGluR5 agonist DHPG (50 �M). Arrows depict the time
of drug delivery. Inset depicts the corresponding frequency histograms and plots the number of inhibitory events as a function of
time. The bin width is 30 s. The activation of mGluR1,5 with DHPG has a negligible effect on activity. D, Voltage responses to
hyperpolarizing (�120 pA) and depolarizing (�150 pA) current step pulses.
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p � 0.672) and maximal firing frequency
(Figs. 5D, 6D; WT vs BE: F(2,83) � 6.830,
p � 0.009; math5�/� vs BE, p � 0.789)
than age-matched WT interneurons.
Thus, these results reveal that math5�/�

and BE interneurons remain functionally
immature.

Synaptic connectivity between dLGN
interneurons and relay neurons in WT
and math5 �/� mice
To study the synaptic connectivity be-
tween interneurons and relay cells, we
measured the frequency and amplitude of
IPSCs in relay neurons that were pharma-
cologically evoked by the activation of F2
terminals. These processes express the
Group I mGluR1,5, and the bath applica-
tion of the agonist DHPG evokes F2-
mediated GABAA receptor-mediated
inhibition onto relay neurons (Cox et al.,
1998; Cox and Sherman, 2000; Govinda-
iah and Cox, 2006). Figure 7 shows exam-
ples of biocytin-filled relay cells in WT
(Fig. 7A) and math5�/� (Fig. 7B) along
with their corresponding IPSC activity (5
min) recorded before, during, and after
DHPG application. As summarized in
Figure 8, A and B, during predrug condi-
tions there were no differences in IPSC
activity between WT and math5�/� in-
terneurons (frequency: F(1,54) � 35.03;
p � 0.950; amplitude: F(1,54) � 0.623, p �
0.106). However, WT neurons (P14 to
P25: n � 22 cells, n � 59,061 IPSCs)
showed a significant increase in IPSC fre-
quency and amplitude following DHPG
treatment that persisted for several sec-
onds (120 – 420 s; Fig. 8A, frequency:
F(1,54) � 35.03, p � 0.0001; Fig. 8B, ampli-
tude: F(1,54) � 0.623, p � 0.0004). IPSC
frequency more than doubled with ampli-
tude showing a 1.3-fold change after ago-
nist application. In math5�/� neurons,
relay cells (P14 –P25: n � 33 cells, n �
50,676 IPSCs) showed a modest increase
in IPSC frequency (Fig. 8A; F(1,54) �
35.03, p � 0.018) and no change in ampli-
tude (Fig. 8B; F(1,54) � 0.623, p � 0.995)
following DHPG application. Moreover,
postdrug math5�/� IPSC frequency as
well as amplitude were significantly lower
than WT (p � 0.0001).

To demonstrate the differences in magnitude of the DHPG-
evoked increase in IPSCs between the two groups, for each neu-
ron we calculated the percentage change in IPSC frequency (Fig.
8A, right) and amplitude (Fig. 8B, right). Overall, WT relay neu-
rons displayed far greater changes [frequency: mean 156.231%;
95% confidence interval (CI), 96 –306%; amplitude: mean,
31.814%; 95% CI, �23–200%], showing significantly higher val-
ues than math5�/� relay neurons (frequency: mean, 17.523%;
95% CI, �21% to 93%; amplitude: mean, 2.023%; 95% CI,
�23% to 49%; Mann–Whitney rank sum test, p � 0.0001).

Similar to math5�/� relay neurons, after BE, interneurons
(n � 11) showed little or no change in IPSC frequency or ampli-
tude after DHPG application (Figs. 6C, 8; predrug vs postdrug
frequency: F(1,64) � 210.3, p � 0.196; predrug vs postdrug ampli-
tude: F(1,64) � 164.4, p � 0.204). While predrug activity was
similar to WT and math5�/� (predrug frequency: F(2,64) � 18.25,
p � 0.055; predrug amplitude: F(2,64) � 0.690, p � 0.504), post-
drug values were significantly lower than WT (Fig. 8; WT vs BE:
frequency, F(2,64) � 18.25, p � 0.0001; amplitude, p � 0.001),
showing little change between predrug and postdrug conditions

Figure 7. Pattern of spontaneous inhibitory activity in relay neurons in WT and math 5 �/� mice. A, B, Examples of WT (A) and
math5 �/� (B) dLGN relay neurons (scale bar, 40 �m) and their corresponding sIPSC responses before and after bath application
of the mGluR5 agonist DHPG (50 �M). Black horizontal bars above histograms reflect post-drug analysis period. All other conven-
tions are the same as in Figure 6. DHPG application leads to a sustained increase in IPSC activity in WT mice and little or no change
in math5 �/� mice.
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(frequency: mean, �12.25%; 95% CI, �30% to 0%; amplitude:
mean �8.531%; 95% CI, �23% to 9%), yet significantly lower
than WT (Fig. 8; one-way ANOVA, frequency: F(2,64) � 28.57,
p � 0.001; amplitude: F(2,64) � 8.222, p � 0.003). Consistent with
our earlier findings, BE relay neurons showed similar percentage
changes in activity as math5�/� (Fig. 8A, frequency, p � 0.351;
Fig. 8B, amplitude, p � 0.346).

Together, these data suggest that the absence of retinal signal-
ing disrupts the synaptic connectivity between intrinsic interneu-
rons and relay neurons.

Discussion
A number of studies in mice describe how and when interneu-
rons migrate to dLGN and make feedforward inhibitory connec-
tions with relay neurons (Bickford et al., 2010; Seabrook et al.,
2013b; Golding et al., 2014; Jager et al., 2016). Here, we provide
additional details about their morphological growth and the
emergence of adult-like membrane properties to present a
comprehensive time line of interneuron development (see Fig.
10, top). In addition, our experiments in math5�/� mutants re-
veal that many of these features require retinal signaling (see Fig.
10, bottom).

At perinatal ages, interneurons begin to migrate to dLGN, and
become evenly dispersed throughout the nucleus by the end of
the first postnatal week (see Fig. 10, migration; Golding et al.,
2014; Jager et al., 2016). Once migration is complete, arbor elab-
oration and remodeling begins. By the second postnatal week, the
number of processes, arbor complexity, and arbor field size ex-
hibit substantial increases (see Fig. 10, exuberant branching and
arbor field growth). During this time, intrinsic membrane prop-

Figure 8. A, B, IPSC frequency and amplitude response before and after mGluR5 activation in
WT, math5 �/�, and BE relay neurons. A, Left, Scatter plot showing DHPG-induced changes in
IPSC frequency for WT (black), math5 �/� (red), and BE (green) relay neurons. Solid lines and
dots depict predrug and post-DHPG measurements from individual relay neurons (WT, n � 23;
math5 �/�, n � 33). WT cells display higher post-DHPG frequencies compared with
math5 �/� cells (*p � 0.0001) and BE cells (*p � 0.001). Right, Scatter plot illustrating the
percentage change in frequency for each relay cell in WT, math5 �/�, and BE cells. Horizontal
bars are the means and 95% confidence intervals. B, Left, Scatter plots showing the DHPG-
induced changes in IPSC amplitude. Only WT relay neurons showed an increase (*p � 0.0004).
Right, Summary plot of drug effect expressed as the percentage change. WT cells showed
increased amplitude percentage change compared with math5 �/� cells (*p�0.0002) and BE
cells (*p � 0.003).

Figure 9. Frequency distribution of soma size, Vsag, and spike firing of WT interneurons.
A–C, Frequency distribution of interneuron soma area (A), Vsag (B), and firing frequency (C). Red
lines represent single Gaussian fits generated from nonlinear regression analysis (soma size:
� � 92.08, � � 24.71; Vsag: � � 10.22, � � 6.831; firing frequency: � � 12.63, � �
17.56). A, Soma area measured from GFP � interneurons in coronal slices of dLGN at weeks
2– 4, when the area stabilized (weeks 2– 4, n � 3 mice, 3 sections/mouse). B, Values for the
percentage change in Vsag taken from weeks 2– 4. C, Values for firing frequency taken from
weeks 2– 4.
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erties are maturing, as IH (Vsag) and firing
frequency reach peak values (see Fig. 10,
maturation of membrane properties). In-
terestingly, this phase of exuberant
growth is followed by a brief period of ar-
bor pruning in week 3, where the number
of processes and complexity decrease (see
Fig. 10, branch pruning). By week 4, the
arbor architecture stabilizes and interneu-
rons assume a stereotypic, class 3 mor-
phology (see Fig. 10, branch and field
stabilization). Moreover, during the ac-
tive period of arbor remodeling (see Fig.
10, exuberant branching and branch
pruning), feedforward inhibitory syn-
apses emerge (see Fig. 10, synapse forma-
tion and connectivity; Bickford et al.,
2010).

According to a recent report (Leist et
al., 2016), dLGN interneurons are com-
posed of two classes based on soma diam-
eter, with smaller ones having a higher
density of IH channels and higher rates of
firing compared with larger ones. How-
ever, in our study we failed to find such
distinctions. For example, in WT soma
area (in square micrometers) measure-
ments of interneurons were normally dis-
tributed and best fit by a single Gaussian
function. Similar relationships were
found for the amplitude of IH Vsag and
spike firing frequency (Fig. 9). The rea-
sons for such a discrepancy remain un-
clear but may be related to differences in
the measurement of soma size, the pri-
mary distinguishing factor (e.g., 3-D area
vs 2-D diameter).

Our results in math5�/� mice reveal
that the absence of retinal innervation dis-
rupts many aspects of interneuron devel-
opment (Fig. 10, bottom). Consistent
with other reports, the elimination of ret-
inal signaling leads to abnormal clustering
of interneurons, and a failure to distribute
evenly throughout dLGN (Fig. 10, dis-
rupted migration; Golding et al., 2014).
Additionally, based on our 3-D recon-
structions, math5�/� interneurons do
not undergo arbor remodeling during
postnatal development. Instead, they
maintain simple, sparse arbors at all ages (Fig. 10, arrested arbor
branching). The size of their arbor field is also restricted (Fig. 10,
dystrophic arbor field growth), and during the fourth postna-
tal week fields actually retract (Fig. 10, field retraction). Func-
tionally, the intrinsic membrane properties of math5�/�

interneurons fail to mature, and exhibit decreased spike firing
rates and weaker Vsag (Fig. 10, decreased firing frequency and IH).
Furthermore, the elimination of retinal signaling also leads to a
disruption in feedforward inhibition. Recordings in math5�/�

relay cells show little change in IPSC frequency after pharmaco-
logical activation of F2 terminals. By contrast, WT relay neurons
exhibit a twofold to fourfold increase in IPSC frequency (Cox and
Sherman, 2000; Govindaiah and Cox, 2006). These findings sug-

gest that math5�/� relay cells contain fewer and/or weaker inhib-
itory synapses (Fig. 10, reduced synaptic connectivity). These
results are consistent with previous studies that use early postna-
tal elimination of retinal signaling (Golding et al., 2014). How-
ever, the utility of a genetic form of deafferentation (i.e.,
math5�/�) rules out the possibility that these disruptions were
brought about by trauma or degeneration. Instead, they are likely
a consequence of stunted arbor growth or the abnormal cluster-
ing of interneurons that occurs after the removal of retinal inner-
vation. Interestingly, WT and math5�/� relay neurons display
similar baseline IPSC activity, suggesting inhibitory input from
extrinsic sources (e.g., pretectum, thalamic reticular nucleus) are
intact and may act to compensate for the loss of intrinsic inhibi-

Figure 10. Development of interneurons in WT and math5 �/� mice. Schematic summarizing the time line of WT (top) and
math5 �/� (bottom) interneuron development. Boxes indicate various WT milestones: migration (Golding et al., 2014), arbor
remodeling (i.e., exuberant branching, pruning, and stabilization), arbor field growth and stabilization, maturation of membrane
properties, and synapse formation and connectivity. For math5 �/� mice, the absence of retinal signaling results in disrupted
migration, arrested arbor branching, dystrophic arbor field growth, decreased firing frequency/Vsag, and reduced patterns of
synaptic connectivity.
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tion. Such compensatory activity may reflect a form of homeo-
static plasticity designed to maintain proper excitatory/
inhibitory balance (Turrigiano and Nelson, 2004; Maffei et al.,
2006).

The current study elucidates the importance of retinal signal-
ing, and its role in supporting the morphological development
and emergence of feedforward inhibitory connections in dLGN.
These findings are consistent with those of previous studies from
our laboratory demonstrating that retinal input provides vital
trophic support for the morphological development of dLGN
relay cells (El-Danaf et al., 2015). Furthermore, our results imply
that retinal signaling has a greater impact on interneurons than
on relay cells. Although math5�/� relay neurons experience dys-
trophic dendritic growth, they retain relatively complex dendritic
architecture, cell-class identity, and the full complement of
voltage-gated membrane properties (El-Danaf et al., 2015). By
contrast, dLGN interneurons in math5�/� mice fail to remodel,
and instead remain morphologically and functionally immature.

It is important to consider that the removal of retinal input in
dLGN could affect the activity of other local circuits involving
interneurons and, thus, contribute indirectly to the disruptions
we observed. For example, a potential influence could arise from
collaterals of relay cells, which in the cat have been shown to
provide excitatory input onto interneurons (Cox et al., 2003;
Bickford et al., 2008). However, the existence of such a circuit in
the mouse remains an open question. Moreover, the intrinsic
membrane properties and spike firing of relay cells remain largely
unaffected in math5�/� mice (El-Danaf et al., 2015), suggesting
that any potential impact on interneurons from relay cells would
be minimal. Interneurons also receive excitatory input from layer
VI of visual cortex (Jurgens et al., 2012). While corticothalamic
innervation of dLGN is accelerated in math5�/� mice, the
strength and timing of synapse formation with dLGN neurons
remains unaffected (Seabrook et al., 2013a), and occurs after the
onset of the disruptions we observed.

While it is evident that retinal axons provide some form of
trophic support for interneurons, the underlying molecular
mechanism remains unknown. One possible candidate is BDNF,
a neurotrophic factor implicated in the growth and elaboration of
developing retinofugal circuits (Cohen-Cory and Fraser, 1995;
Marshak et al., 2007; Cohen-Cory et al., 2010). BDNF is synthe-
sized in RGCs and released by retinal axons, where it binds to
receptor tyrosine kinase located on the dendrites of relay cells and
interneurons (Avwenagha et al., 2006). Another intriguing can-
didate is fibroblast growth factor 15 (FGF15), a signaling mole-
cule involved in widespread developmental processes including
GABAergic differentiation, cell survival, and synapse formation
(Hagemann and Scholpp, 2012, Martinez-Ferre et al., 2016). At
perinatal ages, FGF15 is expressed along the presumed migratory
path of interneurons, including the ventricular layer of the third
ventricle, ventral LGN and dLGN (Gimeno et al., 2003). More
importantly, developing RGCs express FGF15 at perinatal ages
during the time when retinal axons innervate dLGN (Kurose et
al., 2004).

Finally, a question that still remains is whether the defects in
interneuron development noted here are brought about by a loss
of retinal activity. While activity has proven vital for the develop-
mental remodeling of sensory connections (Goodman and Shatz,
1993; Huberman et al., 2008), it can also influence early events
such as axonal targeting and initial synapse formation (Catalano
and Shatz, 1998; Anderson and Price, 2002; Hanson and
Landmesser, 2004, 2006; Mizuno et al., 2007; Salcedo et al., 2011).

Indeed, blocking or altering early retinal activity disrupts some
aspects of interneuron migration and circuit assembly in dLGN
(Golding et al., 2014). However, whether the defects associated
with math5�/� were brought about by the interruption of activ-
ity per se or by the disruption of a molecular/trophic cue that
relies on retinal signaling (Cohen-Cory and Lom, 2004; Cheng et
al., 2011; Park and Poo, 2013) remains to be tested. Overall, these
studies provide an in-depth analysis of dLGN interneuron devel-
opment and underscore the importance of retinal signaling in the
developmental remodeling of their arbors and feedforward in-
hibitory synapse formation.
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